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Foreword

The term ‘mycology’ dates back to the eighteenth century, and in its formative 
years, the study of fungi was guided by reputed botanists like C.  H. Persoon, 
E.M. Fries and A. deBary. During the nineteenth and twentieth centuries, phenom-
enal progress in classical mycology took place, including descriptive morphology, 
identification, classification and taxonomy of fungi primarily, due to the efforts of 
botanists, despite the fact that fungi are not phylogenetically related to plants. The 
reason for this essentially stems from the devastating fungal diseases in plants, nota-
bly the crop plants, causing serious problems in agriculture. There was an urgent 
need to understand the aetiology of the destructive fungal diseases and devise suit-
able control measures to save the crops. As an example may be mentioned the stud-
ies in India by Prof. M.J. Narasimhan (1930) who collected and studied diverse 
heterothallic strains of the destructive Phytophthora1 infection on areca nut palms 
and devising fungicidal treatment schedules for controlling the disease in the rain-
forest areas of Karnataka (Mysore) state.

During the early years, traditional mycological knowledge facilitated the (a) 
development of various oriental fermented foods, such as miso, tempeh and sake, 
based on strains of fungi such as Aspergillus oryzae, Rhizopus oligosporus and oth-
ers (Hesseltine 1983), (b) differentiation of edible and poisonous mushrooms and 
(c) understanding the aetiology of ergot poisoning that caused serious convulsions 
due to consumption of the ergot sclerotia contaminating the grain which is con-
sumed as food.

During the twentieth century, several milestone advances in biological sciences 
based on mycological studies can be recognized. As examples, we may mention the 
following:

 (a) The Nobel Prize-winning (1958) studies on Neurospora by G.W. Beadle and 
E.L. Tatum which resulted in their discovery of how genes act by regulating 
definite chemical events that in turn affected the development in organisms. 
Based on ingenious selection of mutants deficient in the synthesis of single 
growth factors, Beadle and Tatum concluded that mutations to genes affected 

1 Recently, the genera Phytophthora and Pythium have been placed in Kingdom Chromista or 
Kingdom Straminipila, distinct from Kingdom Fungi (Ho 2018).
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the enzymes of organisms. It is noteworthy that these studies provided the early 
link between genetics and the upcoming new scientific field of molecular 
biology.

 (b) The discovery of truly anaerobic chytrids present in the rumen of herbivores 
and playing a significant role in the digestion of the cellulosic feed is a mile-
stone discovery of the twentieth century. Classified under Neocallimastigaceae, 
these chytrids with chitinous cell walls are truly anaerobes lacking mitochon-
dria, cytochromes and other biochemical features of the oxidative phosphoryla-
tion pathway. The group possesses organelles (hydrogenosomes) for a major 
part of anaerobic energy metabolism (Nagpal et al. 2009).

Taxonomy and classification of fungi have been central to the mycological stud-
ies, and this has led to a well-established database for understanding fungal biodi-
versity. Classical taxonomy relied upon the morphological features of the spore 
forms. With the advent of biochemical and molecular data becoming available, sev-
eral conceptual changes in fungal taxonomy have arisen. While giving an opportu-
nity to gain newer knowledge, these developments also pose several challenges and 
opinion divides in their interpretation and implementation.

Classical taxonomy classified all the zoospore-forming fungi under Phycomycetes 
considering their monophyletic origin from algae. Recent advances in biochemical 
knowledge have established that the Chytridiomycetes2 with chitinous cell walls, 
despite being zoospore-forming, are distinct from the rest of the zoospore-forming 
fungi with β-glucan in their cell walls, and these are grouped together under the 
Oomycota (as opposed to the Eomycota under which the Zygomycetes, Ascomycetes 
and Basidiomycetes are classified). The term Phycomycetes as originally adapted is 
no longer valid and, hence, abandoned from present-day mycological literature.

DNA sequencing and bar-coding of fungal species are major developments 
which offer challenges to accepted morphology-based taxonomy. The nuclear ribo-
somal internal transcribed spacer (ITS) is widely used as a DNA bar-coding marker 
to characterise the diversity and composition of fungal communities. Since the 
1990s, the ITS region has been extensively used in molecular methods as well as 
ecological studies on fungi.

Estimates of fungal biodiversity have undergone sharp changes following envi-
ronmental DNA sequencing of fungal ITS reads. Currently, there are around 81,000 
accepted fungal names out of a total of up to 5.1 million species (Blackwell 2011). 
Environmental DNA sequencing has accumulated more than one million fungal ITS 
reads. Whether ‘sequence-based voucher-less fungi’ (in the absence of actual speci-
mens) should be given a formal nomenclature is widely debated, and the opinions 
of expert mycologists are sharply divided on this point with reference to the estima-
tion of biodiversity of fungi in the natural environment. Several informative reviews 
on DNA bar-coding as well as sequence-based fungal nomenclature are published 
and may be consulted for a more complete understanding of the problem and its 

2 Now chytrids are grouped under Chytridiomycota (N. P. Money, in The Fungi (Third Edition), 
2016)
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perspectives (Shenoy et al. 2007; Begerow et al. 2010; Das and Deb 2015; Hibbett 
et al. 2016; Hongsanen et al. 2018).

Conventionally, taxonomic principles related to fungi are debated and decisions 
taken under the authority of the International Code of Botanical Nomenclature 
(ICBN) held once in 6 years during the International Botanical Congress. Recently, 
the ICBN has been renamed as International Code of Nomenclature for algae, fungi 
and plants. In the Melbourne ICBN held in 2011, a momentous decision was taken 
to abolish Article 59 which permitted the use of dual nomenclature for pleomorphic 
fungi. In the morphology-based taxonomy, anamorphs (asexual forms) and teleo-
morphs (sexual forms) of fungi discovered and described independently could 
receive different but valid names as ruled by Article 59 of the ICBN. In the present 
era of phylogenetic molecular analysis, co-ordination of anamorphic and teleomor-
phic elements of a fungus can, in principle, be unequivocally established. Molecular 
mycologists are strongly in favour of the unification of the fungal nomenclature and 
achieve the ‘one fungus-one name’ ideal. However, there are several practical hur-
dles, and several specialist committees are in serious debates to elucidate the practi-
cal feasibility of implementing the same (Gams 2014).

Simultaneous with the focused attention on fungi as troublesome pathogens of 
plants, animals and humans, beneficial attributes of fungi as sources of valuable 
metabolites were also realized. Taka-Diastase from A. oryzae and citric acid from 
Aspergillus niger are examples of fungal-based processes of manufacture in the late 
nineteenth and early twentieth centuries. With the discovery of penicillin and the 
dawn of the antibiotic era, the decades of the twentieth century became an era for 
screening diverse microorganisms including fungi for discovering novel bioactive 
molecules and producing them by fermentation. Several industrially useful enzymes, 
hormones, vitamins and growth factors of fungal origin spearheaded the fermenta-
tion technology development. Fungi and their metabolites were also employed in 
the biotransformation of organic molecules (e.g. steroids).

The beneficial attributes of fungi far outweighed their earlier negative image, and 
this led to a very healthy and positive attitude towards fungi which deserved to be 
studied for deriving beneficial products from their metabolism. The term ‘biodiver-
sity’ acquired a newer dimension in terms of its relevance to applied microbiologi-
cal and biotechnological research. An immense focus on the physiological, 
biochemical and molecular aspects of mycodiversity became imminent for biopro-
cess development based on novel fungal strains.

Heterologous gene expression and production of mammalian proteins in fungal 
hosts have been successfully carried out for chymosin (cheese manufacture enzyme) 
in A. niger var. awamori and insulin in Komagataella (Pichia) pastoris.

Spectacular advances in both mycology and mycotechnology during the twenti-
eth century have added new dimensions to mycological research, necessitating 
newer approaches to achieve success in this field at present. A different mindset and 
training have become necessary in order to carry out meaningful research projects 

Foreword
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in the twenty-first century. Some of the salient features of this new preparation may 
be defined as follows:

 (a) Knowledge-based exploration of fungal biodiversity in different ecosystems by 
mycologists is an important aspect. Understanding the type of habitats in which 
specific types of fungal populations would be naturally enriched will be very 
helpful. For example, screening for thermophiles in self-heating composts, 
bagasse piles or sun-heated soils would be very useful. The utilization of special 
traits in specific groups of fungi is also very beneficial, such as the overlaying 
of agar plates with moistened detritus to allow colonies to develop from forcibly 
‘shot’ spores in the case of saprophytic Entomophthorales like Conidiobolus 
and Basidiobolus as well as yeasts like Sporobolomyces. Adopting selective iso-
lation techniques including the use of specific inhibitory chemicals or antibiot-
ics has significantly enabled the slower growing and rarer populations to be 
isolated on agar plates overcoming competition from the rapidly growing fungal 
populations. The topic of selective isolation is a vast one and has been reviewed 
(Srinivasan 2004, 2008) which may be consulted.

 (b) Apart from taxonomic studies, in this biotechnology era, mycologists have the 
responsibility of conserving their discoveries in pure culture through optimiza-
tion of culture preservation methods suited for their specific strains. They have 
to ensure both morphological and genetic stability of their cultures under the 
laboratory conditions for prolonged periods. Repeated and frequent subcultures 
on sugar-rich media, like potato dextrose agar, often adversely affect sporula-
tion, particularly in strains associated with decomposing plant litter. While 
freeze-drying (lyophilisation) is widely accepted as a safe method of long-term 
conservation, it must be verified in regard to its suitability for the strains under 
study. It is experienced that some fungi (e.g. Conidiobolus) failed to survive 
lyophilisation, while many of the lignocellulose-degrading hyphomycetes 
showed reduced sporulation upon revival from lyophilized cultures. After in- 
depth studies to standardize the optimum conservation method(s), mycologists 
in India should deposit their cultures in the national fungal germplasm banks 
such as the National Fungal Culture Collection of India (NFCCI), Agharkar 
Research Institute, Pune; Microbial Type Culture Collection (MTCC), CSIR- 
Institute of Microbial Technology, Chandigarh; National Centre for Microbial 
Resource (NCMR), National Centre for Cell Science, Pune; or the National 
Collection of Industrial Microorganisms (NCIM), CSIR-National Chemical 
Laboratory, Pune. While depositing the cultures, it is mandatory that the full 
information on the optimal methods of conservation for the strain(s) is given to 
the curators of the culture collections to follow for successful conservation.

 (c) When exploring fungal diversity for novel metabolites, it may be necessary to 
pay attention right from the isolation stage, keeping in mind the purpose of the 
strain screening. I shall illustrate this point taking the case of ‘endophytic fungi’ 
and exploration of their potential to produce the plant metabolite by fermenta-
tion. Widespread interest in exploring endophyte fungal populations of diverse 
medicinal plants has arisen after the report from Prof. Gary Strobel’s laboratory 
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in the USA that an endophyte designated Taxomyces andreanae produced the 
valuable anticancer metabolite taxol by fermentation (Stierle et  al. 1993). 
Presently, diverse endophytic fungi have been isolated and maintained in pure 
culture in several laboratories with the purpose of studying their potential to 
produce the valuable plant metabolites by fermentation. A point that deserves to 
be seriously given consideration is as follows:

The endophytic fungus has imbibed the genes from the medicinal plant through 
constant association. In the laboratory, culturing it on routine sugar-rich media 
while facilitating satisfactory growth, there is no selection pressure for the growing 
fungus to conserve these imbibed genes, and over several subcultures on routine 
media may even be lost. An alternate suggestion which may be worth considering is 
to plan the culture isolation of the endophyte on a relatively simple nutrient medium 
fortified with some of the key chemical intermediate components involved in the 
biosynthesis of the specific plant metabolite. It is possible on such a medium, the 
metabolic genes for the plant metabolite are conserved better, and these may be 
subjected to mutation and gene amplification through molecular techniques, leading 
to strains which will be able to produce the metabolite at commercially viable lev-
els. Presently, the levels of production observed are very low and insignificant, and 
much more studies are warranted before practical and viable technologies for 
endophyte- based plant metabolites would become a reality.

Recent years have witnessed increased emphasis on the beneficial attributes of 
fungi, recognizing their role in the natural ecosystems and as the source of several 
metabolites of value for humankind. Rambold et al. (2013) in an article, suggesting 
that mycology should be recognized as a major field in biology, stated ‘Given the 
ecological and economic relevance of fungi...Mycology is insufficiently recognized 
as a major field of science’. In the theme for the International Mycological Congress 
held at Puerto Rico in July 2018, mycological discoveries for a better world and 
how fungi contributed to the health of society and of ecosystem were given empha-
sis. Clearly, one can perceive the changing face of mycology from ‘fungi as destruc-
tive agents to be despised to fungi as true benefactors of humanity to be adored’.

In order to harness the full potential of fungi for mankind’s benefit, mycologists 
must identify themselves as part of multidisciplinary teams exploring fungi for 
novel metabolites. They should broaden their horizons of interest and acquire 
knowledge in physiology, biochemistry and molecular biology of fungi. Familiarity 
with natural product chemistry and bioprocess engineering for mould metabolites 
including mould morphogenesis in fermentors related to growth conditions for 
maximum yields are desirable.

Multidisciplinary collaboration to achieve success in technology is a must, and 
the status of mycology in the twenty-first century is meaningfully reflected in the 
following quote from Kreger (2003):

We all realise that most scientists in the future will be part of multi-disciplinary research 
teams…the shift is causing a way scientists need to train … although they must still be an 
expert in their specialty, they must also become conversant with techniques that once 
seemed beyond their domain … they also need to recognize where their knowledge ends and 
where they should seek the help from others….

Foreword
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It gives me pleasure in writing the foreword for this book, Advancing Frontiers 
in Mycology and Mycotechnology: Basic and Applied Aspects of Fungi. The invited 
chapters included in this book cover most of the aspects of fungal biology and 
applied aspects of fungi. I wish to congratulate the editors and all the contributors 
for their efforts in bringing out this book. I sincerely hope and wish that the book 
will be useful for students, scholars, scientists and teachers of biology, microbiol-
ogy and biotechnology.

 M. C. SrinivasanEx-Head, Biochemical Sciences Division
CSIR-NCL
Pune, Maharashtra, India
R.H.17, Planet Millennium
Pune, Maharashtra, India
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Preface

Fungi are members of the group of eukaryotic organisms, which include microbes 
like yeasts, moulds and mushrooms. They are classified as kingdom Fungi and more 
closely related to animals than to plants, therefore, placed with the animals in the 
monophyletic group. Analyses using molecular phylogenetics support a monophy-
letic origin of fungi. They are heterotrophs, as they acquire their food by absorbing 
dissolved molecules, typically by secreting digestive enzymes into their environ-
ment. The origin of fungi can be traced to single-celled marine ancestors in the 
Mesoproterozoic era more than one billion years ago. Fungi have since then con-
quered not only land but also almost every potential habitat and substrate. Although 
all fungi are heterotrophs, the fungal kingdom comprises a wide range of life strate-
gies ranging from saprotrophy through mutualism to parasitism. The fungal king-
dom encompasses an enormous diversity of taxa with varied ecologies, life cycle 
strategies and morphologies ranging from unicellular aquatic chytrids and yeasts to 
large mushrooms. However, very little is known about the true diversity of kingdom 
Fungi, which had been estimated at five million species. Fungi are immensely 
diverse, with 144,000 species named and classified so far at a current rate of around 
2,000 per year. Of these, over 8,000 species are known to be detrimental to plants, 
and at least 300 can be pathogenic to human beings.

Our fascination for the fungal kingdom is a natural and ancient one based on the 
following: (i) the roles of fungi in the production of a variety of foods and beverages 
and even as a source of food themselves; (ii) their global ecological impact, espe-
cially as the cause of devastating infections of humans and other animals and of 
plants, including many crops grown around the world; and (iii) their roles as funda-
mental model systems in genetics and biological research.

Since the pioneering eighteenth- and nineteenth-century taxonomical works of 
Carl Linnaeus, Christiaan Hendrik Persoon and Elias Magnus Fries, fungi have 
been classified based on their morphological, physiological and biochemical char-
acteristics. Advances in molecular genetics have opened the way for DNA analysis 
to be incorporated into taxonomy, which has sometimes challenged the historical 
groupings based on morphology and other traits. Phylogenetic studies published in 
the last decade have helped to reshape the classification within kingdom Fungi, 
which has been divided into seven phyla (Microsporidia, Chytridiomycota, 
Blastocladiomycota, Neocallimastigomycota, Glomeromycota, Ascomycota and 
Basidiomycota).
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Along with bacteria, fungi are the major decomposers in most terrestrial and 
some aquatic ecosystems; therefore, they play an essential role in nutrient cycling, 
especially as saprobes and symbionts, degrading organic matter to inorganic mole-
cules, which can then re-enter anabolic metabolic pathways in plants and other 
organisms. Certain fungi, in particular white-rot fungi, can degrade insecticides, 
herbicides, pentachlorophenol, creosote, coal tars and heavy fuels and turn them 
into carbon dioxide, water and basic elements. Fungi have been shown to mineralize 
uranium oxides, suggesting that they may have application in the bioremediation of 
radioactively polluted sites.

The human use of fungi for food preparation and other purposes is extensive and 
has a long history. Mushroom farming and mushroom gathering are large industries 
in several countries. The global commercial mushroom market was ~US$35 billion 
in 2015 and is anticipated to grow to as much as ~US$60 billion by 2021. 
Ethnomycology is the study of the historical uses and sociological impact of fungi. 
Fungi have the capacity to produce an enormous range of natural products with 
antimicrobial or other biological activities; therefore, many species have long been 
used or are being developed for industrial production of antibiotics, vitamins and 
anticancer and cholesterol-lowering drugs. Very recently, methods have been devel-
oped for genetic engineering of fungi that enable metabolic engineering of fungal 
species. For example, genetic modification of yeast species, which are easy to grow 
at fast rates in large fermentation vessels, has opened up ways of pharmaceutical 
production that are potentially more efficient than production by the original source 
organisms.

Several pivotal discoveries in biology were made by researchers using fungi as 
model organisms. Indeed, seven Nobel prizes have been awarded to scientists study-
ing yeasts and moulds as model organisms that explain fundamental aspects of cell 
biology: from Alexander Fleming, Ernst Chain and Howard Florey in 1945 for the 
discovery of penicillin from Penicillium notatum; to George Beadle and Edward 
Tatum in 1958 for their ‘one gene-one enzyme’ hypothesis in Neurospora crassa; to 
Paul Nurse and Leland Hartwell in 2001 for cell division and cancer in 
Schizosaccharomyces pombe and Saccharomyces cerevisiae; to Roger Kornberg in 
2006 for eukaryotic gene transcription in S. cerevisiae; to Jack W. Szostak (shared) 
in 2009 for chromosome telomeres in S. cerevisiae; to Randy Schekman in 2013 
(shared) for machinery regulating vesicle traffic in S. cerevisiae; and to Yoshinori 
Ohsumi in 2016 for autophagy in S. cerevisiae. Other important model fungi, which 
includes Aspergillus nidulans; Candida albicans, a dimorphic, opportunistic human 
pathogen; Magnaporthe grisea, a plant pathogen; and Pichia pastoris, a yeast 
widely used for eukaryotic protein production, have more recently emerged, which 
address specific biological questions relevant to medicine, plant pathology and 
industrial uses.

In fact, a fungal species was the first eukaryotic organism to have its genome 
completely sequenced (the model budding yeast S. cerevisiae). Advances in genet-
ics and cell biology have contributed to provide a detailed view of how the genome 
contributes to the functions of the cell and of the organism. Together, these advances 
in genomics and genetics provide a ‘blueprint’ for how these species operate and 
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have evolved at a cellular level, and consequently, they offer a wealth of knowledge 
about how representative species in the fungal kingdom function and the diversity 
that lies within. This diversity spans from the most basic way that a fungal cell is 
organized, either as a yeast or as a filamentous hypha, to the myriad ways these spe-
cies interact with their environment, from aquatic basal fungi (Chytridiomycota, 
Cryptomycota) to fungi that are associated with plants and were critical for their 
emergence from the oceans and colonization of the planet to fungi that are patho-
gens of plants or animals. This diversity also extends to the biological behaviour and 
cell biology of fungi, including fungi that can sense light and those that have evolved 
to be insensitive to light (blind), the modes of sexual reproduction including hetero-
thallism and homothallism, the loss and retention of RNAi pathways, the replace-
ment of regional centromeres by point centromeres and the retention of flagella in 
basal fungi versus their loss in fungal branches that evolved the ability to be aerially 
dispersed.

This book entitled Advancing Frontiers in Mycology and Mycotechnology: Basic 
and Applied Aspects of Fungi is aimed at reviewing major recent developments in 
understanding the biology and potential biotechnological applications of fungi. 
Parts I, II, III and IV focus on the basic aspects of fungi; their role in environmental 
sustainability; their interactions with humans, plants and animals; and bioprospects, 
respectively. Part I includes chapters on the diversity of fungi from different envi-
ronments, growth, morphogenesis and genetics and conservation and taxonomy. 
Part II deals with the role of fungi in environmental sustainability (biodegradation 
and bioremediation) and in nanobiotechnology. The interactions of fungi with 
plants, animals and humans, such as mycorrhizal association, endophytism, human 
mycoses and mycotoxins, are covered in Part III.  The bioprospecting aspects of 
entomo- and myco-pathogens, industrial enzymes and secondary metabolites in 
healthcare are dealt with in Part IV.

We wish to thank all the contributors for readily accepting our invitation and 
submitting their well-written chapters in their areas of specialization within the 
stipulated period. We sincerely hope and wish that this book will be useful to stu-
dents, scholars, teachers and scientists in the broad areas of microbiology, life sci-
ences and biotechnology. Thanks are also due to Springer Nature for publishing the 
book.

New Delhi, Delhi, India Tulasi Satyanarayana 
New Delhi, Delhi, India  Sunil K. Deshmukh 
Pune, Maharashtra, India  Mukund V. Deshpande 
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1The Mystical World of Mushrooms

V. K. Bhalerao, A. P. Gaikwad, C. D. Deokar, 
and K. S. Raghuwanshi

Abstract
The mushrooms have existed approximately 130 million years ago, i.e., long 
before human beings evolved on this planet as per the fossil records. Earlier in 
Sanskrit mushroom is known as “Ksuonpa.” In Hindi, mushroom is known as 
“Khumbi.” Since long mushrooms are worshiped and also considered as divine. 
In nature, mushrooms have not only been a source of food for man and other 
animals but also have contributed an important role in the cycling of carbon and 
other elements through the breakdown of lignocellulolytic plant residues and 
animal dung which serves as the substrates for these saprophytic fungi. The his-
torical records of intentionally cultivated mushrooms estimated that the first 
mushroom cultivation was started in 600 AD. In the last 20 years, much progress 
has been made in the field of mechanization of mushroom cultivation, i.e., 
manure turners, spawning, filling and casing of trays, mechanical harvesting, and 
polythene bag method of cultivation. In India, cultivation of edible mushrooms is 
of very recent origin, though methods of cultivation of them were known for 
many years. The research on different aspects, viz., production, productivity, 
spawn production, strain improvement, post-harvest technology disease, and 
pest management, was attempted by several scientists. All mushrooms belong to 
the group of fungi, a group very distinct from plants, animals, and bacteria. Most 
fungi have plant-like cells but miss the most important features of plants. The 
known number species of fungi was about 69,000 till 1990, while it was conser-
vatively estimated that 1.5 million species of fungi actually existed in nature.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9349-5_1&domain=pdf
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Mushrooms are cultivated throughout the world. About 200 species of more 
than 2000 edible fungi are widely adopted for human consumption. Out of these, 
only 10–12 species are commercially cultivated since the past few decades in 
India due to technical advancement. Mushrooms have the capacity to produce 
highest proteins per unit area and time by utilizing vertical space which is hun-
dred times more than the traditional agriculture and animal husbandry. This hi- 
tech horticulture venture can reduce the pressure on cultivated land to meet the 
food shortages all over the world. More than 100 countries are engaged in mush-
room farming today which is increasing at an annual rate of 6–7% per annum. 
The very high levels of mechanization and automation were achieved in mush-
room farming in developed countries of Europe and America. As per FAO Stat, 
the present world production of mushrooms is around 3.5 million tonnes, which 
is more than 25 million tonnes (estimated) as per claims of Chinese Association 
of Edible Fungi.The mushrooms can be cultivated under varied climatic condi-
tions. Some of the economically important mushrooms cultivated all over the 
world under temperate, subtropical, and tropical conditions are Agaricus bispo-
rus, Lentinula edodes, Flammulina velutipes, Agaricus bitorquis, Pleurotus spp., 
Auricularia spp., Agrocybe aegerita, Volvariella spp., Calocybe indica, 
Ganoderma lucidum, etc.

Mushrooms are rich source of proteins, carbohydrates, valuable salts, and 
vitamins in diet of human being. Mushroom fungus has the ability to secrete a 
wide variety of hydrolyzing and oxidizing enzymes which have potential for 
biotechnological applications. More than 100 medicinal edible mushrooms have 
been identified. However, important medicinal mushrooms are Lentinus edodes 
(shiitake mushroom), Ganoderma lucidum (reishi mushroom), Grifola frondosa 
(maitake mushroom), Pleurotus ostreatus (oyster mushroom), Agaricus bisporus 
(button mushroom), Coriolus versicolor (PSK), Boletus edulis, Tremella fucifor-
mis, Auricularia polytricha, Hericium erinaceus, and Cordyceps sinensis.

Keywords
Mushrooms · Oyster mushroom · Agaricus sp. · Medicinal values · Cultivation · 
Commercial production · Nutritional resource

1.1  Introduction

The mushrooms have existed approximately 130 million years ago, i.e., long before 
human beings evolved on this planet as per the fossil records. The origin of the term 
“Mushroom” has different views. In Latin, “Fungo” means to flourish. The Greek 
term mushroom was derived from the word “Sphonggos” or “Sphoggos” which 
means “Sponge” and referred to the sponge-like structure of some species. In 
French, the term mushroom was derived from the word “Mousseron” (muceron), 
“Mousse,” or “Moss.”

V. K. Bhalerao et al.
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About three and half millennia ago, the Greek hero Perseus founded Mycenae 
city after a legendary mushroom. “Mycenae” is derived from Greek word “mycol-
ogy” (i.e., mykes – mushroom + logos – discourse). Earlier in Sanskrit, mushroom 
is known as “Ksuonpa.” In Hindi, mushroom is known as “Khumbi.” The other 
words for fleshy capped fungi are Chatra, Kukurmutta, Kavaka, Bhumi kavak, and 
Bhustrana. Aryans during migration into the Indian subcontinent around in 
1500 B.C. carried with them an intoxicating drink “Soma” which they used in their 
religious rites. According to Wasson) (1969), the “Soma” in Rig Veda refers to 
Amanita muscaria.

Since long mushrooms are worshiped and also considered as divine. There are 
lots of superstitions about the mushrooms. According to the ancient Indian, Greek, 
and Roman myths, mushrooms sprang from a stroke of lightning. The Indians in 
Mexico believed that mushrooms are sacred because they are borne of the sexual 
intercourse between a bolt of lightning and the earth. The mushroom-shaped stone 
carvings have also been found in Central America and the highlands of Guatemala. 
These objects resemble very closely to the fruit body of Amanita muscaria.

In nature, mushrooms have not only been a resource of food for man and other 
animals but also have an important role in the cycling of carbon and other elements 
through the breakdown of lignocellulolytic plant residues and animal dung which 
serves as the substrates for these saprophytic fungi. In this way, mushroom species 
as agents of decay helps in keeping the environment clean.

The mushrooms were long appreciated because of their flavor, texture, and 
medicinal or tonic attributes. The recognition, that mushrooms are nutritionally a 
very good food is much more recent.

The popularity of mushroom is desired from the following highly preferred char-
acteristics of food:

 1. Significant taste and flavor.
 2. Nutritious, not only because they contain high level of protein containing signifi-

cant amounts of lysine and methionine (which are generally low in plants), 
fibers, minerals, and vitamins but also for what they do not have (high calories, 
sodium, fat, and cholesterol).

 3. Can be easily stored by processing, drying, pickling, and canning which allow 
maximum storage. Mushrooms appeal to different people in different ways. 
Mushrooms are objects of beauty for artists. Mushrooms are possible source of 
new drugs for medical people. Architects have constructed minerals, temples, 
and cupola column in its shape. Jewelers have made expensive pieces of mush-
room design. Designers have reproduced the mushroom design on fabrics.

1 The Mystical World of Mushrooms
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1.2  History of Mushroom Research and Cultivation

1.2.1  International Developments

The historical records of intentionally cultivated mushrooms are shown in Table 1.1. 
The first artificial cultivation of Auricularia auricula mushroom was estimated 
around 600 AD in China on wood logs and the same time other wood rotting mush-
rooms, such as Flammulina velutipes (800 AD) and Lentinula edodes (1000 AD). 
In Europe, the first cultivated fungi, the mushroom, was introduced in the seven-
teenth century. Agaricus bisporus was not cultivated until 1600 AD which is the 
leading mushrooms. The Pleurotus ostreatus was first cultivated in the USA, and 
several other species of Pleurotus were initially cultivated in India.

The first record of the cultivation of mushrooms was during 1638–1715, i.e., the 
reign of Louis XIV. Treschow shortly before 1700 suggested a method of growing 
A. bisporus in hotbeds under heat. Tourneforte, a French man in 1707, published 
description and know-how of growing mushrooms which is similar to the present 
methods.

Van Griensven (1988) reviewed the historical events in mushroom cultivation, 
whereas a detailed history was elaborated by Shu-ting and Miles Philip. The 
 cultivation of mushrooms aboveground is originated in Sweden. Bahl (2002) reviewed 
that Lundberg described mushroom growing in greenhouses in year 1754 whereas, 
the French started growing mushrooms underground in the quarries around Paris on 
horse manure in 1800 and Callow reported shelf bed method in a peculiar type of 
house for mushroom cultivation in 1831.

By the end of the nineteenth century, French mycologists Matrochot and 
Constantin (1894) discovered the cause of mushroom disease La mole (Mycogone 
perniciosa Magnus) and started sulfur fumigation. They were able to germinate 
spores for obtaining sterile spawn. Miss Fergussen (1902) of Corne described 
detailed method for germinating spores.

Duggar (1905), an American, perfected a method of making pure culture spawn 
from mushroom tissue. Lambert (1929) introduced and marketed pure spore culture 
bottled spawn in the USA. The cultivation of mushroom aboveground is originated 
in Sweden. Sinden (1938) patented his grain spawn process. Thomas, Austin, and 
Jary worked on pests of mushrooms. Ware, Glasscock, and Bewley in the UK and 
Lambert and Beach in the USA worked on diseases and competitive molds of 
mushrooms.

In 1945, MGA (Mushroom Growers Association of England and Ireland), MRA 
(Mushroom Research Association Ltd.), and MGP (Midlands Group of Publication) 
were formed and established. In the same year, an organization called Mushroom 
Growers Association of Great Britain and North Ireland was established. This asso-
ciation publishes a mushroom journal, which is supplied to the 50 nations.

In 1946, the first mushroom research station was founded in England with Dr. 
R.L. Edwards as its first director. The mushroom research at this station is mainly 
devoted to Agaricus bisporus and involves all aspects of this single species. In 1954, 

V. K. Bhalerao et al.
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Table 1.1 Historical evidence of commonly cultivated mushrooms (Miles and Chang 1997)

Species Record first cultivated (est.)

Agaricus bisporus 1600 (Atkins 1979)
Agaricus bitorquis 1961
Agrocybe cylindracea 1950
Amanita caesarea 1984
Armillaria mellea 1983
Auricularia auricula 600
Coprinus comatus 1984
Dictyophora duplicata 1982
Flammulina velutipes 800
Ganoderma spp. 1621
Gloestereum incarnatum 1989
Grifola frondosus 1983
Hericium coralloides 1984
Hericium erinaceus 1960
Hohenbuehelia serotina 1982
Hypsizygus marmoreus 1973
Lentinus edodes 1000
Lentinus tigrinus 1988
Lyophyllum ulmarium 1987 (Wang and Zhang 1987)
Morchella spp. 1986
Oudemansiella radicata 1982
Pholiota nameko 1958
Pleurotus citrinopileatus 1981
Pleurotus cystidiosus 1969
Pleurotus ferulae 1958
Pleurotus flabellatus 1962 (Bano and Srinvatava 1962)
Pleurotus Florida 1958
Pleurotus ostreatus 1900
Pleurotus sajor-caju 1974 (Jandaik 1974)
Poria cocos 1232
Sparassis crispa 1985
Tremella fuciformis 1800
Tremella mesenterica 1985
Tricholoma gambosum 1991
Tricholoma lobayense 1990
Tricholoma mongolicum 1991
Volvariella volvacea 1700

the mushroom research station was transferred along with three staff members and 
government grants to the new glasshouse crop research station at Littlehampton, 
Sussex.

In 1959 at Horst in Holland, a fine center on mushroom was opened. In the later 
years of the eighteenth century, French growers discovered the usefulness of gyp-
sum powder to prevent greasiness in compost. Bewley and Lambert worked on 

1 The Mystical World of Mushrooms
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relationship between compost and yield. MRS (Mushroom Research Station) at 
yarely produced formulae for synthetic compost made recommendation for control 
of truffle disease and suggested use of peat in casing.

At the GCRI at Little Hampton, much work is being done on the control of 
cecids, phorids, mites, virus, and bacterial diseases, compost, casing and environ-
ment, genetics, nutrition, and nematode control. In Denmark, Rasmussen used pig 
manure and got good results. Arnold in East Germany, Bukowskii in Poland, Hetlay 
in Hungary, and Willanis in Belgium were also engaged in state-sponsored mush-
room programs. Sinden and Tschierpe have done useful work on composting and 
environmental control. Bel has done lot of works for the benefit of Dutch mushroom 
industry. Some of the important developments in the cultivation of edible mush-
room at global level are as below.

In the last 20 years, much progress has been made in the field of mechanization 
of mushroom cultivation, i.e., manure turners, spawning, filling and casing of trays, 
mechanical harvesting, and polythene bag method of cultivation.

1.2.2  Indian Scenario of Mushroom Research and Cultivation

The cultivation of edible mushrooms in India is of very recent origin, although 
methods of cultivation for some of them were known for many years. Some impor-
tant historical advancements in the cultivation of edible mushroom are as below.

1886: N.W.  Newton grown and exhibited some specimens of mushrooms at the 
Annual show of Agric. Hort. Soc. of India.

1896–1897: B.C. Roy carried out chemical analysis of the local mushrooms preva-
lent in caves or mines.

1908: Sir David Prain was initiated thorough search of edible mushrooms.
1981: Some mushrooms from Calcutta were recorded by Lt. Col. Kirtikar of Indian 

Medical Services.
1921: S.R. Bose was successful in culturing two agarics on a sterilized dung media 

and details of which were published in the Indian Science Congress held at 
Nagpur during 1926.

1939–1945: The Dept. of Agriculture, Madras attempted experimental cultivation of 
paddy straw mushroom (Volvariella).

1940: The method of spawn production and cultivation of paddy straw mushroom 
(Volvariella Sp.) was reported by Su and Seth.

1941: Padwick reported successful cultivation of Agaricus bisporus from various 
countries.

1945: Thomas et al. demonstrated cultivation of paddy straw mushrooms (V. displa-
sia) in Madras.

1947: The better yield of paddy straw mushroom by adding red-powdered dal to the 
beds was reported by R.P. Asthana and suggested that April–June is the most 
suitable period for cultivating this mushroom in Central Provinces and also car-
ried out the chemical analysis of this mushroom.

V. K. Bhalerao et al.
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1961: A scheme entitled “Development of mushroom cultivation in H.P.” was stated 
at Solan by H.P.S.G. in collaboration with ICAR. This was the first attempt on 
cultivation of A. bisporus in the country.

1962: Bano et al. obtained increased yield of Pleurotus flabellatus on paddy straw.
1965: E.F.K. Mantal, F.A.P., Mushroom Export, guided and assisted Dept. of Agril. 

H.P. for the construction of modern spawn lab and fully A.C. mushroom house. 
The research work on the evaluation of different strains, use of various agricul-
tural wastes, organic manures and fertilizers for preparing synthetic compost was 
initiated. Dr. Mantel’s consultancy concluded after a period of 7 years.

1971: An ICAR-sponsored coordinated research scheme on mushroom was started 
in various zones of the country, viz., Solan (H.P.), Ludhiana (Punjab), Bangalore 
(Karnataka), and New Delhi. This scheme was later converted into AICMIP with 
its H.Q. at NCMRT, Solan in 1983.

1974: W.A. Hayes, FAO mushroom expert, guided in improving the method of com-
post preparation, pasteurization, and management of important parameters in the 
mushroom house  such as,  new compost formulations  and casing material. 
The important parameters like N-content, moisture in compost and casing soil, 
air movement, maintenance of proper environmental factors were also standard-
ized which increased the mushroom yields from 7 to 14 kg/m2.

1977: The 1.27 crore of MDP was launched by the Dept. of Hort. (H.P.) with the 
financial support from UNDP, wherein the services of Mr. James Tunney were 
made available. He got bulk pasteurization chambers constructed which enabled 
ready-made compost and casing soil to the growers of H.P. The UNDP Project 
concluded in 1982. Since then, the Dept. of Hort. (HP) has been running the 
project.

1983: The NCMRT was sanctioned by ICAR on October 23, 1982, during VIth 
plan. The center, however, started functioning w.e.f. June 8, 1983. It was for-
mally inaugurated on June 21, 1986.

The research on different aspects, viz., production, productivity, spawn produc-
tion, strain improvement, post-harvest technology disease, and pest management, 
was attempted by several scientists. The successful method of spawn making using 
cereal grains, millets, and other farm wastes such as straws and bajra husk was 
reported by Jandaik and Kapoor (1975).

A lot of work has been done on suitability of various substrates for Pleurotus 
production. Gaikwad (1983) studied the yield potential of Pleurotus spp. on selected 
agricultural wastes using wheat grain spawn and wheat straw spawn. Patil and 
Jadhav (1989) assessed different 14 substrates separately and in 3 combinations of 
selected substrates on productivity of P. sajor-caju. Thilagavathy et  al. (1991) 
observed maximum yield of P. sajor-caju from banana pseudostem. Similarly, vari-
ous workers have suggested different substrates for Pleurotus cultivation. Some of 
them are Jowar straw and groundnut pods for P. florida (Khandar et a1. 1991), 
wheat straw (Gupta and Langar 1988), and old palm monocarp waste (Babu and 
Nair 1991).

1 The Mystical World of Mushrooms
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Polybags were used by several research workers (Bano et al. 1976; Baskaran 
et al. 1978; Sivaprakasam and Kandaswamy 1980; Bano and Rajarathnam 1982). 
Gunny bags were used in place of polythene bags (Pal and Thapa 1979). P. sajor- 
caju was successfully cultivated in a modified version of the plastic sac by introduc-
ing a PVC tube or bamboo in the center of sac (Bano et al. 1979).

In some species, selective hybridization has been carried out between the cross-
ing of monosporous isolates, and variations have been recorded in yield, morpho-
logical growth, and fruit body characters in Agaricus bisporus (Bhandal and Mehta 
1989), Pleurotus sajor-caju (Ghosh and Chakravarty 1991), P. sapidus (Thakur and 
Bhandal 1993), and Calocybe (Doshi et al. 1993). Bahukhandi and Munjal (1989) 
improved the commonly cultivated strains of Pleurotus sajor-caju in respect of bet-
ter yield by inducing mutation by chemicals. Bahukhandi and Sharma (2002) 
obtained a specific hybrid by mating of P. sajor-caju and P. cornucopiae. Kaur 
(2007) developed funnel-shaped fruit bodies, lateral fruit bodies with wavy mar-
gins, and gray color fruit bodies by intraspecific hybridization of P. florida PAU-5. 
Bhalerao et al. (2017) attempted intraspecific hybridization, for developing tem-
perature and mold-tolerant strains of oyster mushroom.

The studies on phylogenetic relationships, genetic variability, and use of molecu-
lar markers were studied by Swarnendu Chandra et al. (2010), Bhavna Gupta et al. 
(2011), Manjit Singh and Shwet Kamal (2011), Mishra et  al. (2012), Kaur and 
Sodhi (2012), and Agarwal et al. (2013).

1.3  Taxonomy of Mushroom

All mushrooms belong to the group of fungi, a group very distinct from plants, ani-
mals, and bacteria. Most fungi have plant-like cells but miss the most important 
features of plants, the ability to use energy from the sun directly through the use of 
chlorophyll. Thus, fungi depend on other organisms for food as does mankind and 
in fact all animals. All fungi, with the exception of yeasts, form so-called hyphae, 
tiny threads that originate from the spores. These hyphae will branch out and form 
the mycelium. After some time, they will enter a sexual phase and form spores. In 
nature, this is the most striking part of the organism, but in fact it is just the fruiting 
body.

In nature, fungi multiply by producing millions and billions of spores. When 
they land in a suitable environment, they can germinate and form a mycelium. In the 
meantime, the mycelium will colonize the substrate and use the available nutrient. 
When some nutrients were exhausted or when the weather conditions are unfavor-
able, the mycelium will reach a different phase: the reproductive sexual stage.

The taxonomic hierarchy of some of the important mushroom based on Ainsworth 
and Bisby’s (2008) Dictionary of the Fungi (10th. edition) is as follows:

V. K. Bhalerao et al.
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1.3.1  Phylum: Ascomycota

Subphylum: Pezizomycotina
Class: Leotiomycetes

Order: Helotiales
Family: Hemiphacidiaceae

Genera: Chlorencoelia (C. torta)
Family: Heliotiaceae

Genera: Hymenoscyphus fructigenus; possibly also Ascocoryne 
(Chlorociboria aeruginascens), and lonomidotis (I. irregularis)

Family: Dermateaceae
Genera: Chlorosplenium (C. chlora)
Genera: Bulgaria (B. inguinans)

Order: Rhytismatales
Family: Rhytismataceae

Genera: Colpoma (C. guercinum)
Family: Cudoniaceae

Genera: Cudonia (C. circinans), Spathularia Spathulariopsis  
(S. velutipes)

Order: Leotiales
Family: Leotiaceae

Genera: Leotia (L. lubrica)
Class: Pezizomycetes

Order: Pezizales
Family: Helvellaceae

Genera: Helvella
Family: Chorioactidaceae

Genera: Chorioactis (C. geaster), Wolfina (W. aurantiopsis)
Family: Pezizaceae

Genera: Sarcosphaera (S. comnaria), Pachyella (P. clypeata), Peziza
Family: Morchellaceae

Genera: Disciotis (D. venosa), Morchella, Verpa (V. bohemica)
Family: Pyronemataceae

Genera: Tarzetta (T. bronca) Aleuria (A. aurantia), Cheilymenia Jafnea 
(J. semitosta), Otidea (O. onotica), Scutellinia (S. scutellata), 
Sphaerosporella (S. brunnea),

Family: Sarcosomataceae
Genera: Galiella (G. rufa), Urnula

Family: Sarcoscyphaceae
Genera: Microstoma (M. floccosum),

Class: Sordariomycetes
(Most “Pyrenomycetes,” in 15 orders, 64 families, and over 1000 genera)

 Genera: Akanthomyces aculeatus), Camarops Xylaria.
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1.3.2  Phylum: Basidiomycota

Subphylum: Agaricomycotina
Class: Dacrymycetes

Order: Dacrymycetales
Family: Dacrymycetaceae

Genera: Calocera (C. cornea), Dacryopinax (D. elegans)
Class: Tremellomycetes

Order: Tremellales
Family: Phaeotremellaceae

Genera: Phaeotremella (P. frondosa)
Family: Tremellaceae

Genera treated: Tremella (T. mesenterica)
Family: Carcinomycetaceae

Genera: Syzygospora (Sjmycetophjlaa)
Class: Agaricomycetes

Order: Agaricales
Family: Clavariaceae

Genera: Clavaria (C. vermicularis), Clavulinopsis (CJaeticolor), 
Ramariopsis (R. kunzei)

Family: Amanitaceae
Genera: Amanita, Limacella

Family: Entolomataceae
Genera: Clitopilus (C. prunulus), Entoloma, Rhodocybe(R. mundula)

Family: Fistulinacea
Genera: Fistulina (see F. hepatica)

Family: Bolbitiaceae
Genera: Bolbitius (B. vitellinus), Conocybe (C. jalbbipes), Galeropsis 

(Gastrocybe lateritia)
Family: Hydnangiaceae

Genera: Laccaria
Family: Inocybaceae

Genera: Crepidotus, Flammulaster (F. erinaceella), Inocybe, Simocybe 
(S. centunculus);

Family: Lyophyllaceae
Genera: Asterophora (A. lycoperdoides), Calocybe (C. carnea), 

Hypsizygus (H. tessulatus), Lyophyllum (L. decastes)
Family: Hygrophoraceae

Genera: Chrysomphalina (C. chrysophylla), Cuphophyllus (C. praten-
sis), Gliophorus (G. psittacinus),Hygrocybe (H. conica), 
Hygrophorus (H. russula), Ampulloclitocybe (A. clavipes),

Family: Marasmiaceae
Genera: Megacollybia, Micromphale (M. perforans), Mycetinis  

(M. scorodonius), Omphalotus (O. illudens), Tetrapyrgos  
(T. nigripes)Baeospora (B. myosura), Clitocybula (C. abundans), 
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Connopus (C. acervatus), Crinipellis (C. zonata), Gerronema  
(G. strombodes), Gymnopus (G. dryophilus), Macrocystidia (see  
M. cucumis), Marasmiellus (M. candidus), Marasmius (see M. rotula),

Family: Agaricaceae
Genera: Leucoagaricus (L. naucinus), Leucocoprinus (L. birnbaumii), 

Lycoperdon (L. pulcherrimum), Cyathus (C. striatus), Cystoderma, 
Cystolepiota (C. seminuda), Floccularia, Macrolepiota (M.   proc-
era), Battarrea (B. phalloides), Morganella (M. pyriformis), 
Mycenastrum (M. corium), Nidularia (N. pulvinata), Podaxis  
(P. longii), Ripartitella (R. brasiliensis), Tulostoma (T. lloydii), 
Vascellum ( V. curtisii), Calvatia (C. craniiformis), Agaricus (Agaricus 
bisporus), Lepiota (L. cristata), Arachnion (A. album), Bovista  
(B. longispora), Chlorophyllum (C. molybdites), Coprinus (see  
C. comatus), Crucibulum (C. laeve)

Family: Omphalotaceae
Genera: Rhodocollybia (R. maculata).

Family: Physalacriaceae
Genera: Armillaria, Cyptotrama (C. asprata), Flammulina, 

Rhizomarasmius, Rhodotus (R. palmatus), Xeruloid Mushrooms 
(including Hymenopellis and Paraxerula)

Family: Mycenaceae
Genera: Mycena, Panellus (P. stipticus)

Family: Pleurotaceae
Genera: Hohenbuehelia, Pleurotus (P. ostreatus)

Family: Pluteaceae
Genera: Pluteus, Volvariella

Family: Psathyrellaceae
Genera: Coprinellus (C. disseminatus), Coprinopsis (C. atramentaria), 

Lacrymaria (L. velutina), Parasola (P._plicatilis), Psathyrella
Family: Schizophyllaceae

Genera: Schizophyllum (S. commune)
Family: Strophariaceae

Genera: Leratiomyces (L. ceres), Pholiota, Psilocybe; Stropharia  
(S. rugosoannulata);Agrocybe, Deconica (D. argentina), Galerina 
(G. marginata), Hebeloma, Hemipholiota (H. populnea), Hypholoma, 
Kuehneromyces (K. mutabilis),

Family: Tapinellaceae
Genera: Tapinella (T. panuoides)

Family: Tricholomataceae
Genera: Leucopaxillus, Leucopholiota, Macrocybe (M. titans), 

Melanoleuca, Omphalina (O. epichysium), Resupinatus (R. alboni-
ger), Tricholoma, Clitocybe, Collybia (C. cirrhata), Dendrocollybia 
(D. racemosa), Infundibulicybe, Callistosporium (C. luteo-oliva-
ceum), Catathelasma, Caulorhiza (C. umbonata),

Family: Typhulaceae
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Genera treated: Macrotyphula (M. juncea).
Family: Uncertain

Genera: Phyllotopsis (see P. nidulans), Rickenella (R. fibula;
Order: Auriculariales

Family: Auriculariaceae
Genera: Auricularia (A. auricula), Exidia (E. glandulosa)

Order: Boletales
Family: Hygrophoropsidaceae

Genera: Hygrophoropsis (H. aurantiaca)
Family: Paxillaceae

Genera: Paragyrodon (P. sphaerosporus),
Paxillus (P. vernalis)

Family: Sclerodermataceae
Genera: Pisolithus (P. tinctorius), Scleroderma

Family: Suillaceae
Genera treated: Suillus

Family: Boletaceae
Genera: Leccinum, Phylloporus, Pulveroboletus (P. ravenelii), Retiboletus  

(R. ornatipes), Rubroboletus (R. dupainii), Strobilomyces, Tylopilus, 
Xanthoconium (X._purpureum), Xerocomellus (X. chrysenteron), 
Xerocomus (X. subtomentosus), Austroboletus, Boletellus, Boletus, Bothia 
(B. castanella), Chalciporus (C._piperatus),Chamonixia (C. caespitosa), 
Harrya (H. chromapes), Heimioporus,

Family: Boletinellaceae
Genera: Boletinellus (B. merulioides)

Family: Calostomataceae
Genera: Calostoma (C. cinnabarinum)

Family: Diplocystidiaceae
Genera: Astraeus (A. hygrometricus)

Family: Gomphidiaceae
Genera: Chroogomphus, Gomphidius

Family: Gyroporaceae
Genera: Gyroporus

Order: Cantharellales
Family: Cantharellaceae

Genera: Cantharellus (C. cibarius), Craterellus (C. fallax)
Family: Clavulinaceae

Genera: Clavulina (C. cristata)
Family: Hydnaceae

Genera: Hydnum (H. repandum)
Order: Geastrales

Family: Geastraceae
Genera: Geastrum (G. saccatum)

Order: Gloeophyllales
Family: Gloeophyllaceae
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Genera: Gloeophyllum (G. sepiarium)
Order: Gomphales

Family: Clavariadelphaceae
Genera: Clavariadelphus (C. unicolor)

Family: Gomphaceae
Genera: Gomphus (G. clavatus), Ramaria (R. botrytis), Turbinellus 

(T. floccosus)
Family: Lentariaceae

Genera: Lentaria (L. micheneri)
Order: Hymenochaetales

Family: Hymenochaetaceae
Genera: Coltricia (C. cinnamomea), Inonotus (I. radiatus), Phellinus 

(P. gilvus), Porodaedalea (P. pini)
Family: Uncertain

Genera: Rickenella (R. fibula)
Order: Polyporales

Family: Cerrenaceae
Genera: Cerrena (C. unicolor), “Spongipellis” (S. unicolor)

Family: Fomitopsidaceae
Genera: Daedalea (D. guercina), Fomitopsis (F_pinicola), 

Ischnoderma (I. resinosum), Piptoporus (P. betulinus), 
Pycnoporellus (P alboluteus)

Family: Ganodermataceae
Genera: Ganoderma (G. lucidum)

Family: Grifolaceae
Genera: Grifola (G. frondosa)

Family: Laetiporaceae
Genera: Laetiporus, Phaeolus (P. schweinitzii)

Family: Meripilaceae
Genera: Abortiporus (A. biennis), Meripilus (M. giganteus) Family: 

Meruliaceae
Genera: Bjerkandera (B. adusta), Gloeoporus (G. dichrous), Irpex 

(I. lacteus), Mycorrhaphium (M. adustum), Phlebia (P. incar-
nata), Podoscypha (P. aculeata), Steccherinum (S. ochraceum)

Family: Panaceae
Genera: Panus (P. conchatus)

Family: Phanerochaetaceae
Genera: Climacodon (C. septentrionale), Hapalopilus  

(H. nidulans),
Family: Polyporaceae

Genera: Polyporus (P. sguamosus), Poronidulus, Pycnoporus (P cin-
nabarinus), Trametes (T. versicolor), Trichaptum (T. biforme), 
Tyromyces (T. chioneus), Coriolopsis (C._gallica), Cryptoporus 
(C. volvatus), Daedaleopsis (D. confragosa), Fomes (F. fomentar-
ius), Lentinus (L. tigrinus), Lenzites (L. betulina), Neofavolus  
(N. alveolaris), Nigroporus (N. vinosus), Perenniporia (P. ohiensis),
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Family: Sparassidaceae
Genera treated: Sparassis (S.crispa)

Order: Russulales
Family: Auriscalpiaceae

Genera: Artomyces (Artomyces pyxidatus), Auriscalpium (A. vul-
gare), Lentinellus

Family: Hericiaceae
Genera: Hericium

Family: Peniophoraceae
Genera: Peniophora (P. rufa)

Family: Russulaceae
Genera: Arcangeliella (A. desjardinii), Lactarius, Russula

Family: Bondarzewiaceae
Genera: Bondarzewia (B. berkeleyi), Heterobasidion (H. annosum)

Family: Stereaceae
Genera: Aleurodiscus (A. oakesii), Stereum (S.ostrea), Xylobolus  

(X. rustulatus)
Order: Sebacinales

Family: Sebacinaceae
Genera: Tremellodendron (T. schweinitzii)

Order: Thelephorales
Family: Bankeraceae

Genera: Boletopsis (B. leucomelaena), Hydnellum, Phellodon  
(P. confluens), Sarcodon (S. imbricatus)

Family: Thelephoraceae
Genera: Polyozellus (P. multiplex), Thelephora T. multipartita)

Order: Tremellodendropsidales
Family: Tremellodendropsidaceae

Genera: Tremellodendropsis (T. tuberosa)

1.4  Magnitude of Mushroom Species

The known number of species of fungi till 1990 was 69,000 (Hawksworth 1991). 
On average, 700 species were described as new to science each year from 1920 to 
1950. However, the annual total catalogued fungi reached around 1400 in 1961 and 
1500 in 1968 and averaged 1700 each year from 1986 to 1990.

Fungi are considered as the second largest group of organisms in the biosphere 
after the insects. Known fungal species constitute only about 5% of their species in 
the world (Table 1.2). The large number of fungal species is still unknown. Out of 
about 70,000 described species of fungi, it has been suggested that around 14,000–
15,000 species produce fruiting bodies of sufficient size and suitable structure to be 
considered as macrofungi (mushrooms) (Plate 1.1). About 5000 of the species are 
measured to possess varying degrees of edibility. More than 2000 species from 31 
genera are regarded as prime edible mushrooms. But only 100 of them are 
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experimentally grown, 50 economically cultivated, and 30 commercially cultivated. 
Only about six have reached an industrial scale of production in many countries. 
Furthermore, about 1800 are medicinal ones. The number of poisonous mushrooms 
is relatively small (approximately 10%), of these some 30 species are considered to 
be lethal (Miles and Chang 1997).

1.4.1  Edible Mushroom Types

Mushrooms are cultivated throughout the world. About 200 species of more than 
2000 edible fungi are widely adopted for human consumption. Out of these, only 
10–12 species are commercially cultivated since past few decades in India due to 
technical advancement. The most commonly cultivated edible types are:

 1. Button mushroom – Agaricus bisporus, A. bitorquis
 2. Paddy straw mushroom – Volvariella volvacea
 3. Oyster mushroom – Pleurotus spp.
 4. Milky mushroom – Calocybe indica
 5. Shitake mushroom – Lentinula edodes
 6. Winter mushroom – Flammulina velutipes
 7. Nameko – Pholiota nameka
 8. Black ear mushroom (Japanese) – Auricularia spp.

In India, many edible types of mushroom have been reported (Table 1.3 and Plate 
1.2), but the commercially cultivated types are button, paddy straw, oyster, and 
milky mushrooms.

1.5  Cultivation Potential of Mushroom

The mushroom is a fleshy, spore-bearing organ of fungi. The fleshy nature of the 
mushroom is responsible for its attraction to man as a source of food. The biological 
role of the mushroom for the fungus is the production and dissemination of spores 
in numbers sufficient to assure the propagation of the species under a diversity of 
environmental conditions.

Table 1.2 Comparison of the number known and estimated species in the world of a selected 
group of organisms

Group Known species Total species % known species
Vascular plants 220,000 270,000 81
Bryophytes 17,000 25,000 68
Algae 40,000 60,000 67
Fungi 69,000 1,500,000 5
Bacteria 3000 30,000 10
Viruses 5000 130,000 4
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Plate 1.1 Wild species of mushroom reported in India. (a) Agaricus sp. (b) Pleurotus sp. (c). 
Termitomyces sp. (d) Tricholoma sp. (e). Lactarius sp. (f) Boletus sp. (g) Dasyscyphus sp. H. 
Hygrocybe sp. (i) Calocera sp. (j) Ramaria sp.
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There are many different species of mushrooms that have been cultivated suc-
cessfully in various parts of the world, but from the worldwide standpoint, a few 
species account for all but a few percent of the total production. In recent years, 
there have been five genera whose species are responsible for this cultivation. The 
genera are Agaricus, Lentinus, Flammulina, Volvariella, and Pleurotus.

The commercial production of mushrooms by using the agricultural, industrial, 
forestry, and household wastes into nutritious food (mushrooms). Indoor cultivation 
of mushrooms uses the vertical space and is regarded as the highest protein pro-
ducer per unit area and time – almost 100 times more than the conventional agricul-
ture and animal husbandry. This hi-tech horticulture venture has a promising scope 

Table 1.3 Common edible mushrooms of India

Sr. no. Name of mushrooms Sr. no. Name of mushrooms
1 Agaricus arvensis schaeff ex seer 20 Laccaria laccata
2 Agaricus bisporus (Lange) Sing. 21 Laetiporus sulphureus
3 Agaricus campestris L. exfr. 22 Leucocoprinus cepaestipes
4 Agrocybe praecox 23 Lycoperdon perlatum
5 Amanita caesarea 24 Lycoperdon pyriformin
6 Amanita vaginata 25 Macrolepiota mostoidea
7 Armillaria mellea 26 Macrolepiota procera
8 Bovista plumbea 27 Morchella conica
9 Calvatia cyathiformis 28 Morchella deliciosa
10 Calvatia utriformis 29 Morchella esculenta
11 Calvatia bovista 30 Pleurotus flabellatus
12 Cantharellus cibarius 31 Pleurotus ostreatus
13 Coprinus atramentarius 32 Pleurotus sajor-caju
14 Coprinus comatus 33 Podabrella microcarpa
15 Coprinus micaceus 34 Psathyrella hydrophilum
16 Flammulina velutipes 35 Termitomyces hemili
17 Heterobasidion annosum 36 Rigidoporus ulmarius
18 Hirneola auricula-judae (Auricularia spp.) 37 Rusulla emetica
19 Hydnum repandum 38 Rusulla lepida

Plate 1.1 (continued)
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to meet the food shortages without undue pressure on land. Mushroom farming 
today is being practiced in more than 100 countries, and its production is increasing 
at an annual rate of 6–7%. In some developed countries of Europe and America, 
mushroom farming has attained the status of a high-tech industry with very high 
levels of mechanization and automation. Present world production of mushrooms is 
around 3.5 million tonnes as per FAO Stat and is over 25 million tonnes (estimated) 
as per claims of Chinese Association of Edible Fungi. The wide variation in world 
production data in FAO Stat and CAEF is partly due to the fact that in FAO Stat, 
mushroom means button mushroom (Agaricus spp.) along with the boletes, morels, 
and tuber, whereas CAEF data covers all types of mushrooms. China alone is 
reported to grow more than 20 different types of mushroom at commercial scale, 
and mushroom cultivation has become China’s sixth largest industry. Presently, 
three geographical regions– Europe, America, and East Asia –contribute to about 
96% of world mushroom production. With the rise in the income level, the demand 
for mushrooms is bound to increase in other parts of the world as well. China has 
been producing mushrooms at very low costs with the help of seasonal growing, 

Plate 1.2 Cultivated mushrooms species. (a) Oyster mushroom (Pleurotus sajor-caju). (b) Oyster 
mushroom (Pleurotus florida). (c) Oyster mushroom (Pleurotus eous). (d) Button mushroom 
(Agaricus bisporus). (e) Shiitake mushroom (Lentinula edodes). (f) Paddy straw mushroom 
(Volvariella volvacea). (g) Milky mushroom (Calocybe indica). (h) Black ear Mushroom 
(Auricularia polytricha). (i) Winter mushroom (Flammulina velutipes)
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Table 1.4 The ecological habitats and level of fruiting by artificial cultivation in mushrooms

Ecological habitats
Important 
genera

Fruiting by artificial 
cultivation

Non- Ectomycorrhizal 
mushrooms

Above 
ground

Wood Pleurotus

Easy
Lentinus
Auricularia
Tremella
Hericium
Pholiota
Kuehneromyces

Straw Volvariella
On earth Dung Coprinus

Agaricus
Agrocybe
Stropharia

Soil Lepiota
Dictyophora
Lepista
Melanoleuca
Morchella

Insects Cordyceps
Termitomyces

Ectomycorrhizal 
mushrooms

With roots Mycorrhizal Tricholoma

Difficult

(continued)
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state subsidies, and capturing the potential markets in the world with processed 
mushrooms at costs not remunerative to the growers in other mushroom-producing 
countries.

It is possible to cultivate mushrooms under diverse climatic conditions (Table 1.4). 
Some of the important mushrooms for temperate, subtropical, and tropical condi-
tions are as below.

1.5.1  Temperate Mushrooms

1.5.1.1  Button Mushroom: Agaricus bisporus
It is commonly known as “White button, European mushroom, or temperate mush-
room.” Sporophores are usually centrally stipulated. Pileus is usually 3.5  cm to 
10 cm in diameter. Gills are crowded, and flesh is white; it has excellent flavor, is 
attractive and widely accepted through the world, and hence is most popular in com-
mon people and cultivated under controlled conditions. It requires 16–18 °C tem-
perature with relative humidity more than 90% in the growing rooms. The compost 
is an essential requirement for cultivation. However, seasonally it can be found in 
Himachal Pradesh, J&K, Central India, Orissa, Nilgiri, and Kumaon hills of India 
during cool season.

1.5.1.2  Shiitake Mushroom: Lentinula edodes
It is commonly known as shiitake mushroom. Sporophores usually grow on woods 
of dead deciduous trees. Pileus is up to 11 cm in diameter. It is brown in color and 
centrally stipulated. Gills are crowded. In India, its cultivation is negligible. 
However, experiments show that shiitake mushroom can be successfully grown on 
sawdust when temperature is about 20 °C. There is good potential for the cultivation 
in the country. This may become a popular mushroom in domestic market and has 
good potential for export.

Table 1.4 (continued)

Ecological habitats
Important 
genera

Fruiting by artificial 
cultivation

Ramaria
Cantharellus
Boletus
Suillus
Gomphidius
Lactarius
Russula
Amanita
Cortinarius
Rhizopogon
Terfezia

V. K. Bhalerao et al.



23

1.5.1.3  Flammulina Velutipes
The complete technology for its cultivation has been standardized. It is commonly 
called as winter mushroom in East Asian countries and is well known for its nutri-
tional and medicinal value. It can be cultivated on sawdust of broad leaves supple-
mented with 10% wheat bran in the temperature range of 10–14 °C. This mushroom 
can be grown in variety of containers.

1.5.2  Subtropical Mushrooms

1.5.2.1  Agaricus Bitorquis
It is commonly known as town or “street mushroom.” Sporophores are observed 
solitary or in clusters. It grows in grassy places and sometimes at the roadsides. 
Pileus is up to 2 cm in diameter. Gill is crowded. Short stipe tapers toward the base. 
It can grow at quite higher temperature ranging from 22 to 24 °C temperature with 
relative humidity more than 90% in the growing flesh white. In India, it is found in 
South West of India and Punjab.

1.5.2.2  Oyster Mushrooms: Pleurotus Spp.
The oyster mushroom is also known as wood fungus. In India, it is more popular in 
the local name as Dhingri mushroom. The sporophore is tongue- or shell-shaped, 
hence the name oyster. The oyster mushroom grows under natural conditions on 
trees or dead woody branches of trees as saprophytes and primary decomposers. 
Pileus is usually 1.5–20 cm in diameter. Stipe may be eccentric or centrally stipu-
late. Gills are decurrent. It requires a wide range of temperature from 20 to 
30 °C. However, 24 ± 2 °C is said to be best with relative humidity more than 90% 
in the growing rooms. The widely cultivated regions in India where oyster mush-
room is cultivated are Maharashtra, West Bengal, Tamil Nadu, Punjab, and Madhya 
Pradesh. The other common species of oyster are Pleurotus sajor-caju (gray color), 
P. florida (white color), P. eous (pink color), and P. flabellatus (white or tanning red 
color).

1.5.2.3  Black Ear Mushroom: Auricularia Spp.
Sporophore grows on dead branches of Ficus benghalensis. The fruiting bodoes 
are leathery or rubbery and gelatinous when fresh and cartilaginous on drying. It is 
sessile or sometimes slightly stalked. Pileus is up to 10 cm in diameter. It is red- 
brown in color when fresh and turns gray or tan on drying. It is ear shaped. It 
requires a wide range of temperature from 20 to 30 °C. However, 24 ± 2 °C is said 
to be best with relative humidity more than 90% in the growing rooms.

1.5.2.4  Black Poplar Mushroom (Agrocybe aegerita)
Agrocybe aegerita  is commonly called  as black poplar mushroom which can be 
grown on willow wood. Its cultivation on wheat straw has been standardized. It 
fruits at temperature around 25 °C.
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1.5.3  Subtropical Mushrooms

1.5.3.1  Paddy Straw Mushroom: Volvariella Spp.
It is commonly known as paddy straw mushroom or Chinese or tropical mushroom. 
It is a fast-growing mushroom. Sporophore usually grows solitarily or gregarious on 
rotten paddy straw heaps. Pileus is usually 5–12 cm in diameter and centrally stipu-
lated. Gills are crowded and grayish in color. It is cultivated easily at 30–35  °C 
temperature with relative humidity more than 80–90% in the growing rooms. It is 
cultivated in different parts of India. Commonly cultivated species is Volvariella 
volvacea.

1.5.3.2  Milky Mushroom: Calocybe Indica
It is commonly known as “Dudh chatta.” It is bright white in color. Sporophores 
usually grow solitary in soil. Pileus is 10–14  cm in diameter and milky white- 
colored. Stipe is long and stout, white, and solid with bulbous base. It is centrally 
stipulated. Gills are distinctly formed and crowded. It is cultivated at 30–35 °C tem-
perature with relative humidity more than 80%.

1.6  Nutritional and Medicinal Properties of Mushrooms

Mushrooms have been reported as a special kind of food since earlier days. Romans 
regarded mushrooms as the “food of the Gods,” which were served only on festive 
occasions. The Greeks believed that mushrooms provided strength for warriors in 
battle. The Chinese considered mushrooms as a healthy food. The mushrooms, 
being a good source of delicious food with high nutritional attributes and medicinal 
values, received a remarkable amount of interest in recent periods.

Mushroom provides rich addition to the diet in the form of proteins, carbohy-
drates, valuable salts, and vitamins. Proximate analysis of different species of edible 
mushrooms and comparison with other food items are listed in Table 1.5. As a food, 
the nutritional value of mushrooms lies between meat and vegetables. Mushrooms 
are well suited to supplement diets which lack protein and in the sense they have 
rightly been called “Vegetable meat” (Table  1.6). Mushroom protein is a high- 
protein, low-calorie diet and hence good for heart patients. About 100–200 pounds 
of mushrooms (dry weight) are required to maintain nutritional balance in a normal 
human being weighing 70 kg (Table 1.7).

Table 1.5 Proximate analysis of mushrooms and vegetables (percent fresh weight)

Name Moisture Protein Fat Carbohydrate Crude fiber Ash Calories
Mushrooms 90.1 2.5 0.5 4.9 1.1 0.8 35.0
Cabbage 91.1 1.8 0.1 4.6 1.0 0.6 27.0
Cauliflower 90.8 2.6 0.4 4.0 1.2 1.0 30.0
Potato 74.7 1.6 0.1 22.6 0.4 0.6 97.0
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1.6.1  Proteins

The quality of protein is nutritionally more important than its quantity. As single 
source, vegetable proteins are of poorer quality. The quality of mushroom protein is 
far superior to the vegetable proteins and is as good as or just inferior to animal 
proteins. It is because all the essential amino acids are present in mushrooms. 
Mushrooms are rich in lysine and tryptophan as compared to cysteine and methio-
nine, so they can effectively supplement the cereals in terms of protein quality. 
Mushrooms protein contains high amount of free amino acids. The digestibility of 
mushroom protein is as high as 72–83%. The amount of crude protein in mushroom 
ranks below most animal meats but well above most other foods, including milk, 
which is an animal product.

Table 1.6 Yield of dry 
protein per unit area utilized 
for farming beef, fish, and A. 
bisporus Source

Approx. 
annual yield 
dry protein 
(kg/ha)

Beef, cattle, conventional 
agriculture

78

Fish-intensive pond rearing 675
Agaricus bisporus 65,000

Table 1.7 Proximate composition of cultivated species of edible mushrooms

Species Moisturea

Crude 
proteinb

Crude 
fatb Carbohydrateb

Crude 
fiberb Ashb

Energy 
valuec

Agaricus 
bisporus

78.3–
90.5

23.9–
34.8

1.7–
8.0

51.3–62.5 8.0–
10.4

7.7–
12.0

328–368

Auricularia 
spp.

89.1 4.2 8.3 82.8 19.8 4.7 351

Flammulina 
velutipes

89.2 17.6 1.9 73.1 3.7 7.4 378

Lentinula 
edodes

90.0–
91.8

13.4–
17.5

4.9–
8.0

67.5–78.0 7.3–8.0 3.7–
7.0

387–392

Pleurotus 
eous

92.2 25.0 1.1 59.2 12.0 9.1 261

Pleurotus 
Florida

91.5 27.0 1.6 58.0 11.5 9.3 265

Pleurotus 
ostreatus

73.7–
90.8

10.5–
30.4

1.6–
2.2

57.6–81.8 7.5–8.7 6.1–
9.8

345–367

Pleurotus 
sajor-caju

90.1 26.6 2.0 50.7 13.3 6.5 300

Volvariella 
volvacea

89.1 25.9 2.4 57.0 9.3 8.8 276

a% fresh weight; b% dry weight; cK cal/100 g dry weight
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The produce of an acre of land can be transformed into ten times as much fungus 
protein as meat protein (Table 1.8). Thus on an area basis, mushrooms are a more 
valuable source of protein than either cattle or fish.

1.6.2  Vitamins

It has been reported that edible mushrooms are a good source for several vitamins, 
viz., thiamine (vit. B1), riboflavin (vit. B2), niacin, biotin, and ascorbic acid (vit. C) 
(Table 1.8). In general, mushrooms are good source of many vitamins especially 
those of B-complex group but poor in vitamins A, D, E, and K. Folic acid and vita-
min B12 which are generally absent in plant goods are present in mushrooms in 
small quantities. As little as 3 g of fresh mushrooms may provide the recommended 
daily intake of vitamin B12.

1.6.3  Minerals

Like most vegetables, mushrooms are rich in minerals (Table 1.9), viz., potassium 
(45% of total ash content), followed by phosphorus, sodium, magnesium, and cal-
cium which together constitute about 56–70% of total ash content. The copper, zinc, 
iron, manganese, cadmium, and lead make up for the rest of ash components.

Table 1.8 Vitamin content of some edible mushrooms (mg/100 g dry weight)

Species
Vitamins
Thiamine Riboflavin Niacin Ascorbic acid

Agaricus bisporus 1.1 5.0 55.7 81.9
Lentinula edodes 7.8 4.9 54.9 00
Pleurotus ostreatus 4.8 4.7 108.7 00
Volvariella volvacea 1.2 3.3 91.9 20.2

Table 1.9 Mineral content of some edible mushrooms (mg/100 g dry weight)

Species
Minerals
Ca P Fe Na K

Agaricus bisporus 23 1429 0.2 N.D. 4762
Lentinula edodes 33 1348 15.2 837 3793
Pleurotus ostreatus 98 476 8.5 61 N.D.
Volvariella volvacea 71 677 17.1 374 3455

N.D. Not determined
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1.6.4  Carbohydrate and Fiber

Carbohydrate constitutes the greatest fraction of mushroom dry matter (Table 1.10). 
Chitin constitutes the major fraction of fiber content. The fiber content in almost all 
the mushrooms is very high. The fiber absence of starch and high fiber in mush-
rooms makes it an ideal food for diabetic patients. The constituents of mushroom 
carbohydrates are pentoses, methylpentoses, hexoses, disaccharides, amino sugars, 
sugar alcohols, and sugar acids. Fresh mushrooms contain 0.95% mannitol, 0.28% 
reducing sugars, 0.59% glycogen, and 0.91% hemicellulose. The water-soluble 
polysaccharides as well as acidic polysaccharides obtained from the fruiting bodies 
of mushrooms have strong antitumor activity. Pleurotus species contain carbohy-
drates ranging from 46.6% to 81.8% as compared to 60% in Agaricus bisporus, 
Volvariella volvacea (40–50%), and Lentinula edodes (67.5%) on a dry weight 
basis (Table 1.7). The fiber content ranges from 7.4% to 27.6% in Pleurotus species 
as compared to 10.4% in Agaricus bisporus and 4% to 2% in Volvariella volvacea.

1.6.5  Fat

Mushrooms are low-fat food with 2–8% crude fat on dry weight basis. Desirability 
of the unsaturated fatty acids in human diet is compensated by mushrooms with 
high proposition of unsaturated fatty acids especially linoleic acid (about 70%) with 
no cholesterol. The total lipids in mushrooms ranged between 0.6% and 3.1% on 
dry weight basis. The ergosterol, provitamin D2, is most abundant in mushrooms. 
Among the different species of mushrooms, Volvariella volvacea has the highest 
provitamin D2 content on a dry weight basis (0.47%), followed by L. edodes 
(0.27%) and A. bisporus (0.23%) (Table 1.8).

1.6.6  Energy Value

Mushrooms are a good source of energy. Reports show that one pound (454 g) of 
fresh mushroom provides 120 K calories. The mushrooms can be classed in the 
category of low-calorie food due to their low dry matter content and fit in well in 
this era of healthy eating by cutting down the calories.

Table 1.10 Lipid, fatty acid, and ergosterol content of some edible mushrooms

Species Total lipid/fatty acid Linoleic acida Ergosterolb 
Agaricus bisporus 3.1 69.22 0.23
Auricularia auricula 1.3 40.39 0.07
Lentinula edodes 2.1 67.79 0.21
Pleurotus sajor-caju 1.6 32.94 0.13
Volvariella volvacea 3.0 69.91 0.47

a% of total fatty acids; b% of dry material
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1.6.7  Moisture

Moisture content may not be of any nutritional significance but it influences the 
nutritional value of any food item. The moisture content of fresh cultivated mush-
rooms varies from 90 to 94% (6–10% dry matter), and 90% may be considered as 
an average moisture of the mushrooms.

1.7  Medicinal Values of Mushroom

Mushrooms exhibit a wide range of biochemical reactions both biosynthetic and 
biodegradative in nature. They are endowed with the ability to secrete a wide variety 
of hydrolyzing and oxidizing enzymes which have potential for biotechnological 
applications.

More than 100 medicinal edible mushrooms have been identified. However, 
important medicinal mushrooms are Ganoderma lucidum (reishi mushroom), 
Lentinus edodes (shiitake mushroom), Grifola frondosa (maitake mushroom), 
Pleurotus ostreatus (oyster mushroom), Agaricus bisporus (button mushroom), 
Coriolus versicolor (PSK), Boletus edulis, Tremella fuciformis, Auricularia polytri-
cha, Hericium erinaceus, and Cordyceps sinensis.

Many mushrooms have been traditionally used as medicine and tonic in China, 
Korea, and Japan. The importance and uses of mushrooms in Chinese medicines are 
summarized in Table 1.11.

1.7.1  Health Effects of Medicinal Mushroom

Mushroom is not only an ultimate health food but of late has also proved to be a 
begin but effective drug because of its medicinal attributes, which is due to its two 
bioactive components, i.e., (1) nutraceutical and (2) pharmaceutical.

Table 1.11 Mushrooms in Chinese traditional and herbal drugs

Mushrooms Indication
Agaricus bisporus Stimulating digestion, curing hypertension
Auricularia polytricha Strengthening health, helping blood circulation
Ganoderma lucidum Rejuvenating effect, neurasthenia
Lentinus edodes Strengthening health and resisting diseases
Pleurotus ostreatus Causing muscles and joints to relax
Boletus edulis Causing muscles and joints to relax
Coriolus versicolor Curing chronic diseases
Grifola frondosa Strengthening health and resisting diseases
Hericium erinaceus Beneficial to heart, kidney, liver, lungs, spleen
Tremella fuciformis Strengthening health and resisting diseases
Tricholoma mongolium Beneficial to stomach and intestines
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 1. Nutraceutical
Nutritional constituents of medicinal mushrooms are proteins, vitamins 

(B-complex, folic acid, B12), minerals (potassium, phosphorus, copper, iron), 
and small quantities of utilizable sugar and fat (rich in linoleic acid, devoid of 
cholesterol). These are mushroom extracts which are consumed as capsule or 
tablet as dietary supplement (not as food). These extracts have potential thera-
peutic application, i.e., either they increase the body resistance or cause regres-
sion in the disease state. Nutritional value of mushroom lies between high-grade 
vegetable and low-grade meat.

 2. Pharmaceutical
Mushroom is a nonchemical drug. There are more than 50 types of polysaccharides 

and 30 types of terpenoids which are the main bioactive components. Mushrooms 
have little scope of overdose and toxicity and hence does not require commercial 
license for selling (over-the-counter medicines). Important pharmacological 
ingredients of mushroom, e.g., Ganoderma lucidum, are polysaccharides, triter-
penes, lentinan, adenosine, lingzhi-8, PSK (anticancer drug in Japan), and erita-
denine butyric acid. Both the cellular components of mushrooms and their 
secondary metabolites have been shown to have biological activity (Tables 1.12 
and 1.13).

Table 1.12 Pharmacological action of bioactive mushroom

Sr. 
no. Component Action Mechanism of action
1 Polysaccharide Antitumor

Anti-inflammatory
Immune potentiation

2 Triterpenes Antiviral
(HIV, Hep. B)

Alters cell membrane, inhibiting entry of 
virus in cell

Antithrombotic
Anti- 
atherosclerotic

Alters platelet aggregation and plaque 
formation

3 Adenosine Antidiabetic Lowers blood sugar by stimulating insulin 
receptors

4 LZ-8 Antitumor Immune modulation
5 PSK General tonic Scavenging free oxygen radicals
6 Eritadenine butyric 

acid
Anti-cholelithic Alteration of lipid profile

Table 1.13 Clinical applications of medicinal mushrooms

Sr. no. Mushrooms Indications
1 Ganoderma lucidum Anticancer, antiviral-hepatitis-B, HIV
2 Agaricus bisporus Antihypertensive
3 Auricularia polytricha Cure of piles, anti-atherosclerotic
4 Maitake mushroom Antidiabetic
5 Pleurotus sajor-caju Antihypertensive, Reno-protective
6 Lentinula edodes Hypocholesterolemic, antihypertensive
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1.7.2  Health and Nutritional Benefits of Eating Mushrooms

• Mushrooms contain low sodium, carbohydrate, fat, and calories content and high 
fiber content. This is the reason why mushrooms are considered good for those 
aiming for weight loss.

• Mushrooms are an excellent source of potassium. Since potassium helps to lower 
blood pressure and diminished the risk of stroke, mushrooms are recommended 
to people suffering from hypertension.

• Mushrooms are rich in copper, a mineral that has cardioprotective properties. A 
single serving of mushrooms is said to provide about 20–40% of the daily needs 
of copper.

• Mushrooms are believed to help fight against cancer. They are an excellent 
source of selenium, an antioxidant that works with vitamin E to protect cells 
from the damaging effects of free radicals.

• White button mushrooms have been found to restrain the activity of aromatase, 
an enzyme involved in estrogen production, and 5-alpha-reductase, an enzyme 
that converts testosterone to DHT.

• Researches have suggested that white button mushrooms can reduce the risk of 
breast cancer and prostate cancer. In fact, extract of white button mushrooms has 
been found to help in diminishing cell proliferation as well as tumor size.

• Shiitake mushrooms comprise lentinan, a beta-glucan that has been associated 
with stimulation of the immune system and thus is believed to be helpful in fight-
ing against AIDS. It also helps fight infection and exhibits antitumor activity.

• Being rich in fiber, protein, and vitamin B, mushrooms help to maintain a healthy 
metabolism.

• It has been found that mushroom extract helps to stop migraine headaches and is 
beneficial for people suffering from mental illnesses, like obsessive-compulsive 
disorder.

• Oyster mushrooms are said to be useful in strengthening of veins and relaxation 
of the tendons.

1.8  Cultivation Methods of Different Mushrooms

1.8.1  Oyster Mushroom Cultivation

The Pleurotus mushroom is generally referred to as “oyster mushroom” in India. It 
is a basidiomycete and belongs to the genus “Pleurotus.” It is a lignocellulolytic 
fungus and grows naturally in the temperate and tropical forest on dead and decay-
ing wooden logs or sometimes on dryings trunks of deciduous or coniferous woods. 
It can also grow on decaying organic matter.
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1.8.1.1  Advantages of Growing Oyster Mushroom

Difference of Substrates
Pleurotus mushroom can degrade any kind of agricultural or forest waste which 
contains lignin, cellulose, and hemicellulose.

Choice of Species
The Pleurotus mushroom has maximum number of commercially cultivated species 
suitable for round the year cultivation. Moreover, variations in shape color, texture, 
and aroma are also available as per consumers’ choice.

Simple Cultivation Technologies
Pleurotus mycelium can grow on dried straw, and it does not require selective com-
post for growth. Media preparation for oyster mushroom is very simple. Moreover, 
it does not require controlled environmental conditions because most of the species 
have a very wide temperature, relative humidity, and CO2 tolerance.

Longer Shelf Life
The oyster mushroom fruit bodies can be easily dried and stored. Dried oyster 
mushrooms can be instantaneously used after soaking in hot water for 5–10 min or 
it can be used in powdered form for several preparations. Fresh mushrooms have a 
shelf life of 24–48 h even at room temperature.

High Productivity
The productivity of oyster mushrooms is very high as compared to all other culti-
vated mushrooms. The biological efficiency of oyster mushroom is 50–70% on dry 
wheat or paddy straw in 45–60 days.

1.8.1.2  Steps in Oyster Mushroom Cultivation
 1. Spawn preparation
 2. Preparation of substrate
 3. Sterilization of substrate
 4. Bed preparation
 5. Crop management and harvesting

Spawn Preparation
Grain spawn is prepared as per standard method for this mushroom. Pure culture of 
desired species of Pleurotus is used to inoculate the master spawn and incubate it at 
23–25 °C. After completion of mycelial growth in master spawn, commercial spawn 
can be multiplied and prepared (Plate 1.3).

Preparation of Substrate
Oyster mushroom can be grown on various substrates like wheat, cotton waste, 
paddy and rye straw, soybean husk, sugarcane thrash, banana leaves, etc. Cultivation 
on wheat/paddy straw is more economical as these are easily available. Chop up the 
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Plate 1.3 Steps in cultivation of oyster mushroom. (a) Preparation of substrate. (b). Soaking of 
substrate. (c) Sterilization of substrate. (d) Bed filling. (e) Complete spawn run after 15–18 days of 
bed filling. (f) Pinhead formation. (g) Mushrooms ready for harvesting
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straw into small pieces of 2–3 cm size, and then soak in tap water for 8–10 h for 
presoaking. Drain out the excess water.

Sterilization of Substrate
Sterilization of the soaked straw is the most important step in mushroom cultivation 
to remove the unwanted natural contaminating microorganisms from the straw col-
lected from field. The various methods of substrate sterilization are adopted for 
Pleurotus cultivation. They are as follows:

 (i) Steam sterilization
 (ii) Hot water treatment sterilization
 (iii) Chemical sterilization

Steam Sterilization
In steam sterilization, 1 day before, the straw is kept for soaking in cold tap water. 
On the next day, the excess water is removed from the bag and the straw is exposed 
to hot steam at 80 °C temperature for 1 h in either autoclave or closed room. The 
separate boiler unit may be installed on the basis of capacity of your project to gen-
erate enough steam for sterilization. Majority of the growers use autoclave of 
required capacity to sterilize straw by this technique. This is the best method of 
straw sterilization in which complete disinfection of straw is done due to high pres-
sure of steam.

Hot Water Sterilization
Before exposing the straw for hot water sterilization, 1 day before, the straw is kept 
(dipped) in cold tap water for overnight for soaking. On the next day, excess water 
is removed. This bag containing straw is then dipped in water of 80 °C temperature 
for 1 h.

Chemical Sterilization
In chemical sterilization, it is not necessary to dip the straw for presoaking in cold 
water 1 day before treatment. However, you can soak the straw for overnight in the 
solution of formalin (125 ml) and carbendazim (7.5 gm) mixed in 100 l of water for 
nearly 18 h.

Bed Preparation
The bed filling is carried out with sterilized straw in aseptic environment, disin-
fected room. Use standard size of the polythene bags of 35 × 55 cm size and disin-
fect in 5% formalin solution. Follow the most convenient method of layer spawning 
for filling these bags. Put the first layer of straw measuring about 2–3 cm at the 
bottom. Then, spread the spawn uniformly over the surface of straw. Likewise, 
spread the spawn in 3–4 layers by pressing the straw lightly after every layer. The 
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rate of spawning should be at 2% of the wet weight basis of straw. Tie the neck of 
bags tightly with thread. Prepare small pinhole on the surface of bag to remove the 
excess moisture and to release the gases during spawn run. Keep these inoculated 
bags for incubation (spawn run).

Crop Management and Harvesting

Incubation
The spawned bags are kept in the incubation room for fungal mycelial growth. 
Spawn bags can be kept on a raised platform or shelves or can be hanged in crop-
ping room for mycelial colonization of the substrate. Although mycelium can grow 
from 10 to 30  °C, the optimum temperature lies between 22 and 26  °C.  Higher 
temperature (more than 30 °C) in the cropping room will inhibit the growth and kill 
the mycelium. The bed temperature is generally 2–4 °C higher from the room tem-
perature. The mushroom mycelium can tolerate very high CO2 cone of 15–20%. 
During mycelial growth, the bags are not to be opened or no ventilation is needed. 
Moreover, there is no need for any high relative humidity, so no water should be 
sprayed.

Fruit Body Induction
Once the mycelium has fully colonized the substrate and forms thick mycelial mat, 
it is ready for fruiting. Contaminated bags with mold may be discarded, while bags 
with patchy mycelial growth may be left for few more days to complete the mycelial 
growth. In no case, bags should be opened before 16–18 days except in the case of 
P. membranaceus and P. djamor var. roseus which forms fruit bodies within 10 days 
even in closed bags from small holes. There is no need for casing the substrate. All 
the bundles, cubes, or blocks are arranged on wooden platforms or shelves with a 
minimum distance of 15–20 cm between each bag in the tier. Various cultural condi-
tions required for fruiting are as follows.

Temperature
The different species have different temperature requirements for fruiting. However, 
mycelial growth of all the Pleurotus spp. can take place between 20 and 30 °C. On 
the basis of temperature requirement of a species, oyster species can be categorized 
into two groups – winter or low temperature requiring species (10–2 °C) and sum-
mer or moderate temperature requiring species (16–30 °C). Commercial varieties 
which can be cultivated during summer are P. flabellatus, P. sapidus, P. citrinopilea-
tus, and P. sajor-caju. Low temperature requiring species are P. ostreatus, P. florida, 
P. eryngii, P. fossulatus, and P. cornucopiae. The growing temperature not only 
affects the yield but also the quality of produce. The temperature requirement of 
different Pleurotus sp. is given in Table 1.14.
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Relative Humidity
The high relative humidity (70–80%) during fruiting is the pre-requisite for all the 
Pleurotus species. To maintain relative humidity, water spaying is to be done in the 
cropping rooms. During hot and dry weather conditions, spraying has to be done 
2–3 times, while in hot and humid conditions (monsoon) light spraying will be suf-
ficient. The judgment of spraying can be made by touching the surface of the sub-
strate. Spraying should be done with a fine nozzle to create a mist or fog in the 
cropping room. Ventilators and exhausts fans should be operated for air circulation 
so that the excess moisture from the pileus surface evaporates. Humidifiers can be 
used to keep the relative humidity of cropping rooms between 75 and 80%.

Oxygen and Carbon Dioxide Requirements
The oyster mushroom can tolerate high carbon dioxide concentration during spawn 
run (up to 20,000 ppm or 20–22%), while it should be less than 600 ppm or 0.6% 
during cropping. Therefore, sufficient ventilation should be provided during fructi-
fication. If the CO2 concentration is high, the mushrooms will have long stipe and 
small pileus. Mushrooms will appear like a mouth of trumpet.

Harvesting
The pinheads will start to develop from all side of beds within 3–5 days and will be 
ready for harvest in a week. Harvest full-size mushroom by twisting clockwise or 
anticlockwise with thumb and forefinger. After harvesting, scrap the beds lightly 
with hands so as to remove the upper decomposed layer of straw. Likewise, three 
flushes can be obtained from a single bed. The average yield of fresh mushroom is 
750–800 g/kg of dry weight of substrate.

Table 1.14 Temperature requirement of different Pleurotus sp. and their yield performance

Sr. 
no Species

Optimum temp. of 
mycelium grown 
on substrate (°C)

Optimum 
temp for 
fruiting (°C)

Temp. range 
where it can 
grow (°C)

Yield 
performance 
(% B.E.)

A Summer species
1 P. flabellatus 25–28 22 ± 2 16–28 60–90
2 P. Sajor-caju 25–28 24 ± 2 17–30 50–70
3 P. sapidus 25–28 24 ± 2 17–30 40–70
4 P. membranaceus 25–28 27 ± 2 20–30 40–70
5 P. Citrinopileatus 25–28 26 ± 2 20–30 30–60
6 P. eous 25–28 24 ± 2 16–28 30–50
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1.8.2  Cultivation of Milky Mushroom (Calocybe indica)

Milky mushroom is also called as white summer mushroom because this can be 
grown during hot summer months. It can be grown during March to November 
months and can be best fitted in relay cropping pattern. Its milky white attractive 
color is the reason behind its name “milky mushroom.” It has very good shelf life at 
room temperature (2–3 days), and in refrigerator it can be kept for 10–12 days. Its 
taste is different and appealing than other edible mushrooms. It can be grown in the 
bags and on the shelves prepared for button mushroom cultivation also. The biologi-
cal efficiency is 80–90%.

Following are the major steps in cultivation technology:

 1. Spawn production
 2. Substrate preparation and treatment
 3. Bed filling and spawning of the substrate
 4. Care and maintenance after spawning
 5. Casing
 6. Aftercare and management during production
 7. Harvesting

1.8.2.1  Spawn Preparation for Calocybe indica
Grain spawn is prepared as per standard method for this mushroom. Pure culture of 
Calocybe indica is used to inoculate the master spawn and incubate it at 
23–25 °C. After completion of mycelial growth in master spawn, commercial spawn 
can be multiplied and prepared by it.

1.8.2.2  Substrate Preparation and Treatment
Wheat straw, paddy straw, soybean straw, sugarcane trash, etc. are most suitable 
substrate for cultivation of Calocybe indica. The length of straw should be between 
1 and 1.5 inches, and it should not be fine; otherwise, there will be problems of aera-
tion in the beds after spawning. The treatment of substrate can be done by two 
methods:

 (a) Chemical steeping treatment
 (b) Hot water treatment

Chemical Steeping Treatment
This treatment is less time-consuming and economically cheaper and efficient than 
other treatments. For this treatment, in 100 liters of water, fungicide like carben-
dazim (7.5 gm) + formaldehyde (125 ml) + insecticide dichlorvos (20 ml) is mixed 
in a bucket full of water and poured over wheat straw filled in a plastic drum or 
cement tank or in a rust-free container. The substrate should be soaked for 14–16 h 
and after this remove wheat straw and keep it on sloppy surface or wire gage for 
1½–2 h so that excess water is decanted.
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Hot Water Treatment of the Substrate
Wheat straw is soaked for 10–12 h in potable clean water and then dipped in water 
of 80 °C for 1 hr. After cooling this immersed straw to room temperature, this should 
be placed on a sloppy surface for 1–2 h to remove excess water. After complete 
drain off the excess water, the substrate is ready for spawning.

1.8.2.3  Bed Filling and Spawning of the Substrate
 (a) Thorough Mixing: After weighing wet substrate say 100  kg, mix spawn in 

desired quantity (4%) to ensure the equal distribution of spawn. This method of 
spawning is more suitable for bed cultivation method. In these cases, the bed 
depth should not be more than 7–8 in.

 (b) Layered Spawning: For bag cultivation method, the substrate should be spawned 
in layers. The first layer of the spawn is at 4-inch layer of substrate, and subse-
quent layers should be 6 inches apart. At the top layer, 3-inch straw should be 
added and the mouth of the bags should be closed by rubber band or thread.

1.8.2.4  Care and Maintenance after Spawning
The spawned bags should be kept at 25–30 °C temperature. If spawning is done on 
the beds, they should be covered by newspaper and frequent water sprays (3–4 times 
a day) may be done to keep the upper layer moist. Fresh air circulation through 
cross-ventilation should be there. Spawn run should be observed every day, and if 
there is any contamination of molds or Coprinus, they should be removed 
immediately.

1.8.2.5  Casing
At suitable temperature and humidity (temp. 25–27  °C and relative humidity 
70–80 °C), spawn run in wheat straw takes 15 days to complete. After this, it needs 
casing which is a 2.5–3 cm layer spread on the top of the bag or bed. The best suit-
able casing material is 2-year-old cow dung, 2-year-old farmyard manure, or 2-year- 
old biogas spent slurry or mixture of these in 1:1 ratio. Following are the importance 
of casing in the bags of Calocybe indica. Casing is necessary for pinhead initiation 
in the bags, and in its absence either there will be no pinheads, or few or scarce 
pinheads will appear which will not develop further. Casing material should not 
contain any nutrients which inhibits further mycelial growth and promotes fruit-
ing. Completed spawn run bags are opened from the top and folded in such a way 
that it holds the casing material on the top. After opening from the top, it should be 
leveled for uniform spread of casing and water is sprinkled on it. After spraying 
water on it, casing layer 2 cm should be spread.

1.8.2.6  Aftercare and Management During Production
Water should be sprayed 2–3 times on bags so that the casing remains moist. The 
floor of cropping room should be covered with sand so that waterlogging does not 
occur and excess water is retained in sand. Foggers or humidifier may be used to 
maintain the humidity. Water should also be sprayed on walls of the cropping room.
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After casing, water should be sprayed thrice a day so that it does not dry out. 
Relative humidity 80% should be maintained inside the cropping room. Temperature 
of the cropping room should not exceed 30 °C; otherwise, it will affect adversely. 
Proper light arrangement must be three; for this, two fluorescent tube lights should 
be fitted in 25′ × 25′ cropping room. This mushroom (Calocybe indica) is extremely 
sensitive to light. For good aeration, cross-ventilation must be there; otherwise, 
higher CO2 concentration will adversely affect the fruiting. These windows and 
ventilations should be opened for 2 h a day. Insect-proof net should be there on the 
windows and ventilations to prevent insect entry. Pinheads will be initiated after 
10–12 days post-casing.

1.8.2.7  Harvesting
Pinheads will be mature after 6–7 days which may be harvested by twisting clock-
wise. These should not be harvesting by cutting or pulling. Water should be sprayed 
after harvesting of mushrooms and spraying should also be done on floor and walls 
of the cropping room. After harvesting, the gap of casing should be filled with steril-
ized casing material. Pinheads will again initiate after 7–10 days internal, and they 
should be harvested in the same manner.

Production/Yield
From one bag or bed, mushroom can be harvested for 5–6 times, and total produc-
tion, if we take 1000 kg dry straw, would yield 600–700 kg of fresh Calocybe indica. 
Total cropping period is 60 days on an average. From spawning to last harvest, total 
cropping period is 90 days.

1.8.3  Cultivation of Button Mushroom (Agaricus bisporus)

Button mushroom is a leading mushroom variety in the world. Cultivation of the 
common white button mushroom is a complex process and requires special techni-
cal skill for raising a successful crop. It requires two different temperatures, 
22–28 °C for spawn run and 16–18 °C for fruit body formation. Besides specific 
temperature, it requires proper humidity (85–95%) and enough ventilation during 
fructification. Cultivation of white button mushroom is accomplished in three basic 
steps (Plate 1.4).

 1. Production or procurement of spawn
 2. Preparation of growth medium (compost)
 3. Cultivation
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 Flowchart

Compost preparation 10–30 days

Pasteurization in short method 5–7 days

Spawning (1 %) of compost

Spawn run 12–15 days

Casing material (soil, 2-years-old cow dung and old farmyard manure) preparation

Casing material’s pasteurization (steam/chemical)

Casing(1-2� thickness) and case run 10 days

Pinning 2–4 days

Cropping 30–60 days

Spent compost can be used as manure after 6 months

Button mushroom (Agaricus bisporus) being coprophilous (dung-inhabiting) 
fungus requires compost for its growth. It requires carbon, nitrogen, phosphorus, 
sulfur, iron, potassium, and vitamins such as thiamin and biotin for its growth. The 
ingredients containing these items are fermented in a set pattern to produce selective 
compost suitable for button mushroom production and that does not favor the 
growth of other harmful and competing microbes. Button mushroom is the most 
popular cultivated variety and fetches higher price. For its successful cultivation, 
careful attention must be paid to four aspects, i.e., good compost, pure and produc-
tive spawn, proper environmental conditions [temperature, relative humidity, and 
fresh air], and hygiene of the farm. The details of cultivation process are given 
below.

1.8.3.1  Compost Preparation
The substrate in which mushroom mycelium grows is a specially prepared material 
called compost. The purpose of composting is to convert various raw materials into 
a selective homogeneous substrate suitable for mushroom mycelium. The compost 
ingredients can be classified in the following categories based on their functional 
role.

Vegetative-Based Material
Agricultural residues like wheat and paddy straw are being widely used throughout 
the world. However, other agri-residues, viz., barley straw, maize stalks, sugarcane 
bagasse, sugarcane trashes and leaves, soybean stalks, mustard stalks, etc., are also 
used. These materials act as reservoir of cellulose, hemicellulose, and lignin which 
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are utilized by microbes during composting and later on by mushroom mycelium. 
They also provide nitrogen and being in bulk provides suitable physical structure for 
fermentation during composting process. Paddy straw is soft and absorbs moisture 
very fast; hence, care should be taken to adjust watering during wetting and 
turnings.

Animal Manure
Horse dung undoubtedly is most suitable. Nowadays, chicken manure is being 
widely used to produce compost. It provides slow releasing nitrogen and also 
increases bulk of compost. Chicken manure is preferred for short method of com-
post as chances of disease-causing organisms are more in long method of compost-
ing. However, some farmers prefer chicken manure and get better yield through 
long method of composting.

Plate 1.4 Different operations in button mushroom cultivation. (a). and (b) Long method com-
post preparation. (c) Short method of compost preparation Phase I: pre-wetting. (d). Compost 
ready for Phase II in short method. (e) Mushrooms ready for harvest
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Nitrogen Fertilizer
In this category, fertilizers urea, ammonium sulfate, and calcium ammonium nitrate 
are used. Nitrogen content of these fertilizers is very high and is released very fast 
during composting, thus accelerating the fermentation.

Carbohydrate Sources
Molasses, malt sprout, potato waste apple, and grape pomace are good source of 
carbohydrate. These items hasten the composting process, balance the C/N ratio, 
and also help to establish bacterial flora in compost.

Concentrated Meals
In this category, generally, animal feeds are included, viz., wheat/rice bran, cotton, 
soybean caster, sunflower meal, and neem cake. They provide both nitrogen and 
carbohydrates, and nitrogen is released slowly.

Supplementation to Rectify Mineral Deficiencies
In addition to C and N, button mushroom requires other elements for its growth. 
Fertilizers like muriate of potash and superphosphate are used to meet the 
requirement.

A large number of compost formulae have been developed. However, these can 
be modified based on availability of raw materials and their cost in the region. Initial 
nitrogen content of the total raw material should range between 1.5 and 1.75% on 
dry weight basis and C/N ratio 25–30:1. Once the compost is ready, the total nitro-
gen content will be around 2% and C/N ratio 16–18:1.

Moisture and Nitrogen Contents (Approximately) of some Raw Materials

Material Moisture content % Total nitrogen %
Paddy/wheat straw 10–15 0.4–0.6
Horse manure light 20–30 0.8–1.0
Horse manure heavy 40–50 1.0–1.5
Deep litter chicken manure 20–30 2.5–3.5
Wheat bran 5–10 2.0–2.5
Soybean meal 5–10 6.5–7.2
Cottonseed meal 7–10 7.0–7.2

Some Compost Formulae Are Given below

I

Wheat/paddy straw or 1000 kg
Paddy straw + maize stalk 500 + 500 kg
Ammonium sulfate or calcium ammonium nitrate 30 kg
Superphosphate 10 kg
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Urea 15 kg
Muriate of potash 10Kg
Wheat bran or rice bran 145 kg
Gypsum 40 kg
Chalk powder 30 kg
Neem cake/ cottonseed meal 40 kg

II

Paddy straw 1000 kg
Wheat bran or rice bran 166 kg
Urea 16 kg
Gypsum 40 kg
Neem cake/ cottonseed meal 30 kg

III

Paddy straw /wheat straw 1000 kg
Chicken manure 500 kg
Wheat bran or rice bran 30 kg
Urea 15 kg
Gypsum 40 kg

1.8.3.2  Methods of Composting

Long Method of Composting
It takes about 26–30 days to prepare the compost, and 7–8 turnings (2–3 days inter-
val) are given without pasteurization. The schedule of turning is given below.

Day-2: This is pre-wetting period done 2 days in advance of 0 day (the day standard 
stack is prepared for composting). The straw/manure is spread and watered in 
layers making a stack of 1  M height. Next day [D-1], it is turned and again 
watered to saturate it.

Day-0: This day standard stack is prepared for the fermentation of substrate. At this 
stage, moisture content of straw should be 75–77%. Mixture of fertilizers and 
bran is mixed with wet straw thoroughly or in layers (20–30 cm) and stacked in 
a dimension of 1.5–1.8 M [width] × 1.5–1.8 M [height] and length depending on 
quantity used. Height should be at least 6″ more than width for better air exchange 
and fermentation. Dry spots are watered, and stack is gently pressed to have firm 
pile.

Day +4: In the first turning, a portion of stack is broken, thoroughly shaken, mixed, 
and watered if required and stacked in layers. Subsequently, remaining portions 
should also be turned and stacked as done above.
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Day+7: Second turning is given as above and gypsum is added in layers. Watering 
is done if required,

Day +10, third; Day +13, fourth; Day+16, fifth; Day+19, sixth; Day +22, seventh; 
and Day+25 eighth turnings are given.

By this time, ammonia smell should disappear. However, in case ammonia smell 
is still noticed, it should be further turned for one or two turnings to get compost free 
from ammonia. At this stage, compost will be dark brown in color and moisture 
content should be 62–68%. In case cultivation is to be done in bags, moisture con-
tent of 62–65% should be preferred. Moisture content can be measured by putting 
100 g compost in oven (such five replicates should be used) at 100 °C for 24–48 h 
to get constant weight. The moisture content % = fresh wt. (100 g)–dry wt.

This is the most popular method for commercial production of button mush-
room. It is completed in two phases.

Phase I
Day-4: Straw/manure [horse dung, chicken manure] is spread in layers and thor-

oughly watered to make a stack of 1 M height. Seepage water should be stored in 
a pit in the corner of composting platform and reused to water.

Day-2: Stack is turned and watered thoroughly, and seepage water collected in pit 
should also be used to water substrate.

Day-0: At this stage, moisture content of substrate [straw/manure] should be 
75–77%. Fertilizer, bran, is mixed thoroughly or in layers (20–30  cm), and 
watering is done if required particularly on layers after spreading mixture (fertil-
izer, etc.). Standard stack [1.5–1.8 M × 1.5–1.8 M × length] is prepared.

Day +4: First turning, Day +7: Second turning, gypsum is added. Watering is done 
if required.

Day+10: Third turning. Stack is broken and thoroughly shaken and filled in bulk 
chamber for Phase II.  At this stage, compost will be having strong smell of 
ammonia, moisture content 68–72% and light to dark brown in color.

Phase II
Phase II helps to complete fermentation of the compost and pasteurization to elimi-
nate harmful microbes, insect pests. It is done in bulk chamber.

1.8.3.3  Bulk Pasteurization
In bulk pasteurization system, compost is filled in tunnel which is provided with 
slanting floor and perforated false floor [25–30% opening] to facilitate airflow from 
the bottom. Compost is filled on perforated floor to a height of about 1.8–2.2 M. The 
height of tunnel should be 4 M. The size of the tunnel depends on the quantity of 
compost. The tunnel of 10 x 3x 4 M will be suitable for about 20–25 tonnes of com-
post. One side fitted with blower and duct steam outlet, gap between floor and false 
floor should be 90 cm at this end and on opposite side 15 cm. Blower is connected 
to upper portion of tunnel and fresh air supply system through duct. Fresh air supply 
system should be provided with filter and damper to control air supply. After 
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loading compost and placing thermometers at different levels, blower is switched on 
and 10–15% fresh air is provided for 2–3 h and fresh air supply is stopped for tem-
perature to rise; however, blower should be continuously on to circulate inside air. 
Next day air temperature may rise to 57 °C on its own; otherwise, steam is intro-
duced. This raises compost temperature 58–60 °C which is maintained for 6–8 h to 
achieve pasteurization. Temperature should not be allowed to go beyond this limit 
and can be checked by stopping steam supply and increasing fresh air. On comple-
tion of this stage, compost temperature is slowly decreased by introducing fresh air 
(10–20%) to 55–48 °C and fresh air supply is continued to complete fermentation 
also known as conditioning for 2–3 days. At this stage, compost should be free from 
ammonia and dark brown in color with moisture content 62–68%. Once tempera-
ture is below 28 °C, compost is filled in trays/polythene bags/shelves and spawned.

Bulk chamber: Infrastructure and machinery required for setting up compost 
production facility producing 10–12 tonnes of compost in a single operation are 
given below.

Infrastructure
Quantity Size (I × W × H)

i. Composting yard 1 no. 18 × 12 × 4.2 M
ii. Bulk chamber 1 no. 6 × 2.7 × 3.6 M
(slope between floor and false floor 85–12 cm)
iii. Casing soil chamber 1 no. 3.6 × 2.1 × 2.7 M
iv. Ancillary room 3 nos. 3.6 × 3 × 3 M
v. Service room 1 no. 3.6 × 2.4 × 2.4M
vi. Spawning area 1 no. 6 × 4.5 × 2.4 M

Machinery Required
Quantity

i. Grating for the tunnel and casing soil chamber 2 sets
ii. Tunnel ventilation system complete with blower and 
ducting

1 set

iii. Blower for casing chamber 1 no.
iv. Boiler 100–150 kg/h steam generation capacity 1 no.
v. Insulated doors for tunnel and casing chamber 3 nos.
vi. Digital thermometers 4 nos.
vii. Compost making boards 1 set
viii. Electrical fittings and water pipelines
ix. Misc items like forks, shovels, weighing balance, etc.

Spawning
Spawning means putting spawn in the compost. The spawning is done by mixing 
spawn evenly and throughout the compost, and 500 g of spawn is used to spawn 
100 kg compost. It takes about 12–14 days to complete spawn run in compost.

After spawning, compost should be covered with newspaper and water is sprayed 
to keep papers moist. In case polythene bags are used, bags can be loosely folded 
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and watering can be avoided. In case it is not possible to fold, newspaper can be 
used to cover and light watering should be done to maintain moisture. Temperature 
25 ± 2°C and relative humidity [R.H] 85–90% should be maintained by spraying 
water on shelves and walls. During first 24–48 h, after spawning one should be care-
ful about compost temperature; if temperature goes beyond 30 °C, water is sprayed 
on newspaper and walls and ventilators are opened as temperature more than 340c is 
injurious to mycelium. Mushroom mycelium starts spreading from the spawn and 
permeates through the compost. It is called “spawn running.” It covers the entire 
compost as whitish gray thread-like structure with fine fluffy appearance of the 
mycelium. Once spawn running is over, cover is removed from the shelves/beds or 
bag’s top is rolled back to facilitate casing.

Casing
The term casing means covering the compost after spawn run is over, with a layer 
[2.5–5  cm] of casing material which may retain moisture and help in gaseous 
exchange. It also provides physical support to growing mushrooms. Casing material 
can be prepared by mixing equal part of soil, old cow dung, and FYM (more than 
2 years old) and adding chalk powder to adjust pH to 7.5.

Casing Pasteurization and Application
Casing material is chemically pasteurized by drenching casing material with form-
aldehyde solution [4%] 2 weeks before casing so that it should be free from forma-
lin fumes. However, steam pasteurization [65 °C for 6 h] is most effective. Casing 
material [moist] is filled in trays (6–8″ height and 5–10 cm legs) and stacked inside 
pasteurization chamber one above the other in rows and 50 cm above the ground. 
There should be gap between trays and wall [about 30 cm] to facilitate steam move-
ment. Steam is released at ground level and inside air is circulated with the help of 
blower connected to duct opening at ceiling level and 20–30 cm from ground level 
to maintain uniform temperature. Casing material’s temperature should be main-
tained 65 °C for 6 h. Temperature should be monitored from outside with the help 
of dial/digital thermometer with probes/sensors inserted in casing material at top-, 
middle-, and bottom-level trays. On cooling to room temperature, casing material is 
spread in about 2.5–5 cm thickness on compost after removing the cover. Temperature 
of 23 ± 2 °C and R.H. 80–85% are maintained, and watering is done to keep casing 
layer moist. Over watering should be avoided.

Cropping
It takes about 10 days when mycelium covers casing layer, and this is the time for 
pinning and cropping. Temperature is lowered to 16–18 °C, and fresh air by opening 
ventilators or through air handling unit [200 cu ft./hr./ton of compost] is introduced. 
R.H 80–85% is maintained. These changes result in initiation of pinheads. During 
this period, mist watering is done. Once mushrooms are pea size, little heavy water-
ing is done. It takes another 3–5 days to attain 2.5–4 cm when mushrooms are har-
vested by holding cap and twisting gently. After harvesting, lower portions with 
casing material and root like mycelium are cut with knife, cleaned, and packed in 

1 The Mystical World of Mushrooms



46

perforated (2–4 mm, 4–6 holes) polythene/pp. bags for fresh market or canned in 
brine solution. Mushrooms appear in flushes of 3–5 days duration each at an interval 
of 7–10 days. Generally, harvesting is done for 4–8 weeks. An average yield of 
10–15% of compost can be obtained in 6 weeks. However, modern farms with bulk 
pasteurization facility and fully air-conditioned cropping rooms are producing 
20–25% of the compost.

Crop Management
To get better production and quality of mushroom, the following steps should be 
followed.

 (i) Composting should be done on cemented, raised, and sloppy platform with pit 
for the collection of seepage water. Once composting is over, clean and wash 
the platform and surrounding area.

 (ii) Thermometers/probes, blower, boiler, and other machinery should be checked 
and made functional.

 (iii) Bag filling and spawning area should be cleaned and sprayed with formalde-
hyde (2%) one day before and after spawning.

 (iv) Regular checking for temperature and weed molds incidence during spawn 
run is important. Once in a week, spray nuvan (0.1%) and bavistin 
(0.1%) + formaldehyde (0.5%) separately. Spot treatment with cotton soaked 
in formaldehyde (4%) is advised if any patch of mold is noticed.

 (v) Before casing and after casing, spray carbendazim and formaldehyde solution 
and diclorovos separately and repeat after a week. The spot treatment with 
formaldehyde is given if weed mold is noticed. During cropping, avoid these 
sprays. For control of flies use light traps. This can be prepared by coating 
polythene sheet with sticky materials like mustard oil and attached to a 15 W 
bulb. Keep it on. This is very useful to control flies.

 (vi) Removal of stumps and pieces from cropping room should be carried out 
immediately after harvest. If bacterial blotch/spot is noticed, spray bleaching 
powder 200 ppm (2 g in 10 liters of water) and reduce R.H. 80%.

 (vii) Once the crop is over, spray formaldehyde (2%) before and after removal of 
spent mushroom substrate (SMS). It should be disposed of from the farm and 
can be used as manure after 6-month exposure.
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Abstract

Ustilago maydis is a basidiomycete fungus of the subphylum Ustilaginomycotina. 
U. maydis is a biotrophic phytopathogen that causes common smut in maize (Zea 
mays L) and its ancestor teozintle (Zea mays ssp. parviglumis and ssp. mexi-
cana). The economical importance of U. maydis is not as significant as other 
smuts because it does not cause heavy losses in agriculture but is considered a 
classic fungal model for studying the mechanism of DNA recombination and 
mating, other important aspects of fungal development, and the molecular mech-
anisms of fungal pathogenesis. The life cycle of U. maydis involves one sapro-
phytic phase of haploid yeast form (sporidia) and a hyphal virulent dikaryon 
formed by mating of two sexually compatible sporidia. This invades the host 
growing in the hyphal form and finally forms tumors full of diploid teliospores 
that germinate with the formation of a phragmobasidium and four basidiospores. 
This cycle has been analyzed at the molecular level. Importantly, it was found 
that U. maydis may be pathogenic under axenic conditions for plants unrelated to 
maize, but does not complete the sexual cycle. The dimorphic yeast-to-hypha 
transition occurs also in vitro induced by growth with fatty acids or acetate and 
at acidic pH, developing into multicellular individuals, and unexpectedly forms 
basidiocarps in vitro completing the sexual cycle with the formation of holobasi-
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dia instead of phragmobasidia, septal pores, and fibulae. Interestingly, laboratory 
and natural strains of U. maydis harbor a bacterial symbiont that fixes N2.

Keywords
Ustilago maydis · Fungal virulence · Fungal development · Dimorphism · 
Basidiocarps · Fungal evolution

2.1  Introduction

Ustilaginales comprise approximately 35 genera and more than 1000 species of 
phytopathogenic fungi (Stoll et al. 2003). Commonly known as “cereal smuts,” they 
are biotrophic pathogens of a large number of economically important crop plants. 
Among them, Ustilago maydis is possibly the most representative species, and the 
most used model for the analysis of a number of physiological characteristics of 
fungi. U. maydis belongs to the family Ustilaginaceae of the order Ustilaginales 
(Kües et  al. 2011), and it was the first basidiomycete parasite of plants whose 
genome was fully sequenced (Begerow et al. 2006). The investigations of U. maydis 
were originally focused on the characterization of the genes involved in the recom-
bination of DNA and in the determination of types of mating (loci). Later on the 
study of the regulation of genes, signaling, and virulence followed (Kämper et al. 
2006; Pérez-Nadales et al. 2014), making the fungus an excellent model organism 
for studying molecular phytopathology and many aspects of the biology of eukary-
otic cell (Steinberg 2007).

U. maydis is a biotrophic pathogen specific to maize (Zea mays L) and its pos-
sible ancestor, the teozintle (Zea mays ssp. parviglumis and ssp. mexicana). In con-
trast to other Ustilaginales that are responsible for major losses of crops of economic 
importance, U. maydis parasitizes only a reduced number of maize plants. Despite 
this, it produces a loss of the corn harvest of about 2% per year, equivalent to 1 bil-
lion US dollars annually; therefore, it is necessary to study this pathogen (Saville 
et al. 2012). In addition, U. maydis is edible and highly appreciated, not only in the 
Mexican cuisine, but also internationally.

Although U. maydis has been subjected to an exhaustive analysis, some hidden 
characteristics of it still remain to be studied. Among them is the demonstration that 
the fungus is able to form fruiting bodies (Cabrera-Ponce et al. 2012), and that it 
harbors a bacterial endosymbiont that endows the fungus the capacity to fix N2 
(Ruiz-Herrera et al. 2015). In this chapter, we describe the most important aspects 
of the physiology, development, pathogenicity, and evolution of this important 
phytopathogen.

J. Ruiz-Herrera et al.



51

2.1.1  Life Cycle of Ustilago maydis

Under natural conditions, the life cycle of U. maydis involves two separate stages: 
(i) the saprophytic phase where the fungus grows in a yeast-like form that repro-
duces by budding and (ii) the pathogenic phase where it grows in a hyphal form. 
The first phase involves an asexual development, whereas the second one involves 
the sexual part of the life cycle of the fungus. To these two stages, we must now add 
the stage that involves the formation of fruiting bodies (Fig.  2.1). This aspect is 
described below.

It occurs only under specific in vitro conditions (Cabrera-Ponce et al. 2012), and 
has not yet been observed under natural conditions.

The sexual phase of the cycle is initiated by mating of two sexually compatible 
yeast cells (sporidia) by means of conjugation tubes that fuse at the tip with forma-
tion of a dikaryotic cell that grows in a hyphal form. U. maydis is a heterothallic 
fungus and mating is controlled by two unlinked mating-type loci: a and b (Rowell 
1955a, b), the first one with two alleles, more strictly considered to be idiomorphs: 
a1 and a2, and the second one with about 25 idiomorphs (Puhalla 1970). These 
idiomorphs contain genes whose function involves a recognition system through the 
action of pheromones and their opposite recognition receptors (Froeliger and Leong 
1991; Bölker et al. 1992). The a idiomorphs control the formation of conjugation 
tubes and cell fusion (Trueheart and Herskowitz 1992), and b idiomorphs contain 
two genes bE and bW which encode proteins, if they are different; after conjugation 
form a heterodimer that serves as the master regulator for the mycelial growth and 
pathogenesis (Gillissen et al. 1992; Kämper et al. 1995). It is important to stress that 
mating occurs only between sporidia carrying different a and b idiomorphs.

Fig. 2.1 Life cycle of Ustilago maydis. The pathogenic cycle as well as the stage of basidiocarp 
formation is included

2 The Developmental History of Ustilago maydis: A Saprophytic Yeast…
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Initiation of the pathogenic phase occurs when the dikaryotic cell invades the 
host, normally by formation of an appressorium, although the possibility of infec-
tion through wounds also may occur. The invading pathogen then grows in the plant 
tissues in the hyphal form. At a later stage, karyogamy occurs, and the diploid cells 
suffer from a series of morphological alterations, round up, and form characteristic 
spores, named teliospores, which have a thick pigmented cell wall (see Banuett and 
Herskowitz 1996 for details). Out of the plant, the mature teliospores germinate 
with the formation of the promycelium (a phragmobasidium) that septates giving 
rise to four basidiospores. These germinate starting again the life cycle (see reviews 
by Banuett (1995), Ruiz-Herrera et al. (2000), and León-Ramírez et al. (2014)). The 
life cycle involving the formation of fruiting bodies is described below.

2.2  Dimorphism of U. maydis: Induction of the Mycelial 
Phase by Different Stimuli, Transcriptomic Control 
of the Process, and Transition from Unicellular 
to Pluricellular Form

Dimorphism is the capacity of fungus to grow in hyphal or yeast-like forms depend-
ing on the environmental conditions. This process is normally reversible. U. maydis 
is a fungus that displays a dimorphic capacity under different conditions. In nature, 
the yeast-to-mycelium dimorphic transition of U. maydis takes place during the 
sexual process. It grows in a yeast-like haploid saprophytic form (sporidia) that 
reproduces by budding. When two sexually compatible sporidia meet, a mating pro-
cess among them takes place, with the formation of a pathogenic dikaryotic hypha 
that invades the plant host (see Sect. 2.4, the pathogenic phase section of the 
chapter).

2.2.1  Stimuli for U. maydis Dimorphism

Under in vitro condition, different stimuli can trigger the dimorphic transition in U. 
maydis. Thus, in a medium of neutral pH, the fungus grows in a yeast-like form, 
whereas in an acid medium with an optimum of pH 3, the fungus grows in a myce-
lial form (Ruiz-Herrera et al. 1995; see Fig. 2.2) This phenomenon takes place in 
haploids as well as in diploids and mutants deficient in the mating genes bE and bW, 
which encode the heterodimer complex that is a key element for pathogenic devel-
opment of the fungus (see the corresponding section). This result indicates that this 
dimorphic phenomenon is independent of the mating process (Ruiz-Herrera et al. 
1995). Interestingly, under these conditions, there occurs an active process of H+ 
expulsion by the action of a diethylstilbestrol-sensitive, but vanadate-resistant 
pump. It was suggested that this mechanism was related to the dimorphic phenom-
enon. A transcriptomic study by a microarray analysis during the yeast-to- mycelium 
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dimorphism suggested that 154 genes are specifically involved in the dimorphic 
phenomenon (Martínez-Soto and Ruiz Herrera 2013). Although a number of the 
differentially expressed genes were classified as encoding unclassified proteins (59 
genes), one of the most representative gene classes identified in this study was 
metabolism, where interesting genes were found to be involved in nitrogen, fatty 
acid, and polyamine metabolism. This is significant because of its relationship with 
dimorphism involving nitrogen starvation (Banuett and Herskowitz 1994a), fatty 
acids (Klose et al. (2004), and polyamine requirement for dimorphic transition in U. 
maydis (Guevara-Olvera et al. 1997; Valdes-Santiago et al. 2012a, b).

Nitrogen starvation also induces the dimorphic transition of U. maydis but occurs 
only in diploid cells. When diploids are transferred from a rich nitrogen media to 
minimal media with low nitrogen concentration, they form very thin and long fila-
ments. This process is dependent on a and b genes (Banuett and Herskowitz 1994a). 
Another factor that induces the yeast-to-mycelium dimorphic transition in U. may-
dis is the nature of the carbon source. When the fungus grows with a fatty acid as 
the carbon source, it adopts a mycelial form (Klose et al. 2004). This process is 
inhibited if glucose is added to the medium together with the fatty acid, indicating 
that the process is subjected to catabolite repression. Authors suggested that the 
presence of lipids triggered mycelial growth by a mechanism similar to that existing 
in the plant surface during the pathogenic phase of U. maydis. This was supported 
by morphological similarities of the in vivo and in vitro filaments that shared the 
same signaling components (Klose et al. 2004).

More recently we investigated the effect of the probable product of fatty acid 
metabolism, acetate, used as the sole carbon source for growth of U. maydis. It was 
observed that at neutral or slightly alkaline conditions, U. maydis developed in the 
form of very long and septate hyphae (Fig. 2.2), while at acidic pH, acid inhibited 
the growth of the fungus.

This result suggests that acetate is the active mycelial-inducing factor of fatty 
acids (Klose et al. 2004; Salazar-Chávez and Ruiz-Herrera unpublished). In con-
trast, Kretschmer et al. (2018) studied the effect of acetate as only carbon source and 
reported that it promotes the formation of reactive species that caused cell death, 

Fig. 2.2 Dimorphic and multicellular transition of U. maydis (a). Yeast-like cells grown in syn-
thetic glucose medium, pH 7 (b). Mycelial cells grown in synthetic glucose medium, pH 3.0 (c). 
Mycelial cells grown in synthetic acetate medium, pH 7.0. All cultures incubated for 48 h. Notice 
in B and C, the septa of hyphal cells. Magnification bar: 10 μm

2 The Developmental History of Ustilago maydis: A Saprophytic Yeast…
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reduced virulence, also mitochondrial stress, but not mycelium development; the 
reason for this has not yet been understood.

2.2.2  The Phenomenon of Multicellular Development by U. 
maydis

The observation that incubation of U. maydis at acidic pH with glucose or acetate as 
the carbon source induces unicellular cells of U. maydis to grow in the form of sep-
tate mycelium (see Fig. 2.2) is interesting. This phenomenon is related to the pro-
cess of experimental transition from a unicellular to a multicellular form. The 
phenomenon of transition from a unicellular to a pluricellular stage is important 
during the evolution of living organisms (Nagy et al. 2018). Fungi have, therefore, 
been considered suitable models to study the development of multicellularity 
(Ratcliff et al. 2012).

2.2.3  Signaling Pathways Involved in U. maydis Dimorphism

It has been demonstrated that the two principal pathways involved in signal trans-
duction in U. maydis are i) the pathway involving the protein kinase dependent on 
cAMP (PKA) and ii) the pathway involving mitogen-activated protein kinases 
(MAPK). It was demonstrated that mutants in adenylate cyclase (uac1) grow only 
in the mycelial form (Gold et al. 1994). This result suggested that the PKA pathway 
was involved in the growth of the yeast form. Later on, a series of genes, designated 
as Ubc (Ustilago Bypass of Cyclase,), has been identified to be involved in the 
mycelial growth of the fungus (Martínez-Espinoza et al. 2004). Among them was 
the regulatory subunit of PKA (ubc1). In further studies, it was demonstrated that 
the addition of cAMP prevented the mycelial growth by acidic pH, and that all ubc 
mutants were unable to grow in the mycelial form. These mutants are deficient in 
several MAPKs (Martínez-Espinoza et al. 2004). Among them, U. maydis mutants 
in FUZ7, a putative gene which codes for a serine/threonine tyrosine kinase of the 
MAP kinase kinase (MAPKK/MEK) family, showed reduced capacity to form con-
jugation tubes and dikaryotic mycelium in sexual differentiation (Banuett and 
Herskowitz 1994b). Moreover, different mutants affected in the MAPK pathways 
were demonstrated to be involved in the dimorphic transition induced by acidic pH 
(Martínez-Espinosa et al. 1997, 2002). All these observations revealed that the PKA 
and MAPK pathways are antagonistic; PKA is involved in the growth in yeast-like 
form, whereas the MAPK pathway is involved in mycelial growth.

J. Ruiz-Herrera et al.
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2.2.4  The Role of Polyamines in Dimorphism

Polyamines are essential for all living organisms, because they are involved in many 
cellular processes, especially in proliferation and cellular differentiation. In fungi, 
the addition of diaminobutanone (DAB), an inhibitor in the biosynthesis of poly-
amines, in concentrations that do not suppress vegetative growth, arrests specifi-
cally several developmental phenomena such as sporulation, spore germination, and 
dimorphism. Exogenous supplementation of polyamines reverts the inhibitor effect 
(Calvo-Méndez et  al. 1987; Martínez-Pacheco et  al. 1988; Ruiz-Herrera 1994; 
Guevara-Olvera et  al. 1993, 1997; Valdés-Santiago et  al. 2009; for a review see 
Valdés-Santiago and Ruiz-Herrera 2015).

The three most important polyamines are putrescine, spermidine, and spermine. 
U. maydis is able to synthesize only putrescine and spermidine. Mutants deficient in 
ornithine decarboxylase, the first enzyme in the polyamine biosynthetic pathway 
(∆odc), are unable to synthesize both polyamines, but grow in low concentration of 
putrescine (0.1 mM), and are unable to perform the yeast-to-mycelium dimorphic 
transition induced by acidic pH, requiring high concentration of putrescine (5 mM) 
to grow in the hyphal form (Guevara-Olvera et al. 1997). However, mutants unable 
to form putrescine by the biosynthetic pathway and by the degradation pathway 
from spermidine (∆spe-sdh) lose their capacity to grow in the mycelial form, even 
when supplemented with high concentration of spermidine (0.5  mM) (Valdes- 
Santiago et al. 2009). These observations make clear the requirement of polyamines 
for the dimorphic transition of U. maydis.

To understand these phenomena, we have obtained the transcriptome of mutants 
affected in the polyamine biosynthetic pathway, and grown in the presence of high 
and low concentration of polyamines at an acidic and neutral pH (Pérez-Rodríguez 
and Ruiz-Herrera unpublished). In our preliminary analysis of data of these micro-
arrays, we identified 2959 regulated genes by putrescine at pH 7.0 (1531 downregu-
lated and 1428 upregulated); 1426 genes regulated by putrescine at pH 3.0; 712 
downregulated and 714 upregulated by spermidine at pH 7.0; and only 11 genes 
regulated by spermidine at pH 3.0 (4 downregulated, 7 upregulated) (unpublished 
data); analysis of these data is in progress.

As already described during U. maydis mating, the formation of conjugation 
tubes takes place followed by the growth of dikaryotic mycelium. We have observed 
that polyamines are also involved in these events. Accordingly, we have observed 
that the addition of a low concentration of polyamines (0.1 mM) reduces signifi-
cantly these processes in polyamine less mutants, in comparison to mating experi-
ments when high concentrations of polyamines are used (Pérez-Rodríguez and 
Ruiz-Herrera unpublished).

2 The Developmental History of Ustilago maydis: A Saprophytic Yeast…
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2.3  Breaking a Rule: Formation of Fruiting Bodies – 
Morphological Development and Transcription Factors 
Involved in the Process

According to the characteristics of the members of the phylum Ustilaginomycotina, 
and in contrast to Agaricomycotina (mushrooms), it might be expected that U. may-
dis is unable to form fruiting bodies (e.g., Alexopoulos 1962). Interestingly, Cabrera- 
Ponce et al. (2012) showed that under special culture conditions, U. maydis had the 
ability to differentiate and develop fruiting bodies. This occurred when mixtures of 
sexually compatible U. maydis strains were grown on solid media in dual cultures 
of with embryogenic maize calli. The parameters that control the formation of the 
fruiting bodies were, besides the presence of the maize embryogenic calli, the addi-
tion to the medium of synthetic auxins such as adenine, and most important, 
dicamba, and an illumination between 10 and 75 mol m−2s−1. The fruiting bodies 
(basidiocarps) developed constantly, reaching large sizes, and when transferred to 
fresh media, the presence of the calli was unnecessary to form secondary fruiting 
bodies. Accordingly, once U. maydis compromised to form basidiocarps, it acquired 
the characteristic to live for long periods of time under controlled conditions and to 
reach considerable macroscopic sizes.

The structure of basidiocarp shows interesting characteristics. In sections, they 
appear to be formed by three well-delineated layers, the outer one shows an enrich-
ment of not branched skeletal hyphae. This type of hyphae is characteristic of the 
so-called “woody” mushrooms such as those of the polyporal order (Roy 1972), 
whose main function is to support the fruiting body. The middle layer is formed by 
generative hyphae with walls thicker than the ones of the outer layer. The most 
internal layer is formed by a poorly differentiated tissue where the reproductive 
structures are accumulated. This layer of mucilaginous consistency that corresponds 
to the hymenium also brings further surprises. Instead of the usual phragmobasidia 
characteristics of the germination of the teliospores, non-septate typical holobasidia 
with their characteristic vessel-like body from which the four basidiospores emerge, 
each with a nucleus, are formed. In addition the mycelium giving rise to the basid-
iospores contains a number of clamp connections that are rare in the pathogenic 
cycle of the fungus and also shows septal pores, not seen normally in the reproduc-
tive mycelium. All these data show the extreme plasticity of U. maydis that permits 
its adaptation to the changing conditions of the environment, giving rise to fruiting 
bodies, which in contrast to normal yeast or mycelial cells can be long lived.

It is important to stress that during this alternative life cycle of U. maydis, where 
fruiting bodies are formed, mating occurs followed by meiosis with the formation 
of spores according to a Mendelian process. Whereas the basidia are morphologi-
cally different to the ones formed in the pathogenic cycle (see above), the basidio-
spores formed in this process are morphologically undistinguished from the ones 
formed during the pathogenic cycle, and are as virulent to maize plants as the ones 
formed in this later process (Cabrera-Ponce et al. (2012).

In order to understand the genetic control of fruiting body formation, we proceed 
to analyze the regulation of the total genome at different stages of basidiocarp 
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formation. Accordingly, we obtained the transcriptomes of U. maydis during the 
formation of young basidiocarps and during their maturation. A total of 2002 and 
1064 genes were found to be regulated, respectively, at each stage. Among them we 
identified homologs of genes that previously have been found to be regulated during 
the synthesis of fruiting bodies by typical basidiocarp-forming fungi: ELN2-1 
CYP502 (Muraguchi and Kamada 2000), ICH1, an O-methyltransferase (Muraguchi 
and Kamada, 1998), CLP1 (clampless 1-1, A mating) reported by Inada et  al. 
(2001), and CFS1 (cyclopropane fatty acid synthase) described by Liu et al. (2006).

It is known that virulence of U. maydis involves PKA and MAPK pathways 
(Muller et al. 2003; Martínez-Soto and Ruiz-Herrera 2017; see the corresponding 
section). In addition, they are involved in differentiating processes such as plant 
invasion (Brefort et al. 2009), mating, and filamentation (Garrido et al. 2004; Brefort 
et al. 2009). Although little is known about the role of MAPK in the development of 
fruiting bodies of Basidiomycota, in the last 15 years the important role played by 
these genes in the development of different species like Lentinula edodes (Leung 
et al. 2000), Copriniopsis cinerea (Cheng et al. 2013), and Hypsizygus marmoreus 
(Zhang et al. 2015) has been demonstrated.

We, therefore, analyzed to find out whether the same MAPK pathway recognized 
during the virulent phase of U. maydis is involved or not during the process of 
basidiocarp formation. To this end, we analyzed the capacity to form basidiocarps 
by two sexually competitive strains with a mutation in the gene FUZ7 (um01514) 
that encodes a MAPKK, a member of the MAPK pathway. Our observations sug-
gested that the mixture of these mutant strains is unable to form basidiocarps.

We pointed above that light is an absolute requirement for the development of 
fruiting bodies (Cabrera-Ponce et  al. 2012), and that the quantity and quality of 
luminous impulse determined the efficiency of the development of the basidiocarps. 
In other fructifying fungi, the reception of the light stimulus has been previously 
discussed in relation to different light-sensitive phenomena, specifically the initial 
steps such as the formation of primordia (Wösten and Wessels 2006). These authors 
contemplated the role of gene homologs of WC involved in blue light reception, and 
increased expression of genes in the mycelium prior to the formation of fruiting 
bodies in L. edodes and in H. marmoreus. Knowing that U. maydis contains homo-
logs of these WC genes, we have made preliminary analysis of the role of these 
genes in fruiting body formation. It was observed that in mutants of WC1-a and 
WC-2, genes of U. maydis significantly affected the formation of basidiocarps 
(Sánchez-Arreguín et al. unpublished). The transcriptional network elaborated from 
the genes described as transcription factors that are regulated positively in the stages 
of development of the fruiting bodies shows us the pathway as to how they interact 
with each other to regulate the genes involved in several pathways of differentiation 
of the fungus. This is the case of TEC1 that self-regulates with PRO1b the filamen-
tation path and the formation of the biofilm; FOXO3 interacts with various genes for 
the regulation of pathways related to the cell cycle, morphogenesis, and regulation 
of oxidative stress. The induction of the transcription factor TEC1 could induce the 
formation of specialized hyphae with structures essential for the development of the 
formation of fruiting bodies (preliminary observations).
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In conclusion, it can be said that the initiation of fruiting body formation requires 
the regulation of a large number of genes (2002) and that almost half of them are no 
longer necessary for the maturation stage of the same (1064). With the abovemen-
tioned data, we propose an alternative life cycle for the fungus U. maydis which 
includes a stage where after sporidia mating, the promycelium is formed and can 
follow two ways depending on the existing stimuli: (i) activation of the mechanisms 
necessary to penetrate the plant tissue and follow the virulent cycle to finally induce 
the formation of tumors full of teliospores whose germination leads to reinitiate the 
cycle or (ii) an alternative cycle that leads to the formation of basidiocarps. 
Unfortunately, whether this alternative cycle occurs in nature or not has not been 
confirmed.

2.4  The Pathogenic Phase: Natural and Experimental Hosts, 
Virulence Factors, Effectors, the “Priming” Phenomenon

 (a) U. maydis virulence. All phytopathogenic fungi have a variety of processes that 
lead them to recognize their respective hosts, penetrating their physical barriers 
and leading to overcoming their defenses and injuring substances, finally end-
ing up proliferating within the invaded tissues, multiplying, and dispersing 
(Martínez-Espinoza et al. 2000). Approximately, of the 30,000 described spe-
cies of Basidiomycota fungi, only 8000 species of rusts and smuts are pathogens 
of plants, and at least 40 cause diseases in mammals. The genus Ustilago spp., 
Puccinia spp., and Cryptococcus spp. are the most used models for the study of 
Basidiomycota pathogenesis (Bakkeren et al. 2012). Among these genera, there 
are species responsible for some of the most important plant diseases in eco-
nomic terms, including those of cereals. Ustilaginales comprise approximately 
more than 35 genus and more than 1000 species of phytopathogenic fungi (Stoll 
et al. 2003). Commonly known as “cereal smuts,” they are biotrophic pathogens 
that cause disease in a large number of economically important crop plants. 
Ustilago maydis is a pathogen specific to maize (Zea mays L.) and its possible 
ancestor, teozintle (Zea mays ssp. parviglumis and ssp. mexicana). U. maydis is 
a dimorphic fungus, which grows in the form of haploid yeast-like cells. Its 
sexual development is initiated by the fusion of two haploid cells (see detailed 
below). This dikaryon is filamentous and invades the plant cells, establishing a 
close with the plant host (see reviews by Schirawski et al. 2010; Kämper et al. 
2006).

U. maydis presents a pathogenic variability in different maize cultivars with par-
tial resistance. The losses that U. maydis causes to the agriculture, although may be 
significant under some special conditions, are not as devastating as compared with 
other smut fungi. Infection of corn (Zea mays L.), the natural host, has had a great 
interest in the area of biology and agriculture. Taking into consideration that its 
natural host, maize, is native to Mexico, it has been concluded that U. maydis is 
native to this country and was taken to southern Europe by the invading Spaniards. 
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It was not until 1836 that it was identified as a fungus and named as Ustilago zeae. 
However, it was not until 1842 that its correct binomial denomination of U. maydis 
DC.Cda was established, according to the International Standards of Botanical 
Nomenclature (Christensen 1963).

Until the nineteenth century, it was thought that the tumors formed by the fungus 
in the maize plant were a physiological alteration of the plant. Between 1893 and 
1895, the experimental inoculation of maize with U. maydis teliospores was 
achieved, and in 1927 its sexual cycle was discovered. Studies on its physiology 
were carried out in the years 1930–1940 of the last century by Christensen and 
Stackman, and in 1949, Perkins (1949) generated auxotrophic mutants initiating 
genetic studies of the fungus (see Garcia-Pedrajas et al. 2004; Pérez-Nadales et al. 
2014). U. maydis virulence has been studied with its natural hosts (maize and teoz-
intle), observing a great variability to the response of the plant resistance according 
to their variety (Chavan and Smith 2014). In general it has been observed that sweet 
corn hybrids are the most susceptible varieties to infection (Juárez-Montiel et al. 
2011).

Ustilago maydis is a biotrophic pathogen; accordingly, it depends on the living 
tissue of its host for proliferation and development. Its genome has revealed that it 
lacks some signatures found in the genomes of aggressive pathogenic fungi. It also 
may be indicated that the genome of U. maydis harbors only a few genes that encode 
enzymes that hydrolyze the cell wall of plants, such as polysaccharide hydrolases 
and pectin esterases, which is also in contrast to the genomes of more aggressive 
pathogenic fungi. These aspects correlate with their biotrophic lifestyle, where 
damage to the host is minimized to avoid the defense responses of the plant (Kämper 
et al. 2006).

However, genomic characteristics responsible for the pathogenicity of this organ-
ism have been found. Specifically, 12 clusters of genes encode small secreted pro-
teins. Analysis of these genes revealed that most of them exist in groups (clusters) 
that are commonly regulated in the infected tissue. Mutation of these clusters alters 
the virulence of U. maydis as a complete lack of symptoms of hypervirulence. This 
infection process of U. maydis demonstrated new mechanisms of previously 
unknown pathogenicity that operate biotrophic fungi (Kämper et al. 2006).

Among the symptoms induced by U. maydis, we may cite chlorosis, increased 
production of anthocyanins, but the development of tumors where huge amounts of 
black-pigmented diploid teliospores is the most characteristic symptom. Outside of 
the host, these spores are released and germinate forming a promycelium (phragmo-
basidium) which in turn produces four haploid sporidia (basidiospores). The life 
cycle of the fungus, which as was previously described involves a saprophytic stage 
during which the fungus grows in the form of haploid budding yeasts (sporidia), 
ends with the formation of a dikaryotic hypha by the mating of two sexually com-
patible sporidia. This process is controlled by two loci, a and b (more adequately 
termed idiomorphs; Banuett et  al. 2008). The mating process requires both the 
cAMP and mitogen-activated protein kinase (MAPK) signaling and the pheromone 
response to signaling pathways. The idiomorph a contains genes that encode the 
components of the signal transduction pathway, pheromones mfa1 and mfa2, and 
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the corresponding receptors pra1 and pra2, whereas the b idiomorph harbors two 
genes that encode two proteins: bE and bW with characteristic homeodomains 
(HD). After mating of two sexually compatible strains, there occurs the interaction 
of the bE protein of one partner with the bW protein of the other forming a bE/bW 
heterodimer that serves as a master regulator of the pathogenic process (Brachmann 
et al. 2001; Kahmann and Schirawski, 2007). After pheromone-induced activation, 
the heterodimer controls the important transcription factor Prf1, which in turn 
induces transcription of a large set of genes (Brefort et al. 2009) and the transcrip-
tion factor Biz1 that plays an important role during the colonization of the plant 
(Flor-Parra et al. 2006).

The dikaryotic hypha invades the host plant through the formation of specialized 
appresoria in a process that requires the operation of both signal transmission path-
ways PKA and MAPK and the Gpa3 heterotrimeric G protein (see Brefort et al. 
2009). Mutants in any of these components are avirulent. It should be noted that U. 
maydis does not form haustoria (a form of specialized feeding structures), a charac-
teristic that suggested that exchange of signals and nutrition of the parasite occurs 
via the biotrophic development of the fungus (Banuett and Herskowitz 1996; 
Banuett 2002).

The functional classification of the genes induced by b genes revealed that sev-
eral cellular processes, such as cell wall regeneration, cell cycle control, lipid 
metabolism, DNA replication, and mitosis, are regulated by the bE/bW heterodimer 
(Kahmann and Schirawski 2007). In fact, the total genes controlled by the heterodi-
mer are 212 upregulated and 135 repressed. Among them, the following have been 
identified: dik1 and dik6; egl1 that encodes an endoglucanase; rep1 and hum2 
encoding a repellent and a hydrophobin, respectively; and lga2 that encodes a puta-
tive mitochondrial protein of unknown function. Another activated gene is frb52 
that encodes a DNA polymerase. Due to the fact that the promoters of almost all 
these genes lack putative binding sites of bE/bW, the control by the heterodimer is 
indirect (Basse and Steinberg 2004).

Other genes related to U. maydis pathogenesis are encoding effectors (see below), 
genes related to dimorphism, genes involved in wall biosynthesis, different kinds of 
cellular transporters and metal-dependent enzymes, and enzymes involved in poly-
amine metabolism (see Ruiz-Herrera et al. 1995; Banuett 2002; Banuett et al. 2008; 
Brefort et al. 2009; Valdés-Santiago et al. 2009, 2012a, b; Redkar et al. 2015a, b; 
Lanver et al. 2018).

The effector proteins secreted by the pathogens are key factors in the infection 
process (Cristancho et al. 2014). U. maydis is the first eukaryotic pathogen where 
new effectors with functions for pathogenic development were discovered, observ-
ing clusters of genes being regulated transcriptionally in the tumor tissue (Kämper 
et al. 2006). Elimination of some of these clusters reduced the virulence, but surpris-
ingly others led to an increase in virulence (Kämper et al. 2006). It has been sug-
gested that this later observation is related with the biotrophic behavior of U. maydis 
(Brefort et al. 2009). It has been described that the genome of U. maydis encodes 
approximately 550 effector proteins of which the function of a few, e.g., See1, Pep1, 
Cmu1, Pit2, Tin2, and Cce1, has been elucidated (see Redkar et al. 2015a; Seitner 
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et al. 2018). In summary, transcriptome of U. maydis infecting maize has been pub-
lished permitting the identification of all the possible genes involved in virulence of 
this fungus (Lanver et al. 2018).

 (b) Alternative hosts. Many pathogens show a great plasticity of their genes to the 
change of response imposed by a new host. Its analysis in the pathogenic pro-
cesses within the host, using comparative genomics, shows that both the gain 
and loss of genes together with their expansion and contraction are the most 
likely mechanisms among the different pathosystems (Benevenuto et al. 2018).

We described that U. maydis can infect under axenic conditions, not only its 
natural hosts but also other species of plants, taxonomically unrelated to the natural 
hosts such as papaya, asparagus, garlic, potato, tobacco, African violets, sorghum, 
rice, beans (León-Ramírez et al. 2004), and also the model plant, Arabidopsis thali-
ana (Méndez-Morán et al. 2005). The symptoms of the disease were mainly growth 
of mycelium of fungus on the surface of the leaves, intracellular invasion of the 
fungus, alteration in root growth, stunting, and in some cases death of the plant. In 
papaya plants and Arabidopsis, tumor-like bodies were formed at the stalks and in 
beans. Nevertheless no teliospore formation or sexual cycle development was 
observed.

Analysis of the transcriptome of the infection of Arabidopsis by U. maydis 
(Martínez-Soto et al. 2013) revealed that a series of regulated genes coincided with 
genes known to be involved in maize infection (J. Velez-Haro unpublished data).

More recently, some over-regulated genes identified during maize infection by 
U. maydis have been deleted, and their virulence to Arabidopsis and maize has been 
determined. It was found that the mutants displayed reduced virulence to both 
Arabidopsis and maize (J. Velez-Haro et al. preliminary observations). These obser-
vations revealed that U. maydis employs similar virulent mechanisms in the infec-
tion of maize and A. thaliana, suggesting the importance of the analysis of 
experimental hosts infection to understand the mechanisms of U. maydis 
virulence.

 (c) The “priming” phenomenon. Plants have an efficient immune system, which 
allows them to overcome many biological and non-biological threats. This is 
due to the fact that they develop mechanisms of defense when they have been 
previously subjected to a specific insult. This phenomenon is known as “prim-
ing” and is defined as an adaptive characteristic of induced resistance. This 
phenomenon starts by the earlier establishment of a previous environmental, 
biological, or chemical stimulus by which the plants establish a “priming phase” 
where molecular and biochemical changes occur without a direct activation of 
the mechanisms of defense. It has been observed that this phase is of long dura-
tion in the plant that can be even transmitted to its descendants (Conrath et al. 
2006, 2015; Pétriacq et al. 2018).
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Recently, this phenomenon was analyzed in the infection of U. maydis in corn, 
comparing the pathogenicity that occurs in plants inoculated under axenic condi-
tions and in non-sterile soil. It was observed that plants grown under axenic condi-
tions were more susceptible to U. maydis infection and developed exaggerated 
symptoms of the disease, mainly formation of tumors and necrosis. Added to this, 
the production of reactive oxygen species (ROS) as well as cell death and ethylene 
production was presented in plants grown under axenic conditions. These results 
suggest not only that the plants are more susceptible to the infection by U. maydis 
under axenic conditions but also that when grown in non-sterile soil, they acquired 
resistance against the fungus through the above-described mechanism of resistance 
induced or priming (Martínez-Soto and Ruiz-Herrera 2016).

2.5  Recapitulating the Possible Evolution of U. maydis, 
According to Its Actual Characteristics

Fungi are one of the largest eukaryotic kingdoms, with an estimated 1.5-5 million 
species. They form a diverse group with a wide variety of life cycles and life style, 
metabolism, morphogenesis, and ecologies, including mutualism, parasitism, and 
commensalism with many living organisms. They are found at all temperature zones 
of the earth with diverse fauna and flora and have a broad and profound impact on 
the earth ecosystem through their biological activities (Taylor et al. 2004; Petersen 
2013).

As described in the previous sections of this review, the characteristics of the 
species U. maydis reveal that it is a fungus with a great plasticity. Thus, to our 
knowledge it has (i) the capacity to grow as a saprophyte or as a parasite of either a 
wide spectrum of hosts or to a very specific host; (ii) the characteristic to grow 
alternatively in hyphal or yeast forms, (iii) the capacity to form characteristic basidi-
ocarps; (iv) the capacity to grow in the form of unicellular or multicellular individu-
als; and (v) the ability to host bacterial symbionts with the capacity to fix N2. These 
characteristics are displayed in response to a number of stimuli and involve the dif-
ferential expression of selected sets of genes, indicating that these were not lost 
during the evolution, but only remained silent.

A brief recollection of the evolution of U. maydis and its specific host (maize) 
may help to understand at which stages its present characteristics could have been 
acquired (Fig. 2.3).

To set the times of appearance of the possible ancestors of U. maydis, we may 
start by indication of the probable appearance and separation of animals, fungi, and 
plants. It has been considered that separation during evolution of the group of fungi 
and animals (Opisthokonta) from plants occurred about 1000 mya, and that separa-
tion of fungi and animals occurred ca. about 800 mya. The appearance of plants has 
been set to about 500 mya ago. According to these data, before plant appearance, 
fungal ancestors were either saprobiotic, they preyed on bacteria, or established 
symbiotic associations with them. It was not until the appearance of plants that 
phytopathogenic appeared, but Poaceae, the characteristics host of smuts, did not 
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appear until about 120 mya. In possible parallel evolution, Basidiomycota separated 
from Ascomycota ca. 560 mya, and Ustilaginomycotina separated from the rest of 
Basidiomycota about 49 mya (Oberwinkler 2012).

Regarding the natural hosts of U. maydis, teozintle and maize, it has been con-
sidered that teozintle is the antecessor of maize. The evolutionary history of maize 
(Z. mays L. ssp. mays) has been clarified with genomic data from modern landraces 
and wild teozintle grasses (Matsuoka et  al. 2002; Chia et  al. 2012), including 
archaeological findings that suggest that its domestication occurred between 10,000 
and 6500 years ago in southern Mexico (Piperno and Flannery 2001; Piperno et al. 
2007).

Taking into consideration the characteristics of the ancestors of U. maydis along 
the evolution, it is suggested that “relics” of them are exhibited by the modern fun-
gus (see Fig. 2.4).

2.6  Concluding Remarks

In the preceding pages, we have tried to describe the main characteristics of U. 
maydis from its life cycle to mating, differentiation, and pathogenesis. It is evident 
that U. maydis has an extreme plasticity that we have tried to exemplify by the title 
of the chapter. Accordingly, the fungus can thrive as a saprophytic yeast-like unicel-
lular organism but has the property to change its morphology in response to differ-
ent stimuli, including mating of sexually compatible yeast cells, and grow in a 
hyphal form. This process may be accompanied by the transformation to a multicel-
lular form. In addition, it can go from a saprophytic mode of life to a pathogenic 
stage. Thus, it parasitizes members of the Z. mays species where it completes its 
sexual cycle with the advantage to give rise to genetic exchange in its descendants. 

Fig. 2.3 Scheme of evolution of fungi and plants related to the evolution of the Ustilago maydis 
ancestors
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In addition, U. maydis has some hidden properties that recall characteristics of its 
evolution. Accordingly, under special conditions it can form basidiocarps, an 
uncommon feature to its class, something that may be considered an approaching 
characteristic with the mushrooms (perhaps an exaggeration, we accept it before-
hand, but we want to emphasize that both of them form basidiocarps), and it harbors 
a bacterium that endows the fungus the capacity to fix N2. This property may be 
useful for the growth of the fungus in its hosts, making it independent of the nitro-
gen compounds of the plant. In addition, this capacity may be an advantage for the 
biotechnological applications of U. maydis, since the fungus can be grown in media 
devoid of a nitrogen source.

In conclusion, we can state that based on the data presented here, it is clear that 
Ustilago maydis is an ideal subject of study for scholars interested in agronomic and 
biotechnological aspects.
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Abstract
Most of the eukaryotic differentiation processes are unidirectional. However, 
fungi have the ability to grow reversibly as unicellular yeast (Y) or as filamentous 
hypha (H) in response to the specific strain-dependent environmental stimuli. 
Such a phenomenon known as “dimorphism” is not limited to a specific class of 
fungi. Most of the plant, human, and insect pathogenic fungi show Y-H and 
reversible morphogenesis, associated with their saprophytic to pathogenic 
change, for survival and proliferation in the host. In this chapter, we have 
described the factors stimulating dimorphism, the signal transduction pathways 
induced by these stimuli, changes in the gene/protein expression patterns due to 
a cascade of these signals, and, finally, translation of this genotypic effect into 
phenotypic change, i.e., the morphological outcome. The process of fungal 
differentiation and formation of tumor cells follow the same regulatory series of 
events, involving cAMP, MAP, and RAS kinase cascades. Therefore, the 
molecules inhibiting Y-H transition in fungi can be explored for their anticancer 
potential.
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3.1  Introduction

Fungi (yeasts and filamentous forms) are the second most abundant group of species 
on earth with 99,000 known species, and the estimated number can go beyond 5.1 
million species (Blackwell 2011). Fungi show enormous diversity in size and shape 
due to various processes of differentiation. Fungi not only provide a good model 
system to study the biochemical and molecular processes common to all forms of 
eukaryotic life but can yield highly relevant information to understand their 
biological features. Notwithstanding the diversity, many fungi have a common 
morphogenetic feature, i.e., dimorphism. In fungi, dimorphism is specifically 
referring to the ability to shift from unicellular yeast to filamentous form and vice 
versa. The phenomenon is reversible and dependent on environmental signals (Gow 
et  al. 2012; Gow 1995). For instance, hyphal growth is triggered in a human 
pathogen Candida albicans, in the presence of serum (Feng et al. 1999), neutral pH 
(Ramon et al. 1999), and polyamines (Herrero et al. 1999).

The following sections describe the phenomenon of dimorphism and its regula-
tion with respect to the stimuli inducing the dimorphism, the signal transduction 
pathways modulated by these stimuli, and the biochemical and molecular process 
activated by these signaling cascades, which finally leads to Y-H morphogenesis.

3.2  Dimorphism

Dimorphic fungi can grow in two alternate forms (unicellular yeast, Y, or filamentous 
hyphae, H) by employing two distinct cell wall deposition patterns, regulated polarized 
for hypha and regulated non-polarized for yeast. H-form of dimorphic fungi shows 
morphological transition into Y-form either by lateral or by terminal budding and 
sometimes by arthrospore formation. The Y-H transition initiates with the germ tube 
formation. However, in the case of Mucor rouxii and Histoplasma capsulatum, the 
H-form is comprised of true branching of hyphae, whereas Saccharomyces cerevisiae 
exhibits formation of chains of elongated Y-cells, called pseudohyphae (Gimeno et al. 
1992). Hyphae or pseudohyphae may branch or develop lateral buds at the junctions 
between the daughter cells (sometimes called blastospores). The dimorphic fungus 
Wangiella dermatitidis displays different cell types such as Y-cells, hyphae, or 
pseudohyphae and thick-walled segmented sclerotic bodies (Geis and Jacobs 1985).

Dimorphic change in fungi can be triggered by different environmental condi-
tions. Biophysical changes such as temperature, pH, and oxygen; nutritional param-
eters like presence of glucose, nitrogen source, and metal ions; and complex 
nutritional components, like serum, corn steep liquor, etc., affect the morphological 
changes in different fungi. Dimorphism has been reported and extensively studied in 
fungi of different taxonomic groups, viz., Zygomycetes like Benjaminiella (Ghormade 
et al. 2012; Khale 1990), Mucor (Bartnicki-Garcia and Nickerson 1962a, b; Orlowaski 
1991), and Mycotypha (Schulz et  al. 1974), Ascomycetes such as Candida (Gow 
et al. 2012; Gow 1995) and Yarrowia (Palande et al. 2014, Zinjarde et al. 1998), and 
Basidiomycetes like Ophiostoma and Ustilago (Brunton and Gadd 1991).
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Dimorphic behavior was thought to be restricted to the pathogens, which need to 
change their morphology to survive and proliferate in the host; however, few non- 
pathogenic fungi were also suggested as models to understand the biochemical 
basis of Y-H reversible transition and its possible applications in healthcare and 
other fields (Chitnis et al. 2002; Ghormade et al. 2012; Guevara-Olvera et al. 1993; 
Khale et al. 1992; Pathan et al. 2017).

3.3  Dimorphism-Triggering Factors

Dimorphic change in fungi can be induced by different environmental conditions, 
including biophysical stimuli such as pH, temperature, and oxygen and nutritional 
parameters such as carbon source, nitrogen source, metal ions, etc. In other words, 
all the organisms do not respond to different incubation conditions in a similar way 
(Deshpande 1998). Different physiological and nutritional factors triggering Y-H 
and reversible morphological changes in fungi are summarized below.

3.3.1  Temperature

Thermal dimorphism was reported in pathogenic fungi such as Blastomyces derma-
titidis, C. albicans, Coccidioides immitis, Histoplasma capsulatum, Paracoccidioides 
brasiliensis, and Sporothrix schenckii as well as in saprophytes such as B. poitrasii. 
In general, H-form is favored at 25 °C and Y-form at 37 °C. For instance, as reported 
in literature, H. capsulatum grows in the H-form (saprophytic) at 28 °C and in the 
Y-form (pathogenic) at 37 °C. In B. dermatitidis (Cole and Sun 1985), C. immitis 
(Domer 1985), P. brasiliensis (San Blas and San Blas 1985), and S. schenckii 
(Travassos 1985), the increase in the temperature led to prevailing the pathogenic 
Y-form growth. In the case of C. albicans, the Y- and H-forms were induced by 
temperature in combination with other factors such as blood glucose and serum 
(Shepherd et al. 1980). B. poitrasii grows in the Y-form at 37 °C and as hyphae at 
28 °C. However, its yeast monomorphic mutant exhibited Y-form even under hypha-
favoring conditions (Khale et al. 1990).

3.3.2  Oxygen

Most of the fungi grow in a fermentative mode in a unicellular form under partial 
anaerobic condition (Bartnicki-Garcia 1963, Sypherd et al. 1978). For instance, 
under aerobic conditions, M. rouxii (Bartnicki-Garcia and Nickerson 1962a), 
Mycotypha microspora, and M. africana (Schulz et  al. 1974) exhibited hyphal 
growth, while the Y-form was prevalent under partial anaerobiosis and/or presence 
of nitrogen or carbon dioxide environment (Bartnicki-Garcia and Nickerson 
1962a). In M. rouxii, more than one factor was found to trigger the dimorphism, 
viz., anaerobic incubation (in the presence of CO2) always showed yeast-like 
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development; however, depending on the nitrogen source (glycine, serine, and 
threonine), variable proportions of filaments were formed (Bartnicki-Garcia 
1963). Unlike the above- mentioned fungi, a marine isolate of Y. lipolytica var. 
indica was reported to show hyphae formation under partial anaerobiosis (Palande 
et al. 2014; Zinjarde et al. 1998).

3.3.3  pH

In C. albicans, germ tube formation was prevalent at pH range 6–8, whereas acidic 
medium favored the Y-form (Stewart et al. 1988). It was further suggested that germ 
tube formation was accompanied by cytoplasmic alkalinization (Kaur et al. 1988; 
Stewart et al. 1988). In B. poitrasii, the change in pH from acidic to alkaline of the 
growth medium triggered Y-H transition (Ghormade and Deshpande 2000). 
Interestingly, in Mycotypha, the Y-form prevailed at the pH range of 4.5 to 7.5, 
while it grew in a H-form, below or above this range (Schulz et  al. 1974). 
Interestingly, acidic pH triggered Y-H transition in U. maydis haploid cells 
(Martinez-Espinoza et al. 2004).

3.3.4  Carbon and Nitrogen Sources

Usually the presence of glucose and complex nitrogen source in the medium 
favors yeast morphology, while no or low glucose and inorganic nitrogen 
sources increase hyphae formation. Indeed, other dimorphism-triggering 
factors such as temperature, pH, presence of carbon dioxide or nitrogen, etc. 
override the above-mentioned effects on the morphological outcome, if they 
share common signaling pathways (Ghormade et  al. 2005). In B. poitrasii, 
hyphae formation in a defined medium was induced in the presence of sugars 
such as lactose, mannose, sucrose, and xylose, whereas yeast growth was seen 
in a complex nitrogen medium with lactose and higher concentration of 
sucrose (Khale et  al. 1990). Furthermore, low carbon/nitrogen (C:N) ratio 
generally favored hyphal morphology, while higher C:N ratio and the presence 
of organic nitrogen supported yeast morphology. In the presence of amino 
sugar such as N-acetylglucosamine (GlcNAc), the H-form growth was 
prominent in C. albicans (Mattia et al. 1982). Using organic nitrogen sources 
and GlcNAc, Y. lipolytica var. indica grew as H-cells, and its proportion 
increased under semi-anaerobic incubation conditions (Palande et al. 2014). 
Earlier, Ruiz-Herrera and Sentrandreu (2002) in another Y. lipolytica strain 
observed the triggering effect of increased concentration of ammonium sulfate 
on hyphal development, while glutamate and glutamine favored the Y-form. In 
the case of U. maydis, H-form growth was supported by NH4NO3, while Y-form 
growth was supported by KNO3 (Ruiz-Herrera et al. 1995).
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3.3.5  Metal Ions

Metal ions regulate different enzyme activities that may affect the cellular morphol-
ogy. For instance, in the presence of zinc, the germ tube formation was induced in 
B. poitrasii (Doiphode 2007), C. albicans (Sabie and Gadd 1990), H. capsulatum 
(Pine and Peacock 1958), and M. rouxii (Bartnicki-Garcia and Nickerson 1962b). 
Interestingly, Chacko et al. (1996) observed that different commercially available 
peptones contained different concentrations of Mg++, Zn++, and inorganic phosphate. 
Doiphode (2007) observed that it was necessary to use specific brand to obtain 
maximum Y-H transition in B. poitrasii, which was attributed to the presence of 
Zn++. In Aspergillus parasiticus, Garrison and Boyd (1974) reported that concentra-
tion of Mn++ in the medium was critical to obtain specific morphological outcome. 
For instance, for hyphal form, higher concentration of Mn++ was necessary. In C. 
albicans, exogenous hemin (the oxidized form of heme, containing Fe++) together 
with a temperature shift (37 °C) was found to induce germ tube formation (Casanova 
et al. 1997).

3.3.6  Other Factors

The sulfhydryl-containing compounds like cysteine triggered the hyphae formation 
in H. capsulatum (Maresca and Kobayashi 1989, 2000). In C. albicans, serum and 
its derivatives were found to induce germ tube formation (Barlow et  al. 1974). 
However, the exact component in the serum triggering Y-H transition is still unclear. 
In C. tropicalis, supplementation of ethanol in growth medium promoted hyphae 
formation, whereas simultaneous addition of myo-inositol prevented the 
morphological change (Tani et al. 1979). A similar observation was reported in the 
case of B. poitrasii and its yeast form monomorphic mutant (Khale et al. 1990).

3.3.7  Cross Talk Between Different Dimorphic Stimuli

Different environmental factors which operate through common signaling pathways 
lead to cross talk and possible overriding effects. In the case of Y-H change in M. 
rouxii, decreased glucose concentration favored hyphal growth in the presence of 
CO2, while at higher glucose concentration, Y-form growth was prevalent even in an 
oxygen environment, indicating that nutritional stress overrides the effect of aerobic/
anaerobic environment on the morphological outcome (Bartnicki-Garcia 1963). In 
C. albicans, acidic pH favored the Y-form; however, high concentration of serum in 
the medium overrides the effect of pH and induces the H-form at acidic pH (Odds 
1988). Szabo and Stofanikova (2002) observed the Y-form growth of Y. lipolytica in 
an acidic environment and that neutral pH enhanced the hyphal growth in the 
presence of organic nitrogen sources. They further suggested that pH did not directly 
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affect the Y-H morphogenesis in Y. lipolytica via pH-dependent regulation of gene 
expression, but rather interfered with regulation of organic nitrogen sources. B. 
poitrasii grew as Y-cells in the presence of higher glucose concentration, higher 
temperature, and acidic pH; however, temperature has an overriding effect over 
glucose as both of them share a common signaling pathway and temperature signal 
is upstream of glucose signal (Ghormade et al. 2012, Ghormade et al. 2005, Khale 
et al. 1990).

3.4  Signal Transduction Pathways Induced by Dimorphic 
Stimuli

Ca++, cAMP, cGMP, and inositol lipids (second messengers) carry signals from vari-
ous environmental stimuli such as temperature, pH, metal ions, nitrogen source, 
glucose, and other carbon sources, and are translated into specific intracellular 
responses important for growth, metabolism, and differentiation (Bahn et al. 2007, 
Gadd 1995, Shapiro et  al. 2007). Dimorphic, pathogenic as well as saprophytic, 
fungi utilize signal transduction pathways to rapidly adapt and respond to changing 
environmental conditions. Most of these pathways are mediated by G-protein- 
coupled receptors (GPCRs), which have a role in modulation of the developmental 
and genetic networks in fungi (Bahn et al. 2007). GPCRs contain a total of nine 
domains including extracellular N-terminal, cytoplasmic C-terminal, and seven 
transmembrane helices (Ying et  al. 2013). Several dozens of GPCR family have 
been found, and ~100 GPCR genes are reported from filamentous fungi (Li et al. 
2007; Maidan et al. 2005; Xue et al. 2006); however, only a handful of GPCRs were 
functionally characterized from yeast (Dohlman and Thorner 2001). Despite the 
diversity in sequences and functions, all GPCRs act via one of the two signaling 
cascades, viz., mitogen-activated protein kinase (MAPK) or cyclic AMP-dependent 
protein kinase (cAMP-PKA), both of which are downstream targets activated by 
receptors induced by environmental stimuli (Li et al. 2007; Ying et al. 2013). Cross 
talk also exists between these pathways, making them a signaling network that 
regulates fungal morphogenesis. Other than these, the calcium-calcineurin-mediated 
signal transduction pathway has also been identified to be involved in fungal growth 
and differentiation (Bahn et al. 2007; Chung et al. 2001; Lorenz et al. 2000; Shapiro 
et al. 2007). The three major signal transduction pathways involved in Y-H transition 
are summarized below.

3.4.1  Cyclic Adenosine Monophosphate-Dependent Protein 
Kinase (cAMP-PKA) Pathway

cAMP is a global second messenger controlling the cAMP-dependent protein kinase 
(PKA). cAMP plays a major role in a variety of fungal morphological processes, 
such as conidiation, dimorphism, phototropism, hyphal branching, spore 
germination, etc. (Bahn et  al. 2007; Robson et  al. 1991). For instance, in the 
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filamentous fungus Neurospora crassa, cAMP and its lipophilic derivative, 
dibutyryl-cAMP (dbcAMP), regulate hyphal growth and conidiation (Bruno et al. 
1996; Terenzi et  al. 1976). cAMP via PKA also regulates cell growth in 
Blastocladiella emersonii (de Oliveira et al. 1997; Medoff et al. 1987) and sexual 
development in fission yeast Schizosaccharomyces pombe (Maeda et al. 1994).

cAMP also plays an important role in producing a yeast-like morphology in sev-
eral species of Mucor. In other words, Y-form cells displayed high levels of endog-
enous cAMP, while the exogenous addition of cAMP also favored H-Y transition 
(Orlowski 1991). However, the H-form of H. capsulatum contained about five times 
higher level of cAMP than the Y-form (Maresca and Kobayashi 1989). The morpho-
genesis and virulence in several dimorphic fungi, viz., C. albicans (Cho et al. 1992; 
Niimi 1996), H. capsulatum (Medoff et al. 1987), Mucor spp. (Orlowski 1991), O. 
ulmi (Brunton and Gadd 1989), U. maydis (Gold et al. 1994), and U. hordei (Litcher 
and Mills 1997), were found to be regulated by cAMP via PKA signaling. cAMP 
also plays an important role in the appressoria formation of plant pathogen 
Magnaporthe grisea (Lee and Dean 1993), in the pseudohyphae formation of S. 
cerevisiae (Gimeno et al. 1992; Lorenz and Heitman 1997), and also in the morpho-
genesis of human pathogen Cryptococcus neoformans (Kronstad et  al. 1998). In 
most of these fungi, cAMP signaling was directly associated with their virulence 
(Borges-Walmsley and Walmsley 2000).

In the industrially important filamentous fungus Aspergillus niger, protein phos-
phorylation via cAMP-PKA pathway regulates hyphal growth and conidiospore 
formation (Saudohar et al. 2002). In B. poitrasii, regulation of Y-H transition by 
cAMP-dependent phosphorylation of NAD- and NADP-dependent glutamate 
dehydrogenase was reported (Joshi et al. 2013; Khale-Kumar and Deshpande 1993). 
Further, it was also suggested that cAMP could exert its effect by activating 
membrane receptors or tubulin polymerization or regulating the activity of cAMP 
phosphodiesterase other than the PKA pathway.

3.4.2  Calcium Calmodulin-Calcineurin Pathway

External stimuli (like environment and nutrition) can be translated into specific 
intracellular effects through calcium. Ca++ plays an important role as a second 
messenger in growth and differentiation of several yeasts and filamentous fungi 
(Shapiro et al. 2007, Muthukumar et al. 1987). The intracellular Ca++ signaling is 
modulated by calmodulin (CaM), which regulates gene expression and also acts on 
several metabolic pathways, finally leading to morphological transition in fungi. 
The Ca-CaM pathway is regulated via calcineurin through phosphorylation and 
dephosphorylation of the transcription factors and enzymes including adenylate 
cyclase, NAD+ kinase, phospholipase A2, phosphodiesterase, and protein kinase 
(Anraku et al. 1991).

The involvement of Ca-CaM-calcineurin signaling pathway in regulating the 
growth and morphogenesis in A. fumigatus, C. albicans, C. neoformans, H. 
capsulatum, P. brasiliensis, and others was reported (Davis et al. 2013; de Carvalho 
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et al. 2003; Shapiro et al. 2007). The activation of this pathway in C. albicans was 
initiated by the intracellular accumulation of Ca-CaM ions  (mediated by Cch1- 
Mid1 channel), which led to the activation of calcineurin pathway. Further, 
interaction of heat shock protein Hsp90 (a molecular chaperon) with the catalytic 
domain of calcineurin resulted in dephosphorylation of the transcription factor Crz1 
leading to hyphae formation as well as improved antifungal tolerance in C. albicans 
(Cruz et al. 2002). In C. neoformans and A. fumigatus, homologs of this signaling 
pathway (identified based on sequence homology) were reported (Görlach et  al. 
2000; Shapiro et al. 2007; Steinbach et al. 2007). In A. fumigatus, a null mutant of 
the calcineurin catalytic subunit was reported to be defective in hyphae formation 
(Steinbach et al. 2006). Furthermore, inhibition of thermotolerance associated with 
Ca-CaM kinase 1 inhibited the yeast cell cycle in S. schenckii (Rodriguez-Caban 
et al. 2011). The Ca-CAM interactions were also reported to play an important role 
in the H-form growth of C. ulmi, and their absence led to Y-form growth (Muthukumar 
and Nickerson 1984). Studies with calcium calmodulin-specific inhibitors like 
trifluoperazine demonstrated that Ca-CaM interaction was essential for Y-H 
transition in human pathogen C. albicans (Holmes et al. 1991; Paranjpe et al. 1990; 
Sabie and Gadd 1990) and S. schenckii (Rivera-Rodriguez and Rodriguez-del Valle 
1992). Similarly, calmidazolium, trifluoperazine  (TFP), and W7, inhibitors of 
Ca-CaM signaling pathway, also inhibited the H-Y transition in P. brasiliensis (de 
Carvalho et al. 2003).

3.4.3  Mitogen-Activated Protein Kinase (MAPK) Cascade

The MAPK signaling plays an important role in a variety of fungi including C. albi-
cans, S. cerevisiae, U. maydis, C. neoformans, S. pombe, and others during morpho-
genesis and pathogenicity (Andrews et al. 2000; Biswas et al. 2007; Cullen et al. 
2004; Dean 1997; Lengeler et al. 2000; Martínez-Espinoza et al. 2004; Mayorga 
and Gold 1999; Wang and Heitman 1999). The MAPK cascade in dimorphic human 
pathogen C. albicans includes Cst20 (homolog of p21-activated kinase PAK), Hst7 
(homolog of MAPK kinase [MAPKK] Ste7), Cek1 (homologous to MAPK), and 
the downstream transcription factor Cph1, a homolog of the S. cerevisiae transcrip-
tion factor Ste12.

S. cerevisiae contains at least five different MAP kinase pathways (Lengeler 
et al. 2000). Ste12 is a transcription factor involved in pheromone-responsive MAPK 
cascade in S. cerevisiae. The co-operative binding of filamentation-specific factor 
Tec1 with Ste12 induced pseudohyphae (Chou et al. 2006). The C. albicans Cph1, a 
Ste12 homolog, complemented the defect in pseudohyphae formation in diploid 
cells of S. cerevisiae (Liu et al. 1994; Malathi et al. 1994). Further, mutation in any 
of the genes involved in MAPK cascade or in Cph1 resulted in defect in hyphae 
formation in C. albicans (Csank et al. 1998; Köhler and Fink 1996). In fission yeast 
S. pombe, Mam2 (pheromone receptor) senses the P-factor, whereas M-factor was 
sensed by Map3, resulting in activation of MAPK cascade and mating (Seike et al. 
2013). In C. neoformans, MAPK cascade was triggered by pheromone receptors 
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Ste3 and Ste3a, leading to mating and morphogenesis (Wang and Heitman 1999). 
The Rho-GTPase gene Cdc42p codes for mitogen-activated protein kinase (MAPK) 
in human pathogenic P. brasiliensis, and its regulation was found to be important for 
H-Y transition (Fernandes et al. 2008). By disrupting the Ste11, a mitogen-activating 
protein kinase, Cervantes-Chávez and Ruiz-Herrera (2006) demonstrated the 
necessity of the MAP kinase pathway for morphogenesis in ascomycete Y. lipolytica. 
The rice blast fungus M. grisea produces a specialized structure called appressoria 
to invade the host plant. The appressoria formation and invasive growth of M. grisea 
were regulated by MAP kinase-1 (PMK1) (Zhao et al. 2005; Xu and Hamer 1996). 
Zhao et al. (2005) further reported the involvement of MST7 and MST11 (homologs 
of MAP kinases STE7 and STE11 of yeast) in the virulence and appressoria 
formation of M. grisea. The mst7 and mst11 null mutants were non-pathogenic and 
also could not form the appressoria. The detailed understanding of these signaling 
pathways suggested that though different fungi respond differently to environmental 
stimuli, they follow the closely linked signal transduction pathways that affect the 
molecular and biochemical changes, which in turn regulates the Y-H morphogenesis.

3.5  Molecular Switches Regulating Y-H Dimorphism: 
Morphogene to Morphogenesis

In various dimorphic fungi, genes associated with different cellular functions have 
been extensively studied (Table 3.1). The dimorphic character of M. circinelloides 
was useful to understand the role of glucoamylase gene, important in starch 
degradation (Houghton-Larsen and Pedersen 2003). The extracellular enzyme 
secretion in the hyphal form was associated with the foraging nature for survival. 
The glucoamylase (GLAM) gene was repressed by glucose that commonly promoted 
the yeast form (Houghton-Larsen and Pedersen 2003). Dimorphism in Mucor was 
mainly affected by glucose that transduced its effects through cAMP-dependent 
protein kinase A (PKA). Binding of cAMP to the regulatory subunits (PKAR) 
resulted in the release of catalytic subunits (PKAC), triggering a kinase cascade 
affecting morphogenesis. Wolff et  al. (2002) cloned and characterized pkaR and 
pkaC encoding regulatory and catalytic subunits of the cAMP-dependent PKA of 
M. circinelloides. The expression levels of both pkaR and pkaC were significantly 
higher in anaerobically grown yeast cells than the aerobically grown hyphae. 
However, there was a two-fold increase in expression of pkaR during the Y-H shift. 
Further, over-expression of pkaR resulted in multi-branched colony phenotype in M. 
circinelloides (Wolff et  al. 2002). Recently, Ocampo et  al. (2012) showed that 
protein kinase A (PKA) regulatory subunit (R) isoforms (PKAR1, PKAR2, PKAR3, 
and PKAR4) regulate the growth and morphogenesis in M. circinelloides. Further, 
construction of null mutants demonstrated the specific role of each isoform in 
growth and differentiation. They suggested that pkaR4 is an essential gene for 
morphogenesis, because in knockout experiments only heterokaryons were 
obtained.
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The cAMP-induced signal transduction pathway involves the RAS proteins that 
are assigned a putative role in cell differentiation and proliferation (Gancedo et al. 
1985). Three RAS genes (MRAS1, MRAS2, and MRAS3) were cloned and 
characterized from M. racemosus and found to be similar with other ras proteins 
(Casale et  al. 1990). Detection of high levels of MRAS1 transcripts during Y-H 
morphogenesis and low levels during H-Y transition suggested its role in regulation 
of cAMP levels by suppression. MRAS3 was found to be associated with the cAMP 
burst during spore germination, while MRAS2 transcripts were not detected during 
transition or germination (Casale et al. 1990). Linz et al. (1986) cloned three distinct 
elongation factor lα (EF-lα) genes from M. racemosus. Since an essential role was 
attributed to EF-lα genes in eukaryotic translation, its role should be explored in 
Y-H morphogenesis in M. racemosus with expression studies.

The cell wall building blocks, chitin and chitosan, are the main determinants of 
morphology. In B. poitrasii, multiple chitin synthase genes were identified that were 
associated with the Y-H morphogenesis. Chitnis et al. (2002) reported eight chitin 
synthase genes with BpCHS 1–4 belonging to Class I-III, BpCHS 5–6 and 8 of Class 
IV, and BpCHS7 of Class V in B. poitrasii. Among the eight genes (BpCHS1–8), 
BpCHS2 and 3 were specific to the hyphal form. C. albicans contain four CHS 
genes, designated as CHS1–4 (Mio et  al. 1996, Munro et  al. 2001). CHS1 was 
primarily required for septa synthesis in Y-form cells and also for maintaining the 
integrity of cell wall in H-cells (Mio et al. 1996, Munro et al. 2001). The expression 
of CHS2 and CHS3 increased during Y-H transition, with CHS2 being preferentially 
expressed in H-cells only (Gow et  al. 1993). The CHS3 deletion strain showed 
>60% reduction in chitin content, indicating that it is the major chitin synthase in C. 
albicans. However, CHS4 did not show any involvement in Y-H transition (Sudoh 
et al. 1999). Three CHS genes were reported in S. cerevisiae (Bulawa and Osmond 
1990, Silverman et al. 1988). CHS1 was involved in the repair of damaged chitin; 
CHS2 was required for primary septum formation, whereas CHS3 was involved in 
the synthesis of chitin ring required during bud formation and also in the synthesis 
of spore wall. In A. nidulans, involvement of CHSA gene was suggested in conidium 
formation and synthesis of hyphal wall (Culp et al. 2000). In the case of A. fumigatus, 
25% of hyphal wall chitin was synthesized by CHS3 and also plays an important 
role in sporulation (Aufavre-Brown et al. 1997).

According to the Davis and Bartnicki-Garcia model proposed for the biosynthe-
sis of cell wall polymers chitin and chitosan, nascent chitin chains synthesized by 
chitin synthase are simultaneously modified by chitin deacetylases (CDAs) 
(Orlowski 1991). The synergistic action of CS-CDA led to the formation of chitin-
chitosan containing fibrils, which crystallize to form the major structural compo-
nent of the cell walls. However, during autolysis, endo-chitinases first act on the cell 
wall to release the chitin oligosaccharides, which could be subsequently deacety-
lated by CDA. The first CDA gene was isolated, characterized, and sequenced from 
the zygomycete M. rouxii (Kafetzopoulos et al. 1993). Two CDA genes (termed as 
CDA1 and CDA2) have been identified in S. cerevisiae by homology comparison 
with the CDA gene from the cosmid library constructed for M. rouxii (Christodoulidou 
et al. 1996; Mishra et al. 1997). CDA genes from Gongronella butleri and Rhizopus 
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nigricans were also cloned and characterized (Jeraj et al. 2006; Maw et al. 2002). 
Bartnicki-Garcia further suggested that apical wall growth was controlled by the 
fine balance between cell wall synthesis and cell wall degradation. The gene coding 
for lytic enzymes such as chitinases (CHT) showed correlation with fungal 
morphogenesis. In C. albicans, four CHT genes, designated as CHT1–4, were 
reported.

The expression of CHT1–4 genes was higher in Y-form cells and decreased dur-
ing Y-H transition. The deletion of CHT1–2 did not affect morphology in liquid 
media, whereas increased hyphal growth was reported during growth on solid media 
(McCreath et al. 1995, Candida genome database).

Microarray analysis of C. albicans was carried out under different growth condi-
tions to investigate differential expression of genes during Y-H transition (Nantel 
et al. 2002). Transcriptional factors Efg1p and Cph1p were important for hyphal 
growth in C. albicans (Nantel et al. 2002). Genes coding for cellular regulators such 
as protein kinases (STE12, STE20, PKC1), transcriptional activators (TUP1, EFG1), 
and heat shock proteins (HSP70) were suggested to play an important role in the 
morphological transition of yeast S. cerevisiae (Magee 1997), C. albicans (Liu et al. 
1994), and H. capsulatum (Maresca and Kobayashi 1989), respectively. The secreted 
aspartyl proteinases (Saps) coding multigene family of ten SAP genes (SAP1–10) 
showed key role in Y-H transition as well as in virulence of C. albicans. Out of 
these, SAP4–6 were associated with hyphae formation, whereas SAP1–3 were pre-
dominantly expressed during yeast growth (Naglik et  al. 2003). In C. albicans, 
expression of genes coding for the principal structural component of the cells varied 
during Y-H transition (Gow 1995). For example, the ECE1gene (involved in cell 
elongation) and CHS2 gene (coding for chitin synthase) were highly expressed in 
the H-form. However, the genes such as HYR1, a hypha- specific gene in C. albicans 
(Bailey et al. 1996), YPS3, a yeast-specific gene (Maresca and Kobayashi 1989), 
and MS8, a mold-specific gene (Tian and Shearer 2002), in H. capsulatum, which 
were expressed in only one of the morphological form, were reported, but the infor-
mation of their products is unknown. In M. circinelloides, a gene coding for poly-
amine-metabolizing enzyme ornithine decarboxylase (odcA) was found to be 
differentially expressed during Y-H transition (Blasco et  al. 2002). Further, Juan 
Francisco et al. (2001) demonstrated the cause- effect relationship between odc gene 
and morphological outcome in Y. lipolytica. The odc minus mutant was arrested in 
Y-form and produced hyphae with increasing levels of putrescine in the growth 
medium. Similar results were reported in U. maydis and C. albicans odc minus 
mutants (Guevara-Olvera et al. 1993; Herrero et al. 1999).

Recently, we have identified the set of reliable reference genes, Ubc (coding for 
ubiquitin-conjugating enzyme) and WS-21 (coding for 40S ribosomal protein S3A), 
to study the gene expression during the Y-H morphogenesis in zygomycete B. 
poitrasii (Pathan et al. 2017). Further, Ubc and WS-21 were used as reference genes 
to study the expression of ornithine decarboxylase gene (Bpodc) in different 
morphological forms of B. poitrasii. The expression of Bpodc was higher in H-cells 
than in Y-cells (Pathan et  al. 2017). The biochemical correlation of relative 
proportion of NAD- and NADP-dependent glutamate dehydrogenases (GDHs; 
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measured as NADP-/NAD-GDH ratio) with morphology was reported for the first 
time in B. poitrasii (Khale et al. 1992). Furthermore, one NAD-GDH and two form- 
specific NADP-GDH isoenzymes were also reported in B. poitrasii (Amin et  al. 
2004). At the molecular level, one NAD- (BpNADGDH) and two separate genes 
coding for NADP-GDH isoenzymes in B. poitrasii (BpNADPGDH I and II) have 
been identified (Pathan 2017). Under normal dimorphism-triggering conditions 
(glucose and temperature), BpNADPGDH II was not expressed in Y5 (yeast form 
monomorphic mutant). However, it was induced in the presence of ethanol, leading 
to Y-H transition in mutant Y5. The effect of ethanol was reverted by myo-inositol 
with subsequent repression of BpNADPGDH II gene. On the other hand, 
transformation with BpNADPGDH II gene also induced germ tube formation in 
mutant Y5. The results showed the cause-effect relationship between BpGDH genes 
and morphological outcome in B. poitrasii (Pathan 2017; Pathan et al. unpublished 
data). However, no gene was constitutively linked to the dimorphic transition.

3.6  Y-H Morphogenesis as an Antifungal Drug Target

To overcome the physiological and cellular defenses of the host, pathogenic fungi 
conveniently switch between the unicellular Y and filamentous H (Deshpande 1996, 
Georgopapadakou and Walsh 1994, Jacobsen et al. 2012, Khale et al. 1992, Ryley 
and Ryley 1990). In fungal pathogens, stimuli from host micro-environment trigger 
many biochemical events finally leading to morphogenesis. For the development of 
new antifungal drugs, these biochemical correlates (associated with the non−/less- 
pathogenic to pathogenic morphological change) can be targeted.

The cell walls of Y- and H-cells of B. dermatitidis, B. poitrasii, C. albicans, H. 
capsulatum, M. rouxii, P. brasiliensis, and S. schenckii differ significantly in their 
chemical composition (Khale et al. 1992; Orlowski 1991; San-Blas and San-Blas 
1985). Fungal cell walls consist mainly of (1,3)-β-D-glucans that are covalently 
associated with (1,6)-β-D-glucans and chitin, mannans, and cell wall proteins.

During Y-H transition, the enzymes involved in cell wall synthesis and degra-
dation, such as chitin synthase  (CS), glucan synthase, chitinase, and 
N-acetylglucosaminidase, play a major role. Chitin synthase, since absent in 
plants and mammals, emerged as one of the promising antifungal targets. The CS 
inhibitors, viz., polyoxin and nikkomycin, were first time isolated from the 
Streptomyces sp. culture filtrates. A number of CS inhibitors have subsequently 
been isolated from natural sources such as plants and microorganisms. Synthetic 
chitin synthase inhibitors were also designed and developed, primarily based on 
a diversity-oriented synthesis of UDP-GlcNAc analogs. One of the CS inhibitor, 
Nikkomycin Z, is under clinical trial (Chaudhary et  al. 2013). The non-
competitive inhibition of (1,3)-β-D-glucan synthases by echinocandins led to 
loss of cell wall integrity and severe cell wall stress in C. albicans, C. neoformans, 
A. fumigatus, C. glabrata, and S. cerevisiae.

Ammonia-assimilating enzymes (NAD-GDH, NADP-GDH, glutamate synthase 
[GOGAT], and glutamine synthetase [GS]) are present at the branch of carbon and 
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nitrogen metabolism in chitin biosynthesis pathway. They catalyze the early steps of 
metabolic pathways connecting the formation of chitin. These enzymes therefore 
serve as important targets for antifungal drugs. Out of these, glutamate dehydrogenase 
levels were correlated with yeast-hypha transition in B. poitrasii (Joshi et al. 2013; 
Khale et al. 1992) and Mucor species. Further, the morphology of NADP-GDH null 
mutant of Penicillium chrysogenum was found to be affected (Thykaer et al. 2009). 
The antifungal potential of GDH inhibitors has also been evaluated (Joshi et  al. 
2013; Choudhury and Punekar 2007, 2009; Cunliffe et al. 1983). Most of the GDH 
inhibitors were L-glutamate (GDH substrate) analogs and therefore act in 
competitive mode. Isophthalate was the most widely reported fungal GDH inhibitor 
in vitro (Caughey et al. 1956; Cunliffe et al. 1983; Rogers et al. 1972; Stevens et al. 
1989; Veronese et  al. 1974). However, Rogers (1971) observed that L-glutamate 
structural analogs (e.g., glutaric acid, iminodiactic acid, oxydiglycolic acid, and 
thiodiglycolic acid) also inhibited the bovine GDH.  Further, NADP-GDH from  
A. niger was found to be inhibited by 2-ketoglutarate analogs, viz., 2-methyleneglu-
tarate, 2-minoglutarate, 2-oxoglutarate, 2,4-pyridinedicarboxylate, and 3,5-pyr-
azoledicarboxylate (Noor and Punekar 2005). The chemically synthesized 
1,2,3-triazole-linked β-lactam-bile acid conjugates inhibited the purified NAD- 
GDH of B. poitrasii, which also affected the Y-H transition significantly. Additionally, 
these compounds also affected the Y-H transition in pathogenic C. albicans strains 
and another saprophyte Y. lipolytica (Joshi et al. 2013).

cAMP plays a major role in various morphological processes including conidia-
tion, dimorphism, hyphal branching, phototropism, spore germination, etc. (Bahn 
et al. 2007, Robson et al. 1991). Other enzymes involved in regulation of cAMP-
induced cascade include adenylyl cyclase and ammonium ion permease, which can 
be evaluated for inhibition of Y-H morphogenesis. The cAMP-dependent protein 
kinases have been inhibited by compounds like phenylaminopyrimidine (PAP)-
pyridines, Gleevec, BIRB796, rapamycin, triazolo-[1,5α]pyrimidine, and 
l-[5-isoquinolinesulfonyl]-2-methylpiperazine dihydrochloride (H7) [Brunn et  al. 
1996; Pillonel 2005; Richardson et al. 2006).

Another second messenger molecule Ca++, which exerts its effect via Ca-CaM- 
calcineurin signaling, has been found to play a major role in the growth and dif-
ferentiation of many yeasts and filamentous fungi (Shapiro et  al. 2007; 
Muthukumar et al. 1987). The inhibitors of Ca-CaM pathway, viz., trifluoperazine 
(TFP) and others, also inhibited the Y-H transition in C. albicans (Holmes et al. 
1991; Paranjpe et  al. 1990; Sabie and Gadd 1990) and S. schenckii (Rivera- 
Rodriguez and Rodriguez-del Valle 1992) and H-Y transition in P. brasiliensis 
(de Carvalho et al. 2003).

The biochemical as well as molecular correlation of polyamine metabolism with 
Y-H morphogenesis has been established in several dimorphic fungi. Putrescine, 
spermidine, and spermine are low-molecular-weight polyamines that are synthesized 
in the cells from their direct precursor, ornithine. Polyamines play an important role 
in cell growth, differentiation, and transformation (Garcia, et al. 1980; Ruiz-Herrera 
et  al. 1983; Tabor and Tabor 1985; Calvo-Mendez et  al. 1987). Ornithine 
decarboxylase (ODC) is the key enzyme in polyamine biosynthesis responsible for 
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conversion of ornithine to putrescine (Ruiz-Herrera and Martinez-Espinoza 1998, 
Ruiz-Herrera 1994). Subsequently, spermidine synthase converts putrescine to 
spermidine, and spermidine is converted to spermine by spermine synthase. The 
addition of diaminobutanone (DAB), a competitive ODC inhibitor, affected the 
sporulation and germination of spores as well as Y-H morphogenesis in Mucor and 
Phycomyces (Ruiz-Herrera (1994). A similar effect was observed in the presence of 
other ODC inhibitors, viz., difluromethyl ornithine (DFMO) and 
dehydromonofluromethyl ornithine.

The signal transduction pathway involving cAMP, MAP, and Ras kinases leading 
to Y-H differentiation was also found to be involved in inducing programmed cell 
death (apoptosis) in fungi. In turn, differentiation and apoptosis share many 
biochemical events that can be exploited for development of antifungal drugs, which 
may act by inducing apoptosis. Currently, antifungal agents, viz., amphotericin B, 
bleomycin, dermaseptin, farnesol, histatin, osmotin, and paclitaxel, are known to 
induce apoptosis in A. fumigatus, C. albicans, Rhizoctonia solani, and S. cerevisiae 
(Madeo et  al. 2002; Phillips et  al. 2003). A broad-spectrum fungicidal agent 
Pradimicin A (mannan synthesis inhibitor) also induced apoptosis in S. cerevisiae 
(Hiramoto et  al. 2003). Further, Tupe et  al. (2015) demonstrated that antifungal 
molecule phenazine-1-carboxamide (PC)-induced apoptosis by inhibiting the Y-H 
transition in B. poitrasii and C. albicans. Recently, Park et al. (2018) showed the 
apoptosis-mediated anticancer efficacy of azole antifungals in clinical trials and 
thereby opened up the possibility of exploring apoptosis-inducing antifungal 
molecules as new potential anticancer agents.

3.7  Epilogue

The extensive review of literature suggested the involvement of cAMP-dependent 
protein kinases (PKA) and/or mitogen-activated protein kinases (MAPK) in 
regulating the cascade, which in turn regulate the morphological outcome in fungi. 
The process of fungal morphogenesis and formation of tumor cells follow the same 
regulatory series of events, involving cAMP, MAP, and RAS kinase cascades, 
leading to changes from one state to another, called differentiation. Inhibition of 
differentiation leads to apoptosis [programmed cell death (PCD)] in normal cells, 
while the absence of apoptosis leads to differentiation, causing cancer in humans. 
Therefore, the molecules inhibiting Y-H transition in fungi can be explored for their 
anticancer potential. Further, the combinational therapy targeting the differentiation 
and inducing the apoptosis in tumor cells could be the better strategy to treat cancer. 
For instance, the correlates of differentiation, such as ornithine decarboxylase, 
glutamate dehydrogenases, etc. can be targeted to control tumor cells. On the other 
hand, inducer of caspases (endoproteases involved in apoptosis) can be used to 
enforce PCD in cancer cells. This will help in developing more specific, less toxic, 
and economically feasible anticancer drugs in the future.
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Abstract
Soil is a dynamic medium and complex ecosystem harbouring millions of 
microbes including fungi. Soil maintains a dynamic equilibrium of fungi and 
other microbes in spite of the constellation of physico-chemical factors. 
Vegetation along with multiple and minute habitats of varied physico-chemical 
setup influences the soil fungal communities. Soil fungi can be isolated by con-
ventional, non-conventional and molecular methods. Interestingly, very little is 
known about the patterns of soil fungal diversity and their functional roles over 
large geographic scales. Most dominant fungi are Aspergilli and Penicilli fol-
lowed by anamorphic fungi and others. There is a need to emphasize more on the 
ecological grouping of soil fungi. Soil and plant health is dependent on the func-
tional activity of soil fungi. Soil fungi are known to play an important role in the 
cycling of elements, biogeographical demarcation, biogeochemical transforma-
tions, recycling of stored energy, degradation of organic matter, soil fertility and 
nutrient mobilization. The utility of fungi in the degradation of xenobiotic com-
pounds, waste management, in medicine, agriculture, industry, carbon sequestra-
tion, biotechnological processes and other related activities, is very well known. 
Mother earth has been explored all over the world for fungi and microbes, still it 
harbours new and rare fungi and microbes which need to be discovered and clas-
sified accurately. Many soil fungi have been cultured artificially and are made 
available through germ plasm conservation centres. Further, in view of the 
importance attached to soil fungi, soil fungal floristics need to be surveyed and 
observed critically on individual capacity rather than en masse.
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4.1  Introduction

Soil is a complex ecosystem and is composed of multiple and minute habitats. Soil 
harbours almost all major groups of fungi. Stotzky (1997) has reported that the 
number of genera and species existing in soil is more than in any other environment. 
Soil being exposed to various conditions including extreme situations encases all 
microorganisms present on this planet. It is a known fact that fungi are the decom-
posing agents, help in biogeochemical transformations and recycle the stored energy 
and nutrients of organic matter which has been degraded by other microbes. 
Therefore, fungi have been considered as major players as recyclers of biosphere. It 
is established that physico-chemical composition of soil influences its fertility and 
also plays an important role in the distribution, seasonal variations and activity of 
fungi inhabiting the soil. However, it is also true that the soil fertility is dependent 
on the qualitative and quantitative structure and function of microbes and fungi 
inhabiting it. But for fungi being natural scavengers the planet could have been sur-
rounded by piles of detritus and dead plant matter. Further geo-fungi are involved in 
the food chain cycle through their interaction with other living biota. Fungi are also 
known as recyclers of waste products, chemicals, transformers and biodegraders of 
xenobiotics. Soil is conglomerate of abiotic compounds with diversified micro-
scopic organisms.

4.2  Soil as an Ecosystem, Fungal Diversity and Their 
Distribution in Soil

Soil is a natural medium in which diversified plant groups live, multiply and die 
which in turn becomes a perennial source of organic matter that gets recycled by 
microbes and fungi for plant growth and nutrition. A variety of fungi occurs in soil 
which range from lower (Chytrids) to higher fungi (Agarics), saprophytes to patho-
gens and predaceous to mutualistic mycorrhizal fungi. Fungi belonging to all groups 
occur in soil as hyphae, rhizomorphs, chlamydospores, sclerotia, asexual spores 
such as zoospores and conidia and sexual spores such as oospores, zygospores, 
ascospores and basidiospores.

The fungal diversities in soil have been studied by different workers (Watanabe 
2011; Manoharachary et al. 2014) to know the fungi occurring in soil both quantita-
tively and qualitatively, ecologically, in relation to environmental variables, coloniz-
ing habitats and also to domesticate them effectively so as to use them in 
manufacturing nutritional, fermentative, pharmaceutical, agriculturally important 
materials, cosmetic materials and others. The diversity data also provides database 
on the available fungi and also about the invading or imported taxa in various 
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habitats. The fungal diversities in soil can be understood readily by going through 
the list of the fungi reported in various soils of the world. More accurate, reliable 
and critical identification of soil fungi by both traditional and modern techniques is 
required. However, the modern system is still in the embryonic stage; therefore, the 
available gene data is in poor condition. Many morpho-taxonomists have been lost, 
some being endemic, and the classical taxonomy has received little attention due to 
shifting of mycologists towards molecular taxonomy. Many of the herbaria lack 
type species, which has created the lacunae in the fungal taxonomy. Therefore, con-
fusion exists due to loss of traditional morpho-taxonomists and upcoming modern 
molecular taxonomists who are in the embryonic stage. Presently, the fungal tax-
onomy is now surrounded by morpho-taxonomists and gene analysis.

Soil is an ecosystem which comprises many microhabitats and harbours diversi-
fied groups of microbes and fungi. Most of the fungi are microscopic and some of 
them are macroscopic (Agaricales), and these microbiota are the decomposers, 
agents of mineral cycling, recycles stored energy and components of organic matter. 
Soil also includes symbiotic rhizobia, actinorhiza and mycorrhizae which serve the 
purpose of soil fertilization and uptake of nutrients to crops and forest plants. Fungi 
and other microbes play an important role as recyclers of biosphere. The quantita-
tive and qualitative nature of microbes is of paramount importance in maintaining 
soil fertility along with chemical composition of soils. Soil fungi are also involved 
in food web through their interaction with other living biotic communities. Fungi 
are also involved as transformers and biodegraders of xenobiotics. The microphyte 
diversity of terrestrial ecosystems is dependent on below ground microbial diver-
sity. Mycota is one of the diverse groups of organisms on the earth, which are the 
agents that govern carbon cycling, plant nutrition and plant disease production. 
These are distributed in different soil ecosystems but the distribution of different 
fungal groups has been less documented. Several edaphic factors, namely, pH, N, P, 
K, Ca and others, have greater impact on fungal distribution. Many fungal taxa are 
cosmopolitan in distribution but their endemicity is strong in tropical conditions. 
They also play an important role in driving carbon cycling in forest soils, mineral 
nutrition of plants and alleviate carbon utilization by other soil microbes.

Soil inhabits fungi and other microorganisms such as bacteria actinobacteria, 
cyanobacteria, protozoa and others. There are two groups of soil fungi which include 
indigenous fungi being isolated only from soil and other arrivals which are fre-
quently isolated from surrounding habitats. Fungi colonizing underground parts 
considered as soil-borne appear to be typical soil fungi, sometimes fungi from air 
get contaminated into soil and are considered as casuals. Carris et al. (1989) have 
isolated 63 fungal species from the cyst Heterodera schachtii that causes disease in 
soybean and often the fungi associated with roots, decomposing litter fallen seeds 
and other plant parts and dead animals may get associated with soil. Fungal floras 
of various soil types have been studied worldwide. Thousands of research publica-
tions are available on soil fungi from all over the world, and some researchers might 
have described the fungi in detail while others might have listed without any descrip-
tions. Therefore, numerous fungi have been described from different parts of the 
world; hence, it is almost impossible to list out all such soil fungi and also to refer 
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all publications equally. Interestingly, isolation methods, media used, incubation 
conditions, soil types, soil physical conditions and other factors influence the quan-
titative and qualitative composition of fungi and microbes. It is possible that various 
species of Pythium, Saprolegnia, Achlya and others can be detected by means of 
baiting methods using boiled grass blades, cucumber seeds, hemp seeds, pollen 
grains, insect parts and others. Some ascomycetous fungi may get isolated including 
basidiomycetes by Warcup soil plate method but an overgrowth of fast-growing 
fungi such as Rhizopus and Aspergillus may not allow other fungi to grow. Waksman 
(1916) dilution plate method may yield a variety of fungi but did not yield perennat-
ing fungi. Majority of soil fungi remain unidentified because of non-sporulation. 
Identification of soil fungi with the adaption of appropriate scientific names is 
important for the study of soil fungi. In view of the importance attached to soil 
fungi, research activity on soil fungal floras has increased. Therefore, soil fungal 
floristics need to be observed more on an individual capacity rather than in en masse. 
Mother earth though has been explored all over the world, still it harbours new fungi 
which need to be discovered and classified accurately.

The global fungal estimate is 0.8 million to 5.1 million (Blackwell 2011), of 
which only 1 lakh fungal species are described. Around 29,000 fungi are reported 
from India. However, majority of such fungi are from soil. The diversity and distri-
bution of soil fungi is shaped by macro-ecological and community assembly pro-
cesses. Interestingly, very little is known about patterns of soil fungal diversity and 
their functional roles over large geographic scales. It is also known that soil fungi 
may exhibit strong biogeographical patterns. Based on the available data of fungal 
diversity (Manoharachary et al. 2014), it is indicated that the most dominant fungi 
are species of Aspergillus followed by Penicillium, hyphomycetes and some mem-
bers of Ascomycota. This indicates the available techniques are inadequate to find 
out fungi that are present in different soil ecosystems.

Fungi are distributed worldwide in soils and are versatile. For example, Aspergilli 
are more common in tropical soils, while Penicilli are abundant in temperate soils. 
Among zygomycetes, Rhizopus, Mucor, Absidia and Cunninghamella have often 
been isolated. Zoosporic fungi such as Pythium and Allomyces have been isolated 
more frequently, and among the ascomycetous fungi, perfect states of Aspergillus 
and Penicillium besides Chaetomium are the most common ascomycetous fungi; 
basidiomycetous fungi have not been isolated commonly. Anamorphic fungi are 
frequently isolated fungi and are richly represented by asexual states of Aspergillus, 
Penicillium, Alternaria, Drechslera, Curvularia and others. Non-sporulating fungi 
are usually not identified; therefore, it is difficult to classify them in spite of using 
molecular tools as the sterile fungi show more than one perfect stage. However, it is 
hoped that with increasing knowledge and techniques, unidentified fungi on agar 
culture may get identified more readily together with the molecular studies. The 
authors have isolated 104 soil fungi from wild soils, cultivated soils, forest soils, 
pond muds, rhizosphere soils, etc. and are listed in Table 4.1. Similarly, soil fungi 
that are isolated in pure culture have to be named with right names on the basis of 
diversified characteristic features. Fungal diversities have to be widely acknowl-
edged on the basis of voucher specimens such as holotype for the record and 
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Table 4.1 List of common soil fungi

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

1. Absidia 
cylindrospora 
Hagem

Soil 2011, 
Hyderabad

Kunwar OUFH 830

2. Acremonium 
chrysogenum 
(Thirum. & 
Sukap.) Gams

Soil 2005, Mulugu Kunwar OUFH 574

3. Allomyces 
arbuscula 
Butler, 
E.J. Butler

Forest soil 1981, 
Maha- 
Boobnagar

Madhusudan Rao OUFHS 11

4. Alternaria 
alternata (Fr.) 
Keissl

Soil 
(Sesamum)

1977, 
Hyderabad

Manohar. OUFHS 12

5. Arthrobotrys 
foliicola 
Matsuchima

Soil 2008, Narsapur Kunwar OUFH 572

6. Aspergillus 
awamori Nakaz

Soil 
(Tamarind)

2005, 
Hyderabad

Kunwar OUFH 340

7. Aspergillus 
candidus Link

Pond mud 1979, 
Nizamabad

Manohar. OUFHS 25

8. Aspergillus 
fumigatus 
Fresen.

Forest, wild, 
cultivated 
soils

1974, 
Anantagiri hills

Manohar. OUFHS 35

9. Aspergillus 
nidulans 
(Eidam) 
G. Wint.

Mud soil 1996, 
Khammam

Manohar. OUFHS 40

10. Aspergillus niger 
Tiegh

Forest soil 1974, 
Anantagiri hills

Manohar. OUFHS 42

11. Aureobasidium 
pullulans (de 
Bary) Arnaud

Forest soil 1989, Amrabad Manohar. OUFHS 58

12. Beltrania 
rhombica Penz.

Wild soil 2002, Narsapur Narsimha charyulu OUFHS 60

13. Blakeslea 
trispora Thaxt.

Forest soil 1981, Amrabad Reddy OUFHS 64

14. Chaetomella 
raphigera Swift

Forest, wild, 
cultivated 
soils

1984, 
Anantagiri hills

Manohar OUFHS 72

15. Chaetomium 
abuense Lodha

Soil 2004, 
Hyderabad

Kunwar OUFH 237

16. Chaetomium 
aureum Chivers

Pond mud 1983, 
Hyderabad

Manohar. OUFHS 75

17. Chaetomium 
globosum Kunze

Paddy field 
soil

1979, Nanded, 
Nizamabad

Manohar. OUFHS 79

(continued)
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

18. Circinella 
muscae 
(Sorokin) Berl. 
De Toni

Cultivated 
soil (castor)

1981, 
Hyderabad

Ramarao OUFHS 93

19. Circinella 
simplex Tiegh.

Silty, clay, 
loamy, 
cultivated 
soil

1979, Nanded, 
Nizamabad

Manohar. OUFHS 94

20. Cladosporium 
herbarum (Pers.) 
Link

Rhizosphere 
soil 
(Ocimum 
abscendens)

1975, 
Hyderabad

Manohar. OUFHS 96

21. Cladosporium 
macrocarpum 
Preuss

Polluted 
pond mud

1993, 
Hyderabad

Narendra Babu OUFHS 97

22. Cochliobolus 
australiensis 
(Tsuda & 
Ueyama) Alcorn 
(=Drechslera 
australiensis)

Forest, wild, 
cultivated 
soils

1984, 
Ananthagiri 
hills

Manohar. OUFHS 
102

23. Cochliobolus 
geniculatus 
R. Nelson 
(=Curvularia 
geniculata)

Soil (cashew 
nuts)

1980, 
Hyderabad

Ramarao OUFHS 
103

24. Cochliobolus 
hawaiiensis 
Alcorn 
(=Drechslera 
hawaiiensis)

Coastal soil 1969, Chirala Lakshmi-narsim- 
ham

OUFHS 
104

25. Cochliobolus 
lunatus 
R.R. Nelson & 
Haasis 
(=Curvlularia 
lunata)

Pond mud 1974, 
Hyderabad

Manohar. OUFHS 
105

26. Colletotrichum 
capsici (Syd.) 
E. J. Butler & 
Bisby

Rhizosphere, 
nonrhizo. 
Soil (Castor)

1981, 
Hyderabad

Ramarao OUFHS 
109

27. Cunninghamella 
blakesleeana 
Lendner

Pond mud 1976, 
Hyderabad

Manohar. OUFHS 
114

(continued)
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

28. Cunninghamella 
echinulata 
(Thaxt.) Thaxt. 
ex Blakeslee

Cultivated 
soil

1976, Nanded Manohar. OUFHS 
115

29. Curvularia 
clavata B.L. Jain

Soil 
(spinach)

1995,Hyderabad Padma OUFHS 
117

30. Curvularia 
lunata var. aeria 
(Bat. J.A. Lima 
& C.T. Vasconc.) 
M. B. Ellis

Forest, wild, 
cultivated 
soils

1984, 
Ananthagiri 
hills

Manohar. OUFHS 
118

31. Emericellopsis 
minima Stolk

Forest, 
garden soil

1977, 
Khammam

Manohar. OUFHS 
128

32. Eurotium 
chevalieri 
Mangin

Soil (cashew 
nut)

1980, 
Hyderabad

Ramarao OUFHS 
132

33. Fusarium 
chlamydosporum 
Willenw. & 
Reinking

Riverbank 
soil

1984, Gadwal Manohar. OUFHS 
134

34. Fusarium 
oxysporum 
Schlecht

Forest, wild, 
cultivated 
soils

1984, Vikarabad Manohar. OUFHS 
137

35. Fusarium poae 
(Peck) Wollenw.

Rhizosphere, 
soil (castor)

1981, 
Hyderabad

Ramarao OUFHS 
138

36. Geotrichum 
candidum Link

Polluted 
mud

1993, 
Karimnagar

Narendra Babu OUFHS 
141

37. Gibberella 
fujikuroi 
(Sawada) 
Wollenw.

Rhizosphere 
soil, soils 
(cluster 
bean)

1978, 
Hyderabad

Manohar. OUFHS 
144

38. Gliocladium 
deliquescens 
Sopp

Mud 2000, 
Karimnagar

Shantha Devi OUFHS 
150

39. Graphium 
terricola 
Manohar. Rag. 
Rao, Rehana & 
Rama Rao

Sea shore 
soil

1975, 
Bheemilipatnam

Manohar. OUFHS 
154

40. Humicola 
fuscoatra Traaen

Soil (cashew 
nut, castor)

1980, 
Hyderabad

Ramarao OUFHS 
158

41. Humicola grisea 
Traaen

Riverbank, 
cultivated 
soils

1977, Gadwal Reddy OUFHS 
159

42. Khuskia oryzae 
H.J. Huds.

Deciduous 
forest soil

1981, Mannanur Reddy OUFHS 
161

(continued)
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

43. Lasiodiplodia 
theobromae 
(Pat.) Griffiths & 
Maubl.

Forest soil 1977, 
Hyderabad

Manohar. OUFHS 
162

44. Macrophomina 
phaseolina 
(Tassi) Goid.

Rhizosphere, 
soils (cluster 
bean)

1978, 
Hyderabad

Manohar. OUFHS 
164

45. Magnaporthe 
grisea 
(T.T. Hebert) 
M.E. Barr

Soil 1968, Nellore Tilak OUFHS 
165

46. Monodictys 
putredinis 
(Wall.) 
S. Hughes

Soil 2003, 
Hyderabad

Kunwar OUFH 100

47. Mucor hiemalis 
Wehmer

Soil (cluster 
bean)

1978, 
Hyderabad

Manohar. OUFHS 
176

48. Mucor 
laysanensis 
Lendn.

Forest soil 2004, Vikarabad Manohar. OUFHS 
178

49. Mucor 
racemosus 
Fresen.

Pond mud 1976,Hyderabad Manohar. OUFHS 
180

50. Mucor varians 
Povah

Riverbank 
soil

1977, Gadwal Reddy OUFHS 
181

51. Myrothecium 
cinctum (Corda) 
Sacc.

Cultivated 
soil

1980, 
Hyderabad

Manohar. OUFHS 
182

52. Myrothecium 
roridum Tode

Forest, 
cultivated 
soils

1984, 
Ananthagiri

Manohar. OUFHS 
185

53. Myrothecium 
verrucaria (Alb. 
& Schwein.)

Rhizosphere 
soil (Datura 
fastuosa)

1975, 
Hyderabad

Manohar. OUFHS 
186

54. Nectria 
hematococca 
Berk. & Broome

Forest, wild, 
cultivated 
soils

1984, 
Hyderabad

Manohar. OUFHS 
188

55. Nectria 
humicola Rama 
Rao

Mazie field 
soil

1969, Narsapur Ramarao OUFHS 
189

56. Neocosmospora 
vasinfecta E. F. 
Sm.

Paddy field 
soil

1977, 
Karimnagar

Manohar. OUFHS 
191

57. Paecilomyces 
lilacinus 
(Thom.) Samson

Pond mud 1983, 
Hyderabad

Manohar. OUFHS 
194
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

58. Paecilomyces 
variotii Bainier

Soil 
(cashewnut)

1980, 
Hyderabad

Ramarao OUFHS 
195

59. Penicillium 
chrysogenum 
Thom

Forest soil 1981, 
Mahaboobnagar

Madhusudan Rao OUFHS 
198

60. Penicillium 
citrinum Thom

Cultivated 
soil

1979, Nanded Manohar. OUFHS 
200

61. Penicillium 
commune Thom

Forest, wild, 
cultivated 
soils

1984, 
Ananthagiri

Manohar. OUFHS 
201

62. Penicillium 
digitatum (Pers. 
& Fr.) Sacc.

Mud soil 1996, 
Karimnagar

Alivelu- manga- 
mma

OUFHS 
204

63. Penicillium 
italicum Stoll

Polluted soil 1993, 
Hyderabad

Narendra Babu OUFHS 
212

64. Penicillium 
rubrum Stoll

Forest, wild, 
cultivated 
soils

1984, 
Ananthagiri

Manohar. OUFHS 
223

65. Penicillium 
variabile 
Wehmer

Rhizosphere 
& nonrhizo. 
Soils 
(castor)

1981, 
Hyderabad

Ramarao OUFHS 
229

66. Periconia 
hispidula (Pers.) 
E.W. Mason & 
M.B. Ellis

Forest soil 2004, 
Bhadrachalam

Manohar. OUFHS 
233

67. Pestalotiopsis 
glandicola 
(Castagne) 
Steyaert

Rhizosphere 
soil (grape)

1964, 
Hyderabad

Ramarao OUFHS 
235

68. Pestalotiopsis 
mangiferae 
(Henn.) Steyaert

Soil 1964, 
Hyderabad

Ramarao OUFHS 
236

69. Phoma eupyrena 
Sacc.

Pond mud 1977, Gadwal Reddy OUFHS 
238

70. Phoma fimeti 
Brunaud

Pond mud 
soil

1975, Vikarabad Manohar. OUFHS 
239

71. Phoma 
herbarum Cooke

Fresh water 
tank mud

1996, 
Karimnagar

Alivelu- manga- 
mma

OUFHS 
241

72. Phoma nebulosa 
(Pers.) Berk.

Seashore 
soil 
(Casuarina)

1996, 
Anakapalli

Chandra Mohan OUFHS 
244

73. Phytophthora 
palmivora 
(E.J. Butler) 
E.J. Butler

Field soil 
(Colocasia)

1980, 
Hyderabad

Satya Prasad OUFHS 
246
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

74. Pseudeurotium 
ovale Stolk

Rhizosphere 
soil (grape)

1965, 
Hyderabad

Rafia Mehdi OUFHS 
251

75. Pythium 
acanthicum 
Dechsler, 
J. Wash.

Scrub jungle 
soil

1975, Vikarabad Manohar. OUFHS 
255

76. Pythium 
aphanidermatum 
(Edson) Fitzp.

Pond mud 1976, 
Hyderabad

Manohar. OUFHS 
256

77. Pythium butleri 
subram.

Scrub jungle 
soil

1975, Vikarabad Manohar. OUFHS 
257

78. Pythium 
carolinianum 
Matthews

Pond mud 1983, 
Hyderabad

Manohar. OUFHS 
258

79. Pythium 
elongatum 
Mathews

Pond mud 1978,Hyderabad Manohar. OUFHS
261

80. Pythium 
spinosum 
Sawada

River bank 
soil

1981, Gadwal Reddy OUFHS 
265

81. Rhizomucor 
miehei (Cooney 
& R. Emers.) 
Schipper 
(=Mucor miehei)

Soil 1984, Warangal Veugopal Rao OUFHS 
266

82. Rhizopus 
arrhizus A. Fish. 
var. arrhizus

Rhizosphere 
soil (grape)

1965, 
Hyderabad

Rafia Mehdi OUFHS 
268

83. Rhizopus 
microsporus var. 
chinensis (Saito) 
Schipper & 
Stalpers

Forest soil 2004, Vikarabad Manohar. OUFHS 
269

84. Rhizopus 
stolonifer var. 
stolonifer 
(Ehrenb.) Vuill.

Pond mud 1976, Vikarabad Manohar. OUFHS 
270

85. Saprolegnia 
monoica 
Pringsheim

Maize field 
soil

1964, 
Hyderabad

Ramarao OUFHS 
274

86. Scolecobasidium 
humicola 
G.L. Barron & 
L. V. Busch

Soil 
(spinach)

1995,Hyderabad Padma OUFHS276

87. Scopulariopsis 
brumptii 
Salv.-Duval

Rhizosphere 
soil (grape)

1965, 
Hyderabad

Rafia Mehdi OUFHS 
278
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Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

88. Sordaria 
fimicola (Oberge 
ex. Desm.) Ces. 
& De Not.

Pond mud 1977, Vikarabad Manohar. OUFHS 
280

89. Stachybotrys 
atra Corda

Soil 
(spinach)

1995, 
Hyderabad

Padma OUFHS 
288

90. Stachybotrys 
bisbyi (Sriniv.) 
G.L. Barron

Forest soil 1981, 
Mahaboobnagar

Madhusudan Rao OUFHS 
289

91. Stachybotrys 
parvispora 
S. Hughes

Soil 
(spinach)

1995, 
Hyderabad

Padma OUFHS 
292

92. Talaromyces 
funiculosus 
(Thom) Samson, 
Yilmaz, frisvad 
& Seifert (= 
Penicillium 
funiculosum)

Soil 2010, 
Hyderabad

Kunwar OUFH 688

93. Talaromyces 
trachyspermus 
(Samson & 
Abdel-Fattah) 
Yaguchi

Forest soil 2004, Narsapur Manohar. OUFHS 
299

94. Thermoascus 
aurantiacus 
Miehe

Soil 1984, 
Rampachoda- 
varam

Venugopal Rao OUFHS 
301

95. Thielavia 
terricola 
(Gilman & 
Abbott) Emmons

Forest soil 1981, Amrabad Madhusu-dan Rao OUFHS 
303

96. Torula caligans 
(Batista & 
H.P. Upadhyay) 
M.B. Ellis

Soil 1974, Adilabad Singh OUFHS 
304

97. Trichoderma 
atroviride karst.

Polluted 
soils

2003, 
Hyderabad

Satyavani OUFHS 
307

98. Trichoderma 
citrinoviride 
Bisset

Forest soil 2002, Vikarabad Narasimhacharyulu OUFHS 
309

99. Trichoderma 
hamatum 
(Bonord.) 
Bainier

Soil 2002, Vikarabad Kunwar OUFH 059

100. Trichoderma 
harzianum Rifai

Forest soil 2001, Chittor Srilakshmi OUFHS 
312
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description of new species. Cultures are always essential for their effective use in 
biotechnology. The original cultures need to be single source culture.

4.3  Methodology

Soil samples need to be collected from cultivated and uncultivated soils of diversi-
fied habitats along with soil passport card. The soil fungi can be isolated by various 
methods, but soil dilution plate method, soil plate method by direct soil inoculation 
and baiting methods are the best methods for isolation of various soil fungi. By 
single hyphal tip from germinating reproductive unit may be placed on full pledged 
agar mediam and the growth of colony be observed. Czapek’s agar medium, plain 
water agar medium, PDA medium, soil extract agar medium and others are recom-
mended. The main drawback for dilution plate method is that it neglects slow-grow-
ing fungi. The diluted soil suspensions are poured on to appropriate selective 
isolation media, and single-spore cultures are established later (Davet and Rouxel 
2000).

Warcup soil plate method (1950) includes direct soil inoculation on to the sterile 
agar medium in a sterile Petri dish. The media include Czapek’s agar, tomato agar, 
soil extract agar and others. The drawback of this method is that it tends to neglect 
fungi of qualitative nature and overgrowth of the fast-growing fungi. Bating method 
is often used for Zoosporic fungi. Immersion slide method (Chesters 1948) has also 
been found useful to isolate soil fungi as this also represents the soil fungi associ-
ated with soil profile. Molecular methods such as total fungal community DNA 
extraction, metagenomics, phylogenetic analysis of 18S, 16S rDNA sequences, 
understanding of genetic diversity, PCR and several other modern techniques are 
available to understand and evaluate soil fungal community.

Table 4.1 (continued)

Sl. 
no. Fungal species Substance

Year and place 
of collection Collected by

Accession 
no.

101. Trichoderma 
virens (Miller, 
Giddens & 
Foster) von Arx

Forest soil 2004, Vikarabad Nagamani OUFHS 
321

102. Trichoderma 
viride Pers. 
(=Trichoderma 
lignorum)

Soil (Datura 
fastuosa)

1975, 
Hyderabad

Manohar. OUFHS 
322

103. Zygorhynchus 
moelleri Vuill.

Cultivated 
soil

1979, Nanded Manohar. OUFHS 
332

104. Zygosporium 
masonii Hughes

Forest soil 2005, Vikarabad Kunwar OUFH 282

OUFHS Osmania University Fungal Herbarium–Soil, Manohar Manoharachary

C. Manoharachary and D. Nagaraju



107

4.4  Identification of Soil Fungi

Fungal taxa thus isolated have been identified on the basis of morpho-taxonomic 
criteria by comparing with known species; the morphologies that are observed 
through a stereomicroscope, compound microscope and electron microscope along 
with cultural characters have to be noted. Hyphal morphology, spore morphology, 
ontogeny, cultural characteristics, fruiting structures, etc. have to be noted down.

Experienced mycologists may identify some fungi at a glance; however, the most 
suitable taxon may be assessed after repeated observations and suitable literature 
survey. In case of new species, the Melbourne code 2013 has to be adopted and 
deposition be made at gene bank.

The morphologies of fungi be maintained continuously and molecular tech-
niques may be employed for clarifying ambiguous and vague entities.

The available monographs on geo-fungi are many (Gilman 1957; Domsch et al. 
1980; Watanabe 2002); however, different monographs are available for different 
groups of fungi (Raper and Thom 1949; Raper and Fennel 1965; Barron 1968; Ellis 
1971, 1976; Subramanian 1971). Domsch et al. (1980) has listed 450 species, and 
Nagamani et al. (2006) have described 332 fungal species from India. The inventor-
ization, monitoring and biodiversity status of soil fungi have been discussed by Bills 
et al. (2004).

4.5  Ecological Grouping of Soil Fungi

Fungi are known to colonize cultivated crop soils, wild forest soils, soils of highest 
mountain peaks, deep permafrost soils, geothermal and humid soils of the volcanic 
horizon, mine soils and highly alkaline soils. Cold-loving fungi are restricted to 
Polar Regions which can tolerate 0–16 °C, and examples of this group belong to 
Leptomitus, Penicillium, Cryptococcus, Chrysosporium and others. The fungi 
occurring in extreme environments may be of biotechnological importance as they 
have the potential for the production of extremozymes, secondary metabolites, bio-
remediation properties and others (Nonzom and Sumbali 2015). Desert soils con-
tain a variety of yeasts that have been documented from hot and cold deserts. It 
seems that man-made contaminations of Antarctica might have added Penicillium, 
Aspergillus and other common fungi from soil and air. Endolithic conidial fungi are 
also common (Sterflinger et al. 2012). Halophilic fungi are considered as a major 
source of diverse and novel metabolites. The salt-loving fungi mainly belonging to 
Ascomycota do occur in marine soils. A distinctive group of fungi exist in marine 
waters and marine soils. Terrestrial aquatic hyphomycetes are associated with the 
litter fallen on to the soil.

Thermophiles are a group of extremophiles which require relatively high tem-
perature (41–122 °C). Successful isolation of soil thermophiles requires incubation 
of soil on specified media at 45 °C/50 °C. Normally, thermopiles occur in compost, 
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hay, wood chips and also in tropical desert soils. Some of the common soil thermo-
philes include Aspergillus fumigatus, Scytalidium thermophilum, Chaetomium ther-
mophilum, Thermomyces sp., Humicola sp. and others. Thermophilic fungi possess 
valuable enzymes such as pectinase, cellulase, xylanase and also secrete a number 
of secondary metabolites of biotechnological importance (Rajasekaran and 
Maheshwari 1993). The voluminous literature that has accumulated on soil fungi 
(Manoharachary et al. 2014; Taylor and Sinsabaugh 2015; Taylor et al. 2000) indi-
cates that a number of fungal species do occur in wild and forest soils consisting of 
rich diversified flora and medicinal plants. This clearly indicates that mesophiles 
dominate the soil fungal biotic community. Cultivated soils also support rich fungal 
flora. Quantitatively and qualitatively, the fungi are more and diversified in species 
composition with reference to wild and forest soils. However, the cultivated soils no 
doubt support quantitatively richness of fungi but qualitatively it is represented by 
few fungal species. The author’s experience indicates that wild and forest soils have 
shown quantitatively and qualitatively richness of fungi in scrub jungle forest, 
deciduous forests and also in grassland soils than in cultivated crop soils. However, 
grassland soils have shown richness of fusarial fungi (Manoharachary and Ramarao 
1978; Manoharachary et al. 1989; Madhusudhan Rao and Manoharachary 1981). 
Submerged mud soils were rich in melanin pigment containing fungi, such as 
Ascomycetes, dematiaceous hyphomycetes and others. Manoharachary et al. (2014) 
have isolated 340 fungal species and have also indicated that anamorphic fungi 
formed the bulk in soil fungal biota. Further, it has also been shown that Aspergillus 
and Penicillium species are predominantly followed by Chaetomium and anamor-
phic fungi than other groups. Many soil-borne and root-borne pathogenic fungi 
were also encountered; 18 species representing the genus Trichoderma, a well- 
known biocontrol agent, were isolated. In general, it has been shown that forest and 
wild soils followed by rhizosphere soils and cultivated soils harbour a more number 
of fungi and richness of fungal species than mud soils, riverbank soils, sea shore 
soils, herbicide-treated soils, polluted soils and poultry farm soils (Manoharachary 
et al. 2014).

Temperature, pH, moisture, soil texture, soil organic matter, soil NPK and gas-
eous composition are known to influence the distribution and composition of soil 
fungi. Plant communities existing in diversified soils may have a greater impact on 
the quantitative and qualitative composition of soil fungi.

4.6  Soil Fungi and Soil Health

Soil health depends on soil quality and fertility. Soil health is the resultant of the 
interaction between different processes, properties and activities of soil microbiota 
including soil fungi. Soil fungi are the biological controllers, ecosystem regulators, 
decomposers and compound transformers. Therefore, soil fungi serve as ecosystem 
regulators, responsible for soil structure formation and modification of the habitats. 
Mycorrhizal fungi are known to stabilize the soil structure and serve as biofertilizer 
for plant growth. Fungi present in the soil also participate in hormone production, 
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biological control, stress management, stabilization of soil organic matter and bio-
degradation of residues. Thus, soil health maintained by soil fungi is directly con-
nected with the production of healthy food which has an impact on public and 
animal health (Frac et al. 2018).

Certain soils are not congenial to live for plant pathogens by limiting their sur-
vival or growth of the pathogen. The suppressive soils reduce fungal attack and are 
often effective against only one or two pathogens. Suppressiveness is of two types: 
(1) long-standing suppression which is a biological condition and appears to survive 
in the absence of plants and (2) inclusive suppression is initiated and sustained by 
crop monoculture by the addition of target pathogen. A number of soil-borne patho-
gens are represented by Fusarium sp., Gaumannomyces sp., Phytophthora sp. and 
Pythium spp. Few cause diseases in plants growing in conducive soils, and few other 
pathogens cause no disease in plants. Suppressiveness may be because of soil 
microflora and abiotic factors and may vary with the type of pathogen. Some studies 
have indicated that activities of antagonistic soil fungi, bacteria, actinomycetes and 
others are responsible for the suppression of pathogens. The formation of suppres-
sive soils is due to the mechanisms envisaged by soil fungi and soil microbiota, 
namely, nutrient competition, amensalism, antagonism, parasitism and systemic- 
induced resistance. However, understanding of the exact mechanism in suppressive 
soil is still far from satisfaction and probably the application molecular assessment 
tools may bring more understanding of such activity (Garbeva et al. 2004).

4.7  Functions and Biotechnological Aspects of Soil Fungi

Fungi are known to play a role in organic matter production, decomposition, carbon 
sequestration, carbon mineralization and cycling of elements. Mycorrhizal associa-
tions in plants not only boost plant productivity but also the acquisition of water, 
phosphorus and nutrients. Fungal endophytes offer resistance to biotic and abiotic 
stress. Filamentous soil fungi promote macro-aggregate formation through soil par-
ticle binding with fungal hyphae and the fungal cell wall material as adhesive, while 
the most common activity of the soil fungi is the nutrient cycling. Most hydrolytic 
and oxidative capabilities are elaborated by soil fungi as they are principle degrad-
ers of plant cell wall material during decomposition. Production of cellulases, pec-
tinases, laccases and others have been elaborated by many soil fungi. The potential 
use of chitin as a nitrogen source is widespread among fungi because the fungal cell 
wall includes chitin. Chitinase activity is used as an indicator of fungal biomass and 
metabolism. Further, the proteins get degraded by many fungi which is the largest 
source of nitrogen. The inorganic phosphate solubilizing fungi supply phosphorus 
to the plants. Mineral phosphates get degraded by Penicillium, Aspergillus and other 
soil fungi into organic soluble phosphate which then get transported to fungal 
hyphae and to the plants. A number of soil fungi are also known to play an important 
role in bioremediation. Fungi are linked to many other organisms in a complex soil 
food web. For example, wood decay fungi and nematodes live together. Fungal 
hyphae in soil secrete both extracellular and intracellular bacteria. Mycorrhizal 
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helper bacteria help in the formation of ecto- and endo-mycorrhizas. Many insects 
consume fungal hyphae (Taylor and Sinsabaugh 2015).

Soil fungi are important in everyday affairs of human beings. Soil fungi are well- 
known degraders of raw or manufactured materials such as foodstuff, timber, tex-
tiles, leather, paint, glue, plastics, petroleum products, optical glasses and others. 
Some of the soil fungi such as Aspergillus are known to produce aflatoxins, ochra-
toxins and others. Soil yeasts are used in brewery industries, while mushrooms, 
truffles and morels are edible and some species like Amanita, Clitocybe and Inocybe 
are poisonous. Species of Psilocybe and Paniolus are hallucinogenic. Soil fungi are 
also used in food processing. Several antibiotics, growth hormones, organic acids, 
enzymes, mycoproteins and vitamins are extracted from soil fungi. Soil fungi play 
an important role in the biosphere by involving in the recycling of nutrients, affor-
estation programmes, wastewater treatments, detoxification, xenobiotics, biocontrol 
of diseases and in several other ways. Soil fungi are also involved in metabolic 
pathways and studying genetic mechanisms. However, some of the soil fungi such 
as Phytophthora, Pythium, Rhizoctonia, Sclerotium, Macrophomina, Fusarium, 
Verticillium and few others are also involved in causing soil-borne and root-borne 
diseases. Soil fungi are very successful organisms due to their great plasticity and 
physiological versatility. Some of the important soil-borne diseases include damp-
ing off seedlings, wilt diseases, root rot and several others.

The intense influence of soil microbes and fungi on human life and global bio-
geochemical cycles necessitates exploration of microbial and fungal genomes to 
expand our understanding of most microbial and fungal species on earth, particu-
larly those showing low relative abundance. There is a need to understand the ecol-
ogy of such rare microbes and fungal population and highlight molecular and 
computational methods for targeting taxonomic blind spots within the rare 
biosphere.

Soil fungi play an important role in pharmaceutical industries in the isolation of 
compounds such as penicillin, cyclosporine, lovastatin, etc. Some of the fungi such 
as Trichoderma spp. are considered as potential biocontrol agents to control para-
sites and predators as antagonists. Fungi such as Arthrobotrys have been considered 
as nematophagous fungi, while species of Metarhizium and Beauveria have been 
considered as insect pathogens. Soil fungi have gained importance in recent times 
and have been exploited for bioremediation of anthropogenic pollutants including 
pesticides, benzene, toluene, xylene, dyes, hydrocarbons and others. The unex-
plored soil fungi may become rich resource material for new genes and species 
valuable to biotechnology and medicine. Soil fungal biodiversity plays a pivotal 
role in sustaining growth and management of the ecosystem. In future, soil fungal 
diversity seems to be very challenging and advantageous to the biosphere. As on 
today, the number of species considered to be true soil fungi is around 15,000. It is 
estimated that a gram of soil may hold several thousand fungal species. The revised 
species in future will be additional new species which may get revealed under 
Genealogical Concordance Phylogenetic Species Recognition (GCPSR) pro-
gramme (Taylor et al. 2000).
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4.8  Rhizosphere Soil Fungi

The rhizosphere soil is the specialized ecological region, which is adjacent to the 
root system of the plant as influenced by the root exudates. The term rhizosphere 
was proposed by Hiltner (1904). The root exudates and root debris products attract 
many fungi and microbes. The interaction of fungi and plant root is essential for the 
nutrition and growth of the plant. The growth, development, productivity of many 
crop plants, forest plants, orchids, oilseed crops, horticultural plants, medicinal 
plants, cash crops and others are largely dependent on soil health, which is main-
tained by soil microbes, soil fungi and also rhizosphere microflora including fungi. 
Therefore, rhizosphere studies are of great interest to agriculturists, soil biologists, 
chemists, mycologists, microbiologists and molecular biologists. The rhizosphere 
microbes and fungi may influence the availability of nutrients, water and growth 
promoter and may also change the oxidation cum reduction potential. Mycorrhizae, 
a symbiotic association, are beneficial in the uptake of phosphorus, zinc and other 
minerals besides increasing the root surface area of the plant for effective ion 
absorption. The soil microbial and fungal interactions such as antagonism, competi-
tion, synergism occurring in soil and rhizosphere are of great importance in study-
ing the microbial and fungal ecology of rhizosphere (Mukerji et  al., 2006). The 
rhizosphere exudates include a wide range of organic and inorganic compounds that 
affect the microbial and fungal population. Therefore, the authors have studied the 
rhizosphere fungal flora employing soil plate, soil dilution and immersion methods. 
Selective media and enrichment techniques are used, which include CFU, MPN, 
particle counts, fluorescence microscopy, and biochemical methods such as assay 
for ATP, immunological and molecular techniques. The fungi isolated from rhizo-
spheres of various plants are listed in Table 4.2.

4.9  Soil Fungi and Climate Change

Soil fungi play a critical role in the carbon cycle. Carbon which is essential for life 
on earth moves between air, soil and water. After the death of the plants, the carbon 
enters the soil, making the soil a reservoir of the carbon. The dead plant material is 
broken down by microbes and fungi in the soil, thus releasing the carbon into the air. 
The rate at which the carbon left the soil will have a major impact on the amount of 
atmospheric carbon, which is the key factor to drive climate change. One of the 
limiting factors to the growth of these decomposing fungi is the availability of nitro-
gen in the soil, which get solved by mycorrhizal fungi. The mycorrhizal fungi 
extract the nitrogen from the soil and make it available to the plants through their 
roots. Recently, it has been found by scientists that soils supporting ectomycorrhizal 
fungi contain 70 percent more carbon than the soils dominated by arbuscular mycor-
rhizal fungi. Thus, fungi have a greater role in the control of the global carbon cycle. 
Since the plants and mycorrhizae are interconnected, the future carbon cycling can-
not be predicted without thinking about plants and mycorrhiza.
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Table 4.2 Rhizosphere soil 
fungi

S. no. Name of the fungal species
1. Acrophialophora fusispora 

(S.B.Saksena) Samson
2. Alternaria alternata (Fr.) Keissl
3. Aternaria humicola Oudem
4. Aternaria longipes (Elis & Everh.) 

E.W. Mason
5. Aternaria tenuissima (Kunze) Wiltshire
6. Aspergillus caespitosus Raper and Thom
7. Aspergillus chevalieri Thom & Church
8. Aspergillus clavatus Desm.
9. Aspergillus flavus Link
10. Aspergillus foetidus Thom & Raper
11. Aspergillus fumigates Fresenius
12. Aspergillus nidulans Eidam
13. Aspergillus niger Tiegh
14. Aspergillus sydowii Bainer & Sartory
15. Aureobasidium pullulans (de Bary & 

Lowental) G. Arnand
16. Cephaliophora irregularis Thaxt
17. Chaetomella raphigera Swift
18. Chaetomium aureum Chievers
19. Chaetomium globosum Kunze
20. Chaetomium spirale Zopf.
21. Cladosporium cladosporioides (Fresen) 

G.A. de Vries
22. Cladosporium herbarum (Pers.) Link
23. Cladosporium oxysporum Berk. 

M.A. Curtis
24. Colletotrichum falcatum Butler & Bisby
25. Cunninghamella echinulata
26. Curvularia brachyspora Boedijn
27. Curvularia clavata Jain
28. Curvularia eragrostidis Itenn & Mayer
29. Curvularia lunata (Walker)Boedijn
30. Curvularia pallescens Boedijn
31. Doratomyces microspores (Sacc.) 

F.J. Marten & G.Sm.
32. Drechslera australiensis (Bugnicourt) 

Subr. & Jain
33. Fusarium moniliforme J.Sheld
34. Fusarium nivale (Fr.) Sarauer
35. Fusarium oxysporum Schltdl
36. Fusarium solani Sacc.
37. Graphium penicillioides Corda

(continued)

C. Manoharachary and D. Nagaraju



113

Table 4.2 (continued) S. no. Name of the fungal species
38. Humicola grisea Traaen
39. Melanoma pomiformis (Pres.ex. Fr.) 

Sacc
40. Memnoniella echinulata (Rivolta) 

Galloway
41. Monodictys glauca (Cooke & Harkn.) 

S.Hughes
42. Mucor racemosum Fresen
43. Mucor sphaerospermum Hagem
44. Mucor varians (H.Mart.) Fr.
45. Myrothecium brachysporum Nicot
46. Myrothecium gramineum Lib.
47. Nigrospora oryzae(Berk. & Broome) 

Petch.
48. Paecilomyces fusisporus S.B. Saksena
49. Paecilomyces humicola Onions & 

G.L. Barron
50. Penicillium chrysogenum Thom.
51. Penicillium citreo-viride Biourge
52. Penicillium fructigenum Takeuchi
53. Penicillium funiculosum Thom.
54. Penicillium oxalicum Currie & Thom
55. Penicillium spinulosum Thum
56. Penicillium tardum Thom
57. Penicillium variabile Wehmer
58. Penicillium varians G.Sm.
59. Periconia atropurpurea (Berk. 

M.A. Curtis) M.A. Litv.
60. Pestalotiopsis mangiferae (Henn.) 

Steyaert
61. Phoma feckelli Brackel
62. Phoma humicola J.C. Gilman & 

E.V.Abbott
63. Pithomyces atro-olivaceus (Cooke & 

Harkn.) M.B.Ellis
64. Pithomyces flavus Berk. & Broome
65. Rhinocladiella basitona (de Hoog) 

Arzanlou & Crous
66. Rhinocladiella mansonii (Castell.) 

Schol-Schwarz
67. Rhizoctonia bataticola (Taubenth.) 

E.J. Butler
68. Rhizopus nigricans stolonifer (Ehrenb.) 

Vuill
69. Rhizopus nodosus arrhizus A. Fisch.

(continued)
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4.10  Conclusions

 1. Soil is a dynamic medium for fungi and microbes and maintains balance in spite 
of constellation of physico-chemical factors.

 2. Soil harbours diversified groups of fungi belonging to zoosporic fungi, zygomy-
cota, Ascomycota and Basidiomycota.

 3. Soil is a rich nutrient medium for the sustenance of fungi.
 4. Diversified soils such as desert soils, temperate soils, tropical soils, forest soils, 

crop soils sand dunes, submerged soils, saline and mangrove soils, soils of high 
attitude and low attitude, and others support not only specific fungal taxa but also 
fungi common to all soils.

 5. Soil physico-chemical factors, plant vegetation, altitude, meteorological condi-
tions and other related factors influence the soil fungi both quantitatively and 
qualitatively.

Table 4.2 (continued) S. no. Name of the fungal species
70. Scolecobasidium constrictum 

E.V. Abbott.
71. Scolecobasidium humicola G.L. Barron 

& L.V. Busch
72. Scopulariopsis brevicaulis (Sacc.) 

Bainier
73. Scytalidium lignicola Pesante
74. Spicaria elegans (Corda) Harz.
75. Spicaria fumosorosea (Wize) 

Vassiljevsky
76. Spicaria griseola Sacc.
77. Spicaria helothis Charles
78. Sporotrichum roseolum Oudem. & Beij.
79. Stachybotrys chartarum (Ehrenb.) S.

Hughes
80. Stachybotrys parvispora S.Hughes
81. Stachylidium bicolour Link
82. Thielaviopsis paradoxa (De Seynes) 

Hohn.
83. Torula herbarum (Pers.) Link
84. Trichocladium canadense S. Hughes
85. Trichoderma koningii Oudem.
86. Trichoderma viride Pers.
87. Trichuris spiralis Hasselbr.
88. Veronaea apiculata (J.H. Mill., Giddens 

&A.A. Foster) F.B. Ellis
89. Verticillium puniceum Cooke & Ellis,
90. Wardomyces inflatus (Marchal) 

Hennebert
91. Zygorhynchus moelleri moelleri Vuill.
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 6. There is a definite seasonal variation among soil fungi. Some fungal species are 
characteristically associated with one or the other soils. Further fungi like 
Aspergilli are distributed widely in tropics, while the Penicilli are associated 
with temperate soils.

 7. Soil fungi are the fastest decomposing agents, help in biogeochemical transfor-
mations and recycle stored energy and nutrients. Soil fungi also help in carbon 
sequestration besides serving as natural scavengers, and are useful in industry, 
medicine, agriculture, waste management, and in biotechnology and other 
activities.

 8. Some fungi exhibit antagonistic activity and plant growth promotion.

There is a need for in-depth studies on soil fungi, their diversity, ecology, conser-
vation and utility for human welfare.
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5Diversity and Bioprospecting of Yeasts 
from Extreme Environments

Shiv Mohan Singh, Nitin Adhapure, and Rohit Sharma

Abstract
The life of humans has been greatly benefited by microbes since their existence 
on earth. Extremophiles have unique energy transduction processes and adapta-
tion strategies which help them to survive in an extreme environment (high or 
low temperature, pH, etc.). Fungi with yeast stage in their life cycle are found in 
various habitats including extreme environments like hot springs, alkaline lakes, 
hypersaline lakes, cold glaciers, deep ocean, and several others. Recently, psy-
chrophilic yeasts have been studied widely, but contributions on thermophilic, 
acidophilic, and halophilic yeasts are lagging behind. Mrakia, Leucosporidium, 
and Naganishia are some examples of yeasts isolated from cold environments. In 
the past decades, several investigations have been undertaken on yeasts to assess 
their biotechnological potentials. Extremophilic yeasts produce enzymes, anti-
freeze proteins, heat shock proteins, PUFA, EPS, etc., which have immense 
applications in health, agriculture, and industry. In this chapter, diversity of 
extremophilic yeasts, strategies adapted for such niches, and potential applica-
tions of extremophilic yeasts in biotechnology have been discussed. Yeasts from 
extreme environments can be exploited in several biotechnological industries, 
thus helping in the bioeconomy of the country.
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5.1  Introduction

Microbes are found in almost all the habitats on earth including extreme environ-
ments (Satyanarayana et  al. 2005). Many extremophilic microbes are known till 
date and many more yet to be discovered. The presence of microbes in extremo-
philic habitats has been confirmed by culturable and nonculturable (metagenomic) 
approaches. The cultivation of these organisms is, however, limited due to unavail-
ability of suitable techniques. Therefore, it is desired to standardize methods for 
cultivating them in specific media, temperature gradients, pH, etc. for understand-
ing the diversity of yeasts in specific habitats. Major proportion of extremophilic 
microbes belong to archaea and bacteria. However, there are many reports which 
show that blue-green algae, fungi including yeasts, and some protozoans are also 
present in extremophilic habitats. A yeast species is considered as extremophilic 
because of the following reasons: first, the yeast species should be isolated repeat-
edly from an extreme environment; second, the species should have physiological 
adaptations for environmental stresses; and third, it should show optimum growth at 
extreme habitat conditions. In contrast to this, extreme-tolerant yeasts grow at both 
normal and extreme conditions (Fig. 5.1). According to Buzzini et al. (2017, 2018), 
species which are occasionally observed in extreme habitats and which does not 
show optimum growth in extreme habitat conditions are not considered as extremo-
philes. Therefore, simply isolating a yeast strain from an extreme environment does 
not necessarily imply that it is extremophilic.

Yeasts inhabit various habitats; some are natural and some are man-made like 
jaggery, fruits, flower nectar, tree exudates, skin, hair, etc. (Figs. 5.2, 5.3, and 5.4). 
Large biodiversity of yeast also exists in the cryosphere. Several species of 
Rhodotorula, viz., R. arctica, R. mucilaginosa, R. psychrophila, R. glacialis, and R. 
psychrophenolica isolated from microspheres, are known to produce biosurfactants. 
Sophorolipids’ biosurfactants produced by these organisms are currently used in 
large-scale production and commercialization. So far, the cold-adapted yeasts have 
not been used in biotechnology to maximum potential. Therefore, more attention is 
needed in this respect (Perfumo et al. 2018). Rhodotorula mucilaginosa is known to 
stimulate the oxidation of ferrous iron carried out by Thiobacillus ferrooxidans 
(Fournier et al. 1998). Application of extremophilic microorganisms depends upon 
the advancement in technology and the discovery of novel organisms from the 
extreme habitats. In polymerase chain reaction (PCR), initially, mesophilic DNA 
polymerase was used for every replication cycle. The discovery of Thermus aquati-
cus from extreme habitat facilitated the use of thermostable Taq DNA polymerase 
that made the process economical. Similarly, more discoveries on extremophiles 
would definitely offer good inputs where the existing technology has no solutions.
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Fig. 5.1 Yeasts occupy a wide range of habitats, some are naturally extreme and some are natural/ 
man-made moderate

Fig. 5.2 Some examples of the moderate man-made habitats, viz., flour mill, sugar mill, jaggery 
sites, and fruit juice site. (Source: Compiled from Google images)
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Fig. 5.3 Some examples of the moderate natural habitats, viz., banana beer, rice beer, flower 
nectar, tree sap, and exudates. (Source: Compiled from Google images)

Fig. 5.4 Some examples of pathogenic yeasts inhabiting skin and hair flora. (Source: Compiled 
from Google images)
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Major part of the biosphere has temperature below 5  °C (Feller and Gerday 
2003). Polar regions cover about 14% of the earth surface (Gunot 1999). Antarctica 
is a part of Gondwana supercontinent currently located at the South Pole that covers 
about 14 million km2. Antarctica had a warmer and green history, but currently it is 
cold desert. Only 2% of Antarctica is exposed to ice and snow during summer, while 
rest is covered by ~1.5- to 4.5-km-thick ice. Antarctica has very low temperature 
and one of the driest continents on earth. It supports limited and unique flora and 
fauna on the continent because of extreme conditions of winds, multiple freeze–
thaw cycles, high UV radiation, and low levels of moisture. As per Vishniac (2006a, 
b) among the microbial flora, yeast species are found in abundance at Antarctica 
which plays an important role in nutrient recycling of the continent. There exist 
notable gaps in our knowledge regarding the factors that are responsible for diver-
sity, geographical distribution, and function of yeasts in various ecosystems around 
the world (Spencer and Spencer 1997). In Antarctica, the factors are controlled by 
physical parameters such as pressure, UV radiation, salinity, temperature, and other 
climatic factors which in turn control the growth and metabolic activity of yeasts 
(Deak 2006).

The chapter discusses yeast diversity of extreme environments, their physiology, 
adaptation strategies, current industrial uses, and future bioprospects. It offers a 
general review of the knowledge added on extremophilic yeasts in the past several 
years. Due to climate change and other human activities, it has become essential to 
study these extreme ecosystems. Most of the information is obtained from the litera-
ture published and work done by us in the extreme environment.

5.2  Diversity of Yeasts in Extreme Environment

Yeasts occupy a vast number of extremophilic environments, viz., hyperalkaline, 
hypersaline, low and high temperature, hyperacidic, etc. (Fig. 5.5). Antarctica has 
the poorest biodiversity on earth, but not fully explored yet. Psychrophilic and 
psychrotolerant microbes inhabit in Antarctica (Russell 2006). Polar yeasts spe-
cies were classified on the basis of their cultural, phenotypic, biochemical charac-
teristics, and sequence similarity of ITS and D1/D2 domains. Several workers 
have shown that basidiomycetous yeasts are the dominant fungal forms in polar 
regions (Singh et al. 2013). Mrakia spp. and Mrakiella spp. are the most common 
basidiomycetous yeasts reported from various cold regions (Singh and Singh 
2012; Thomas-Hall et al. 2010). In another study, Tsuji et al. (2013a, b) reported 
that Mrakia spp. constitutes ~35% of culturable fungi reported from Antarctica. 
Literature survey shows that considerable work has been done to characterize the 
bacterial diversity of Antarctic lakes (Trappen et al. 2002; Pearce 2003; Sjöling 
and Cowan 2003; Zhang et al. 2008). Although yeast diversity studies in Antarctica 
lakes began in 1960s (Stanley and Rose 1967), literature on this subject is scarce. 
Vaz et al. (2011) studied the yeast diversity of West Antarctic lake sediments at 
Port Foster bay (Deception Point) and Copacabana United States Refuge. Carrasco 
et al. (2012) reported 22 yeast species (Candida, Metschnikowia, Holtermanniella, 
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Mrakia, Cryptococcus, Dioszegia, Leucosporidiella, Rhodotorula, 
Leuconeurospora, Wickerhamomyces, Glaciozyma, Sporidiobolus) which 
belonged to 12 genera isolated from King George Island, West Antarctica. D’Elia 
et al. (2009) isolated several yeasts along with mycelia fungi from Lake Vostok 
accretion ice. In East Antarctic, many genera have been isolated, viz., 
Debaryomyces, Cryptococcus, Candida, Trichosporon, and Rhodotorula, from 
soil samples of Ross Sea islands. Among the species of Candida, C. nivalis, C. 
scottii, C.  Gelida, and C. frigida were obligate psychrophiles. Apparently 40 
decades ago, Goto et al. (1969) had studied the yeast diversity of the pristine lakes 
in Dronning Maud Land (water- and lakeshore soil sediments). Six basidiomyce-
tous yeasts, viz., Candida humicola, C. famata, C. ingeniosa, C. auricularia, 
Rhodotorula rubra, and Bullera alba, were reported from Schirmacher oasis of 
East Antarctica (Shivaji et al. 1994; Ray et al. 1989). In subsequent years, Tsuji 
et al. (2013a, b) contributed many yeast genera such as Mrakia, Cryptococcus, 
Dioszegia, Rhodotorula, Leucosporidium, Glaciozyma, and Thelebolus from 

Fig. 5.5 Some examples of natural extremophilic habitats, viz., snow/ glaciers (Himalayan cryo-
conites), alkaliphilic lake (lonar lake), industrial waste (hot distillery waste), mines like coal/ baux-
ite (coal mine). (Source: S.M. Singh and Rohit Sharma)
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Skarvsnesi ice-free area, central Soya coast, Antarctica. Some cryophilic yeasts 
such as Cryptococcus albidus, C. antarcticus, Mrakia blollopis, Rhodotorula 
microsporus, and Thelebolus microsporus were also reported from Larsemann 
Hills, Antarctica (Singh and Nayaka 2017). Several species of Rhodotorula and 
Cryptococcus have been reported from the soils of South Victoria Land of 
Antarctica (Connell et al. 2008). Researches on yeast diversity have been carried 
out since long back. Ellis-Evans (1985) and Stanley and Rose (1967) isolated spe-
cies of Rhodotorula and Cryptococcus from the Moss lake, Heywood lake, 
Deception Island lakes, and Rothera pools of West Antarctica, while Goto et al. 
(1969) reported their presence in Lake Vanda, East Antarctica. Species of 
Rhodotorula has been isolated from the accretion ice of Vostok lake as well lake 
sediments in Port Foster (D’Elia et  al. 2009; Vaz et  al. 2011). The genera, 
Cryptococcus and Rhodotorula, have been reported as dominant genera occurring 
in the oligotrophic lakes of Antarctica (Vishniac 2006a, b) and cold environment 
elsewhere (Brandão et al. 2011; de Garcia et al. 2007; Libkind et al. 2003, 2009). 
Cryophilic yeasts such as Mrakia sp., Leucosporidium sp., Naganishia sp., 
Vishniacozyma sp., etc. (Fig. 5.6) have also been recorded from glaciers of Indian 
Himalayas (Singh et al. Unpublished).

Besides psychrophiles, studies have also been conducted on other extreme envi-
ronments. Moubasher et al. (2018) isolated 17 species belonging to 12 genera from 

Fig. 5.6 Extremophilic yeasts isolated from cryoconites of Himalayan region, viz., (a) 
Vishniacozyma sp., (b) Naganishia sp., (c) Leucosporidium sp., and (d) Mrakia sp.
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hypersaline alkaline lakes of Wadi El-Natrun, Egypt with Candida being dominant. 
Butinar et al. (2005) isolated yeasts from eight salterns across the world, along with 
the Great Salt Lake of Utah, Dead Sea of Israel, and Enriquillo Lake of Dominican 
Republic. They reported yeast species, viz., Pichia guilliermondii, Debaryomyces 
hansenii, Yarrowia lipolytica, and Candida parapsilosis, from hypersaline waters 
and Rhodosporidium sphaerocarpum, R. babjevae, Rhodotorula laryngis, and 
Trichosporon mucoides from halotolerant niches. Subsequently, Cantrell et  al. 
(2006) isolated Hortaea werneckii from Cabo Rojo Solar Salterns, Puerto Rico. 
Hortaea werneckii, a melanized yeast belonging to Capnodiales, Dothideomycetes, 
and Ascomycota, causes fungal disease tinea nigra. Wallemia ichthyophaga 
(Wallemiales, Wallemiomycetes) is a xerophilic fungus found in a variety of habi-
tats. Both these yeasts have been reported from hyperalkaline environment 
(Plemenitaš et al. 2014).

There are a few reports of thermophilic yeasts as compared to thermophilic bac-
teria and archaea. Kambura et al. (2016) isolated Rhodotorula mucilaginosa, a yeast 
species from the wet sediment at 81 °C. Zajc et al. (2014) introduced a new category 
of extreme habitat named kosmotropic with increased concentration of salts of 
NaCl, KCl, and MgSO4 and chaotropic having high-salt concentration of NaBr, 
MgCl2, and CaCl2 making them extreme environments. Wallemia ichthyophaga 
EXF-994 and Hortaea werneckii EXF-225 have been isolated from such extreme 
environments.

5.3  Physiology of Yeasts in Extreme Environment

The physiology of eukaryotic organisms including fungi is substantially different 
from prokaryotes like molecular mechanisms of adaptation, metabolite adaptations, 
enzymatic adaptations, etc. for surviving cold temperatures. The thermophilic bac-
teria tolerate from 40 to 122 °C, whereas eukaryotes tolerate up to 60 °C. Very few 
thermophilic yeasts have optimum growth temperature up to 45 °C, whereas it is the 
lower limit of any thermophilic prokaryote (Stetter 2006, Raspor and Zupan 2006). 
Moreover, very few types of yeast are able to grow at temperature range of 35–40 °C 
which is almost mesophilic temperature for bacteria (Buzzini et al. 2018). Rikhvanov 
et al. (1999) suggested that yeasts in hot springs are associated with bacteria which 
provide resistance to extreme temperatures. During evolution, various physiologi-
cal, biochemical, and molecular modifications have taken place in yeasts for adapta-
tions in cold environment. These modifications include synthesis of cold-active 
enzymes and molecules acting as cryoprotectants like cold shock proteins, anti-
freeze proteins, sugars, and polyols. These protect cells against the possible damage 
due to intracellular ice formation during freeze – thaw cycles (Alcaino et al. 2015; 
Buzzini et al. 2012, 2018; Rothschild and Mancinelli 2001). Yeasts are also adapted 
to grow in environments with high osmotic pressures like high sugar concentrations 
of 50–60% (aw up to 0.62–0.65) (Deak 2008). The alkaliphilic yeasts have been 
found to grow efficiently at pH 10 or above (Agno 1990; Deak 2008). Similarly, 
strains of Wickerhamomyces anomalus show growth range from pH 2 to 12.4 (Pitt 
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and Hockin 2009). Yarrowia lipolytica has also a unique ability to grow rapidly in 
high (pH 10.0) and low (pH 3.0) pH values (Barth and Gaillardin, 1996). In addition 
to extremophile to a particular habitat, some yeasts also show polyextremophile, for 
example, Debaryomyces hansenii (Breuer and Harms 2006) and Y. lipolytica 
(Sekova et al. 2015). Such polyextremophilic yeasts have diverse applications in 
many areas (Sekova et al. 2015). Butinar et al. (2005) isolated about 45 yeasts from 
hypersaline lake, viz., Rhodosporidium sphaerocarpum, Rhodosporidium babjevae, 
Rhodotorula laryngis, Pichia guilliermondii, Debaryomyces hansenii, Yarrowia 
lipolytica, Metschnikowia bicuspidata, Candida parapsilosis, and Trichosporon 
mucoides. Although during isolations low counts of yeasts have been observed, 
these are present in less numbers which are true for any extreme environment. 
Therefore, the diversity of anti-mesophilic environment is more than any extreme 
environment. Moesziomyces antarcticus is yeast known for the production of indus-
trially relevant molecules including extracellular enzymes (e.g., lipase) and glyco-
lipid biosurfactants of the type mannosyl erythritol lipids (MELs) (Morita et  al. 
2013). In addition to the enzymes, polysaccharides from yeast would be more stable 
at respective extreme conditions. This property could be exploited in various ways. 
The foods to be preserved in cold conditions can be coated with a polysaccharide 
stable at cold conditions. Resistance to desiccation can be observed in Naganishia 
albida (=Cryptococcus albidus var. diffluens) which secretes a polysaccharide sur-
rounding it and thereby protects the cell from plasmolysis (Buzzini et al. 2018).

Based on long-term transport experiments, Prista et al. (1997) have suggested 
different regulations of the activities of K+ uptake and Na+ extrusion transporters in 
extremophilic yeast and mesophilic yeast, viz., D. hansenii and S. cerevisiae. They 
observed that D. hansenii shows a Na+ efflux process which has a role in uptake of 
potassium in high-salt environment. The main difference in both yeasts is the intra-
cellular sodium which is not toxic to D. hansenii.

Several yeasts have also been reported from hyperacidic environments. According 
to Gadanho et  al. (2006), the acidophile yeasts Cryptococcus aciditolerans, 
Cryptococcus ibericus, and Cryptococcus metallitolerans are considered the most 
tolerant species. Other species of yeasts which have been isolated from extreme 
acidic-to-moderate acidic conditions are Rhodosporidium toruloides, Candida flu-
viatilis, Williopsis californica, and three unidentified yeast species of Rhodotorula 
and Cryptococcus.

5.4  Adaptation Strategies of Yeasts to Extreme 
Environment

Due to extremely cold and oligotrophic conditions, polar microbes have different 
adaptation strategies such as reduced enzyme reaction rates, cold shock proteins, 
DNA repair mechanisms, and stable nucleic acid structures (Singh et al. 2013; Tsuji 
et  al. 2013a, b; Thomas and Cavicchioli 2000). Polar microbes have genes for 
important enzymes and biosynthesis of plant growth-promoting hormones (Singh 
et al. 2015). Antarctic yeasts such as Leucosporidium antarcticum and Rhodotorula 
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glacialis secrete extracellular antifreeze proteins (AFP) such as Lp AFP, Lp IRI3, 
and Lp IRI2 to prevent freezing of the cell when exposed to extreme cold conditions 
(Xiao et al. 2010; Tsuji et al. 2013a, b); similarly, Arctic yeasts also produce AFP 
(Pathan et al. 2010; Singh et al. 2014) in extreme environment. Robinson (2001) 
opined that organisms like yeasts are able to survive the polar winters due to cryo-
protectant sugars, polyols, fatty acids, AFPs, and cold-active enzymes. An ascomy-
cetous yeast, Saccharomyces cerevisiae, has been studied in detail for cold shock 
responses (Al-Fageeh and Smales 2006; Aguilera et al. 2007). A cold-tolerant fun-
gal strain Thelebolus microsporus isolated from Larsemann Hills, Prydz Bay, 
Antarctica has been studied for pigment and fatty acid production (Singh et  al. 
2014). Recently, an exopolysaccharide (EPS) thelebolan was isolated, purified, and 
characterized from Thelebolus sp. which is the first ever report on bioactive EPS 
from yeasts (Mukhopadhyaya et al. 2014). Recently, metabolite responses of two 
strains of Antarctic basidiomycetous yeast Mrakia blollopis to cold stresses have 
been reported under subzero temperatures (Tsuji 2016). The unsaturated fatty acids 
help in membrane fluidity and considered essential for survival at extremely low 
temperatures. Several workers have also reported high concentrations of unsatu-
rated fatty acids (C18:1 and C18:2) from Arctic yeasts (Pathan et al. 2010; Turk 
et al. 2011; Singh et al. 2013). Similar observations have also been made on Mrakia 
spp. from Antarctica (Tsuji et al. 2013a, b). The membrane fluidity in eukaryotic 
microorganisms at lower temperatures is also increased by relative proportion of 
sterols/phospholipids (Russell 2008).

Tsuji et  al. (2013a, b) reported yeasts growth temperature at 1–25  °C from 
Skarvsnesi ice-free area, central Soya coast. Yeasts’ isolates tested in Larsemann 
Hills grew at 4–22 °C, with best growth between 15 and 22 °C. None of the isolates 
survived a temperature of 30 °C, indicating that the isolates are indeed adapted to 
cold environments. According to Sampaio (2004), basidiomycetous yeasts are 
adaptable to variable nutritional conditions and therefore can survive in more 
extreme conditions than the ascomycetous forms. These features of basidiomyce-
tous yeasts have made them common occupants of regions having harsh environ-
mental conditions, such as the cold, ultra-oligotrophic habitats of Antarctica. 
Striking similarities have been observed in the yeast diversity of Antarctic Nella 
Lake sediments and other similar habitats from cold and tropical oligotrophic 
environments.

Yeasts are known to conquer extremophilic conditions with the help of photopro-
tective pigments such as carotenoids and melanins, mycosporines, glutathione, 
catalase or superoxide dismutase enzymes, and some vitamins. Yeast cells are pro-
tected from high level of radiation and oxidation by carotenoids in association with 
membrane lipids (Moliné et al. 2014; Buzzini et al. 2018). Torularhodin, torulene, 
β-carotene, and γ-carotene are the main carotenoids produced by basidiomycetous 
yeasts (Cystobasidium, Cystofilobasidium, Dioszegia, Rhodotorula, and 
Sporobolomyces) and ascomycetous yeasts (Taphrina). Astaxanthin is synthesized 
by the species Phaffia rhodozyma (Yurkov et al. 2008; Moliné et al. 2014). A com-
bination of these carotenoids gives yeasts a coloration (yellow, red, orange) but 
colorless carotenoids like phytoene are also known (Meléndez-Martínez et al. 2015; 
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Buzzini et al. 2018). The cold adaptations of the yeasts have been studied in much 
detail as compared to the other habitats.

5.5  Biotechnological Potentials of Yeasts from Extreme 
Environments

Fungi are major recyclers of nutrients in colder environment and are essential to the 
survival of entire ecosystem (Welander 2005; Edwards et  al. 2013), and have 
immense potential for wastewater treatment in a cold environment (Tsuji et  al. 
2013a, b, 2015). High esterase activity by Cryptococcus and Rhodotorula was also 
observed in many studies conducted in Antarctica (Brandão et al. 2011; Maharana 
and Singh 2018; Shivaji and Prasad 2009). Urease activity which is considered to be 
the diagnostic feature of the two genera was seen in all strains of Rhodotorula but 
none of the Cryptococcus isolated from Larsemann Hills (Fonseca et  al. 2011; 
Sampaio 2011). Cryptococcus strains exhibited a good pectinase activity. Protease 
activity was recorded high in Cryptococcus strains as compared to Rhodotorula 
strains belonging to Larsemann Hills. Moreover, among all, only a single strain of 
Cryptococcus albidus Y-32 exhibited phosphatase activity. Amylase and cellulase 
activities in different genera showed varied response. These isolates are able to 
hydrolyze complex organic molecules such as protein, carbohydrate, and lipids 
which indicate that they are metabolically active even in extremely cold environ-
ments. And due to this they have a significant ecological role in the Antarctica eco-
systems. The extracellular enzymatic activity profiles of the different yeasts are 
shown in Table 5.1.

As mentioned above, the acidophilic, alkaliphilic, halophilic, osmophilic, ther-
mophilic, and psychrophilic yeasts are known till date. The applications would 
involve either the yeast itself or its metabolites. The industrial processes for extreme 
conditions such as high or low pH, temperature, or osmolarity are used; in such 
processes, potential extremophilic yeasts or their metabolites can be used (Table 5.2, 
Fig.  5.7). The metabolites from yeasts having industrial importance could be 
enzymes, pigments, biosurfactants, or polysaccharides.

5.6  Enzymes

There are many extremozymes currently in use but most of them belong to archaea 
or bacteria. Interestingly, there is a yeast, Pseudozyma antarctica, which is basically 
a psychrophile but has the ability to produce a thermostable lipase which can be 
stable even at 90 °C. This lipase has found to have various applications in food. In 
another study by Tsuji et al. (2013a, b), Mrakia blollopis SK-4 assimilated various 
carbon compounds and used various sugars for fermentation. Moreover, the lipase 
tolerates high temperature, a wide range of pH, and less sensitive to organic solvents 
and metal ions. It is also highly reactive to various chain lengths of substrates; thus, 
M. blollopis SK-4 is a promising microbe for wastewater treatment at 
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Table 5.2 Potential types and applications of extremophilic yeasts

Yeast Habitat
Metabolites/
enzymes

Possible 
applications Referencesa

Cryptococcus Psychrophile Pectinase Food industry Nakagawa et al. 
(2004)

Rhodotorulla Psychrophile Urease Biosensor 
preparations

Fonseca et al. 
(2011) and 
Sampaio (2011)

Cryptococcus Psychrophile Protease Food processing, 
pharmaceutical 
industries

Campbell et al. 
(2015)

Rhodotorulla Psychrophile Protease Food processing, 
pharmaceutical 
industries

Campbell et al. 
(2015)

Cryptococcus Psychrophile Esterase Degradation of 
industrial 
pollutants

Brandão et al. 
(2011)and 
Maharana and 
Singh (2017)

Rhodotorulla Psychrophile Esterase Degradation of 
industrial 
pollutants

Brandão et al. 
(2011) and 
Maharana and 
Singh (2017)

Pseudozyma 
Antarctica

Psychrophile Thermostable 
lipase

Various 
applications in 
food

Tsuji et al. 
(2013a, b)

M. blollopis SK-4 Psychrophile Assimilate 
carbon sources, 
thermostable 
lipase

Biological agent 
for wastewater 
treatment at low 
temperature

Tsuji et al. 
(2013a, b)

Debaryomyces Halophile Salt-tolerant 
protease and 
lipase

Food processing, 
pharmaceutical 
industries

Debaryomyces 
hansenii

Halophile Superoxide 
dismutase 
(SOD)

Medicine, food 
industry: 
Anti- 
inflammation, 
malignant tumor 
regression, 
radiation and 
chemotherapy 
protection, 
premenstrual 
syndrome, 
arthritis, 
antiageing 
treatments

Garcia- 
Gonzalez and 
Ochoa (1999) 
and Orozco 
et al. (1998)

Phaffia Rhodozyma Halophilic Astaxanthin Food industry Yurkov et al. 
(2008) and 
Moliné et al. 
(2014)

(continued)
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Table 5.2 (continued)

Yeast Habitat
Metabolites/
enzymes

Possible 
applications Referencesa

Cystobasidium, 
Cystofilobasidium, 
Dioszegia, 
Rhodotorula, 
Sporobolomyces, 
Taphrina

Psychrophile Torularhodin, 
torulene, 
β-carotene, and 
γ-carotene

Food industry Yurkov et al. 
(2008) and 
Moliné et al. 
(2014)

Candida bombicola Osmophilic 
(bumblebee 
honey)

Sophorolipid Glycolipid 
surfactants
Enhanced oil 
recovery

Elshafie et al. 
(2015), Ratledge 
and Tan (1990), 
and Kachholz 
and 
Schlingmann 
(1987)

D. hansenii Halophile Salt tolerance 
gene

For generation of 
salt-tolerant 
variety of plants

Serranno (1996)

D. hansenii Halophile Compatible 
solutes

Compatible 
solutes having 
commercial 
potential can be 
produced

Breuer and 
Harms (2006)

D. hansenii Halophile Assimilate 
lactate, citrate, 
lactose, 
galactose, 
utilize acetate as 
carbon source

Its abilities favor 
this organism as a 
component of 
starter cultures for 
cheese production

Welthagen and 
Viljoen (1998), 
Laubscher and 
Viljoen (1999), 
and Fatichenti 
et al. (1983)

D. hansenii Halophile Can synthesize 
S–methyl 
thioacetate and 
to a lesser 
extent methional

Contributes to the 
development of a 
strong Cheddar 
flavor

Ferreira and 
Viljoen (2003)

D. hansenii Halophile Synthesize 
alkali-soluble 
glucans

Food processing 
and cosmetics 
industries. 
Antitumor activity 
stimulates the 
immune system 
and can lower the 
serum cholesterol 
level

Dziezak (1987), 
Seeley (1977), 
Donzis (1996), 
Bohn and 
BeMiller 
(1995), Jamaset 
et al. (1996), 
Williams et al. 
(1992), and 
Nguyen et al. 
(1998)

(continued)
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low- temperature regions (Tsuji et al. 2013a, b). The cells of Y. lipolytica synthesize 
large amounts of enzymes (lipases, proteases, esterases, and phosphatases) and 
organic acids (citric and α-ketoglutaric acids) and accumulate fats and proteins 
(Hofmeyer et  al. 2014). Yeast proteases have been used to remove protein hazes 

Table 5.2 (continued)

Yeast Habitat
Metabolites/
enzymes

Possible 
applications Referencesa

D. hansenii Halophile Xylitol from 
D-xylose

Food industry for 
its high 
sweetening power, 
anticaries 
properties, and 
tolerance by 
diabetics

Cruz et al. 
(2000)

Rhodotorula rubra Acidophilic Metal extraction Lithium extraction 
from lepidolite

Marcincakova 
et al. (2015)

Rh. mucilaginosa 
and W. californica

Acidophilic Metal extraction Cu and Zn 
removal

Lozovaia (2004)

Trichosporon Xenobiotics Biodegradation 
of xenobiotics

Bioremediation 
technologies

Kaszycki et al. 
(2006)

D. hansenii Halophilic Competition for 
nutrient

Biocontrol agent Droby et al. 
(1989)

aAll references are not listed at the end

Waste treatment

Extremolytes

Proteins

Bioremediation

Polysaccharides

Biocontrol

Food Industry

Biosurfactants

Biocide

Medicine

Antioxidants

Enzymes

Applications of
Yeasts from Extreme

Environment

Fig. 5.7 Applications of extremophilic yeasts in various biotechnological industries
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from beer and wine (Fleet 1992). Moreover, other extracellular hydrolytic yeast 
enzymes have also been studied because of their role in wine fermentation 
(Charoenchai et al. 1997; Strauss et al. 2001). The genus Debaryomyces is able to 
tolerate high salt and produce proteolytic and lipolytic enzymes metabolizing milk 
proteins and fat. It also has capacity to grow at low temperatures and low water 
activities which are also thought to be an important factor for its prevalence 
(Besancon et al. 1992; Davenport 1980; Roostita and Fleet 1996; Fleet and Mian 
1987; Tilbury 1980; Wyder and Puhan 1999). Ray et al. (1992) isolated psychro-
philic yeast from Antarctica, C. humicola which produced acidic protease in the 
medium. However, the enzyme was active at temperature ranging from 0 to 45 °C 
and when purified has molecular mass of 36,000 Da. Some inhibitors repressing the 
enzyme activity were pepstatin, iodoacetamide, and sodium dodecyl sulfate.

5.7  Medicine and Antioxidants

Debaryomyces hansenii, an osmotolerant and halotolerant yeast, is a potential 
source of superoxide dismutase (SOD). It is a metalloenzyme which catalyzes the 
dismutation of superoxide radicals and is applied in medicine and food industry. 
Medicinal properties include anti-inflammation, malignant tumor regression, radia-
tion and chemotherapy protection, arthritis, antiageing treatments, etc. (Garcia- 
Gonzalez and Ochoa 1999; Orozco et al. 1998).

5.8  Biocide and Biosurfactants

Debaryomyces hansenii shows tolerance to chlorine dioxide (ClO2) which is a pow-
erful biocide (Ramirez-Orozco et al. 2001). The tolerance can be used to grow yeast 
in non-sterile medium with ClO2 up to 0.3 mg/l for controlling unwanted microbes. 
Generally, industries have shown no interests in the fatty acids produced by yeasts. 
Therefore, oils produced by microbe are not considered as a replacement for low- 
cost plant seed oils. However, yeasts produce other potentially useful lipids not 
found in plants like glycolipid surfactants such as a sophorose lipid produced by 
Candida bombicola and carotenoids like astaxanthin produced by Phaffia rhodo-
zyma (Ratledge and Tan 1990).

5.9  Developing Salt-Resistant Plant Varieties

Research has been undertaken around the world to develop plant varieties which are 
resistant to salinity. This will help to increase the cultivable land area because it is 
difficult to grow forage and agriculturally important plants in arid and semi-arid 
climatic conditions. One solution can be the development of halotolerant or halo-
philic plants. Expression of genes with salt resistance of D. hansenii in plants could 
be an effective strategy. If such researches show some fruitful results, it will help to 
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increase productivity in areas of high salt and reduce hunger (Serranno 1996). The 
ability of D. hansenii to grow at high rates at high-salt concentrations makes it very 
valuable for biotechnological applications. D. hansenii can be cultivated without 
stringent sterility measures and can use low-cost salt waste products as substrates 
such as salt containing glycerine/water mixtures obtained from the transesterifica-
tion of rapeseed oil. In addition, it has high chemostress tolerance and thus can be 
highly productive. Further, potential applications stem from its ability to produce 
compatible solutes of commercial interest (Breuer and Harms 2006).

5.10  Food Industry

Welthagen and Viljoen (1998) and Laubscher and Viljoen (1999) suggested that D. 
hansenii has the ability to multiply in cheese, together with its capacity to assimilate 
lactate, citrate, lactose, and galactose, and favor this organism as a component of 
starter cultures for cheese production. It is capable of utilizing acetate as a sole 
source of carbon for assimilation only and not for fermentation of lactose. It also 
assimilates glucose and ferments it to a limited extent. Both these properties of this 
yeast species are important in cheese manufacturing (Fatichenti et  al. 1983). In 
addition, metabolic activities of D. hansenii modify microenvironment in cheese to 
improve the effect of desired bacteria and/or Penicillium roqueforti. It also protects 
the cheese against undesired carbohydrate fermentations (Van den Tempel and 
Jacobsen 2000; Yamauchi et al. 1975).

D. hansenii and many cheese-ripening yeasts can synthesize S-methyl thioace-
tate and methional which are volatile sulfur compound in cheese of Cheddar and 
Camembert contributing to the development of a strong Cheddar flavor (Ferreira 
and Viljoen 2003). Flores et al. (2004) reported that Debaryomyces spp. can have 
important effects on the generation of volatile compounds during the ripening of 
dry-fermented sausages by inhibiting the generation of lipid oxidation products and 
promoting the generation of ethyl esters, processes that contribute to the develop-
ment of a typical sausage aroma. Debaryomyces has a biotechnological advantage 
in its ability to use inorganic ammonium as a sole nitrogen source (Yanai et  al. 
1994). Moreover, there are great opportunities in this field for developing new pro-
cesses and identifying new products (Breuer and Harms 2006).

5.11  Polysaccharides

Most of the ascomycetous yeasts including Debaryomyces hansenii are able to syn-
thesize alkali-soluble and alkali-insoluble glucans associated with chitin. These 
polysaccharides have enormous applications in industries and medicines. These 
alkali-soluble glucans are used as thickening agents, fat substitutes, or sources of 
dietary fibers in food processing and the cosmetics industries (Dziezak 1987; Seeley 
1977; Donzis 1996). Furthermore, they have antitumor activity, stimulate the 
immune system, and can lower the serum cholesterol level (Nguyen et  al. 1998; 
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Bohn and BeMiller 1995; Jamas et al. 1996; Williams et al. 1992). Nguyen et al. 
(1998) investigated several yeast species for their cell wall contents. Even though 
Debaryomyces has high chitin, it synthesizes low levels of alkali-soluble glucans 
and the highest levels of alkali-insoluble glucans. Xylitol is used in the food indus-
try for its high sweetening power, anticaries properties, and tolerance by diabetics. 
For these reasons, xylitol has been employed in the manufacture of sugar- free con-
fections and food (Cruz et al. 2000). The ability of Debaryomyces hansenii to pro-
duce xylitol from commercial D-xylose and wood hydrolysates, generating high 
xylitol: ethanol ratios (>4) in the process, has been exploited for several decades 
(Girio et al. 1989; Girio et al. 1994; Parajo et al. 1995; Parajo et al. 1997; Roseiro 
et al. 1991).

5.12  Bioremediation and Biocontrol Agent

Biopotential of Trichosporon was studied by Kaszycki et al. (2006). The isolated 
strain can adapt to extreme levels of various xenobiotics: phenol-, formaldehyde-, 
methanol-, and petroleum-derived hydrocarbons. In such environments, this yeast 
induces metabolic potential enabling it to biodegrade at least some of these com-
pounds. Thus, the strain seems to be a suitable microorganism for the treatment of 
heavy-load wastewaters originating from chemical installations. When grown as 
monoculture, it could be used as a biofilter to treat undiluted wastewaters since it 
can tolerate certain environmental contaminants at the highest concentrations gen-
erated by technological processes (Kaszycki et al. 2006). Marcincakova et al. (2015) 
investigated lithium extraction from lepidolite using the yeast Rhodotorula rubra. 
In another study, a yeast from acidic hot springs was resistant to high levels of heavy 
metals and increased the pH of acidified culture medium containing toxic metals. 
Some fungi (including yeasts) show a high tolerance to heavy metals and biosorp-
tion capabilities (Aksu and Donmez 2001; Podgorskii et  al. 2004; Salinas et  al. 
2000; Abe et al. 2001). Such properties are crucial for bioremediation processes of 
mining industries. In a recent survey, various yeast species were able to sequester 
Cu and Zn. Rhodotorula mucilaginosa and Williopsis californica displayed a good 
capacity to accumulate these metals (Lozovaia et al. 2004). M. blollopis SK-4 also 
produces lipase which is stable at wide pH and temperature range and less sensitive 
to metal ions and organic solvents. Because of these reasons, it is a potential bio-
logical agent for wastewater treatment even in low-temperature regions (Tsuji et al. 
2013a, b). Droby et al. (1989) demonstrated the biocontrol properties of D. hansenii 
that the addition of yeast to grapefruits results in significant inhibition of spore ger-
mination and hyphal growth of Penicillium digitatum.
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5.13  Broad Applications of Polyextremophiles

Breuer and Harms (2006) gave a detailed review of polyextremophilic Debaryomyces 
hansenii and its applications. The species is osmo-, halo-, and xerotolerant, with 
diverse and versatile metabolic pathways and nonpathogenic microbe. It is an 
important microbe for fundamental and applied biotechnological research. The 
osmotolerance of D. hansenii is highly advantageous for some biotechnological 
applications because it allows quasi-non-sterile production and high product/educt 
concentrations. The extreme capacity of D. hansenii to synthesize, accumulate, and 
store lipids could be advantageous for the biotechnological production of both natu-
ral and artificial products. The polyextremophilic yeast Y. lipolytica has diverse 
applications in many areas (Sekova et al. 2015).

The ability of Y. lipolytica to adapt to various environmental conditions, includ-
ing extreme ones, makes this strain very promising for biotechnological applica-
tions. The ability to grow at extreme pH values allows the creation of conditions for 
stable growth and the prevention of contamination upon industrial production of 
single-cell proteins, lipids, organic acids, lipases, bioethanol, and biodiesel (Epova 
et al. 2012; Sekova et al. 2015). In this way, yeasts occur in osmophilic, halophilic, 
acidophilic thermophilic, and psychrophilic habitats. Reports of yeast presence only 
from these habitats do not conclude the absence of yeast from other extreme habi-
tats. So there remains a tremendous scope for exploration of such organisms from 
yet different extremophilic habitats and then recognizing the potential applications 
of it. As mentioned in the introduction, diverse microorganisms exist in nature and 
it is a human limitation that we fail to cultivate most of them. Likewise, if we fail to 
recognize the role of microorganisms in particular application, it will be the limita-
tion of human beings and not of microorganisms.

5.14  Conclusions

It has increasingly been accepted that yeasts are one of the important groups of 
microbes which are a backbone for many industries like wine, beer, bread, and sev-
eral others, thus playing an important role in sustainable development. Yeasts such 
as Saccharomyces cerevisiae and Candida albicans have been extensively studied 
due to their role in food industry and pathogenicity, respectively. With time, new 
species have been described from various habitats especially from the extreme envi-
ronments such as high polar regions, saline lakes, high alkaline lakes, and insect 
gut. During our studies on psychrophiles and insect gut, we isolated many species 
of yeasts. This indicates that there is a need to explore the diversity of yeasts further 
in unexplored ecological habitats.

Isolation of yeasts from extreme environment will help biotechnological indus-
try, thus providing economic benefits to country’s bioeconomy. It is evident from 
the above that currently many enzymes and metabolites are industrially produced 
from yeasts. Processes such as waste treatment, ethanol production, and oil 
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degradation can be improved if a thorough survey is conducted, and novel yeasts are 
isolated and investigated further.
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Abstract

The marine environment is an intriguing one and provides a range of wonderful 
ecological niches to explore the ecology and biodiversity of marine microorgan-
isms. Fungi are possibly by far the most abundant “lifeforms” in the marine envi-
ronments but largely unexplored. Most studies on marine fungi were from coastal 
habitats, and they are mainly surveys employing traditional techniques such as 
microscopy and/or culture-dependent methods which suggest poor diversity of 
marine fungi (less than 1%) predominated by Dikarya. In fact, open oceans were 
largely considered as “fungal desert” given their inaccessibility and lack of appro-
priate methods to recover these organisms from these harsh environments. With 
recent technological advances and developments in molecular techniques involv-
ing advanced DNA sequencing technologies, marine mycologists have started to 
unravel unseen microbial species and better understand the structural and func-
tional diversity of environmental fungal communities. These molecular genomic 
tools provided insights into genetic diversity especially pertaining to recovery of 
uncultured fungal organisms, discovery of novel fungal lineages, as well as the 
metabolic diversity of these complex fungal communities. Particularly, the cul-
ture-independent techniques involving environmental cloning, next-generation 
sequencing are revealing a higher fungal diversity from environmental DNA sam-
ples collected from surface waters in open seas, sediments in coastal, benthic and 
deep sea environments, hydrothermal vents and oxygen-deficient environments. 
In addition to the diversity, whole genome sequencing, RNA-Seq and microarray 
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technologies in transcriptome profiling have provided a better understanding of 
potentially active fungal communities. With the use of these culture-independent 
methods, several undescribed fungal taxa termed as “dark matter fungi” belong-
ing mainly to zoosporic fungi such as Blastocladiomycota, Chytridiomycota, 
Cryptomycota, and Neocallimastigomycota and Zygomycota including 
Entomophthoromycota, Kickxellomycotina, Mortierellomycotina, 
Mucoromycotina, and Zoopagomycotina lineages have been retrieved from 
marine habitats. Many of these nameless and faceless taxa of the early diverging 
clusters are microscopic in nature with special nutritional requirements and are 
difficult to isolate in vitro. Cryptomycota, the recently described phylum, estab-
lished using phylotypes based exclusively on environmental sampling, has been 
shown to be highly diverse, abundant and ubiquitous in distribution. The marine 
fungal ecology has changed paradigms in the molecular era. The diversity and 
ecology of marine fungi recovered from the use of molecular tools are discussed 
in this book chapter.

Keywords
Next-generation sequencing · Phylotypes · Environmental DNA · Deep-sea envi-
ronment · Sediments · Nucleic acid primers · Environmental cloning

6.1  Introduction

Marine mycology has evolved as a specialized branch of science only in the recent 
past. Although marine fungi are an ecologically and physiologically defined group, 
they are taxonomically diverse. Kohlmeyer and Kohlmeyer (1979) have proposed a 
definition of marine fungi wherein those fungi that grow and sporulate exclusively 
in a marine or estuarine habitat were considered as obligate marine fungi and those 
from a freshwater or terrestrial milieu, able to grow and possibly also sporulate in 
the marine environment, were considered as facultative marine fungi. Marine fungi 
have long been studied following two techniques including (1) direct examination 
method where the fungi occurring on natural samples alone (e.g., driftwood, man-
grove wood) were studied by observing under dissection/stereo-zoom microscopes 
to locate fungal propagules/fruiting structures and identify them and (2) culture 
techniques where soil samples beneath the mangroves or beaches are isolated into 
appropriate agar media (Hyde et  al. 2000; Newell 1976). The former technique 
retrieves obligate marine fungi if the samples were inundated in marine waters or 
facultative marine fungi if the samples were collected from aerial parts of mangrove 
plants or shoreline plants, most of the fungi isolated by the latter technique, i.e., 
culture plates on agar media result in isolation of common terrestrial fungi, viz., 
species of Aspergillus and Penicillium commonly known as “marine-derived fungi.” 
In a modified definition of marine fungi proposed by Pang et al. (2016), both the 
groups of fungi have been recognized as marine fungi, and their definition states 
that “a marine fungus is one that could be recovered repeatedly from marine 
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habitats because (1) it is able to grow and/or sporulate (on substrata) in marine envi-
ronments; (2) it forms symbiotic relationships with other marine organisms; or (3) 
it is shown to adapt and evolve at the genetic level or be metabolically active in 
marine environments.”

Fungi play important roles as decomposers involved in regeneration of nutrients 
in detritus environments in addition to being parasites and symbionts (Webster and 
Weber 2007). The same is true in the case of marine fungi also where they produce 
organic detritus supporting large animal community (Kohlmeyer and Kohlmeyer 
1979) and decompose the detrital organic matter in marine ecosystems and indulge 
in nutrient regeneration cycles (Fell and Master 1980; Hyde et  al. 1998; Newell 
1996 and Raghukumar et al. 1994, 1995) in addition to acting as breeding and nurs-
ery grounds in commercial fisheries (Jones and Alias 1997). Though fungi are 
thought to be major contributors of degradation of decaying plant substrata and 
animal remains along coastal and surface marine habitats (Kohlmeyer and 
Kohlmeyer 1979 and Newell 1996), only 1% (1112 species) of the known fungi are 
from marine environments (Jones et al. 2015), and hence questions have been raised 
about the importance of fungal communities in marine habitats (Richards et  al. 
2012) as it is suggested that fungi are nondiverse as well as low in abundance in 
marine habitats (Burgaud et al. 2009; Kis-Papo 2005 and Le Calvez et al. 2009). 
Presence of low fungal abundance in upper seawater column samples was reported 
by Richards et al. (2015) excepting those that occur on phytoplankton. Pang and 
Jones (2017), however, cautioned about interpretations of results of molecular stud-
ies as seawater is a highly dispersive and diluted medium and is not a growth sub-
strate when compared to sediments which represent a niche for settlement of fungal 
propagules. They reasoned out mentioning that fungi in these substrata might not 
represent the actively involved marine populations since many fungal propagules 
could be originated from freshwater or terrestrial environments. However, relatively 
a higher diversity is reported from the deep-sea environments when compared to 
surface waters in both culture-dependent and culture-independent studies in addi-
tion to indicating their active ecological roles in deep-sea habitats (Edgcomb et al. 
2011; Manohar and Raghukumar 2013; Raghukumar et al. 2004 and Singh et al. 
2010, 2011, 2012). In many of these studies, it was also found that there are signifi-
cant differences in the deep-sea fungal diversity between targeted environmental 
sequencing and conventional cultivation methods (Le Calvez et  al. 2009; Singh 
et al. 2012 and Zhang et al. 2014). Hence a combined approach of both these meth-
ods has been suggested to get exact assessment of fungal diversity in deep-sea habi-
tats (Xu et al. 2017).

More than 1112 marine fungal species in 472 genera are known (Jones et  al. 
2015). The number now stands at 1206 (Pang and Jones 2017). Jones (2011) pro-
jected that there could be more than 10,000 marine fungal species. Until the 1970s, 
most of the research on marine fungi concentrated on their taxonomy (Hyde et al. 
2000;  Jones et  al. 2009). Subsequently, considerable amount of information has 
become available on several ecological aspects including geographical distribution, 
frequency of occurrence, vertical zonation, and succession (Alias et al. 1995; Booth 
and Kenkel 1986; Fryar 2002; Hughes 1974; Hyde and Jones 1988, 1989; Hyde 
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1988a, b, 1989a, b, 1990a, b; Hyde and Lee 1995; Kohlmeyer and Kohlmeyer 1979; 
Sarma and Vittal 2000, 2001; Sarma and Hyde 2001). However, all these studies 
were based on the microscopic observations and enumeration of fungal occurrences 
when they are in the reproductive phase. In the context of fungal succession, Fryar 
(2002) presented the problems in studying ecological succession studies of fungi as 
more often such studies remain to be “sequence of fungal sporulation” instead of 
“mycelial succession.” The reason is at morphology and light microscopy level, 
where the fungi could be identified based on the fruiting structures only and not 
based on the mycelia or hyphae on natural samples. Furthermore, the mycelia indi-
cate the active roles of fungi more credibly when compared to the reproductive 
structures/propagules. In addition to this, a single fungus may sporulate over the 
entire surface of the substratum and hence only presence or absence could be noted 
down but number of individuals cannot be quantified as such since sporulation 
could be from a single mycelium (Jones and Hyde 2002). One cannot deny the 
importance of microscopy and cultural studies in fungal diversity studies. Direct 
microscopic analysis and cultural studies are useful approaches for quick diversity 
estimates (albeit semi-quantitative) and cost-effective. These approaches, however, 
may not be reliable and underestimate diversity (e.g., Jeewon et al. 2018). Under 
cultural conditions, species that share similar physiological conditions and exhibit 
similar cultural characteristics may be different species (Jeewon et al. 2002, 2003a; 
Liu et al. 2010; Promputtha et al. 2005, 2007; Swe et al. 2009). There are also other 
major drawbacks such as inefficiency of growth medium used, long-time consump-
tion, laborious and tedious laboratory procedures, lack of experts to enable proper 
identification, and high risk of contamination by fast-growing fungi (Jeewon and 
Hyde 2007, 2016). These problems could be circumvented by molecular tools 
which have revolutionized ecological studies of fungi in the past two decades. 
However, questions may come whether molecular techniques can discriminate 
between dormant spores, actively growing mycelium and senescing mycelium.

6.2  Molecular Methods and Marine Fungal Ecology

Molecular methods especially those based on PCR (polymerase chain reaction) to 
amplify taxonomically informative primer regions in environmental DNA samples 
clubbed with clonal library construction, DNA sequencing, and phylogenetic analy-
ses that target fungi have usually sampled regions within the ribosomal RNA 
regions, particularly the small subunit rDNA (18S) and ITS regions (Richards et al. 
2012). These approaches have been very useful for resolving species relationships 
across different taxonomic levels (Jeewon et al. 2003a; Wang et al. 2007; Hongsanan 
et al. 2017; Jeewon et al. 2017) and to establish novel sexual fungal species (Cai 
et al. 2006; Duong et al. 2004; Zhang et al. 2008), asexual fungal species (Kodsueb 
et al. 2007; Pinnoi et al. 2007; Tsui et al. 2006; Vijaykrishna et al. 2004), link sexual 
and asexual fungal species (Jeewon et al. 2003b; Karunarathna et al. 2017), or dis-
cover novel fungal species or new host records from marine environments 
(Devadatha et al. 2018a, b; Li et al. 2018; Swe et al. 2008a, b; Vinit et al. 2018a, b).
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Though ITS regions are handy to determine species diversity and could be 
employed for ecosystem comparisons, when well-defined taxonomic groups are tar-
geted, it has limited usage during interpretation of higher-level phylogenetic relation-
ships and identifying novel groups since it provides a weak resolution among deeper 
branching relationships in the fungi (Richards et al. 2012; Horton and Bruns 2001). 
Due to this reason, some workers have concentrated on selection of SSU rRNA gene 
marker to study fungal diversity on higher taxonomic groups because this marker does 
not discriminate between closely related fungal species (Bass et al. 2007; Jebaraj et al. 
2009; Richards et  al. 2012). To circumvent this problem, multigene phylogenetic 
analyses including SSU, 5.8S, and large subunit (LSU 28S) sequences that could pro-
vide strong phylogenetic support for lower as well as higher phylogenetic levels are 
currently being used (Jeewon et al. 2009, 2013; Jones et al. 2011; Senanayake et al. 
2018a; Wanasinghe et al. 2018; Zhao et al. 2007). In addition, to overcome bias asso-
ciated with single gene phylogenies, DNA sequence- based analyses on protein-cod-
ing genes have been very common to investigate phylogenetic relationships among 
fungi (Luo et al. 2017; Senanayake et al. 2017, 2018b).

Studies based on morphology and culture-based studies of marine fungi have so 
far reported 1112 species (Jones et al. 2015). These are mainly fungi isolated from 
sediments and lignocellulosic substrates occurring in the coastal habitats. However, 
culture-dependent and culture-independent approaches from both surface waters 
and deep-sea environments by various workers have revealed some interesting 
results. For example, DNA-based sequence analyses of 49 SSU rDNA environmen-
tal clone libraries recovered totally 1077 sequences from soil, freshwater, and 
marine samples and also suggest that fungi, with only 124 sequences (11.5%), are 
comparatively nondiverse and low in abundance in upper as well as surface marine 
ecosystems (Richards and Bass 2005). A similar trend was observed by Massana 
and Pedrós-Alió (2008) when they examined 23 coastal water libraries comprising 
1349 clones and 12 open ocean libraries comprising 826 clones but could recover 
only 16 fungal clones (0.8%) of the total marine SSU rDNA sequences processed. 
Usage of a different technique involving 454 sequencing of eukaryotic SSU rDNA 
from marine coastal waters also suggests fungal diversity to be nondiverse with less 
than 5% of the total OPUs (operational taxonomic units) recovered, although this 
technique indicated an increased diversity than clone library methods (Stoeck et al. 
2010). The usage of multi-gene analyses may improve this impasse.

6.3  Marine Fungal Diversity and Abundance in Upper 
and Surface Open Sea Waters

Fungi have absorptive mode of nutrition (osmotrophy) that involves secretion of 
enzymes, breaking down of complex biopolymers, and absorption of the nutrients 
from the breakdown products. Such a lifestyle makes them to feed on organically 
rich plant and animal substrata or organic remains in soils, sediments, and detritus 
environments and requires attachment to respective substrata. Probably, due to these 
ecological characteristics, fungal diversity and abundance have been found to be 
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low in several upper as well as surface marine water column samples studied (Kis- 
Papo 2005; Richards and Bass 2005). Hence, these environments are not likely to 
support organisms that thrive basically by attaching to larger physical substrata and 
adopting osmotrophy, presumably because both the enzymes secreted and their tar-
get nutrients would have been lost due to rapid diffusion into the liquid environ-
ment. Based on environmental DNA sequence analyses of marine water from upper 
column, Richards et al. (2015) also supported that marine fungi occur in low diver-
sity and low abundance within this region. However, it was also clear from this 
study that although amplicons are detected in low numbers, unclassified OTUs can 
be diverse and dominated by Chytridiomycota, followed by Ascomycota and 
Basidiomycota. The other reason is the existence of the variations between photo-
synthesis and biomass accumulation on land as well as at sea. In terrestrial environ-
ments, the carbon is fixed into larger and composite plant tissues that are rich in 
energy as well as nutrients and are tough to digest. Such an aspect would have 
driven the evolution of osmotrophic lifestyle among the fungi with specialized plant 
and fungal associations leading to higher fungal diversity. However, in the open 
seas, the primary producers are small and unicellular lacking complex energy and 
nutrient-rich compounds. Accordingly, the type of fungal diversity found on land is 
largely missing in the open seas. Instead, as the open seas have only unicellular 
photosynthetic organisms and phagotrophic grazers in the surface waters, the diver-
sity and abundance of detrital microbiota develop according to this trophic relation-
ship which is very low (Richards et al. 2012). However, as depth increases, crossing 
the photozone, the particulate matter reaches the sediments thus increasing its avail-
ability for saprotrophs, including fungi, paving the way for detritus processing. In 
fact, the fungi have been reported to be predominantly active eukaryotic microbes 
in these environments (Edgcomb et al. 2011; Takishita et al. 2006).

6.4  Marine Fungal Diversity and Abundance in Deep Sea 
Environments

The deep-sea environmental sampling of sediments and hydrothermal vents for 
mycocommunities using SSU DNA clone library methods, though has shown a low 
diversity of fungi in the overall analysis, have indicated a predominance of ascomy-
cete and basidiomycete forms. Further, most of these forms belong to yeast morpho-
types suggesting that these taxa were easily recoverable or that they were dominant 
in these environments. Also, seven clusters of distinctive sequences were recovered 
of which six potentially represents new fungal lineages in marine environments 
(Bass et al. 2007). When environmental DNA (eDNA) methods using a different 
primer set from that in the above study was undertaken to analyze samples from 
deep-sea hydrothermal vents, many novel fungal lineages were recovered including 
three unknown phylotypes within the Basidiomycota and novel phylotypes close to 
Chytridiomycota (Le Calvez et al. 2009).

Culture sampling from deep-sea sediments revealed the yeast form Cryptococcus 
surugensis (Nagahama et  al. 2003). On the other hand, molecular analysis of 
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eukaryotic diversity in marine sediments by Takishita et al. (2006) revealed a differ-
ent species of Cryptococcus (C.curvatus). This evidently points out that species 
diversity at the genus level might be higher than expected and if one relies only on 
cultural or only molecular data, fungal diversity estimates could be erroneous. 
When both DNA- and RNA-based diversity profiles were targeted to identify the 
eukaryotic microbial communities in deep-sea sediment cores, a high incidence of 
basidiomycetous yeast sequences close to existing Cryptococcus as well as 
Malassezia species were recovered (Edgcomb et al. 2011), with a large percentage 
(42%) of sequences retrieved from RNA-derived libraries cladding with 
Cryptococcus sequences. One of the advantages of conducting studies with RNA- 
derived libraries is that they also indicate about the metabolically active taxa in sedi-
mentary ecosystems (Edgcomb et al. 2011).

The diversity of mycocommunities from 10 different deep-sea sediment samples 
was investigated by Nagano et al. (2010) using polymerase chain reaction-mediated 
ITS regions of rRNA gene clone analysis. The results, in addition to showing com-
mon terrestrial fungal species, indicated the presence of a group of major deep-sea 
phylotypes belonging to the phylum Ascomycota in addition to a novel phylotype 
cladded in deep branches within the phylum Chytridiomycota with Rozella spp. that 
are considered to be the closely related organisms (Table 6.1).

The fact that most of the fungi retrieved from deep-sea environmental samples 
clade closely to known terrestrial fungi suggesting that fungi of terrestrial or marine 
surface environments are adept at making transition to deep-sea habitats as evi-
denced in laboratory experiments which reported fungi capable of tolerating high 
hydrostatic pressure by altering their membrane composition (Simonato et al. 2006).

Basically, deep-sea regions are characterized by low temperatures, higher hydro-
static pressures, absence of light, and finally a very low biological diversity, and 
hence diversity and abundance of fungi are low when compared to coastal sedi-
ments. Further, most of the culturable fungi retrieved are common terrestrial forms 
(Damare et al. 2008; Singh et al. 2010). However, the number of novel phylotypes 
obtained from the deep-sea environments is higher when compared to other marine 
habitats (Manohar and Raghukumar 2013). Fungi play an active ecological role in 
the deep-sea environments as proven by metabolically active sequences found in 
RNA-based libraries (Edgcomb et al. 2011).

The ecological roles of fungi in the deep realm of Canterbury basin sediment 
cores, New Zealand, were studied by Rédou et al. (2014) by using 454- pyrosequencing 
pointed at small subunit (18S) ribosomal RNA and DNA in addition to fungal ITS1 
regions. Though a total of 17,672 sequences were retrieved for five samples from 
346 to 1711 mbsf (meters below seafloor) depths, only 18 operational taxonomic 
units (OTUs) were detected in this study but still enlightens the potentially impor-
tant ecological roles of fungi in the deep-see environment. Taxa belonging to the 
fungal classes Dothideomycetes, Exobasidiomycetes, Eurotiomycetes, 
Microbotryomycetes, Saccharomycetes, Sordariomycetes, Tremellomycetes, and 
Wallemiomycetes were observed. The 18SrDNA analyses revealed three clusters: (I) 
Cryptococcus surugaensis, Filobasidium globisporum, and Wallemia muriae were 
retrieved from the deeper sediment horizon depth; (II) Exophiala dermatitidis, 
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Table 6.1 List of fungal species retrieved through culture-independent analyses from marine 
environments

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

1 Absidia glauca Mucoromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

2 Acaulospora 
laevis

Glomeromycetes ITS Sagami Bay, 
Japan coast

Nagano 
et al. (2010)

3 Apusomonas 
proboscidea

Apusozoa 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

4 Aspergillus flavus Eurotiomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

5 Aspergillus 
penicillioides

Eurotiomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

6 Aureobasidium 
pullulans

Dothideomycetes 18S 
rDNA

deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

7 Babjeviella 
inositovora

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

8 Basidiobolus 
haptosporus

Basidiobolomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

9 Basidiobolus 
meristosporus

Basidiobolomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

10 Basidiobolus 
microsporus

Basidiobolomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

11 Basipetospora 
chlamydospora

Eurotiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

12 Batcheloromyces 
leucadendri

Dothideomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

13 Bensingtonia 
subrosea

Agaricostilbomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

14 Blastocladiella 
emersonii

Blastocladiomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

15 Blyttiomyces 
helicus

Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

16 Bullera 
arundinarieae

Tremellomycetes 18SrDNA European 
near shore 
samples

Richards 
et al. (2015)

17 Candida 
ethanolica

Saccharomycetes 18SrDNA European 
near shore 
samples

Richards 
et al. (2015)

18 Candida 
parapsilosis

Saccharomycetes ITS Sagami Bay, 
Japan coast

Nagano 
et al. (2010)

19 Candida 
sagamina

Saccharomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

20 Candida 
sylvanorum

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

21 Chytridium olla Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

22 Chytridium 
polysiphoniae

Chytridiomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench; 
European 
near shore 
samples

Edgcomb 
et al. 
(2011); 
Richards 
et al. (2015)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

23 Chytriomyces 
angularis

Chytridiomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

24 Chytriomyces 
confervae

Chytridiomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

25 Clydaea vesicular Lobulomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

26 Cokeromyces 
recurvatus

Mucoromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

27 Colacogloea 
peniophorae

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

28 Cordyceps gunnii Sordariomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

29 Cryptococcus 
aureus

Tremellomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

30 Cryptococcus 
carnescens

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

31 Cryptococcus 
cellulolyticus

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

32 Cryptococcus 
curvatus

Tremellomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

33 Cryptococcus 
dimennae

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

34 Cryptococcus 
marinus

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

35 Cryptococcus 
pseudolongus

Tremellomycetes ITS 1, 
18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand, 
deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Rédou et al. 
(2014), 
Edgcomb 
et al. (2011)

36 Cryptococcus 
psychrotolerans

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

37 Cryptococcus 
saitoi

Tremellomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

38 Cryptococcus 
skinneri

Tremellomycetes ITS Sagami Bay, 
Japan Coast

Nagano 
et al. (2010)

39 Cryptococcus 
surugaensis

Tremellomycetes 18SrDNA Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

40 Cyberlindnera 
jadinii

Saccharomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

41 Cyberlindnera 
macularae

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

42 Debaryomyces 
hansenii

Saccharomycetes 18S 
rDNA

European 
near shore 
samples; 
Arabian 
coast, India

Richards 
et al. (2015)

43 Delfinachytridium 
mesopotamicum

18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

44 Diversispora 
spurca

Glomeromycetes 18SrDNA Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

45 Endogone 
lactiflua

Endogonomycetes 18SrDNA Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

46 Endogone 
pisiformis

Endogonomycetes 18SrDNA Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

47 Elmerina caryae Tremellomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

48 Entophlyctis 
helioformis

Chytridiomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

49 Entrophospora 
semiglobiferus

Glomeromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

50 Exophiala 
dermatitidis

Eurotiomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

51 Exophiala 
spinifera

Eurotiomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

52 Filobasidium 
globisporum

Tremellomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand, 
deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Rédou et al. 
(2014), 
Edgcomb 
et al. (2011)

53 Fimicolochytrium 
jonesii

Spizellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

54 Fomes 
fomentarius

Agaricomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

55 Fusarium solani Sordariomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

56 Gaertneriomyces 
semiglobifera

Spizellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

57 Gaertneriomyces 
tenuis

Spizellomycetes 18SrDNA European 
near shore 
samples

Richards 
et al. (2015)

58 Galactomyces 
candidum

Saccharomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

59 Gamsiella 
multidivaricata

Mucoromycetes 18SrDNA European 
near shore 
samples

Richards 
et al. (2015)

60 Geosiphon 
pyriformis

Zygomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

61 Geotrichum 
candidum

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

62 Geotrichum 
klebahnii

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

63 Glomeralla 
lagenaria

Sordariomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

64 Harpella 
meridianalis

Harpellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

65 Hyaloraphidium 
curvatum

Chytridiomycetes 18 
SrDNA

European 
near shore 
samples

Richards 
et al. (2015)

66 Isaria farinosa Sordariomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

67 Kondoa 
malvinella

Agaricostilbomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

68 Kuzuhaea 
moniliformis

Zoopagomycetes 18 
SrDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

69 Lacustromyces 
heimalis

Cladochytriomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

70 Leptosphaerulina 
chartarum

Dothideomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

71 Leucosporidiella 
muscorum

Microbotryomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

72 Limacella 
glischra

Agaricomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

73 Linderina 
pennispora

Kickxellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

74 Lobulomyces 
angularis

Lobulomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

75 Lobulomyces 
poculatus

Lobulomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

76 Malassezia furfur Exobasidiomycetes 18S 
rDNA

deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

77 Malassezia 
pachydermatis

Exobasidiomycetes 18SrDNA Deep sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

78 Martensiomyces 
pterosporus

Kickxellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

79 Maunachytrium 
keaense

Lobulomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

80 Metschnikowia 
colocasiae

Saccharomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

81 Metschnikowia 
continentalis

Saccharomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

82 Metschnikowia 
kamakouana

Saccharomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

83 Meyerozyma 
guilliermondii

Saccharomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand; 
European 
near shore 
samples

Rédou et al. 
(2014) and 
Richards 
et al. (2015)

84 Mortierella 
cystojenkini

Mortierellomycetes 18 
SrDNA

European 
near shore 
samples

Richards 
et al. (2015)

85 Mortierella wolfii Mortierellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

86 Mrakia frigida Tremellomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

87 Mycogloea 
macrospora

Spiculogloeomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

88 Neokarlingia 
chitinophila

Polychytriomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

89 Neurospora 
crassa

Sordariomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

90 Obelidium 
mucronatum

Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

91 Olpidium 
brassicae

Olpidiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

92 Orbilia auricolor Orbiliomycetes 18S 
rDNA

Arabian 
coast, India

Jebraj et al. 
(2009)

93 Orbilia fimicola Orbiliomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

94 Orphella haysii Trichomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

95 Paraglomus 
brasilianum

Paraglomeromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

96 Penicillium 
chrysogenum

Eurotiomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

97 Penicillium 
minioluteum

Eurotiomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

98 Phlyctochytrium 
arcticum

Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

99 Physoderma 
macularae

Physodermatomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

100 Pichia 
guilliermondii

Saccharomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

101 Pichia heedii Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

102 Pichia 
membranifaciens

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

103 Piptocephalis 
corymbiferae

Zoopagomycetes 18SrDNA Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

104 Pleurostomophora 
richardsiae

Sordariomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

105 Podochytrium 
dentatum

Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

106 Polychytrium 
aggregatum

Cladochytriomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

107 Protomyces 
lactucaedebilis

Taphrinomycetes 18S 
rDNA

Arabian 
coast, India

Jebraj et al. 
(2009)

108 Puccinia poarum Pucciniomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

109 Pucciniastrum 
epilobii

Pucciniomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

110 Radiomyces 
spectabilis

Mucoromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

111 Rhinocladiella 
similis

Eurotiomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

112 Rhizidium 
endosporangiatum

Chytridiomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

113 Rhizophlyctis 
harderi

Rhizophlyctidomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

114 Rhizophlyctis 
rosea

Rhizophlyctidomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

115 Rhodosporidium 
dacryoidum

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

116 Rhodosporidium 
diobovatum

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

117 Rhodosporidium 
kratochvilovae

Microbotryomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

118 Rhodotorula 
bacarum

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

119 Rhodotorula 
lamellibrachiae

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

120 Rhodotorula 
laryngis

Microbotryomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

121 Rhodotorula 
marina

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

122 Rhodotorula 
minuta

Microbotryomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand; 
European 
near shore 
samples

Rédou et al. 
(2014) and 
Richards 
et al. (2015)

123 Rhodotorula 
mucilaginosa

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

124 Rhodotorula 
rosea

Microbotryomycetes ITS Izu- 
Ogasawara 
Trench, Japan 
coast

Nagano 
et al. (2010)

125 Rhodotorula 
yarrowii

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

126 Rhopalomyces 
elegans

Zoopagomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

127 Roccella 
fuciformis

Arthoniomycetes 18S 
rDNA

Arabian 
coast, India

Jebraj et al. 
(2009)

128 Saccharomyces 
cerevisiae

Saccharomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

129 Scutellospora 
calospora

Glomeromycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

130 Sirobasidium 
brefeldianum

Tremellomycetes 18SrDNA European 
near shore 
samples

Richards 
et al. (2015)

131 Spiromyces 
aspiralis

Kickxellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

132 Spiromyces 
minutus

Kickxellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

133 Spizellomyces 
acuminatus

Spizellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

134 Spizellomyces 
dolichospermus

Spizellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

135 Spizellomyces 
plurigibbosus

Spizellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

136 Sporobolomyces 
hasegawianum

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

137 Sporobolomyces 
inositophilus

Microbotryomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

138 Syncephalis 
depressa

Zoopagomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

(continued)
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Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

139 Torpedospora 
radiata

Sordariomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

140 Tremella 
moriformis

Tremellomycetes ITS 1 Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand,

Rédou et al. 
(2014),

141 Trichosporon 
aquatile

Tremellomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

142 Trichosporon 
mucoides

Tremellomycetes 18S 
rDNA, 
ITS

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand, 
Izu- 
Ogasawara 
Trench, Japan 
coast

Rédou et al. 
(2014), 
Nagano 
et al. (2010)

143 Trimorphomyces 
papilionaceus

Tremellomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

144 Triparticalcar 
arcticum

Spizellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

145 Uromyces 
aritriphylli

Pucciniomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)

146 Ustilago shiraina Ustilaginomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

147 Xerocomus 
chrysenteron

Agaricomycetes 18S 
rDNA

Deep-sea 
sediment 
cores, Peru 
Margin/
Trench

Edgcomb 
et al. (2011)

(continued)
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Malassezia pachydermatis, Meyerozyma guilliermondii, Pleurostomophora rich-
ardsiae, and Trichosporon mucoides were found in sediment samples that have a 
low organic carbon concentration; (III) Cryptococcus curvatus, Cyberlindnera jadi-
nii, Fusarium solani, Leptosphaerulina chartarum, and Trichoderma sp. were found 
in shallowest depths and correlated with methane concentration. Similarly, ITS1 
sequence analyses also resulted in three clusters (I) Cryptococcus saitoi, 
Leucosporidiella muscorum, Rhodosporidium kratochvilovae, Rhodotorula sp., and 
Tremella moriformis; (II) Batcheloromyces leucadendri, Chaetothyriales sp., 
Elmerina caryae, Exophiala spinifera, P. richardsiae, Penicillium sp., and 
Rhinocladiella sp.; and (III) Cryptococcus jadinii, C. pseudolongus, Galactomyces 
candidum, L. chartarum, and Trichosporon sp., and most of the OTUs were only 
found at a given depth (Rédou et al. 2014). The above study clearly demonstrates 
that the use of different primer sets yields different results. This difference in taxon 
recovery from the same habitats highlights that the selection of appropriate genes is 
crucial in determining fungal diversity and it would be far more judicious to use 
several gene markers as compared to only one.

Studies on culturable mycocommunities from deep-sea sediment core samples 
from Canterbury basin, New Zealand, resulted in isolation of more than 200 fila-
mentous fungi (68%) and yeasts (32%) (Rédou et al. 2015). This study provides 
proof of deep-subsurface mycocommunities having ability to survive, adapt, grow, 
and interact with other microbial communities in addition to highlighting that the 

Table 6.1 (continued)

S.No.
Name of the 
species Taxonomic group Primer

Sample 
nature References

148 Wallemia muriae Wallemiomycetes 18S 
rDNA

Deep-sea 
Canterbury 
basin 
sediment 
cores, New 
Zealand

Rédou et al. 
(2014)

149 Zoophagus 
insidians

Zoopagomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

150 Zygopolaris 
ephemeridarum

Harpellomycetes 18S 
rDNA

Near wreck 
of Bismarck, 
Brest, France 
in Atlantic 
Ocean

Bass et al. 
(2007)

151 Zygorhizidium 
planktonicum

Chytridiomycetes 18S 
rDNA

European 
near shore 
samples

Richards 
et al. (2015)
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deep-sediment environment is one more ecological niche for fungi. Further, all the 
fungal taxa isolated were well-known in terrestrial habitats indicating the ability of 
terrestrial fungi to adapt to deep-subsurface conditions (Rédou et al. 2015). Based 
on 18S rDNA sequence data, it has been reported that yeasts tend to dominate fun-
gal diversity in deep ocean floor and that huge hydrostatic pressure is not a barrier 
to life (Bass et al. 2007).

Employing amplicon pyrosequencing, eukaryotic 18SrRNA sequences were 
investigated by Orsi et al. (2013) and found a distinct set of fungi across different 
marine subsurface regions such as continental margins, ridge flanks, and abyssal 
plains near Peru Margin, Eastern Equatorial Pacific, and Mid-Atlantic Ridge. The 
subseafloor mycocommunities and their populations had a statistically significant 
correlation with various environmental parameters including nitrate, sulfide, total 
organic carbon (TOC), and dissolved inorganic carbon (DIC). Such correlation was 
also supported by terminal restriction length polymorphism (TRFLP) analyses of 
fungal rRNA (Orsi et al. 2013). In the North Pond (1.6 mbsf) the sequences associ-
ated with Antrodia, Apioplagiostoma, Cordyceps, Cryptococcus, Cyberlindnera, 
Doassansia, Erythrobasidium, Filobasidium, Hannaella, Hyphodontia, Mycena, 
Powellomyces, Peyronellaea, and Sterium were retrieved that represent sediment 
age of 0.1–2 MYA.  From Hydrate Ridge (1.8 mbsf) Cordyceps, Crinipellis, 
Cryptococcus, Entoloma, Leucosporidium, and Mycena were retrieved, which rep-
resent sediment age of 0.1 MYA. In the Benguela Upwelling System (4.61 mbsf) 
Acidomyces, Neurospora, Sordaria, Candida, Hydropus, Mycena, Steccherinium, 
Stereum, Filobasidium, Rhodotorula, Rhodosporidium, Diversispora, and Glomus 
were retrieved and these represent sediment age of 0.03 MYA. From the Eastern 
Equatorial Pacific (45.3 mbsf), Alternaria, Antrodia, Apioplagiostoma, Camarops, 
Candida, Cryptosporella, Cyberlindnera, Cryptococcus, Dioszegia, Discula, 
Filobasidium, Helicogloea, Mycena, Neurospora, Peyronellaea, Phruensis, 
Rhizoctonia, Rhodotorula, Sporobolomyces, and Sterigmatomyces were retrieved 
that represent sediment age of 2.77 MYA.  From Peru Margin (48.1 mbsf), 
Cryptococcus, Glyphium, Geopyxis, Knufia, Lentinula, Mycena, Rhotorula, and 
Trichosporum were retrieved, and these taxa represent sediment age of 2.6 MYA 
(Orsi et al. 2013).

The deep sea environment, in particular, the sediments, must be inhabited by 
many undiscovered species, but our knowledge is still limited and fragmentary 
because our methods available do not allow us to fully recover all species from 
those habitats. High-throughput approaches have shed a new perception of deep-sea 
fungal community ecology. One of the latest studies dealing with deep-sea sediment 
samples is that of Nagano et al. (2018) in Brazil. The authors reported similar fungal 
diversity as other previous work with Aspergillus, Penicillium, psychrotrophic 
fungi, and red-pigmented basidiomycetous yeasts as dominant fungi. Interestingly, 
ubiquitous taxa such as Aspergillus, Pestalotiopsis, and Trichoderma have also been 
recovered, and these have been reported to be able to degrade petroleum hydrocar-
bons. This points out that many of these fungi could be significant bioremediators 
that can potentially be exploited to combat pollution problems.
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6.5  Deep-Sea Hydrothermal Vents

The fungal diversity of deep-sea hydrothermal samples from East Pacific Rise at the 
Elsa site, Pacific Ocean, and Mid-Atlantic Ridge at Menez Gwen site, employing 
small-subunit rRNA (18SrDNA) gene sequences amplified by culture-independent 
PCR using DNA extracts, was investigated by Le Calvez et al. (2009). The results 
showed that Chytridium polysiphoniae, Rhizophlyctis rosea, Spizellomycete sp., 
Powellomyces sp., Rhizophydium sp., Kappamyces laurelensis belonging to 
Chytridiomycota; Cryptococcus sp., Filobasidium sp., Bullera nakhonratchasimen-
sis, Kockovaella kimperatae, Feliomyces ogasawarensis, Exida uvapsassa, 
Auricularia polytricha, and Fibulorhizoctonia sp. belonging to Basidiomycota were 
present. In addition to this culture-dependent studies employing molecular tech-
niques revealed the presence of Penicillium tardum, Wangiella dermatidis, 
Phaeococcomyces exophialae, Capronia acutiseta, Graphium sp., Exophiala 
jeanselmei, Phialophora sp., Rhinocladiella atrovirens, Exophiala sp., Helicoon 
fuscosporium, Spliocaea oleagina, Tricodelitschia munkii, Phaeotrichum ben-
jamini, Hortaea werneckii, Aureobasidium pullulans, Diaporthe eres, Acremonium 
sp., Tritirachium sp., Engyodontium album, Nadsionella nigra, Pochonia chlamydo-
sporia, and Tolypocladium cylindrosporum (Le Calvez et al. 2009). Further, many 
of the species recorded in this study through culture-independent methods were not 
known even at higher taxonomic levels in the Chytridiomycota, Ascomycota, and 
Basidiomycota. A combined culture-dependent and culture-independent sequence- 
based study on fungal distribution and diversity at a deep-sea hydrothermal vent site 
at the Mid-Atlantic Ridge of the South Atlantic Ocean undertaken by Xu et  al. 
(2017) revealed that the mycocommunity was dominated by members belonging to 
Ascomycota and Basidiomycota. In addition, several novel phylotypes, i.e., 28 of 65 
total fungal OTUs from clone library construction and 2 out of 19 cultural fungal 
phylotypes, were recovered indicating the presence of unrevealed diversity of fungi 
in this habitat. Also, they found that the mycocommunities in the chimney samples 
were different from those found in three sulfide samples. Further, their qPCR stud-
ies have shown that fungal LSU rRNA gene copy numbers ranged from 5.88 × 105 
to 6.77  ×  106 copies/gram rock of wet weight. Also, their results showed that 
Ascomycota was 2–3 times more abundant than the Basidiomycota (Xu et al., 2017). 
Within the Ascomycota they found Sordariomycetes to be the most dominant group 
followed by Dothideomycetes, Saccharomycetes, Eurotiomycetes, and 
Leotiomycetes.

6.6  Anoxic Marine Environments

Fungi are often found as saprotrophs in terrestrial environments that are low in 
oxygen and have cellular and genomic adaptations for survival in anoxic environ-
ments (Embley et  al. 2006; Gojkovic et  al. 2004). Vast areas of marine 
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environments are anoxic. Fungal sequences closely related to Fusarium species 
in deep-sea anoxic environments, using SSU DNA clone libraries, have been 
reported by Jebraj et al. (2009). Further, Jebaraj and Raghukumar (2009) have 
demonstrated that Fusarium strains isolated from anoxic deep-sea samples could 
utilize nitrate for respiration and accumulate nitrite thus indicating a role in 
anaerobic denitrification in marine environments. When multiple fungal-specific 
SSU rDNA primer sets and a universal eukaryotic-specific marker were used to 
amplify SSU sequences from samples of oxygen-depleted regions of the Arabian 
sea, a greater diversity of fungi was found in the fungal-specific marker genes 
than the clone libraries constructed using universal eukaryotic primers (Jebaraj 
et  al. 2009). Further, this study also indicated the necessity of using different 
primers to regulate PCR biases, and chances of missing fungal diversity when 
universal primer sets alone were used. In the same study, 56% of the total 48 
phylotypes branched within the ascomycete radiation and 41% within basidio-
mycetes with only 2% belonged to lower fungi (Jebraj et al. 2009). While cul-
ture-dependent studies suggest the presence of a higher percentage of filamentous 
forms in deep-sea environments, the molecular analyses of sediment and water 
samples from marine environments using SSU rDNA marker genes by Richards 
et  al. (2012) indicate that Dikarya (Ascomycetes and Basidiomycetes) are the 
most likely recoverable marine fungal lineages with a high percentage of 
sequences recovered within Dikarya belonging to well-known yeast groups. 
Earlier Alexander et al. (2009) also reported predominance of fungi from sedi-
ment samples from the hypersaline anoxic deep-sea basin of L’Atalante using 
SSU rDNA sequence analyses. The detection of fungal hyphae in anoxic sedi-
ments in mangrove habitat using Calcoflour staining and epifluorescene micros-
copy and using 454 pyrosequencing of nuclear ribosomal ITS regions with the 
latter technique revealing dominance of Agaricomycetes in the Basidiomycota 
has been reported (Arfi et al. 2012). Clades close to the basidiomycetous yeast 
Malassezia; Rozella and allied clusters belonging to Cryptomycota; well-known 
fungal taxa belonging to Penicillium, Eupenicillium, and Aspergillus; and basal 
clones close to Chytridiomycota, in addition to several novel sequences have 
been reported from different anoxic environments including coastal anoxic sedi-
ments of Bolinas tidal flat (Dawson and Pace 2002), L’Atlantic basin at a depth 
of 3500 m (Alexander et al. 2009), Arabian sea from depths of 25–200 m (Jebaraj 
et al. 2010; Manohar and Raghukumar 2013), Methane cold seeps, South China 
Sea at depths ranging from 350 to 3000 m (Lai et al. 2007), Methane cold seep, 
Sagami Bay at a depth of 1080 m (Nagahama et al. 2011; Takishita et al. 2007), 
Kagoshima bay at a depth of 204 m (Takishita et al. 2005), Cariaco basin at a 
depth of 340 m (Stoeck et al. 2006), and Gotland deep, Baltic Sea at depths of 
200–240 m (Stock et al. 2009). In addition to the diversity of fungi, an active role 
for fungi also has been reported in marine anoxic habitats including denitrifica-
tion (Manohar and Raghukumar 2013; Stief et al. 2014), tolerating hypersalinity 
in the deep hypersaline anoxic basins (DHABs) [Alexander et al. 2009].
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6.7  Fungal Pathogens in Marine Environment

Fungal pathogens closely related to terrestrial fungi are specifically present in 
marine mammals. These include Aspergillus (aspergillosis), Blastomyces (blasto-
mycosis), Candida (candidiasis), Coccidioides (coccidioidomycosis), Cryptococcus 
(cryptococcosis), Fusarium (fusariomycosis), Malassezia (dermatitis), and several 
disease-causing zygomycetes (Higgins 2000). Aspergillus sydowii, which is com-
mon in terrestrial environments, is found in coral reeves as a pathogen of sea fan 
corals (Alker et al. 2001). An unidentified fungal pathogen occurring in shallow reef 
habitat that spreads dense black fungal bands was found causing the death of coral-
line algae (Raghukumar and Ravindran 2012). Fungi parasitize virtually all groups 
of marine animals in the marine environment and attack both wild and cultivated 
marine animals (Hatai 2012; Marano et  al. 2012; Porter 1986; Ramaiah 2006; 
Shields and Overstreet 2007). Among the several groups, Oomycetan taxa cause 
diseases on a wide range of hosts but prominently attack invertebrates during seed 
production of marine crustaceans including shrimps and crabs (Hatai 2012; Marano 
et  al. 2012; Beakes et  al. 2014). The prominent members are Halipthoros, 
Halioticida, and Halocrusticida belonging to Haliphthorales, which are exclusively 
marine (Beakes et  al. 2014). Other genera of the Oomycetes that cause diseases 
among marine animals are Atkinsiella, Lagenidium, and Sirolpidium (Beakes et al. 
2014). A Fusarium sp. has been identified as a disease-causing agent of American 
lobsters (Cawthorn 2011). Interestingly this genus has been represented in various 
environmental DNA analyses (Richards et al. 2012). Several ascomycete fungi are 
known to be pathogens of marine algae (Kohlmeyer and Kohlmeyer 1979). 
Pathogenic fungal signatures belonging to Exophiala dermatitidis and Trichosporon 
dermatis (Gadanho and Sampaio 2005) from hydrothermal vents in Mid-Atlantic 
Rifts southwest of the Azores archipelago employing metagenomics were reported. 
Clones related to the yeast Malassezia furfur have been reported from hydrothermal 
vents of the Lost city (Lopez-Garcia et al. López-Garcia et al. 2007), Rainbow (Bass 
et al. 2007) in the Mid-Atlantic Ridge.

6.8  Marine Fungal Diversity in Coastal Regions

Coastal regions have a large availability of organic matter to consumers as detritus 
due to terrestrial run-off and high primary production often leading to eutrophica-
tion (Danovaro and Pusceddu 2007). Mangroves, coral reefs, salt marshes, shore 
line plants, and different halophytic plants are different habitats having different 
niches in the coastal habitats that offer substrata for colonization of marine fungi. 
Driftwood was considered to support a higher number of fungi in the past (Kohlmeyer 
and Kohlmeyer 1979). However, this was overtaken by mangroves which support 
relatively a higher number of marine fungi (Hyde et al. 2000). Fungal diversity in 
mangroves has been explored by several workers (see Jones and Alias 1997; Hyde 
and Lee 1995; Sarma and Hyde 2001). Around 656 fungi were reported from man-
groves of the world up to 2003 (Schmidt and Shearer 2003). In mangroves, the taxa 
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belonging to the group Dothideomycetes are rich and diverse when compared to 
Sordariomycetes (Suetrong et al. 2009). Earlier only microscopic observations were 
used for identification of marine fungi from mangrove substrata. In recent times, the 
culturable fungi are also supplemented with DNA sequence data, and several new 
genera and new species are published with support from phylogeny (Abdel-Wahab 
et al. 2010; Devadatha et al. 2017, 2018a, b, c). Molecular diversity analysis using 
pyrosequencing method revealed a high fungal diversity with Agaricomycetes pre-
dominating in coastal mangrove regions (Arfi et al. 2012). Spatiotemporal varia-
tions play a role in determining the fungal community compositions in the ocean. 
Water temperature and salinity drive community compositions of wood-inhabiting 
marine fungi (Booth and Kenkel 1986) in addition to log attachment (fixed vs. free- 
floating) and location (Rama et al. 2014).

Various ecological aspects of marine fungi in mangroves have been investigated. 
These include (1) frequency of occurrence (Alias et al. 1995; Borse 1988; Hyde 
1988a, 1989a, b, 1992; Hyde and Jones 1989; Hyde et al. 1990; Jones and Alias 
1997; Sarma and Hyde 2001; Sarma et al. 2001; Sridhar and Maria 2006; Volkmann- 
Kohlmeyer and Kohlmeyer 1993), (2) host and substrate specificity (Alias and Jones 
2000; Hyde 1990a; Hyde and Alias 2000; Hyde and Jones 1988; Hyde and Lee 
1995; Poonyth et  al. 1999; Sarma and Vittal 2000, 2001), (3) succession (Hyde 
1991; Leong et al. 1991, and Kohlmeyer et al. 1995), (4) spatiotemporal variations 
(Aleem 1980; Hyde 1989a; Alias et  al. 1995; Sarma and Vittal 1998–1999), (5) 
vertical distribution (Hyde 1988b, 1989b,c 1990b; Hyde and Jones 1988; Jones and 
Tan 1987; Kohlmeyer et al. 1995; Sarma and Vittal 2002), (6) salinity and horizontal 
distribution (Aleem 1980; Hyde 1992; Hyde and Sarma 2006; Kohlmeyer and 
Kohlmeyer 1979), and (7) geographical distribution (Hyde and Lee 1995; Jones and 
Alias 1997; Kohlmeyer 1983, 1987; Schmidt and Shearer 2004). However, all these 
studies are based on morphology and microscopy. It is well known that fungi could 
be identified at a microscopic level based on their fruiting structures/reproductive 
propagules. Many mycologists consider that fruiting structures by and large do not 
indicate the active roles of fungi unlike the mycelia. To this extent, the location and 
identity of mycelia on natural samples are difficult. Several novel techniques are 
explored to study the mycelial fungi including particle filtration technique (Bills 
and Polishook 1994; Polishook et  al. 1996). A large number of fungi isolated 
through the particle filtration technique remain nonsporulating and hence require 
molecular analyses to identify them. Several of these fungi seem to be novel but due 
to lack of sporulation they remain uncharacterized. Nevertheless, these morphologi-
cal investigations provide qualitative assessments of diversity and ecological data, 
though the quantitative data is often questioned due to the reason that “only myce-
lial state is considered as functionally involved in various metabolic activities and 
not the sporulation stage.” Future studies should include attempts of direct isolation 
of fungal DNA from lignocellulosic substrata and check whether “yet to be cultured 
fungi” also could be found. The same would also expand the scope of diversity and 
ecological investigations of fungi colonizing lignocellulosic substrata from man-
groves and other such habitats. It is surprising that recent research review papers 
omitted a discussion on the ecological data of morphological investigations (e.g., 
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Richards et al. 2012). There is a need to integrate the diversity and ecological infor-
mation from both morphological and molecular analyses.

Few studies employing molecular tools to understand the ecology of marine 
fungi in sediments and water samples have been carried out near mangroves and 
other coastal habitats. Molecular studies on planktonic diversity of fungi from some 
coastal locations of Brazil (Cury et al. 2011), coral reefs of Hawaii (Gao et al. 2008; 
Gao et al. 2010), and mangrove regions (Arfi et al. 2012) have resulted in the iden-
tification of fungal organisms belonging to Ascomycota, Basidiomycota, and 
Chytridiomycota in addition to few cladding into novel environmental clusters 
(Manohar and Raghukumar 2013). Though fungi were largely considered to be 
pathogens in the coral reef ecosystems (Kim et al. 2006; Vega Thurber et al. 2009; 
Yarden et al. 2007), the metagenomics and functional diversity analyses of micro-
biota in this ecosystem have revealed that fungi are dominant community and are 
involved even in the nitrogen cycling (Wegley et  al. 2007). Many fungi isolated 
from sponges and other organisms in corals have shown varied secondary metabo-
lites that have wide applications (Zhuo et al. 2011).

Most of the fungal OTU clusters identified from European near shore water col-
umn samples predominantly belonged to chytrid-like and yeast Dikarya phylotypes 
(Richards et al. 2015). Filamentous fungal forms such as Pezizomycotina seem to 
be less suited for marine water column environments than soils and sediments which 
have solid substrates rich in organic matter (Richards et al. 2012, 2015). The inves-
tigations involving ion semiconductor sequencing (Ion Torrent) of the ribosomal 
large subunit (LSU/28S) to explore fungal diversity from water as well as sediment 
samples taken from four habitats in North Carolina revealed dominance of taxa 
belonging to Ascomycota and Chytridiomycota (Picard 2017). Further, this study 
also revealed that sand flats and wetland sediments have the highest diversity, 
although benthic sediments could harbor a higher proportion of novel sequences. 
Another interesting study focusing on metatranscriptomics analysis of mangrove 
habitats around Mauritius have also led to an interesting study where the potential 
roles of different microorganisms could be elucidated (Rampadaruth et al. 2018).

6.9  Coral-Associated Marine Fungi

The facultative marine fungi seem to play ecologically important roles in coral envi-
ronments of Lakshadweep Islands, India, and Great Barrier Reef, Australia 
(Ravindran et al. 2001; Morrison-Gardiner 2002; Yarden 2014; Yarden et al. 2007). 
Species belonging to Alternaria, Aspergillus, Aureobasidium, Cladosporium, 
Fusarium, Penicillium, Hormonema, Phialophora, and Phoma have been reported 
from different healthy scleractinian corals (Ravindran et  al. 2001). The obligate 
marine fungi reported from corals include Koralionastes and Corallicola of 
Koralionastaceae family (Kohlmeyer and Volkmann-Kohlmeyer 1992). A study on 
coral-associated fungal ribosomal DNA amplicons of Acropora hyacinthus coral 
colonies from neighboring natural pools with varying water temperatures suggested 
a high diversity of Basidiomycetes and Ascomycetes such as novel lineages. Colonies 
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from a warmer pool comprised phylogenetically more diverse mycocommunities 
than from colder pool (Amend et al. 2012). Four taxa were retrieved in all coral 
colonies sampled in this study and they seemed to represent obligate associates. 
Further, the DNA and RNA (mRNA sequences) analyses indicated a metabolically 
active and diverse marine fungal communities in the corals (Amend et al. 2012). 
Ecological roles of endolithic fungi such as denitrification have been reported from 
corals (Wegley et al. 2007).

The mycocommunities, along with Symbiodinium and bacteria, related to the 
Caribbean coral Siderastrea siderea, taken from two depths viz., 17 and 27 m on 
Conch Reef in the Florida Keys, were studied by Bonthond et al. (2018) employing 
the high-throughput amplicon sequencing targeting ITS rRNA gene. In this study, 
even though they used fungal-specific primers (Nikolcheva and Bärlocher 2004), 
only 22.2% of the 790,398 quality-filtered ITS2 reads were fungal while the remain-
ing belonged to other eukaryotes. Although 184 fungal OTUs were assumed to 
belong to fungal kingdom using the UNITE reference database in the Mothur pipe-
line, their additional comparison of the complete fungal OUT sequence set along 
the GenBank database revealed 145 OTUs have high similarity to nonfungal 
sequences. Hence they could relate only 39 fungal OTUs having similarity hits to 
fungi or Mesomycetozoa. Among these, a large number (34) of OTUs belonged to 
Ascomycota, while only 2 OTUs belonged to Basidiomycota, 2 to Mesomycetozoa, 
and 1 OUT to Entomorphthoromycota. It was also found by these workers that ITS2 
similarity with sequences from GenBank was notably low, i.e., 91%, which is indic-
ative of the presence of a higher novel diversity connected with S. siderea. The most 
abundant fungus was found most similar (76%) to sequences belonging to 
Lulworthiales in the class Sordariomycetes (Bonthond et al. 2018). While endolithic 
fungi (fungi thriving within the skeleton) may invade coral tissues at times of stress 
(Yarden 2014), the fungi also have been shown to parasitize on endolithic algae (Le 
Campion-Alsumard et al. 1995). Samples of S. siderea collected from the same reef 
but with differences in the depth did not show any difference in mycocommunities 
(Bonthond et al. 2018). These authors recommended that more conserved markers 
such as the SSU or LSU rRNA should be employed to characterize fungal diversity 
colonizing corals.

6.10  Conclusions and Future Perspectives

A list of marine fungi retrieved through culture-independent studies from different 
marine habitats is shown in Table 1. It could be seen from the table that (1) many 
fungi are known terrestrial fungi, (2) several new phylotypes are encountered from 
the marine habitats and they await formal recognition, and (3) Dikarya dominate the 
list of fungi of which Ascomycota are rich in diversity. Though the table is still not 
exhaustive, it could be deduced that the number and diversity of marine fungi 
retrieved through culture-independent studies is also low. The molecular tools are 
helping us to identify the ecosystem functioning and the role of fungi in marine 
environments in addition to the diversity.
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Employing novel molecular tools to discover fungi and their ecological signifi-
cance is exciting but the laborious nature, time, and cost of sophisticated machinery 
deter further research. Next-generation sequencing has revolutionized microbial ecol-
ogy, but we are still recovering some common fungal organisms similar to terrestrial 
organisms. Are those studies still reflecting only a fraction of those cryptic taxa? Are 
these “DNA-based taxa” especially those novel phylotypes which are genetically dif-
ferent from known ones more ecologically and functionally important than common 
ubiquitous fungi? There is a dire need to assess their physiological roles in vitro, but 
the problem is that most of the taxa cannot be cultured. Hence novel methods must be 
brought forward so that these organisms can be grown under laboratory conditions to 
permit further experimentations and use approaches discussed by Reich and Labies 
(Reich and Labes 2017). The overwhelming majority of marine fungal taxa, espe-
cially from deep sea and harsh environments still remain to be described. How to 
translate the loner sequences (OTUs) into official taxonomic names and make them 
nomenclaturally valid to facilitate taxonomy is an aspect which is still in a transitional 
stage. The other problem is how to properly identify these novel phylotypes. At some 
point, one would be very tempted to label them as new species but based on what 
DNA sequence similarities or differences? These aspects need to be worked out. 
Whenever any taxonomic novelties and potential phylogenetic relationships are pro-
posed based on environmental DNA, one should do so with extreme precautions as it 
could lead to a number of future problems (Hongsanan et  al. 2018). So far, most 
DNA-based studies have used only one gene region which represents only a short 
fragment of the whole genome. It is common practice nowadays to use multigene 
phylogeny, especially those from protein- coding genes as they are more informative. 
How far can we go in designing primers for these regions and target a wider diversity 
of marine fungi? From a phylogenetic perspective, most studies have revealed that 
these marine organisms possibly have complex evolutionary scenarios and these need 
to be dealt with. In addition, given that those fungi adapt to extreme environments, the 
possibility that they can be exploited for medicinal, pharmaceutical, bioprospecting, 
and bioremediation potential should not be neglected.
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7Saccharomyces cerevisiae: Oscillatory 
Orchestration of Growth

David Lloyd

Abstract
It is important to understand the structure and function of Baker’s yeast as it 
serves as an excellent model, not only for many other fungi but also for almost 
all eukaryotic cell systems, including those of humans and hence biomedicine. In 
1996, Saccharomyces cerevisiae became the first genetically defined eukaryotic 
organism to be sequenced: 6604 genes (> 400 orthologous with, and replaceable 
by human ones). Although its evolution has diverged for approximately 1.5 bil-
lion years from that of human cells, yeast research provides basic clues and 
insights into the molecular deficiencies and disorders of many human conditions: 
mitochondrial dysfunction, cellular division, apoptosis, diabetes, obesity, the 
accompaniments of old age, cancers, and “dynamic diseases” (neuropsychiatric 
conditions, e.g., many sleep disorders, depression). Dynamic maintenance of 
redox status and balanced energy supply and demand is crucial for optimum 
function and survival of yeast and of all cells. Recent advances in optoelectronics 
enable fast and continuous dynamic interrogation of processes in vivo. In this 
chapter, I outline the exquisite time order of molecular, metabolic, and biosyn-
thetic events and processes that are organized with a precision that is commensu-
rate with both spatial and temporal organization and that finds a coherence and 
resonance universally in life processes.
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7.1  Introduction

Research on yeast has played a long and central position in the elucidation of cel-
lular metabolism, structure, and function (Barnett 1998–2010; Fig. 7.1). However, 
our understanding of the biochemistry of fermentation and the biogenesis and bio-
energetics of membranes and organelles as presented and taught in textbooks still 
largely lacks an appreciation of recent rapid advances in the possibilities of access 
to dynamic information. In the past four decades, rather than from work with sepa-
rated organelles, membranes and “non-sedimentable fractions” from cell-free 
extracts, more and more can be achieved by working with whole organisms, cul-
tured cells, “organoids,” or whole organisms (Aon et al. 2014). Minimally invasive, 

Fig. 7.1 Saccharomyces cerevisiae strain IFO 0233 from the Institute of Fermentation, Osaka. (a) 
Scanning electron micrograph: surface of a mature mother organism bearing many bud scars. (b) 
A large mitochondrial branching into the bud in a cider yeast: DiOC6 (3) fluorescence intensity, 
color coded (green), vacuolar membrane (orange), and plasma membrane (red); provided courtesy 
of Dr. AJ Hayes (c) (NAD(P)H autofluorescence (“the bellwether of intracellular redox states”). In 
this cluster of yeast cells (attached in a single layer to poly-lysine-coated well of a perfusion cham-
ber with aerated PBS, 5 mM glucose), their closely apposed cell walls are not apparent. Two- 
photon fluorescence excitation at 740 nm, emission at <490 nm. (Please see also Aon et al. (2007) 
for on-line videos of rotation of the image of the yeast in (b), and the synchronous oscillation of 
the yeast cluster in (c), at doi: 10.1016/j.febslet.2006.11.068)
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rapidly responding and continuous techniques of optical, spectroscopic (Cartledge 
et al. 1972; Poole et al. 1974), and magnetic methods (Ohnishi et al. 1972) have 
revolutionized our appreciation of cellular biophysics, biochemistry, and physiol-
ogy (Li 2011; Xu et al. 2016). The gap between molecular biology and a functional 
understanding of the organization of cells has thereby become much narrower in 
great leaps and accelerating ways forward.

7.1.1  Time in the Living World

Truly steady or stationary states are rare in biological systems. Homeostasis is a 
term that should be replaced by homeodynamic, as the apparent constancy of many 
aspects of living systems is a consequence of the operation of the high efficiency of 
their dynamic regulatory systems (Yates 1982, 1992, 1993; Yates and Yates 2008; 
Aon and Cortassa 1997; Lloyd 2016; Cortassa et al. 2003, 2012). Otherwise, appar-
ently steady states are often only an artifact of time-averaging within a sampled 
population of quite different cells: this obscures the fine-grained time structure of 
each individual.

Dynamic interrogation of the time course of changes in reactant concentrations, 
events, and processes in living systems has revealed at least four distinct types of 
dynamic behavior: oscillatory, rhythmic, clocklike timekeeping, and synchronizing. 
Nonlinear dynamics detected as being chaotic and fractal is predicted on cell divi-
sion cycle, circadian, and ultradian time scales (Lloyd and Lloyd 1992, 1995; Lloyd 
et al. 1992) and experimentally demonstrated in yeast (Roussel and Lloyd 2007; 
Aon et al. 2008a, b; Lloyd 2009).

7.1.2  Oscillations

Oscillatory operation of enzyme catalyzed reactions, metabolic, biosynthetic, and 
signaling pathways are commonplace in yeasts and other fungi (Fricker et al. 2007). 
Oscillations in concentrations (pool sizes) of metabolites or coenzymes are typical 
of triggered responses to perturbation. Respiratory oscillations with periods longer 
than 1h have been repeatedly described in yeast cultures in the earlier literature 
(Cortassa et al. 2012). They are usually not autonomous or self-sustained and can be 
inconvenient consequences of external perturbation by temperature, pH or medium 
flow instabilities. Their periods are almost always highly temperature sensitive, and 
their amplitudes decrease with each cycle, i.e., they are highly damped, fading away 
after a few cycles. Their waveforms are distinctive, but can be modified. Thus, they 
can be reset, i.e., phase advanced or delayed by effectors (positive or negative, 
respectively); they can also be amplitude modulated.
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7.1.3  Rhythms

Rhythms are self-sustained oscillations (emergent and autonomous) and persistent 
even if their characteristics become modified (as just described for oscillations), but 
their “free-running” periods are robust and amplitudes fully recoverable.

7.1.4  Biological Clocklike Timekeepers

Biological clocklike timekeepers, like physical clocks, are temperature 
compensated.

The term “biological clock”, in popular use, usually refers to the ~ 24 h circadian 
clock that has evolved in almost all animals, plants, and many fungi and cyanobac-
teria. It matches many hundreds of physiological and behavioral functions to the 
rotation of the earth.

7.1.5  Ultradian (Circahoralian) Clocks

Clocks or timekeepers that cycle many times in a day are called ultradian (a general 
term), or more specifically circahoralian (~ hourly ones), and it is inevitable that 
they are also faster than hourly timekeepers. In yeast, a 40 min rhythm is a basic 
timer mechanism. Longer period oscillations have been repeatedly described in 
earlier literature. Some 12 h and 8h rhythmic transcripts seen in vivo in mammalian 
systems appear as harmonics of circadian rhythms, but these disappear in cultured 
cells (Hughes et al. 2009).

7.1.6  The Cell-Division Cycle

The cell-division cycle is not a clock but an emergent biological process (Goodwin 
1963; Hess and Bioteux 1971; Lloyd et al. 1982a, b, 1992; Rensing et al. 2001; 
Klevecz et al. 2008). It is often regarded as depending on a series of stepwise pro-
gressions, i.e., like a set of dominoes that must fall in a specific sequence, controlled 
at specific “checkpoints” (Murray and Kirschner 1989). Eukaryotes have evolved 
prior to the cyclin/cyclin kinase mechanism, and respiratory oscillations can trigger 
and progress the cell division cycle (Papagiannakis et al. 2017). Many others have 
always regarded the cell cycle (and it is now evident) to be a process dependent on 
an interwoven ensemble of oscillators, rhythms, and timekeepers acting on different 
time scales but integrated as a heterarchy with no central control.
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7.2  Glycolytic Oscillations

By far the most studied periodic biochemical behavior, other than the cell division 
cycle, and currently the most thoroughly understood as a mechanism, is oscillatory 
glycolysis. This was first observed in intact anaerobic yeast cells in the presence of 
glucose as rapidly fluctuating levels of NADH fluorescence (Duysens and Amesz 
1957; Ghosh and Chance 1964). Between then and 1971, experiments in Chance’s 
group established the phenomena of oscillating concentrations of the intermediates 
of glucose entry and utilization (Maitra 1966). Concentrations of the metabolic 
intermediates (Maitra and Estabrook 1964) and of adenine and pyridine nucleotides 
(Estabrook and Maitra 1962) showed distinct phase relationships. Furthermore, the 
oscillations (period ~ 1 min, Olsen et al. 2009; Fig. 7.2) were usually highly damped, 
but less so in single cells than in a population, they were maintained in extracts and 
highly temperature dependent (temperature coefficient of 2.2 per 10 °C, between 20 
and 35  °C, and phase shifted by ADP and acetaldehyde) (Chance et  al. 1973). 
Details of early work have been reviewed (Lloyd and Stupfel 1991). Glycolytic 
mutants in yeast, first described by Maitra (1971), have proved invaluable in research 
on metabolic pathways and thus on oscillatory mechanisms (Lobo and Maitra 
1983). Subsequent research described in at least 300 papers, has provided essential 
information on metabolic control mechanisms. In yeast as a model, but not solely 
there, and also more generally throughout biology, feedback and feed-forward loops 
are essential in the metabolism of sugars for the physiology of organ function, e.g., 
in the heart (Higgins et al. 1973; Achs et al. 1979).

Glycolytic and mitochondrial membrane oscillations are linked (Andersen et al. 
2007; Poulsen et al. 2008; Olsen et al. 2009), and many hypotheses for possible 
functions of oscillating glycolysis in yeast have been proposed, but there is no defi-
nite evidence for any of these suggestions. They may simply be a reflection of 
“sloppy” control (Degn 1972). But, based on a theory proposed by Heimburg 
(2017), Thoke et  al. (2018) have asked whether oscillating metabolism and the 
maintenance of low entropy in living systems are inevitable bedfellows. This group 
(Thoke et al. 2015, 2017) has uncovered an interesting new aspect, that strong cou-
pling of the intracellular dynamics of water and glycolytic oscillations (including 
ATP) occurs in yeast cell populations and in single yeast cells in a scale invariant 
manner. Both characteristics are similarly affected by D2O.

7.3  Other Short-Term Oscillations

Electrically detected sustained oscillations (periods ranging from 3 to 9 min) are 
described in growing yeast cultures (Male et al. 1999). Periodic changes in the lev-
els of intermediate metabolites in glycolysis as well as changes in pH of the media 
have been measured, which demonstrate this phenomenon. Here we observe that the 
conductivity of the media also changes periodically when yeast cells are cultured 
under similar conditions. As conductivity is easily measured, this provides a simple, 
more quantitative method to study these changes than those currently used. An 
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Fig. 7.2 Glycolytic oscillations: Time series of NADH fluorescence (a, c), DiOC2(3) fluorescence 
(b, d), and phase plot of DiOC2(3) fluorescence vs. NADH fluorescence (e). Yeast cells were sus-
pended in 100 mM phosphate buffer, pH 6.8, to a cell density of 10% wet weight. At time 0, 4 μM 
DiOC2(3) were added to the suspension. At times 180 s and 240 s, 30 mM glucose and 5 mM KCN 
were added to the suspension, respectively. The temperature was 25 °C. (Olsen et al. 2009)

D. Lloyd
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electrical biosensor referred to as ECIS (electrical cell surface impedance sensing) 
was used to study the small conductivity changes (in the order of 0.1%). No signifi-
cant differences in the observed periods were found in the two yeast strains or the 
commercially purchased yeast extract studied. Presumably, changes in ac imped-
ance are related to plasma membrane function extensively used to follow cell num-
bers and measure vitality of organisms during large-scale fermentation processes. 
Monitoring a cell culture process with online RF spectroscopy creates new opportu-
nities to understand cellular changes throughout the length of the process. 
Oscillations in growth rates in permittistatically controlled continuous cultures 
(Davey et al. 1996) are interesting as chaotic behavior was confirmed by a variety of 
time-series analyses.

Monitoring the culture directly reduces the errors in secondary assays of samples 
to the medium as lag the production mechanism or only be indirectly related to the 
formation of the desired product (Carvell 2011).

Metabolic oscillations involving pulsatile NH4 release have been measured dur-
ing colony growth of yeast (Palková et al. 2002); thereby they alternately acidify 
and alkalinize the medium. Metabolic changes in mitochondrial and peroxisomal 
activities are likened to this signaling process (Palková and Váchová 2016). These 
data imply that mitochondria can enter different states, which can divergently affect 
subsequent cellular development and have possible implications for use of yeast as 
a model for retrograde signaling in tumor growth.

Interacting oscillatory processes in yeast use calcium as a secondary messenger, 
generating calcium pulses and fluxes in response to a variety of signals such as 
hyperosmolarity, hypoosmolarity, cell stress, glucose, and alpha factor. After enter-
ing via plasma membrane channels, it activates a signal transduction cascade, 
including calmodulin, calcineurin, and a transcription factor, Crz1p. Sequestration 
within intracellular membranes and organelles bind Ca2+, so as to maintain low 
cytosolic concentrations (Espeso 2016).

Pulsatile behavior of transcription factors is pervasive, heterogeneous, and 
unsynchronized in clonal yeast populations (Dalal et al. 2014).

7.4  Ultradian Rhythms

7.4.1  Respiratory Oscillations

The discovery of oscillatory O2 consumption in synchronized cultures of S. cerevi-
siae was first described by Nosoh and Takamiya (1962), but not followed up until 
similar observations of Wiemken et al. (1970) and Dharmalingham and Jayaraman 
(1973). Mochan and Pye (1973) described high amplitude respiratory oscillations in 
yeast cultures adapting from glucose to ethanol utilization with a period of approxi-
mately 30 min and a twofold change in respiration rate as O2 became depleted (but 
was still above 20 μM). Changes in cellular redox levels of NADH and cytochromes 
accompanied these events, thereby confirming the participation of mitochondria 
and emphasizing that these are very different from glycolytic oscillations.
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Poole et al. (1973), using a sedimentation velocity centrifugation size selection 
method for synchrony in Schizosaccharomyces pombe growing in a chemically 
defined medium containing 1% glucose showed that O2 consumption doubled per 
cell division cycle but via two distinct maxima. The mitochondrial basis for this 
behavior was suggested by stimulation by 16 μM-CCCP an uncoupler of oxidative 
phosphorylation. A double-step per cell cycle when glycerol replaces glucose as 
respiratory substrate indicates that the oscillatory pattern previously observed 
depended on interaction between the glycolytic pathway and mitochondria. Results 
with Candida utilis (Fig. 7.3, Kader and Lloyd 1979) verified this, while those with 
glycerol or acetate in this highly aerophilic yeast showed clearly the purely non- 
fermentative responses, with a straightforward control of respiration by adenine 
nucleotide balances (respiratory control) (Chance and Williams 1956). Interaction 
between glycolytic and mitochondrial ATP generation in S. cerevisiae has been con-
firmed (Olsen et al. 2009): cytoplasmic membrane interactions also occur (Andersen 
et al. 2007; Poulsen et al. 2008) indicating the complexity of its cellular energetic 
network.

In cell-free samples extracts of the sample, through the cell division cycle of 
glucose- grown Schiz. pombe, cytochrome oxidase activity was shown as only a 
single maximum (Poole and Lloyd 1973). Spectrophotometrically measured mito-
chondrial cytochromes a+a3 and b563 were expressed twice per cell cycle whereas 
c548 only once. These latter results were obtained by cell cycle fractionation using 
size separation in a sucrose gradient in a zonal rotor (Poole et al. 1974; Lloyd et al. 

Fig. 7.3 Respiratory oscillations in Candida utilis. Oxygen consumption in samples taken from 
synchronous cultures of the yeast growing in chemically defined media in the presence of (a) 
acetate (3.88 g/L) or (b) glycerol (12.2 g/L): the effects of 30 μM DCCD or 50 μM KCN. F1 and 
F2 denote the synchrony indices. (a) cell counts, (b) controls with no inhibitors added, (c) sample 
respiratory rates, and (d) inhibition (%) in the presence of either inhibitor. Both the mitochondrial 
electron transport and ATP synthase inhibitor inhibit respiration maximally at the peaks of O2 
consumption as expected of respiratory control. (Kader and Lloyd 1979)

D. Lloyd
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1982a, b). Oligomycin-sensitive ATPase activity in both glucose-repressed and de-
repressed synchronous cultures oscillated with an amplitude of between 13% and 
80% of its total four times per cell cycle (i.e., in 3 h), and inhibitor sensitivity over 
a four-fold range (Edwards and Lloyd 1977). Confirmation of timings was noted 
after rate zonal cell cycle fractionation. Inhibitor sensitivities to six different inhibi-
tors all showed interesting differences in binding sites, but that to efrapeptin, a com-
pound known to bind to the catalytic center (F1), showed parallel behavior to ATPase 
activity (Lloyd and Edwards 1977).

7.4.2  Respiratory Timekeeping

Lloyd et al. (1982a, b) showed temperature compensation of the respiratory oscilla-
tion period in the small soil amoeba, Acanthamoeba castellanii, and in 
Schizosaccharomyces pombe (Kippert and Lloyd 1995). Quantal increments in cell 
cycle times as growth temperature was increased were also indicated in both these 
studies (Lloyd and Kippert 1993), as had previously been shown to be the case in 
mammalian cells (Klevecz 1976). Adenine nucleotide measurements in Crithidia, 
Acanthamoeba, and Tetrahymena also showed high amplitude oscillations with 
periods almost identical with those of their characteristic mitochondrial respiratory 
oscillations. Phase relationships revealed in vivo mitochondrial respiratory control 
(Edwards and Lloyd 1978). In Acanthamoeba, total protein and RNA (Edwards and 
Lloyd 1980, 1982), as well as mitochondrial F1-ATPase, and peroxisomal catalase, 
like respiration, showed 69  min ultradian rhythms (Edwards et  al. 1981, 1982). 
Experiments with Candida utilis (Kader and Lloyd 1979 (Fig.  7.3), Lloyd et  al. 
1975, 1977) showed the highest frequency of oscillations (period, 33 min), as might 
be expected of the fastest growing eukaryotic species of those tested (cell division 
time 90 min). Both respiration and total protein of Candida confirmed that the wide-
spread rhythms in the amoeba were not curious anomalies but occur more generally 
and are important and necessary physiological characteristics (Lloyd et al. 1981). 
The current dogma at that time was that “balanced” microbial growth must involve 
continuous increases of all cellular constituents, with rates dependent on available 
nutrients and O2. Populations of asynchronously dividing (or budding) individuals 
conveyed this false impression as differences between cells are smoothed out (time- 
averaged) in bulk assays. That extensive turnover is not confined to non-growing or 
differentiating cells but was also shown to be so in proliferating cells in a dedicated 
lifetime of research by the groups of Brodsky (1975, 1992, 2014) and Luzikov 
(1984, 2009) in Moscow. The novelty of these observations and the conclusion that 
extensive degradation of newly synthesized proteins is considerable met with wide-
spread doubt and disbelief as the received wisdom prevalent in those days was being 
contradicted. Publication thus proved difficult. Although work on size selected 
Candida utilis (Lloyd et al. 1977) was successful, that on the asymmetrical cell-
budding cycle in S. cerevisiae rendered size selection synchrony imprecise.

Kuriyama (Fig. 7.4a, b) initiated a new era by discovering a large-scale continu-
ous self-synchronization procedure (Satroutdinov et al. 1992; Keulers et al. 1996a, 
b; Keulers and Kuriyama 1998; Murray 2004 (Fig. 7.4c). The yeast used in all the 
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Fig. 7.4 The Kuriyama continuous self-synchronized culture system of Saccharomyces  
cerevisiae (a) Dr. Hiroshi Kuriyama. (b, c) The continuous culture system. The impellors were 
driven by a 24 V motor (K; green line), and controlled by a power supply (A). Temperature was 
measured using a Pt 100 probe (yellow line), and controlled (B) to a user set-point by a 333 W 
heater (pink line). A water jacket (at 10 °C) consisting of rubber tubing wrapped around the glass 
vessel (G) provides cooling (not shown). pH was measured using a steam sterilizable gel electrode 
connected (cyan line) to a pH meter (C). pH was automatically controlled (D) by the addition of 
2.5 M NaOH (dark blue line) or 2 N phosphoric acid (red line). An oxygen meter (E) was con-
nected to a polarographic oxygen electrode (magenta line). Sterile dry air was fed (black line)  
to the fermentor via a sparge arm, its flow rate regulated by an Aalborg mas flow controller (F). 
Waste air was passed through a condenser (10  °C) and exited via two sterile filters (J).  
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studies described below was S. cerevisiae, strain IFO 0233, from the Institute of 
Fermentation, Osaka, Japan, grown under standard conditions. Other growth media, 
aeration rates, and strains of S. cerevisae are diverse in their rhythmic dynamics, but 
central redox metabolic progression and timings of biogenesis of membranes and 
organelle structure are comparable (Machné and Murray 2012).

Temperature compensated periodicity is a necessary characteristic of all time-
keepers, be they physical, chemical, or biological. Clock control of the self- 
synchronized yeast populations was demonstrated over a range of temperatures 
suitable for growth (25–35 °C) with a Q10 of 1.07 (Murray et al. 2001, Fig. 7.5). 
Temperature dependence of the oscillation was also revelatory: robust persistence 
of rhythmic performance (temperature compensation) was observed between 26 
and 35 °C, but above and below that temperature, a longer waveform (4 h at 35 °C, 
8 h at 26 °C) became superimposed on the stable rhythm (Murray and Lloyd 2006).

A mutated yeast with an oscillatory period of 18 min has also a deficient tem-
perature compensation mechanism (Q10) = 1.6 as opposed to 1.07 for the wild type 
(Adams et  al. 2003). The Gts1 protein product has homology with the circadian 
gene product PER in higher organisms, but is highly pleiotropic, having many 
diverse effects. Xu and Tsurugi (2007a, b) suggest that one effect of deletion of 
GTS1 and TPS1  in influencing the respiratory rhythm involves inhibition of the 
metabolism of storage carbohydrates (glycogen and trehalose) and consequences 
for synchronization by ethanol. In batch cultures on trehalose, both short period and 
long period autonomous oscillations can coexist (Jules et al. 2005). Correlation of 
the latter with budding indices indicates a strict relationship to the cell budding 
cycle and also provides fundamental new insights into the mechanisms of trehalose 
mobilization (Jules et al. 2007).

Another way of altering cellular phenotypes of redox cycles is to change the 
glucose concentration in the growth medium (Chin et al. 2012). Lowering of glu-
cose by 40% (from 1.75% to 1%) reversibly lengthens the oscillation period from 2 
to 4 h, and at 0.8% glucose, the culture cell count decreased and oscillation ceased, 

Fig. 7.4 (continued) Sterile medium was stored in a reservoir (10  l; L) and pumped into the  
fermentor by low flow peristaltic pump (I; Microperpex, LKB). To avoid back contamination, the 
medium was pumped through an anti-growback device prior to entry to the vessel (G). Waste was 
collected from the fermentor by a glass arm weir. A peristaltic pump (H; 101U Watson- Marlow) 
then pumped the waste into a collection vessel (white line). In addition, there was a double-valved 
sample assembly and three auxiliary ports with rubber septa that were used for extra apparatus or 
pulse addition of perturbating agents. The data was acquired by an in-house software that con-
trolled the data acquisition board (DAS 16, computer boards) and was programmed by the user to 
collect and store data (up to 1 s intervals). In some experiments (not shown), a membrane-inlet 
mass spectrometric probe was used (for measuring gases and low molecular mass volatiles 
directly), either by immersion in the culture, or exposed to the headspace gas, and a rotating disc 
dual-channel fluorimeter (for measuring redox levels of NAD(P)H and/or flavins; Johnson 
Foundation, University of Pennsylvania) was linked to the vessel using light guides Standard con-
ditions employed were: working vol. 800 ml; dilution rate, 0.085 h−1; stirrer rate, 800 rpm; airflow 
rate, 180 ml min−1; temperature 30 °C (±0.2) and pH controlled at 3.4. Pulse injections were car-
ried out through a sterile filter (0.2 μm porosity) (Lloyd et al. 2008)
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presumably due to attenuation of intercellular signaling and loss of population 
synchrony.

7.4.3  Self-Sustained (Autonomous) Synchrony and Its 
Perturbation

Maintenance of synchrony depends on intercellular communication by volatile eas-
ily diffusible small molecules. That acetaldehyde (Fig. 7.6) was a prime candidate, 
previously suggested for populations of yeasts showing oscillatory glycolysis 
(Chance et al. 1973), was also demonstrated for ultradian rhythms (Keulers et al. 
1996a, b; Keulers and Kuriyama 1998). A key criterion for effectors of oscillatory 
behavior is the construction of phase response curves, i.e., plots of altered phase as 
a function of the ~40 min ultradian cycle stage at which an effector is injected. In 
Kuriyama’s laboratory, H2S was found to be a suitable synchronizing substance 
(Sohn et  al. 2000). Phase-response measurements (Murray et  al. 2003, Fig. 7.7) 
indicated that concentration-dependent resetting of the yeast ultradian clock was 
produced weakly by acetaldehyde at 1.0 μM and increasingly so by 3 μM. Injections 
of (NH4)2S additions also required 3 μM to produce an effect (Murray et al. 2003). 
Sulfite additions also gave phase resetting, and the investigators concluded that 
acetaldehyde and sulfite fine-tune the oscillatory states and sulfide is the prime syn-
chrony mediator.

A biological redox cycle was proposed by Rapkine (1931) in which thiol- 
disulfide reactions are key mediators. A similar mechanism accounts for the core 

Fig. 7.5 Effects of step temperature changes on the respiratory oscillations in a continuous culture 
of S. cerevisiae grown in ethanol-containing medium. (a) Dissolved O2 and (b) temperature were 
measured continuously on-line. (Murray et al. 2001)
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reactions of respiratory rhythms (Murray and Lloyd 2005, 2006; Lloyd and Murray 
2007).

Perturbation of the 40 min timekeeping respiratory rhythm in S. cerevisiae by 
agents that disturb the redox cycle implicated (Lloyd and Murray 2000) participa-
tion of the predominant yeast mitochondrial non-protein thiol, glutathione (GSH, 
Murray et  al. 1999c). Thus, the actions of a GSH reductase inhibitor (5-nitro- 
furaldehyde), an inhibitor of the synthesis of the tripeptide GSH, 

Fig. 7.6 Continuously 
monitored oscillatory 
variables (dissolved O2 and 
NAD(P)H and metabolites 
sampled from the aerobic 
continuous cultures of 
yeast. (a) The respiratory 
oscillation. (b, c) Phase 
angle plots with respect to 
dissolved O2 (...., on both 
panels), of acetaldehyde 
(▲) and ethanol (●); (c) 
S2−PR (sulfide production 
rate, ☐; and NAD(P)H 
fluorescence (_). The data 
are double-plotted 
(side-by-side) in order to 
clarify phase-related 
events. (Murray et al. 
2003)

7 Saccharomyces cerevisiae: Oscillatory Orchestration of Growth



194

(D,L-butathionine- S,R)-sulphoximine), or thiol-reacting agents (NO+, Murray et al. 
1999a, b), are such as to perturb the oscillation. The re-oxidative balance of this core 
redox cycle depends on intracellular O2 and its partial reduction products: reactive 
oxygen species (ROS: O2−. , OH–, H2O2) (Kwak et al. 2003) and possibly singlet O2 
(Lloyd et al. 1979) are key participants in this reaction network.

Li+, phenelzine (a monoamine oxidase type-A+B inhibitor) and ipronazide (type 
A monoamine oxidase inhibitor) both perturbed the 40 min cycle by prolonging the 
period. A monoamine oxidase type-B inhibitor, pargyline, was ineffective, as were 
melatonin, serotonin, dopamine, or tyramine. Glutamate altered the amplitude of 
the rhythm but not its period (Salgado et al. 2002). In Schizosaccharomyces pombe, 
inositol monophospha-tase inhibition is a likely target for the period lengthening 
action of Li+ on the cell division cycle as measured by the frequency of septum 
formation (Kippert 1997). A similar mechanism of action on signaling pathways for 
this anti-depressant agent was proposed for both the human and plant circadian 
cycles (Engelmann et al. 1976). Thus, the phosphoinositol pathway is an ancient 
highly conserved evolutionary mechanism.

Fig. 7.7 Phase response 
curves for acetaldehyde 
phase-shifting of the 
respiratory oscillation in 
yeast. The dissolved O (...) 
plot on both panels 
provides a guide to the 
phase of the injection. The 
straight line on the upper 
panel (3 mM) is the linear 
regression of the points 
obtained after and before 
the “break-point” (0°). The 
data are double-plotted 
(side by side) in order to 
clarify phase-related events 
(Murray et al. 2003)
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Mitochondrial inner membranes and cristae show conformational changes 
between condensed (energized) and orthodox (resting) states due to alternating 
swelling of the inter-membrane space during the respiratory rhythm (Lloyd et al. 
2002a, b).

Uncouplers of oxidative phosphorylation injected into the self-synchronized cul-
ture stimulated respiration (decreased residual dissolved O2) within seconds as a 
result of depolarizing the mitochondrial inner membranes and releasing an increased 
flux of electron transport along the respiratory chain (Lloyd 2003). Energetic defi-
ciency that results leads to a drastic attenuation of oscillatory amplitude of the ultra-
dian clock for about 5  h. As the dilution of uncoupling agent proceeds in the 
continuous flow system, partial recovery of respiration is followed by completion of 
the delayed ongoing cell division cycle evident between 12 and 15 h later seen as the 
enveloping slow wave.

7.4.4  Transcriptomics

Analyses of the sequence of transcription in synchronous yeast cultures reveal the 
molecular details of a remarkably organized orchestration (Klevecz and Murray 
2001; Klevecz et al. 2004, Fig. 7.8). Thus, wavelet analysis of time series data from 
expression arrays gave promise of detection of “dynamic architecture of pheno-
type.” This was realized as a genome-wide oscillation in transcription with maxima 
at three almost equal intervals in the respiratory cycle of self-synchronized cultures. 
Two groups of temporally clustered genes (comprised of 4679 out of a total of 5329 
expressed genes) are maximally recorded during low oxygen consumption (LOC, 
i.e., high residual dissolved O2 in the culture), “the reductive phase” of the 40 min 
cycle. A third cluster (650 genes) is maximally expressed during the phase of high 
oxygen consumption (HOC). Synchronous bursts of DNA replication were mea-
sured using flow cytometry: these individuals accounted for the fraction of the total 
cell population ready for cell cycle progression to budding were gated by the tran-
scriptional 40 min cycle. It was suggested that the process of DNA replication is 
thereby confined to a protective reduced intracellular environment to minimize 
damaging oxidative reactions (e.g., by reactive oxygen species: superoxide and 
hydroxyl radicals, H2O2, and singlet oxygen).

Continued research by Machné and Murray (2012) on transcriptome time series, 
from separate cultures growing under conditions that elicit either 40 min or 5 h 
period respiratory oscillations, both showed seven co-expressed gene clusters repre-
senting two superclusters. These encode for expression during phases of high and 
low O2 consumption, respectively. Their promoters each have different nucleotide 
contents, nucleosome promoter configurations, and ATP-dependent remodeling 
complexes. ATP/ADP ratios oscillate as metabolic activities of the two complexes 
alternate, suggesting a possible mechanism for delayed negative feedback of pheno-
typic expression and adaptation to environmental change.

Machné et  al. (2017) have devised a method for segmentation of time series 
given estimates of typical segment sizes and noise levels. The published example 
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Fig. 7.8 The transcriptome of Saccharomyces cerevisiae in continuous culture: activity with 
respect to three cycles of the respiratory oscillations. (a) Dissolved O2 in the culture, acetaldehyde 
and H2S. (b) Transcripts in phase with the oxidative phase of the culture (red), and those in phase 
with the reductive phase (green). (c) The scale for the transcripts was obtained by dividing the 
intensity of expression of that gene at that point by the median intensity for each experiment. (Data 
derived from Klevecz et al. 2004)
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required minimal notion of similarity of transcriptome sequencing data from bud-
ding yeast; in high temporal resolution, over ca. 2.5 cycles of the 40 min respiratory 
oscillation illustrate the power of this approach. The algorithm was used with a 
similarity measure focusing on periodic expression profiles across the metabolic 
cycle rather than coverage per time point.

7.4.5  Metabolomics

Sampling of synchronous culture every 12 min and careful handling, disruption, and 
extraction of metabolic intermediates and coenzymes by minimally destructive pro-
cedures enabled elucidation of a sequence of altered states closely corresponding to 
in vivo transformations. Rapid sampling and quenching in methanol at −80 °C was 
quickly flash centrifuged at −9 °C for 10 min. Mixing 1:1 with chloroform was then 
followed by centrifugal filtration through a 5kDa filter. Supernatants accumulated 
through three successive 40 min cycles were analyzed using capillary electrophoresis- 
mass spectrometry, using anionic, cationic, and nucleotide methodologies. In cor-
respondence with the defined order of metabolite production, the results indicated 
that 70% of molecular species showed maximal pool sizes occurred with increasing 
NAD(P)H and biosynthetic and respiratory rates (Murray et  al. 2007, Fig.  7.9). 
Oscillatory molecular concentrations predominate to such an extent that this peri-
odic behavior may be considered as being metabolome-wide. Sasidharan et  al. 
(2012a, b, c) and Amariei et al. (2013) modified the metabolite extraction procedure 
by using a dry-ice ethanol bath (−80 °C) with methanol containing N-ethylmaleimide 
(to stabilize thiols) and bead-beating (that circumvents the centrifugal step) in the 
extraction procedure. A total of 1650 oscillating chemical species can now be pre-
sented on a phase diagram (Sasidharan et al. 2012c).

7.4.6  Heterarchical Cellular Coherence

Amariei et al. (2014b) have developed a Fourier-based method that provides a suit-
able method for resolution of periodic behavior in noisy data sets. Relationships 
between chromatin occupancy, transcriptional activity, and energetic states of syn-
chronous cultures revealed a global transcriptional slowing down, indicating a 
“reset point” in the transcriptional cycle. This begins as the catabolic phase and 
stress-response transcriptional stage end and finishes at the start of the anabolic and 
cell-growth transcriptional program. Histones from both catabolic and anabolic 
superclusters were deacetylated at this point.

The microarray data was combined with other transcriptomics data and was sta-
tistically analyzed. Thus, together with transcription factor activities, biosynthetic 
events were seen to possess a definite order, and a large transcription complex 
formed part of the timing circuit for integrated biosynthetic, reductive, and cell divi-
sion cycle programs. It had previously been shown that 90% of the mRNA species 
concentrations peaked in the reductive phase (Klevecz et  al. 2004). However, 
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Fig. 7.9 A map of the ultradian clock (τ ~ 40 min) in Saccharomyces cerevisiae. Phase recon-
struction of the signal-to-noise ratio (S/N) was measured for variables during the respiratory oscil-
lation in continuously growing yeast. The polar plot was constructed from the fast Fourier 
transform analyses on numerous data sets. The red text represents the online parameters where the 
S/N had to be divided by 10. The blue text represents metabolites measured in low throughput 
enzymatic or HPLC methods. The black text shows data from high throughput GC-MS measure-
ments. The grey text represents transcripts involved in metabolism measured using microarray 
studies. The timing of transcription constructed from phase angles and oscillation strength values. 
The blue region indicates the oxidative phase and the red region represents reductive phase. 
Physiological markers are indicated in text centered on the peak of the phenotype. For example, 
perturbation sensitivity refers to the sensitivity of this region to redox altering compounds such as 
ROS and glutathione, as well as other chemical agents. The lower plot represents a phase- 
normalized cycle of dissolved O2 and is meant to guide the reader. The transcript names are com-
mon names found in the yeast genome database and the metabolite names are from a model of 
yeast metabolism. (Data from Murray et al. 2007)
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translational, proteomic, and metabolic controls also contribute (Fig. 7.10), so that 
the network is extremely complex but cannot be considered in hierarchical terms: 
thus cellular physiology and biochemistry is a heterarchical network (Yates 1982, 
1992, 1993; Yates and Yates 2008; Cortassa et al. 2012; Aon et al. 2014). There is no 
central master oscillator: the operation of the interactome emerges as a consequence 
of the interactions of many sub-graphs (Fig. 7.10), each with the potential to oscil-
late, thereby providing adaptability and robust defenses against environmental dis-
turbances (Lloyd and Kippert 1993).

Population asynchrony time-averages bulk observations in stirred fermenters 
unless the conditions routinely employed to maintain rhythmic behavior are 
observed. Lowering glucose levels by 40% or changing the dilution rate switches 

Fig. 7.10 A small central portion of the yeast interactome. Network derived for sulfur assimila-
tion from top oscillating transcripts and metabolites. The figure key provides a guide to the net-
work. SLF sulfate, LLCT cystathione, HSER homoserine, OASER o-acetylhomoserine, OBUT 2 
oxobutanoate, AC acetate, ACCOA acetyl- coenzyme A, COA coenzyme A (color-coding shows 
phase angles of maxima in the ~40 min ultradian respiratory cycle; for further details, see Murray 
et al. 2007)
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the respiratory rhythm to longer periods (Chin et al. 2012). Within a 24 h experi-
ment, lowering media components other than glucose: (NH4)2 SO4, CaCl2, MgSO4, 
or dilution of the solution containing trace ions (Fe3+, Zn2+, Cu2+ and Mn2+) by 40% 
in cultures displaying ~ 2 or ~ 4  h ultradian respiratory rhythms produced no 
changes. Transcripts involved in processes were still ordered and coupled in a simi-
lar sequence to those described for cultures expressing ~40 min rhythms. However, 
peak-to-trough ratios of amplitudes were increased and the proportion of un-budded 
cells was increased. Thus the organisms spend more time to traverse the G0/G1 
phase of the cell cycle at low glucose and spend longer time in respiratory energy 
generation. Flow cytometric analyses used to evaluate the timings of S phase sug-
gest that the duration of the cell division cycle is regulated by redox oscillations. In 
the standard conditions of medium composition, especially glucose concentration, 
aeration rates (kLa), and population density, generation time was 8.2 h so that 8% 
of the cell population undergoes the S phase of DNA replication in each 40 min 
ultradian cycle.

In a prototrophic yeast strain, a batch culture growing in phosphate-limited 
ethanol- containing medium spontaneously synchronizes into multiple ultradian 
cycles. The fraction of organisms in G0/G1 phase of the budding cycle increased 
from 90% to 99% (Slavov and Botstein 2011; Slavov et al. 2011), demonstrating 
that metabolic cycling does not require cell-division cycling and metabolic syn-
chrony does not necessitate carbon-source limitation in this strain.

7.4.7  Nonlinear Behavior of the Multi-oscillator

The robust capacity of the cellular system can be challenged by progressive lower-
ing of the pH of the continuous culture in 0.1 pH unit steps (Murray and Lloyd 
2006). The dynamic reorganization capabilities are observed as an alteration of 
waveform into increasing complexity of respiratory activity and cell division cycle 
controls. The usual 40–43  min period and amplitude variations (~5%) routinely 
observed as the “stable” oscillatory state at pH 3.4 was progressively modified, and 
next-amplitude plots indicated a chaotic component in the period-generating mech-
anisms and not in amplitude attenuation. Below pH 2.9, outputs became unstable 
with a 390 min period at pH 2.7. When 0.2 increments were employed from pH 3.4 
to pH 6.0, the usual stable oscillatory behavior was maintained.

Observation on longer and shorter time scales enables the uncovering of nonlin-
ear performance. Membrane-inlet mass spectrometry (Bohátka et al. 1983; Bohátka 
1985; Lloyd et al. 1983a, b, 1985, 1996) proves ideal for highly precise rapid and/
or long-term monitoring of the self-synchronized continuous cultures with stable 
~40 minute periods. As points are registered every 12 s for m/z values at 32, 34, 40, 
and 44, lability or stability of the output enables minute by minute, hour by hour, 
day after day measurement to be followed for several months (Roussel and Lloyd 
2007; Fig. 7.11a). After a disturbance, a multi-oscillatory mode in which dissolved 
O2 and CO2 were recorded showed 13 h as well as 36 and 4 min modes, not continu-
ously seen, but returning at regular intervals during the 13 h cycle. This behavior 
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was modeled as a metabolic attractor (Fig. 7.11b). Extended collection of data on 
dissolved O2, CO2 and H2S, using dissolved argon as inert reference provided data 
every 15  s for 3  months (37, 374 data points). The chaotic behavior (leading 
Lyapunov exponent 0.752 ± 0.004 h−1) indicates sensitivity to initial conditions, a 
hallmark of deterministic chaos (Lloyd and Lloyd 1992, 1995; Kumar 1996; Aon 
et al. 2011). This might be a consequence of a loan chaotic oscillator, or a result of 
more than one or many interacting oscillators, the latter case seeming quite likely 
from what we know of the predominance of multi-oscillatory performance compris-
ing the interactome.

Some indications of rhythms with periods shorter than 4 min seen in data ana-
lyzed using wavelet methods (Kurz et al. 2017) would repay further studies of more 
rapidly sampled culture, i.e., at intervals below the Nyquist limit.

7.4.8  Fluorescence Imaging: Mitochondrial Rhythmicity

The ~4 min respiratory oscillation observed in using MIMS is likely to arise from 
mitochondria as oscillations of a similar frequency in NADH and mitochondrial 
inner membrane electrochemical potential (ΔΨm) have been imaged in tethered 
yeasts incubated with 5 mM glucose under aerobic conditions after pre-loading with 
5 nM tetramethylrhodamine ethyl ester (TMRE) for 30 min (Fig. 7.12).

The intense auto-fluorescence in Schiz. pombe of both mitochondrial NAD(P)H 
and flavin emission was first measured using two-laser scanning (Bashford et al. 
1980).

Fig 7.11 (a) The partially resolved yeast ultradian multi-oscillator using the MIMS probe. Phase 
relationships between the continuously monitored parameters and dissolved O2 in the self- 
synchronous yeast continuous culture. (b) Plots of dissolved O2 and CO2 at m/z values 32, 44 using 
Ar at m/z 40 as an inert reference gas (Roussel and Lloyd 2007). The inset shows an amplified 
section of the O2 trace. (b) A chaotic attractor revealed in the self-synchronous yeast continuous 
culture. This plot was obtained by monitoring of dissolved O2, CO2, and H2S at m/z values 32, 44, 
and 34, respectively, using Ar at m/z 40 as an inert reference gas. Recording of the output of the 
MIMS probe was set to a cycle time of 12 s. Sampling was over a period of 3 months resulting in 
36 000 points as shown (Roussel and Lloyd 2007)
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Scanning 2-photon excitation indicated that NAD(P)H and (ΔΨm) oscillate in 
phase and discrimination between cytosolic and mitochondrial emission is possible 
in a single S. cerevisiae organism (Aon et al. 2007). This imaging technique has also 
been invaluable for tracing oscillations of glutathione (after reaction with mono-
chlorobimane and reactive oxygen species (mitosox for O2

− , 5-(-6)-chloromethyl- 
2′,7′-dichlorohydrofluorescine diacetate for H2O2 and hydroxyl radicals)) in both S. 
cerevisiae and Candida albicans (Aon et al. 2007; Lemar 2003; Lemar et al. 2005, 
2007; Lloyd 2006; Lloyd et al. 2012) (Fig. 7.13). The importance of mitochondrial 
oscillations in mammalian tissues (Boiteux and Chance 1970) is recognized now as 
of pivotal importance in cardiac rhythmicity (Aon et al. 2008a, b; Lloyd et al. 2012; 
Kurz et al. 2017).

Individual mitochondria isolated from human (HeLa) cells trapped in nanoflu-
idic channels using an inner membrane-specific lipophilic anionic fluorophore 
(TMRM) show typical polarized potentials and responses to substrates, or Ca2+ 
(Zand et  al. 2013). A similar dye (JC-1) indicates fast fluctuations in ΔΨm 

Fig. 7.12 Wavelet analysis of the CO2 trace from the self-synchronous continuous culture data 
explained in Fig. 7.11. Note the fast oscillatory modes of periods< 4 min. (Unpublished analysis 
of F. Kutz , courtesy of MA Aon)
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Fig. 7.13 Spontaneous synchronized oscillations in a synchronized yeast. Images of organisms 
(E), monitored by 2-photon scanning laser microscopy: mitochondrial membrane potential imaged 
for (a) NAD(P)H (auto-fluorescence), (b) ΔΨm (TMRM), (c) reactive oxygen species 
(5-(-6)-chloromethyl-2′,7′-dichlorohydrofluorescine diacetate, green), and glutathione (mono-
chlorobimane). Please see also Lemar et al. (2007) and Aon et al. (2007) for on-line video of the 
synchronous oscillation of this yeast cluster at doi: 10.1016/j.febslet.2006.11.068
Spontaneous, synchronized oscillations in a contiguous synchronized layer of about 30 S. cerevi-
siae cells incubated with (a, b) or without (c) aeration of the perfusion buffer, monitored by 
2- photon scanning laser microscopy. (a) Aerobic, whole cell ΔΨm and NAD(P)H oscillations 
exhibited by a microscopic field of <30 yeasts perfused with aerated PBS, pH 7.4, in the presence 
of 5 mM glucose. (b) Synchronous NAD(P)H oscillations of individual yeast cells as well as the 
average fluorescence from the whole microscopic field. The inset shows a histogram of whole cell 
NAD(P)H fluorescence intensity in the presence of 5 mM cyanide (CN) or 2 μM FCCP, a ΔΨm 
uncoupler, for n = 60 yeasts, ∗∗∗P < 0.001. (c) Whole yeast cell NAD(P)H oscillations under perfu-
sion conditions similar as in panel A but in the absence of aeration. (d) Fluorescent microspheres 
of approximately the same diameter of a yeast cell were imaged in the same microscopic field of 
yeast and their fluorescence followed simultaneously during the oscillatory response. A monotonic 
decrease in the microspheres’ fluorescence intensity can be noticed and were essentially due to 
photobleaching. Three fluorescent microspheres are shown in the inset: the bar corresponds to 
5 μm (Aon et al. 2007, see also supplementary information)
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(mitochondrial inner membrane electrochemical potential), previously described as 
“flickering,” but not well understood.

The multi-oscillatory performance of yeast cells represents a range of frequen-
cies of at least three orders of magnitude and further analysis indicates scale-free 
dynamics (Aon et al. 2008a, b). Thus, relative dispersional and power spectral anal-
yses of the time series of dissolved O2 and CO2 signals obtained by MIMS gave 
values of similarity in the periods demonstrated in the inverse relationship between 
amplitude and frequency (i.e., the origin of the inverse power law governing fractal 
systems) of Df = 1.0 (r = 0.86) and β = −1.95 (r = 0.85) for O2 and Df = 1.0 (r = 0.98) 
and β = −1.40 (r = 0.72) for CO2, respectively. This validation of self-similar, i.e., 
fractal, properties provides functional understanding for the observed characteris-
tics of the dynamics. It indicates that disturbance on one time scale has effects on all 
time scales that operate in the system and predicts a memory-like retention of earlier 
events. The detection, characteristics, and plausible functions of deterministic cha-
otic systems in biology, and their relationships with observed temporal self- 
similarities have been extensively discussed, since earlier descriptions of chaotic 
physical, chemical, and enzyme reactions.

Single yeast and clusters of yeast organisms examined attached to the poly-lysine 
coated glass surface of the perfusion well (Aon et  al. 2007), or in microfluidic 
chambers (Silverman et  al. 2010), show oscillatory “metabolic” redox rhythms, 
indicating that this behavior is a property of individual cells.

7.4.9  Respiratory Timekeeping: A Summary

It is evident that Kuriyama’s self-synchronous continuous culture methodology has 
enabled highly significant advances in the resolution of time structure of yeast, an 
invaluable experimental model system, and at present the most fully investigated of 
any organism. A global system of transcriptional and transcriptional regulator oscil-
lators provides a map of a global dynamic system. This mechanism is sensitive to 
initial conditions (e.g., perturbation by phenazine, Salgado et  al. 2002; Li and 
Klevecz 2006). More than 1600 oscillating metabolites (Murray et  al. 2007; 
Sasidharan et al. 2012a, b, c; Murray et al. 2014; Amariei et al. 2014a) reveal coor-
dination with metabolic functions, organelle elaboration and function, and the cell 
division cycle. Redox control is central in the cellular network and implicit to rhyth-
micity (Lloyd and Murray 2005, 2007; Murray and Lloyd 2006; Murray et al. 2011; 
Murray et al. 2014).

This makes a rational progression through the 40 min ultradian redox rhythm, 
respiratory (high oxygen consumption), early reductive, and late reductive phases 
(low oxygen consumption), summarized as follows:

In HOC: ribosome biogenesis, RNA metabolic process, gene expression, RNA bio-
synthetic process, and S-amino acid metabolism

In early LOC: DNA-dependent DNA replication and nitrogen compound metabolic 
process
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In late LOC: proteolysis, stress response, and proteolysis involved in cellular pro-
tein catabolism

The Kuriyama aerobic fermentation system thus presents us with a procedure 
providing deep understanding of whole-system physiology as well as detailed dis-
section of dynamic biochemistry. Some other groups (e.g., Tu et al. 2005, Tu and 
McKnight 2006) have not paid adequate attention to the strictly defined require-
ments of the details of the culture technique and implementation of its control sys-
tems: misinterpretations have necessitated corrections (Lloyd 2006; Murray 2006; 
Chin et al. 2012).

The temporal controls revealed by Kuriyama’s procedures cover almost all 
aspects of cellular function. It establishes a definite order to metabolic and biosyn-
thetic processes and also organelle functions and development. It also provides con-
firmation of earlier ideas on the Saccharomyces cerevisiae cell division cycle as 
well as those in other fungi and lower eukaryotes (protozoa and algae) as collections 
of interacting oscillators (Lloyd et al. 1982a, b), with deterministic chaotic attrac-
tors (Klevecz 1976; Klevecz and Li 2007; Klevecz 1992; Klevecz et al. 2008). The 
origins of muti-cellularity and the emergence of cellular differentiation may have 
been organized by synchrony via mitochondrial oscillations (Fig. 7.13).

The fractal multi-oscillator behavior of mitochondrial respiration in yeast and 
the mammalian heart muscle indicates highly conserved physiology and biochem-
istry over 1.5 billion years of evolution (Aon et al. 2011; Lloyd et al. 2012). This 
comparison further extends the concept of the value of yeast research into a widen-
ing biomedical arena especially in the relevance of mitochondrial energetics and 
molecular genetics to human disease (Wallace 2012, 2015, Picard et al. 2015, 2016) 
(Fig. 7.14).

7.5  Circadian (Diurnal) Oscillations

In an organism capable of budding every 90 min, it is not unexpected that a special 
mechanism for generating ~24 h rhythms has not been discovered. Of course, under 
environmental conditions, even with plentiful nutrients, but at low temperature or at 
high light intensity, such a rhythm of slow cellular proliferation might prove an 
advantage.

Yeast respiration is inhibited by light (Ninnemann et al. 1970), and Wille showed 
in 1974 that Candida albicans can be photo-entrained into a circadian growth mode. 
Work on S. cerevisiae mutants lacking mitochondrial and nuclear encoded cyto-
chrome components also lacks this capacity (Woodward et  al. 1978, Ułaszewski 
et al. 1979). Photochemical action spectra for the light-inhibition of growth gave a 
maximum at 408 nm in the Soret region of the cytochrome spectrum. Resistance to 
light inhibition was greatest in yeasts lacking all three types of cytochromes (b, c, 
and a).

Photic input for synchronization to entrainment requires a b-type cytochrome as 
shown in a mutant of Schizosaccharomyces pombe (Kippert et al. 1990). Candida 
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albicans uses porphyrins and flavins as photoreceptors (405 nm or 445 nm, respec-
tively), and these wavelengths are used for photoinactivation (Plavskii et al. 2018). 
Photolyases have been extensively characterized and contain two chromophores, a 
reduced flavin (FADH) and non-covalently linked fluorescent conjugated pterine (5, 
10-methenyl tetrahydrofolate) absorbing maximally at 385 nm (Ninnemann 1995).

Wild-type strains of S. cerevisiae growing slowly (with14 h generation times) 
can be entrained to periodic light/dark 10 h/14 h regimes. These cultures give sub-
sequent free-running cycles with a period of 26 h and persist for 7–8 days in com-
plete darkness (Edmunds 1980). However, this yeast lacks most of the “canonical” 
genetic determinants. Thus, PER1, 2, and 3, TIM, and the total of 15 genes present 
in mouse, rat, and human genomes are absent, as are the 25 characterized transcrip-
tion factors. Casein kinases (numbering 5), the CREB signaling factors (23), and the 
two light-sensing proteins, melatonin receptors (Mtn 1a and 1b) are also not 
detected. Those genes present in Neurospora (the most studied fungal circadian 
system, Dunlap and Loros, 2017) and many other fungi. FRQ, WC-1, and WC-2 are 
also absent from S. cerevisiae, whereas FRH and FWD1 are present but serve non- 
circadian functions. The plant circadian genes ELF3 and 4, LUX, PRFS7 and 9, and 
also VIVID are also absent from baker’s yeast, and no opsonins, phytochromes, or 
cryptochromes have been characterized. Next-generation sequence analyses (Li 
et al. 2015; Hughes et al. 2017) may be expected to reveal further details of genetic 
controls of circadian clocks in fungi and of prominent differences in yeasts from 

Fig. 7.14 The evolution of multicellular organisms has utilized ultradian rhythms for both intra-
cellular coherence and intercellular signaling; this has led to population synchronization, social 
interactions, and the development of tissues and organs leading to higher levels of complexity in 
metazoa and plants. (Illustration by Dr. Victoria Gray)
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those of other fungi and higher organisms. Circadian rhythms of intracellular Mg++ 
are widely implicated in enzyme activities and membrane ion channels: the whole 
cell is a circadian oscillator (Dunlap and Loros 2017).

Circadian “cryptic clock”-like functions revealed in S. cerevisiae by using 
entrainment to temperature cycles rather than by growing organisms under constant 
conditions in the laboratory (Eelderink-Chen et al. 2010, 2015; Merrow and Raven, 
2010) find interest in consideration of the behavior of yeasts under natural environ-
mental conditions. In Schizosaccharomyces pombe, growing on slowly metabolized 
sugars (e.g., mannose) or low temperatures, quantized cell division times have been 
observed (Kippert 2001).

Acknowledgments DL would like to thank all the students and coworkers for permission to sum-
marize their contribution to work on temporal organization of the growth of yeasts.
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Abstract
Neurospora strains bearing chromosome segment duplications (Dp strains) can 
be generated in the laboratory and are also recoverable from natural populations. 
Two “genome defense” processes, RIP (repeat-induced point mutation) and 
MSUD (meiotic silencing by unpaired DNA), impart some unusual phenotypes 
to Dp-heterozygous crosses. MSUD is an RNAi-based gene silencing of any 
gene not properly paired with a homologous sequence during meiosis. Efficient 
MSUD, as in the highly inbred N. crassa Oak Ridge (OR) background used for 
most genetic studies, can make Dp-heterozygous crosses barren and very non- 
productive. Our recent studies showed, however, that strains with inefficient 
MSUD are more widespread in nature than OR-type strains, and in them, Dp- 
heterozygous crosses can be non-barren. RIP occurs in the haploid nuclei of the 
pre-meiotic dikaryon and alters, via multiple G:C to A:T transition muta-
tions, duplicated DNA sequences present in an otherwise haploid genome, and 
thus destroys duplicated genes. RIP-induced mutants can be recovered among 
the progeny of Dp-heterozygous crosses. Additionally, the presence of large Dps 
(> 250 kb) suppresses RIP in smaller gene-sized duplications (< 5 kb) in the 
same cross, presumably by titration of the RIP machinery. Thus, in an inefficient 
MSUD background a large Dp would enable a small duplication to escape RIP, 
whereas efficient MSUD induces barrenness and thereby suppresses the produc-
tion of escapees. Our findings enable us to explain why only one Neurospora 
strain was found to contain an active transposable element, whereas all the other 
strains examined contained only its RIP-inactivated copies.
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8.1  Introduction

Uniquely among fungi, the Neurospora genome has practically no repeated DNA 
(Galagan et al. 2003). Wrapped inside this mystery lurked a riddle: one Neurospora 
strain had been found which contained multiple copies of a transposon (Kinsey and 
Helber 1989). The mystery was solved by the discovery of “genome defense” by 
repeat-induced point mutation (RIP; Selker 1990) and the riddle by the demonstra-
tion that the transposon-bearing strain also has a dominant suppressor of RIP phe-
notype (Noubissi et al. 2001). RIP alters duplicated DNA sequences present in an 
otherwise haploid genome and thus destroys duplicated genes. Dominant RIP sup-
pression is effected by large chromosome segment duplications (Dps) in a funda-
mentally stoichiometric manner (Bhat and Kasbekar 2001; Singh and Kasbekar 
2008). However, up until now it was generally accepted that crosses with Dp strains 
are barren and produce very few progeny (Perkins 1997; Perkins et  al. 1997). 
Therefore, one could argue that Dp-mediated RIP suppression was only a laboratory 
artifact and might not be relevant in nature. Barrenness is caused by MSUD (mei-
otic silencing by unpaired DNA), an RNAi-based gene silencing process (Shiu et al. 
2001). Our recent work suggests that that “Dp crosses” are, in fact, often not barren 
(Giri et al., 2019). The blanket misattribution of the barren phenotype to them hap-
pened because the highly inbred N. crassa Oak Ridge (OR) background was used 
for most genetic studies in Neurospora (Perkins 2004), and in which MSUD is 
unusually efficient (Ramakrishnan et al. 2011). I will briefly describe MSUD, RIP, 
and Dps and then summarize the findings that led to the revision of our views vis-à- 
vis Dps and barrenness. Hammond (2017) gives an excellent review on MSUD and 
Gladyshev (2017) an equally contemporary one on RIP.

8.2  Meiotic Silencing by Unpaired DNA (MSUD)

In MSUD, an unknown mechanism detects homologous DNA sequences that are 
misaligned (“unpaired”) in meiosis and is presumed to transcribe them into “aber-
rant RNA” (aRNA). An RNA-dependent RNA polymerase (RdRP) encoded by the 
sad-1 (suppressor of ascus dominance-1) gene is then believed to make the aRNA 
double-stranded. The double-stranded RNA is then processed into single-stranded 
MSUD-associated small interfering RNA (masiRNA) that guides a perinuclear 
silencing complex to degrade complementary mRNA as it exits the nucleus. This 
effects silencing of the misaligned genes as well as any of their homologues, regard-
less of whether the homologues were themselves paired. A subset of mutant sad-1 
alleles was found to semi-dominantly suppress MSUD (Shiu et al. 2001). It included 
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the UV-induced Sad-1UV allele in which the 3’ half of the gene is deleted, the Sad-1Δ 
allele which is deleted for the whole gene, and the Sad-1RIP141 allele that contained 
828 GC to AT transition mutations induced by the RIP mutational process (see 
below) and hence shared only 87% identity with sad-1+. These alleles are presumed 
to cause the wild-type sad-1+ allele to become unpaired in meiosis, which triggers 
its autogenous silencing, and the consequent reduction in RdRP level reduces the 
accumulation of masiRNAs against other unpaired genes. In other words, the sup-
pressor alleles “silence the silencer.” In contrast, the sad-1RIP73 allele that contained 
only 194 RIP-induced GC to AT changes did not suppress MSUD, presumably 
because its sequence was not sufficiently severely altered to unpair the sad-1+ allele 
and trigger its autogenous silencing. Crosses homozygous mutant for sad-1 were 
arrested in ascus development in the meiotic prophase, and the asci aborted and 
degenerated.

Several more MSUD genes were subsequently identified based on the “silencing 
the silencer” phenotype of their deletion alleles. The screens typically used one or 
more of the MSUD tester strains ::act, ::asm-1, ::Bmlr, ::mei-3, and ::r+ in which 
an additional copy of the act (actin), asm-1+ (ascospore maturation-1), Bml 
(β-tubulin), mei-3, or r+ (round ascospores) gene was inserted at an ectopic location 
(usually the his-3 locus on chromosome 1) and its unpairing in tester-heterozygous 
crosses instigated masiRNA production that reduced actin, ASM-1, β-tubulin, MEI- 
3, or R protein levels and resulted in striking ascus or ascospore phenotypes. In 
contrast, homozygous tester mat-A × tester mat-a crosses did not show MSUD. While 
heterozygosity for semi-dominant mutant alleles of the MSUD genes sad-1, sad-2, 
sad-3, sms-2 (suppressor of meiotic silencing-2), dcl-1 (dicer-like-1), and qip 
(QDE-2 interacting protein) suppressed MSUD via the “silencing the silencer” 
route, their homozygous crosses failed to make ascospores. Thus, the proteins 
encoded by these genes are required for MSUD and also appear to have additional 
roles in sexual reproduction. In contrast, crosses homozygous for the MSUD muta-
tions sad-4, sad-5, and sad-6 did not show MSUD but could produce ascospores, 
which suggested that their gene products were only required for MSUD but were 
otherwise dispensable for sexual reproduction. Hammond (2017) presented a model 
outlining how the different MSUD proteins might be involved in masiRNA genera-
tion. Briefly, the hypothesized aRNAs made from the unpaired DNA segments are 
converted into dsRNAs by the SAD-1 RdRP and the dicer protein DCL-1 then pro-
cesses the dsRNAs into masiRNAs; QIP removes the passenger strand from the 
masiRNAs, which are then used by the Argonaut protein SMS-2 in the silencing 
complex to identify complementary mRNAs for silencing. The SAD-3 helicase 
might help in dsRNA formation or in another process that might require nucleic 
acid unwinding. The SAD-1, DCL-1, SMS-2, SAD-3, and QIP proteins assemble 
on a perinuclear scaffold made by the SAD-2 protein. Since masiRNAs are absent 
from SAD-4-deficient crosses, the SAD-4 protein also plays a role in their produc-
tion. The SAD-5 and SAD-6 proteins are located inside the nucleus and their roles 
are still obscure. Additionally, the cpc-20 and cpc-80 genes that encode the CPC-20 
and CPC-80 proteins of the cap-binding complex (CBC) are required for efficient 
MSUD (Decker et  al. 2017). The CBC associates with the 5′ cap of mRNA 
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transcripts, and its absence might make it harder for the silencing complex to recog-
nize and capture target mRNAs exiting the nucleus, allowing some to reach the 
translational machinery and thus lowering MSUD efficiency (Decker et al. 2017).

8.3  Repeat-Induced Point Mutation (RIP)

The RIP (repeat-induced point mutation) mutational process occurs during a sexual 
cross, in the haploid nuclei of the pre-meiotic dikaryon that forms following fertil-
ization and lasts until karyogamy, and targets DNA sequences duplicated in an oth-
erwise haploid nucleus with multiple G:C to A:T transition mutations and methylates 
many of the remaining cytosine residues (Selker 1990; Irelan and Selker 1996). 
Crosses homozygous mutant for the rid (RIP-defective) gene are deficient for RIP 
(Freitag et al. 2002).

Our serendipitous discovery that colonies produced from erg-3 (ergosterol-3) 
mutant ascospores on Vogel’s–sorbose agar medium have a distinct growth mor-
phology that makes them unambiguously distinguishable from sibling wild-type 
colonies by mere inspection under a dissection microscope enabled us to conve-
niently assay for RIP (Noubissi et al. 2001). The transgene Dp(erg-3) (also called 
Dp 1.3echph) contains an hph-tagged duplication of a 1.3 kb segment of the erg-3 
gene. When Dp(erg-3) strains were crossed with OR strains of the opposite mating 
type, 8–13% of the progeny were RIP-induced erg-3 mutants, and DNA sequencing 
revealed that  they contained numerous G:C to A:T transition mutations, many of 
which introduced in-frame stop codons. When we crossed the Dp(erg-3) strains 
with > 440 wild-isolated strains and scored the frequency of RIP-induced erg-3 
mutants in the progeny, we found that crosses with seven wild strains yielded far 
fewer than 0.5% RIP-induced erg-3 mutant progeny, suggesting that they domi-
nantly suppressed RIP. Interestingly, the seven dominant RIP suppressor wild strains 
included the Adiopodoumé strain (FGSC #430) isolated in Ivory Coast, West Africa. 
It was the only Neurospora strain found bearing an active transposable element, 
called Tad (Kinsey and Helber 1989), while all the other hundreds of strains exam-
ined carried only RIP-inactivated relics of Tad (Kinsey 1989). The Adiopodoumé 
strain’s dominant RIP suppressor phenotype explained the survival of the Tad 
transposon.

8.4  Dp Strains and MSUD-Induced Barrenness of Dp × N 
Crosses

A large number of chromosome rearrangements have been identified and studied in 
N. crassa, including several insertional translocations (IT), quasiterminal transloca-
tions (QT), and reciprocal translocations (RT) (Perkins 1997). ITs transfer a seg-
ment of a donor chromosome into a recipient chromosome without any reciprocal 
exchange, QTs move a distal segment of a donor chromosome to the tip region of 
the recipient chromosome distal to any essential gene and presumably cap the donor 
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chromosome’s breakpoint with the recipient chromosome’s tip, and RTs recipro-
cally interchange the terminal segments of chromosomes. Thus, a QT is formally 
like an RT but behaves genetically like an IT. Significantly, one-third of the viable 
progeny from IT × N and QT × N crosses (N is a normal sequence strain) contain a 
duplication of the translocated segment, that is, they are Dp type (Fig. 8.1).

It was known for a long time that in N. crassa, Dp-heterozygous crosses (i.e., 
Dp × N or Dp × T) have a characteristic barren phenotype, that is, they produce 
normal-looking perithecia but generate exceptionally few ascospores (Perkins 
1997). Perkins et al. (1997) had speculated that the barrenness might be caused by 
the inactivation of Dp-borne essential genes by RIP. However, this idea was ques-
tioned when we found Dp × Adiopodoumé crosses to be as unproductive as their 
Dp × OR counterparts (Noubissi et al. 2001, cited by Shiu et al. 2001). Recall that 
the Adiopodoumé strain has a dominant RIP suppressor phenotype. Oddly, residual 
support for RIP’s involvement in barrenness persisted in my laboratory. One stu-
dent, not involved in the Adiopodoumé experiments, was diehard enough to publish 
a dissenting note (Prakash 2001), which was inopportune, because shortly thereafter 
Shiu et al. (2001) reported that Dp × Sad-1 crosses were 50-fold to 8000-fold more 
productive than the corresponding Dp × sad+ crosses, and a little later we confirmed 
that the barrenness was not alleviated by homozygosity for  the RIP suppressor 
mutation rid (Bhat and Kasbekar 2004; Vyas et  al. 2006). Presumably, in Dp- 
heterozygous crosses the Dp-borne genes, including those required for meiosis or 
ascus development, are unable to pair properly with a homologue, and their 

Fig. 8.1 Alternate versus adjacent-1 segregation in T × N crosses. In alternate segregation the 
centromeres 1T and 2T, derived from the translocation parent, go to one spindle pole, and centro-
meres 1N and 2N, derived from the normal sequence parent, go to the other pole; in adjacent-1 
segregation, 1T and 2N go to one pole, and 2T and 1N go to the other pole. Alternate segregation in 
IT × N (right panels) produces 4 IT plus 4 N parental-type viable ascospores, and the asci have the 
8B:0W phenotype; adjacent-1 segregation produces asci with 4 Dp plus 4 Df ascospores, and since 
the Df ascospores fail to turn black, the ascus phenotype is 4B:4W (B  =  black ascospores, 
W = white ascospores). Alternate and adjacent-1 segregation are equally likely; therefore IT × N 
crosses produce equal numbers of the two ascus types, i.e., 8B:0W = 4B:4W. The left panels show 
the RT × N cross. Again, alternate segregation produces asci with 4 RT plus 4 N parental-type 
viable ascospores, and the ascus phenotype is 8B:0W, whereas adjacent-1 segregation produces 
ascospores containing either deficiency Df1 or Df2, together with, respectively, the complementary 
duplication Dp2 or Dp1. The Dfs cause inviability; therefore all the ascospores remain white, and 
the ascus phenotype is 0B:8W. Consequently, RT × N crosses produce 8B:0W = 0B:8W
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silencing makes the cross barren. [Happily, the recalcitrant student did excellently 
in his own research (Prakash et al. 1999; Prakash and Kasbekar 2002a, 2002b) and 
went on to build a successful research career. Clearly, my laboratory harbored a 
lively diversity of academic opinion.]

Somewhat surprisingly, Dp-homozygous crosses also were barren, and Sad-1 
failed to increase their productivity (Shiu et al. 2001; Bhat and Kasbekar 2004). We 
have proposed a model to explain why Sad-1 might not be as effective in suppress-
ing MSUD in a Dp-homozygous cross (Bhat and Kasbekar 2004; Singh et al. 2009). 
However, given that the sad-5 mutant is now available, whose homozygous cross is 
fertile but does not show MSUD, it can be used to test the homozygous Dp; sad- 
5 × Dp; sad-5 cross and conclusively settle this issue.

8.5  Dps Suppress RIP, Presumably by Titration of the RIP 
Machinery

Perkins et al. (1997) were the first to show that RIP can occur in crosses involving 
strains bearing sizeable Dps. They examined 11 different Dp × N crosses, which 
because of their barren phenotype produced very few progenies (<500, in fact, six 
crosses produced <100 progenies each); nevertheless, they obtained RIP-induced 
mutant alleles in 17 different genes. Of these, 13 mapped to the segment duplicated 
in the corresponding Dp parent, one was outside the duplication but closely linked, 
and three were unlinked to the duplication. Two mutant alleles were examined for 
DNA sequence alterations and found to contain G:C to A:T changes as expected 
from RIP. However, the density of mutant sites was lower than what was seen when 
RIP occurred in gene-sized duplications (such as Dp(erg-3)). Indeed, it was this 
observation that led Perkins et al. (1997) to (incorrectly) speculate that the few asco-
spores produced in the barren crosses might be the ones in which RIP either had not 
occurred or was very inefficient, and thereby account for the low frequency of RIP- 
induced alterations observed in the survivors. Their results motivated us to ask 
whether the production of RIP-induced erg-3 mutant progeny is affected in 
Dp × Dp(erg-3).

Our first Dp × Dp(erg-3) crosses were made prior to the revelation that Sad-1 can 
increase the productivity of Dp-heterozygous crosses, and we were constrained to 
use “brute force” (i.e., set up multiple replicates for each cross) to obtain sufficient 
progeny numbers. The frequency of RIP-induced erg-3 mutants was reduced if the 
Dps AR17, OY329, or S1229 were present in either the same or the other parental 
nucleus of the cross, which suggested that the larger Dps (all > 100 kb) act as sinks 
to titrate out the RIP machinery from the smaller (1.3 kb) Dp(erg-3) duplication 
(Bhat and Kasbekar 2001). The barrenness of the Dp(IBj5)  ×  OR cross was so 
severe that it defied “brute force,” and we resorted to screening for wild strains 
whose crosses with Dp(IBj5) might yield progeny ascospores in sufficient numbers 
to do the test (Fehmer et al. 2001). Crosses with four wild strains (Lahore-1 (FGSC 
#1824), Dagguluru-1 (FGSC #3360), Okeechobee (FGSC # 3968), and Tiassale 
(FGSC # 4825)) with the Dps AR17, OY329, and S1229 indeed yielded more 
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progeny ascospores, in contrast, crosses with two, Golikro (FGSC# 4830) and Costa 
Rica (FGSC# 852), produced approximately 100x fewer ascospores. Moreover, the 
wild strains did not interfere with the Dps’ ability to suppress RIP in Dp(erg-3). We 
performed crosses of Dp(IBj5) with the four “productive” wild strains and obtained 
sufficient progeny numbers to enable us to conclude that Dp(IBj5) also is a RIP sup-
pressor (Fehmer et al. 2001).

Subsequently, the Sad-1 mutant made it convenient to survey many more Dps 
(Singh et al. 2008). All told, of the 39 Dps we examined, 33 suppressed RIP, 5 (EB4, 
B362i, UK14-1, NM169d, and R2394) did not, and 1 (CJS1) gave inconclusive 
results. We could estimate the size of 27 suppressor and 3 non-suppressor Dps. The 
former were all greater than 270 kb, whereas the latter were all less than 200 kb 
(Singh et al. 2008, 2010). It was also possible to achieve RIP suppression by combin-
ing multiple non-suppressor Dps in a cross, to thereby increase the total duplication 
size to greater than 270 kb. For example, the Dps EB4, B362i, and R2394 were indi-
vidually non-suppressing, but their double and triple heterozygous crosses could 
suppress RIP (Singh and Kasbekar 2008). Together our results support the idea that 
Dp-mediated RIP suppression might occur by titration of the RIP machinery. Perkins 
et al. (2007) independently confirmed our contention that Dps can suppress RIP.

However, the use of the Sad-1 mutant, or particular wild strains, or “brute force” to 
obtain sufficient ascospore numbers invites the criticism that Dp-mediated RIP sup-
pression might be only a laboratory-bound curiosity, and it might not be significant in 
natural populations. Our recent results now enable us to rebut this criticism (see below).

Two of the seven wild-isolated dominant RIP suppressor strains (see Sect. 8.3), 
Sugartown (P0854) and Golur-1 (P0334), were barren in crosses with normal 
sequence strains, and the RIP suppressor and barren phenotypes of Sugartown were 
tightly linked, suggesting that a naturally occurring duplication might underlie both 
phenotypes (Bhat et al. 2003). Additionally, crosses with three other wild strains, 
Georgetown-6 (P2622), Batu Ferringi-1 (P2681), and Brabadougou (P4296), also 
were barren although without an associated RIP suppressor phenotype. These three 
strains might contain duplications smaller than 270 kb hence making them unable 
to suppress RIP. The Sad-1 mutation suppressed the barren phenotype of Sugartown, 
Golur-1, and Georgetown-6 (but not of Batu Ferringi-1 and Brabadougou), provid-
ing additional support to the idea that the Sugartown, Golur-1, and Georgetown-6 
strains contain naturally occurring duplications. It should now be possible to verify 
this by whole genome sequencing.

8.6  Neurospora Genetic Backgrounds Harbor Wide Genetic 
Variation in MSUD Strength

All the studies described thus far had used N. crassa strains of the standard OR 
genetic background, except, of course, the screens for the dominant RIP suppressor 
wild strains, and the wild strains that increased the productivity of the Dp(IBj5)-
heterozygous crosses. The tacit assumption being that what was true for OR would 
be generally true for Neurospora. Unexpectedly, MSUD was often not as robust 
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when the OR-derived MSUD tester strains (testerOR, specifically, ::Bmlr and ::mei-
3) were crossed with diverse wild strains (Kasbekar et al. 2011; Ramakrishnan et al. 
2011). Of 80 wild strains examined, crosses with only 8, designated as the “OR” 
type, showed a silencing phenotype comparable to that in the testerOR × OR crosses; 
crosses with 4 wild strains, designated as the “Sad” type, failed to silence bml and 
mei-3+; and the remaining 68 showed an intermediate phenotype, silencing bml but 
not mei-3+, and were designated the “Esm” type (for “early suppression in meio-
sis”). Further, while crosses of Dp(EB4) and Dp(IBj5) strains with the OR-type wild 
strains were barren, their crosses with the Sad-type wild strains were fertile, and 
with the Esm-type wild strains, respectively, fertile and barren. The two Dps dupli-
cate genome segments of, respectively, 35 and 115 genes.

One hypothesis (model 1) to explain the OR/Sad/Esm difference was that 
sequence heterozygosity between the testerOR and wild genomes might cause a natu-
ral asynapsis and consequent self-silencing of one or more MSUD gene. This model 
generalizes from the observation that deletion alleles of several MSUD genes can 
act as semi-dominant suppressors of MSUD (e.g., Sad-1, Sad-2) and also from 
results showing that the r+ allele exhibits nearly complete silencing in a cross 
between an r+ strain and one carrying the rRIP93 allele, which was only 6% polymor-
phic over 4.5 kb (Pratt et al. 2004). An alternative hypothesis (model 2) is that natu-
ral populations harbor wide genetic variation in MSUD strength, and the OR strains 
represent the MSUD-conducive extreme.

To distinguish between the models, we used the Sad-type wild strains Bichpuri-1 a 
(B) and Spurger A (S) to construct the novel “B/S” background in which the mat A and 
mat a strains were near-isogenic. Next, we constructed new testers in this background 
(testerB/S), specifically, ::r1B/S1 and ::r3B/S1, that were exactly analogous to the ::r1OR 
and ::r3OR testers made in the OR background by Samarajeewa et al. (2014). Thus, the 
::rOR × OR and the ::rB/S1 × BS1 crosses were fully comparable, and if model 1 was 
correct we would expect them to show similar MSUD efficiency, and if model 2 is 
correct, then the ::rB/S1 × BS1 crosses should not show the high MSUD efficiency 
characteristic of ::rOR × OR. The ::rOR × OR crosses produced more than 90% round 
ascospores, whereas the ::rB/S × B/S crosses produced fewer than 50% round asco-
spores, which showed that MSUD was more efficient in OR than in B/S. Reassuringly, 
the ::r3B/S1 × ::r3OR crosses produced fewer than 5% round ascospores, which con-
firmed that the ::rB/S and ::rOR transgenes were detected as being allelic. These results 
allowed us to reject model 1 and support model 2 and to conclude that different 
Neurospora genetic backgrounds can differ widely in MSUD efficiency, and that the 
OR background represents an MSUD-conducive extreme (Giri et al. 2019).

8.7  Weak MSUD Genetic Backgrounds Show Non-barren 
Dp-Heterozygous Crosses

Strain 85 is the standard genetic background of the related species N. tetrasperma, 
and it shows weak MSUD (Jacobson et al. 2008; Ramakrishnan et al. 2011; Giri 
et al. 2019). We had introgressed four N. crassa translocations (EB4, IBj5, UK14-1, 
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and B362i) into N. tetrasperma strain 85, and from the T × N crosses we were able 
to obtain the corresponding N. tetrasperma Dp strains (Giri et al. 2015, 2016). This 
made it possible to compare T × N and Dp × N crosses in weak and strong MSUD 
backgrounds, namely, N. tetrasperma strain 85 and N. crassa OR. In the strain 85 
background the T- and Dp-heterozygous crosses showed comparable productivity 
(Giri et al. 2019). Recall that the barrenness of Dp(IBj5)-heterozygous crosses was 
especially severe in the OR background (see Sect. 8.5). In contrast, the Dp(IBj5) × 85 
and T(IBj5) × 85 crosses produced, respectively, 1.3 × 105 and 7.1 × 105 ascospores, 
demonstrating that Dp-heterozygous crosses can be non-barren in a weak MSUD 
background. These results, together with those in Sect. 8.6, enable us to rebut the 
criticism that Dp-mediated RIP suppression is merely a laboratory artifact and 
rather support the assertion that Dp-mediated RIP suppression is likely active in 
natural populations.

Recall that two of the seven wild-isolated RIP suppressor strains were barren in 
crosses and the barrenness was suppressed by the Sad-1 mutation, which suggested 
that a naturally occurring duplication underlay their RIP suppressor phenotype (see 
Sects. 8.3 and 8.5). It is also possible that duplications confer the RIP suppressor 
phenotype of some of the other strains, but do so in a weak-MSUD background, 
thus causing their crosses to be non-barren. It should now be possible to test this via 
whole genome sequencing.

8.8  A-to-I mRNA Editing: More Grist for the Sexual Variation 
Mill?

A-to-I mRNA editing, known for some time in animals, was discovered only 
recently in fungi, following RNA-Seq studies, and predicted to affect both MSUD 
and RIP (Liu et al. 2016, 2017; see Kasbekar 2016 for a Commentary; Bian et al. 
2018 for a review). The editing converts specific adenosine residues (A) in mRNA 
to inosine (I) via hydrolytic deamination. Since I is recognized as guanosine (G), 
therefore it has a similar effect as an A-to-G substitution. In animals, the editing is 
catalyzed by enzymes called ADARs (adenosine deaminases acting on RNA). Fungi 
lack ADAR orthologs and hence were assumed to lack A-to-I mRNA editing. Also, 
mRNA editing is not seen in Saccharomyces cerevisiae and Schizosaccharomyces 
pombe, the two most intensively studied fungi. Fungal A-to-I mRNA editing was 
first reported in Fusarium graminearum and shortly thereafter in N. crassa and N. 
tetrasperma, and in Sordaria macrospora and Pyronema confluens (Liu et al. 2016, 
2017; Teichert et al. 2017; Cao et al. 2017). In all these species, the editing occurs 
in the sexual stage and preferentially targets A’s in hairpin loops, which is similar to 
the anticodon loop of tRNA targeted by ADATs (adenosine deaminases acting on 
tRNA). ADATs catalyze A-to-I editing in tRNAs, and metazoan ADARs are believed 
to have evolved from an ADAT that acquired dsRNA binding domains. It is specu-
lated that the fungal editors might be the ADAT2 and ADAT3 enzymes acting along 
with sexual-stage-specific co-factors. Unlike in animals, most A-to-I editing sites in 
fungi occur in coding regions and are non-synonymous (result in amino acid 

8 Neurospora Genetic Backgrounds Differ in Meiotic Silencing by Unpaired DNA…



224

changes). Editing allows both edited and unedited versions to co-exist in a cell, and 
the presence of many editing sites can generate many protein variants. Interestingly, 
genes that are under strong negative selection appear to be selected for editing to 
increase their proteomic diversity. Additionally, many editing sites are conserved 
among different fungi, and several appeared to be favored by positive selection. The 
frequency of DNA base replacement at non-synonymous editing sites was lower 
than at synonymous editing sites compared with unedited A sites. This suggests it is 
advantageous to the fungus to maintain proteome diversity during the sexual stage.

Editing of a premature stop codon (PSC) generates a functional protein from the 
F. graminearum rid ortholog, and although N. crassa rid does not have a PSC, it 
contains two nonsynonymous editing sites. Therefore, editing is essential for RIP in 
Fusarium and also possibly in Neurospora. Additionally, multiple non-synonymous 
editing sites were found in the sad-1, sad-2, sad-4, sad-5, and sad-6, sms-2, dcl- 
1/sms-3, and qip genes, although sad-3 had only one. Therefore, it is very likely that 
the efficiency of both MSUD and RIP is affected by mRNA editing.

8.9  Concluding Remarks

Early work (pre-2011) in my laboratory showed that Dp strains can suppress RIP in 
Neurospora, while more recent work (post-2011) showed that Neurospora popula-
tions harbor wide genetic variation in MSUD strength and that Dp-heterozygous 
crosses are not barren in “weak MSUD” genetic backgrounds. Hence Dp-mediated 
RIP suppression is likely to be more significant than was previously appreciated. 
Dp-mediated RIP suppression can explain the otherwise mysterious persistence of 
the Tad retrotransposon in only the N. crassa Adiopodoumé strain, whereas all the 
other Neurospora strains examined contained only RIP-altered relics of Tad (Kinsey 
1989). Conceivably, Tad was sheltered from RIP by an ancestral Dp, with possibly 
the Dp-generating rearrangement itself being produced by crossover between non- 
allelic Tad copies. As the copy number of Tad increased, Dp-mediated titration of 
the RIP machinery became superfluous, as titration could now be achieved by the 
increased transposon copy-number. In parallel, the original Dp could breakdown 
and possibly disappear from the Adiopodoumé strain.

The discovery of mRNA editing in Neurospora and other filamentous fungi and 
the evidence that it alters transcripts from genes important for MSUD and RIP sug-
gest that MSUD and RIP efficiency will depend on factors that affect editing. We 
have initiated mapping studies of the genetic difference underlying the strong and 
weak MSUD phenotypes of the OR and B/S1 backgrounds (Giri et al. 2019). Future 
studies will further illuminate the role of Dp-mediated RIP suppression in genome 
organization, maintenance, and evolution in Neurospora and other fungi.
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Abstract
Mycoremediation is a technique wherein various fungi are used in the remedia-
tion of hazardous contaminants like polycyclic aromatic hydrocarbons, dyes, 
hazardous phenolics, heavy metals, and several others. Fungi are the ubiquitous 
and diverse group of organisms that produce a wide array of enzymes and metab-
olites (organic acids, exopolysaccharides, etc.). By synergic action of these 
metabolites, fungi can efficiently degrade or transform the hazardous contami-
nants. Additionally, live or dead fungal biomass has the higher sorption capabil-
ity of contaminants as compared to the other microorganisms. In this chapter, 
application of fungi in degrading dyes and polycyclic aromatic hydrocarbons, 
remediation of heavy metals, and other contaminants is discussed, wherein fungi 
degrade the organics and aid in remediation of metals using a variety of 
strategies.
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9.1  Introduction

Overall quality of environment is directly connected with the quality of life on the 
globe. Earlier, people believed that they have infinite resources of land and water; 
however, these resources are not finite, and still, they are being used extensively all 
over the globe (Bouwer 2017). Contaminated lands and water bodies are outcomes 
of industrial activities with the disposal of hazardous substances. Certain hazardous 
pollutants such as polycyclic aromatic hydrocarbons (PAHs), textile dyes, toluene, 
ethylbenzene, trinitrotoluene (TNT), pentachlorophenol (PCP), polychlorinated 
biphenyls (PCB), pesticides, benzene, and xylene are insistent in surroundings. 
Additionally, they possess the carcinogenic and/or mutagenic effects. Unwanted 
substances are generally released into the environment by man, which damage 
either health or resources (Reddy and Mathew 2001). The problem has increased 
worldwide, and the estimated numbers of contaminated sites are significantly 
increasing. A rapid, cost-effective, ecologically responsible method of cleanup of 
the pollutants is urgently needed due to the magnitude of this issue and the lack of 
a reasonable solution (Cheng et al. 2018; Rudakiya et al. 2018).

Bioremediation, degradation of toxic compounds using biological agents, pro-
vides an effective solution and convert contaminants into non-toxic or less toxic 
form. Bioremediation is defined as the productive use of microbes to remove or 
detoxify pollutants, usually contaminants in soil, water, or sediments that otherwise 
threaten public health (Tsekova et  al. 2010). Bioremediation is a process that 
removes xenobiotic compounds from the biosphere. Bioremediation process 
employs various microorganisms or plants to eliminate hazardous contaminants by 
metabolizing them and by converting them into CO2 and water. The main aim of the 
bioremediation is to eliminate contaminants to undetectable concentration limit, 
which is established by regulatory agencies (Lun et al. 2018).

Various organisms have been employed to remove the variety of contaminants, 
which include bacteria, fungi, plants, algae, etc. Among all organisms, fungi are a 
diverse group of organisms, which are ubiquitous in the environment. Their major 
contribution ranges from various industrial applications to remediation purposes (de 
Lorenzo 2018). Fungi can easily survive in most of the habitats and play dynamic 
role in ecosystem. They regulate the flow of energy and nutrients through their 
mycelial networks. Additionally, their effect to the environment is seen microscopi-
cally, even though impact is unseen from outer biosphere. In the soil, mycelial net-
works are generally covered from several meters to several hectares of forest, which 
decay and convert the organics and other metabolites into another form. Thus, these 
fungi are considered the natural and true ecosystem engineers (Kumar et al. 2018). 
Fungi microscopic and macroscopic eukaryotic organisms, can easily grow on dif-
ferent substrates and are capable of continuing their function almost indefinitely. 
Fungi include molds, yeasts, ascomycetes, and basidiomycetes and are unique 
microorganisms and macroorganisms, which can be employed in the remediation of 
wastes and wastewaters. Some molds, yeasts, and other fungi are highly tolerant to 
extreme conditions such as higher temperature, acidic or alkaline pH, higher con-
centration of metals, etc. Fungi are highly plastic bodies, and most of the fungal 
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cells are totipotent, so that the entire organism can regenerate from spores and 
hyphal fragments. Mycoremediation is the process wherein fungi degrade or cause 
to deteriorate the variety of materials and compounds (Bharath et al. 2019). The 
degradation efficiency of different hazardous contaminants using fungi has been 
shown in Table  9.1, wherein degradative compounds are dyes, PAHs, biomass, 
heavy metals, etc.

9.2  Degradation of Organic Contaminants

 (a) Dyes

A dye or dyestuff is colorant or colored organic compound or mixture, which is 
generally utilized to impart color to a substrate like cloth, paper, plastic, or leather 
in a practically permanent manner. Due to the different chromophore groups, prop-
erty and color of the compound have been changed. Benzene structures containing 
chromophore groups are called chromogens. These compounds are colored, but 
they not the dye as they do not hold the affinity to unite with fibers and tissues. The 
color may be easily removed by mechanical methods. Some important chromo-
phores are -N=N, (CH=CH), -C=N, and -N=O. Dye must contain not only a chro-
mophore group but also another group that imparts to the compound the property of 
electrolytic dissociation. Such auxiliary groups are known as auxochromes. Some 
are -OH, -NH, -NHR, -COOH, -SOH, and -NR. A chromogen without auxochrome 
can never act as a dye (Robinson et al. 2001).

Most of the dyes are organics and complex in nature. Synthesis of these dyes is 
initiated with azulene synthesis. As a result, dyes can be classified as natural and 
synthetic according to their sources of origin (Van der Zee and Villaverde 2005).

One of the ways of classifying dyes is based on their chemical constitution, par-
ticularly considering the chromophoric system present in dye molecule (Table 9.2). 
The main classes of dyes according to their chemical constitutions are given in the 
Fig. 9.1.

The worldwide production of synthetic dyes increases annually. Dyes are exten-
sively utilized for textile, paper printing, color photography, cosmetic, pharmaceuti-
cal, and leather industries. Inefficiencies in the dyeing process and some technical 
problems can result into the discharge of dyestuff in wastewater during textile pro-
cessing, which ultimately finds way into the environment. Over the globe, it is 
assessed that 5–10% dyes are lost in the effluent during the dyeing process. In India, 
wastewater generated from textile processing is 450,000 m3/day, while dyeing facil-
ity alone generates 32,000 m3/day wastewater (Liu et al. 2005).

Dyes are more difficult to degrade because of their synthetic origin and complex 
aromatic structure. Various methods have been developed to remove synthetic dyes 
from water and wastewater to decrease their impact on the environment and are 
divided into four major categories, which are shown in Fig. 9.2.

The physico-chemical treatments are found to be effective, but their application 
is limited due to excess usage of chemicals, sludge production, subsequent disposal 
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Table 9.1 List of chemical classes efficiently degraded by fungi

Chemical class Fungus Compounds References
Polycyclic 
aromatic 
hydrocarbons

Cunninghamella elegans Acenaphthene Pothuluri et al. 
(1992)

Bjerkandera sp., 
Cunninghamella elegans, 
Naematoloma frowardii, 
Phanerochaete 
chrysosporium, 
Phanerochaete laevis, 
Pleurotus ostreatus, 
Pleurotus sajor-caju, 
Ramaria sp., Rhizoctonia 
solani, Trametes versicolor

Anthracene Kadri et al. 
(2017), Johanne 
and 
Majcherczyk 
(2000), 
Kotterman et al. 
(1998), and 
Sack and 
Günther (1993)

Aspergillus niger, Agrocybe 
aegerita, Candida 
parapsilosis, Crinipellis 
maxima, Pleurotus ostreatus 
AGHP-1

Pyrene Hammel et al. 
(1986), 
Manilla-Pérez 
et al. (2011), 
and Patel et al. 
(2010)

Laetiporus sulphureus, 
Penicillium sp., Pleurotus 
ostreatus AGHP-1

Fluoranthene Sack and 
Günther 
(1993) and 
Patel et al. 
(2009)

Dyes Ganoderma cupreum AG1 Reactive Violet 1 Gahlout et al. 
(2017)

Trametes hirsuta Acid Blue 225, Basic Red 
9, Direct Blue 71, Crystal 
Violet, Indigo, Poly 
R-478, Reactive Blue 19, 
Reactive Blue 221

Nyanhongo 
et al. (2002), 
Abadulla et al. 
(2000), Campos 
et al. (2001), 
and Maceiras 
et al. (2001)

Pseudolagarobasidium 
acaciicola AGST3

Violet P3P, Green 
ME4BL, Blue 3R, Direct 
black 22, Green HE4G, 
Reactive red M5B

Thakur and 
Gupte (2015)

Aspergillus niger Congo Red Fu and 
Viraraghavan 
(2002)

Aspergillus foetidus Drimarene Black HFGR1, 
Drimarene Navy BF Blue 
F2G1, Drimarene Red BR 
F3B1

Sumathi and 
Manju (2000)

Biomass 
degradation

Pseudolagarobasidium 
acaciicola AGST3

Pithecellobium dulce and 
Tamarindus indica

Rudakiya and 
Gupte (2017, 
2019)Tricholoma giganteum 

AGDR1
Pleurotus ostreatus and 
Trametes versicolor

Wheat straw Shrivastava 
et al. (2011)

(continued)
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Table 9.1 (continued)

Chemical class Fungus Compounds References
Pesticides Aspergillus niger Endosulfan Bhalerao and 

Puranik (2007)
Coriolus versicolor Aldicarb, atrazine, 

alachlor
Hai et al. 
(2013)

Pleurotus sajor-caju, 
Trametes pubescens

Chlorophenols Denizli et al. 
(2005) 

Metals Phanerochaete 
chrysosporium

As, Cr, Cd Shah et al. 
(2018) and 
Rudakiya et al. 
(2018)

Schizophyllum commune Cr, Cu, Zn, Ni Javaid et al. 
(2010)

Beauveria bassiana Zn, Cu, Cd, Cr, Ni Gola et al. 
(2016)

Polychlorinated 
dioxins and 
dibenzofurans

Stropharia rugosoannulata, 
Phanerochaete velutina

Polychlorinated dibenzo- 
p- dioxins, polychlorinated 
dibenzofurans

Anasonye et al. 
(2014)

Endocrine 
disrupting 
chemicals

Fusarium incarnatum 
UC-14, Irpex lacteus, 
Trametes polyzona, 
Pleurotus ostreatus

Bisphenol A Chhaya and 
Gupte (2013), 
Shin et al. 
(2007), Chairin 
et al. (2013), 
and Hirano 
et al. 2000

Pharmaceutical 
active 
compounds

Trametes versicolor Analgesics and anti- 
inflammatories (ibuprofen, 
salicylic acid, 
acetaminophen, 
diclofenac, naproxen, 
phenazone); psychiatric 
drugs (carbamazepine, 
venlafaxine, citalopram, 
diazepam); β-blockers 
(atenolol, sotalol, 
propranolol); antibiotics 
(ciprofloxacin, ofloxacin, 
sulfamethoxazole, 
clarithromycin, 
trimethoprim); 
antihypertensives 
(valsartan, irbesartan, 
losartan, amlodipine); 
diuretics (furosemide, 
hydrochlorothiazide, 
torasemide); H2 
antagonist (ranitidine)

Badia-Fabregat 
et al. (2015)
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problems, high installation, as well as operating costs (Sarioglu et  al. 2007). 
Therefore, as an efficient alternative, biological processes have received increasing 
attention due to their cost-effectiveness, ability to produce less sludge, and maintain 
environmental safety (Banat et al. 1996).

Several fungi are well documented for aerobic degradation of organic contami-
nants including azo dyes. Among all fungi, white rot fungi produce lignocellulolytic 
enzymes including laccase, Mn peroxidase, and lignin peroxidase, which are mainly 

Table 9.2 Classification of dyes and their possible applications

Dye class Description Method

Fibers 
typically 
applied to

Typical 
fixation 
(%)

Typical pollutants 
associated with 
various dyes

Acid Water-soluble 
anionic compounds

Exhaust/
beck/
continuous 
(carpet)

Wool, 
nylon

80–93 Color; organic 
acids; unfixed dyes

Basic Water soluble, 
applied in weakly 
acidic dye baths; 
very bright dyes

Exhaust/beck Acrylic, 
some 
polyesters

97–98 N/A

Direct Water-soluble 
anionic compounds; 
can be applied 
directly to cellulosic 
without mordant (or 
metal-like 
chromium and 
copper)

Exhaust/
beck/
continuous

Cotton, 
rayon, 
other 
cellulosic

70–95 Color; salt; unfixed 
dye; cationic fixing 
agents; surfactant; 
defoamer; leveling 
and retarding 
agents; finish; 
diluents

Disperse Not water soluble High 
temperature 
exhaust, 
continuous

Polyester, 
acetate, 
other 
synthetics

80–92 Color; organic 
acids; carriers; 
leveling agents; 
phosphates; 
defoamers; 
lubricants; 
dispersants; 
delustrants; 
diluents

Reactive Water-soluble 
anionic compounds; 
largest dye class

Exhaust/beck 
cold pad 
batch/
continuous

Cotton, 
other 
cellulosic, 
wool

60–90 Color; salt; alkali; 
unfixed dye; 
surfactants; 
defoamer; 
diluents; finish

Sulfur Organic compounds 
containing sulfur or 
sodium sulfide

Continuous Cotton, 
other 
cellulosic

60–70 Color; alkali; 
oxidizing agent; 
reducing agent; 
unfixed dye

Vat Oldest dyes; more 
chemically 
complex; water 
insoluble

Exhaust/
package/
continuous

Cotton, 
other 
cellulosic

80–95 Color; alkali; 
oxidizing agents; 
reducing agents
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involved in degradation of lignin that are present in lignocellulosic substrates. 
Ligninolytic system is directly involved in the degradation of dyes. The ability of 
white rot fungi is to degrade dye can be correlated with its ability to degrade lignin 
as the dye molecules have the structural similarity of phenolic ring with lignin. 
Thus, utilization of white rot fungi is the most inimitable technology of bioremedia-
tion due to their ability to degrade structurally diverse xenobiotic and textile dyes 
(Christian et al. 2005). P. chrysosporium is able to decolorize several industrial dyes 
and polymeric dyes. P. chrysosporium cultures, extracellular fluid, and purified lig-
nin peroxidase were able to degrade crystal violet and six other triphenylmethane 
dyes by sequential N-demethylation. Azo dyes Orange II, Tropaeolin O, and Congo 
red and the heterocyclic dye Azure B were decolorized by cultures of P. chrysospo-
rium. Most studies on the reactive dye biodegradation by fungi have been focused 
on lignin degrading white rot fungi. Swamy and Ramsay (1999) reported the role of 
different white rot spp. like Bjerkandera sp., P. chrysosporium, and T. versicolor in 
decolorization of reactive dyes.

Various fungal species such as T. versicolor (Erkurt et  al. 2007), Pleurotus 
ostreatus (Faraco et al. 2009), T. trogii, and T. villosa (Levin et al. 2010) are known 
to degrade and decolorize various synthetic dyes. In 2006, Vijaykumar et al. isolated 

Fig. 9.1 Classification of dyes based on the chemical composition
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Cladosporium cladosporioides from coal sample, which is utilized for degradation 
and decolorization of five different azo and triphenylmethane dyes such as acid 
black 210, acid blue 193, reactive black B(S), crystal violet, and reactive black BL/
LPR. Capabilities of P. chrysosporium and P. ostreatus of free and immobilized lac-
case mixtures from P. ostreatus on industrial dye wastewaters have been demon-
strated by Faraco et  al. (2009). Wastewater model containing various dyes with 
complex trisazo, polyazo, and tilbene structures was degraded by P. chrysosporium 
and, acid wastewater model containing acid dyes was decolorized by P. ostreatus. 
Fungal-based cleaning systems have been suffering from drawback of adsorption; 
thus, in order to overcome this limitation, the cell-free enzyme extracts obtained 
from fungal cultures have been also used to treat the textile dyes by Chander and 
Arora (2007).

 (b) Polycyclic Aromatic Hydrocarbons (PAHs)

In this era of industrialization, the problem faced is the contamination of soil, air, 
and water by chemicals having disastrous effect on human health and environment. 

Fig. 9.2 Removal of different dyes by physical, chemical, electrochemical, and biological 
methodologies
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With the wide use of pesticides in agriculture, the soil and ground water are being 
polluted with organic compounds. Use of fungi to transform variety of harmful 
chemicals to non-toxic forms has been a topic of interest nowadays, known as bio-
remediation (Riva 2006). Laccase secreted from various white rot fungi has a wide 
range of application in degradation of this organic contaminant which has advan-
tage over the various physico-chemical methods because of its cost, efficiency, and 
environmental benignity. It has also been reported that immobilized laccase is also 
useful in removing phenolic and chlorinated phenolic pollutants. Laccase from 
Trametes versicolor and Pleurotus ostreatus was used for degradation of PCBs and 
phenol (Keum and Li 2004). It was observed that the chlorination increased and so 
the degradation rate decreased. The 3-hydroxy biphenyl was much sturdier to lac-
case than 2- or 4-hydroxy. When glucose and fructose were added as co-substrates, 
the degradation rate increased (Desai and Nityanad 2011). In total, 71% of p-hydroxy 
benzoic acid and 56% of protocatechuic acid were degraded. Trametes versicolor is 
able to oxidize 3–5 ring PAHs with use of mediators like ABTS and HBT. Mixture 
of xenobiotic compounds like PCP, 2-chlorophenol, 2,4-dichlorophenol, and 
2,4,6-trichlorphenol was degraded using laccase from Trametes pubescens (Gaitan 
et al. 2011). Zhao et al. (2010) showed the degradation of dichlorodiphenyltrichlo-
roethane (DDT) in soil.

PAHs are an important environment pollutant, which are universally distributed, 
having fused aromatic rings (Ukiwe et al. 2013). PAHs are formed due to partial 
combustion of organic matter containing carbon and hydrogen. PAHs are toxic, 
carcinogenic, and mutagenic, and so their presence in atmosphere is of great con-
cern and has harmful effect on human health. So, the US Environmental Protection 
Agency has listed 16 PAHs as “consent decree” priority pollutants. According to US 
EPA, these priority pollutants need to be monitored regularly to avoid human expo-
sure to contaminated sites. Bioremediation is technology that uses the microbes 
(typically, heterotrophic, bacteria, and fungi) to reduce or transform hazardous con-
taminants to materials such as CO2, water, inorganic salts, microbial biomass, and 
other by-products that may be less hazardous than the parent materials. 
Biodegradation of polycyclic aromatic hydrocarbon (PAHs) has been studied in 
bacteria (Hamamura et al. 2013), fungi (Cerniglia and Sutherland 2010), or algae 
(Muñoz et al. 2003).

Microbes have the capability to degrade basic compound and substituted PAHs 
in various environments under aerobic/anaerobic condition (Yang et  al. 1978). 
Three different mechanisms are studied in the aerobic metabolism of PAHs by bac-
teria and fungi (Ligninolytic & non-Ligninolytic). Basidiomycetes are a group of 
organisms that broadly mineralize the recalcitrant PAHs because of their ability to 
produce ligninolytic enzymes (laccase, peroxidase). Anaerobic metabolism of 
PAHs occurs via hydrogenation of the aromatic ring. White rot fungi have the abil-
ity to withstand toxic levels as compared to bacteria. Two types of fungal metabo-
lism of PAHs are studied, which is mediated by ligninolytic (white rot fungi) and 
non-ligninolytic fungi.
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Non-ligninolytic Fungi Mechanism of PAHs metabolism by non-ligninolytic 
fungi involves the oxidation of aromatic ring using Cytochrome P450 monooxygen-
ase enzyme to yield arene oxide. Similarly, PAHs are metabolised by mam-
mals  by  the oxidation of aromatic ring  using  dioxygenase enzymes to form 
cis-dihydrodiols, wherein the monooxygenase incorporates only one oxygen atom 
onto the ring to form an arene oxide (Sutherland et al. 1995). The reaction is medi-
ated by epoxide hydrolase to form a trans-dihydrodiol. Most of the non-ligninolytic 
fungi do not have the capability to mineralize PAHs completely. These PAH conju-
gates are less toxic and more soluble than their parent compounds. The non- 
ligninolytic fungi such as Chrysosporium pannorum, Cunninghamella elegans, and 
Aspergillus niger use Cytochrome P450 monooxygenase for oxidative degradation of 
PAH. An example of oxidation of pyrene by Aspergillus niger is shown in (Fig. 9.3). 
Fungal metabolites produced after degradation are often more water soluble and 
chemically reactive than parent PAH, thus increasing their potential for mineraliza-
tion by indigenous soil bacteria.

Ligninolytic Fungi Ligninolytic fungi are commonly known as white rot fungi as 
they cause white rot of woods. White rot fungi have been known for PAH degrading 
abilities when grown under ligninolytic and non-ligninolytic culture condition. 
There are two types of ligninolytic enzymes, peroxides and laccase. White rot fungi 
produce ligninolytic enzymes which are involved in oxidation of lignin present in 
wood and various other organic matters. The genera of Phanerochaete, Trametes, 
Bjerkandera, and Pleurotus have shown significant potential for the degradation of 
PAH. The three main LMEs are lignin peroxidase, Mn-dependent peroxidase, and 
laccase. The enzymes laccase, MnP, and LiP are secreted extracellularly and oxidize 
the organic matters via non-specific radical-based reaction. Ligninolytic fungi have 
application in biodegradation of PAH to CO2 and O2. Phanerochaete chrysosporium 
has been generally used as model organism to study potential for degradation of 
PAH. Initial attack of Phanerochaete chrysosporium under culture condition that 
favors ligninolysis is catalyzed by LiP and MnP. Some white rot fungi metabolize 
PAH to their quinones. White rot fungi have the ability to produce metabolites with 
higher water solubility and chemical reactivity than the parent PAH. Mono- or dihy-
droxylated PAH metabolites could be used as substrates for bacteria, and further 
their degradation in soil is caused by indigenous microflora. Manganese peroxidase 
is thought to work through a similar mechanism of one-electron oxidation with dif-
fusible oxidizing agent Mn+3- chelate, which is a weak oxidant (Böhmer et al. 1998). 
It was incapable of oxidizing PAHs with ionization potentials equal to or greater 
than chrysene (5–7.8 eV). The system mediated by the peroxidation of unsaturated 
lipids by MnP and Mn+3 was studied to catalyze the oxidative cleavage of phenan-
threne to diphenic acid. Laccase has the ability to catalyze one-electron oxidation of 
PAHs such as anthracene and benzo(a) pyrene both having ionization potentials 
57.55  eV.  Collins et  al. (1996) reported degradation of anthracene and benzo(a) 
pyrene using Trametes versicolor by crude as well as two purified isoenzymes. 
Level of oxidation of anthracene was higher by two purified laccases with ABTS. It 
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Fig. 9.3 Pathway for the degradation of pyrene by Aspergillus niger SK 9317 (Wunder et  al. 
1994)
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has been verified that such laccase/mediating substrate couples oxidize PAHs and 
that the IP threshold value for the oxidation of PAHs by laccase appears to be simi-
lar to that of LiP (Böhmer et al. 1998).

 (c) Metals

The natural aquatic reservoirs contaminated with industrial effluent of heavy 
metals such as Pb, Cr, Hg, U, Se, Zn, As, Cd, Ni, etc. pose a serious threat to human 
health and ecological systems (Ahalya et al. 2005; Xuejiang et al. 2006; Rudakiya 
and Pawar 2013; Sharaf and Alharbi 2013). Conventional physico-chemical meth-
ods such as chemical precipitation, solvent precipitation, reverse osmosis, lime 
coagulation, oxidation-reduction, evaporation, incineration, and electrodialysis 
have been applied earlier to remediate heavy metals from the wastewater (Alhuwalia 
and Goyal 2007; Zahoor and Rehman 2009). All of these methodologies have sev-
eral drawbacks like generation of toxic sludge, recurring expenses, incomplete 
removal, high reagent, and energy requirements, and disposal of waste after treat-
ment is the major problem (Bishnoi et  al. 2004; Pandey et  al. 2013). Therefore, 
attempts have been made for bioremediation of heavy metals using microbial sys-
tems as an attractive method because such techniques are cost-effective and envi-
ronmentally compatible (Yin et al. 2008).

Microorganisms such as bacteria, fungi, algae, and yeast are considered as poten-
tial alternative to the traditional treatment technologies for remediation of heavy 
metals (Gadd 2010). Usually, sequestering of the heavy metals from the solution by 
living or dead microbial biomasses through a passive mode (metabolism indepen-
dent) is described as biosorption, while the removal of metals via an active transport 
mode (metabolically mediated system) is described as bioaccumulation. Fungi, in 
particular under submerged conditions, have been widely used for the removal of 
heavy metals. They show versatility for growth towards the different pH, tempera-
ture, nutrient availability, and high concentrations of heavy metals (Gadd 1987). 
The applicability of the fungi for removal of heavy metals has some advantages due 
to high percentage of cell wall materials (Lacina et al. 2003).

Fungal cell wall contains a large quantity of polysaccharides and proteins, which 
contain many functional groups such as carboxyl, amine, hydroxyl, and phosphate 
groups, which are known to be involved in the metal chelation (Baldrian 2003; 
Couto et  al. 2004). Moreover, most of the microorganisms produce extracellular 
polymeric substances (EPS) in natural environment for attachment, tolerance, and 
reduction of heavy metals. Anionic property of EPS imparts the electrostatic inter-
actions with heavy metals (Guibaud et  al. 2005). The acidic property of EPS is 
mainly contributed by several functional groups such as hydroxyl, carboxyl, uronic 
acids, amino acids, phenolic, and sulfhydryl groups, which interact with positively 
charged metal ions (Gutnick and Bach 2000).

A. niger has been found to be capable of removing heavy metals like Pb, Cd, and 
Cu (Kapoor et al. 1999). Agaricus macrosporus efficiently extract Cd, Hg, and Cu 
from contaminated wastes. Huang et al. (1989) also studied removal of Cd using 
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nine different species of fungi both in batch and continuous reactors. P. chrysospo-
rium was also utilized for completive sorption of Cu, Cd, and Pb with an initial 
concentration of 100 mg/l and pH 6.0 (Say et  al. 2001). Uptake efficiency of 
Saccharomyces cerevisiae and Penicillium chrysogenum in ternary system is 50% as 
compared to single metal sorption, which is due to the presence of different co- 
cations (Bakkaloglu et  al. 1998). Table 9.3 shows the cation metal removal effi-
ciency by different fungi with their mechanisms. Majority of research is carried out 
on the removal of metal cations; however, very few studies show the removal of 
anion metals. Co-culture of Fusarium solani and Trichoderma polysporum effi-
ciently removed tetracyanonickelate [K2Ni(CN)4] at pH 4.0. Likewise, Fusarium 
oxysporum, Scytalidium thermophilum, and Penicillium miczynski could 
remove 50% of hexacyanoferrate [K4Fe(CN)6] at pH 4.0. To remove this metal, pH, 
Fe(III)–cyanide complex anions, and sorbent concentration play a crucial role in 
binding capacity to Rhizopus arrhizus (Aksu and Balibek 2007).

 (d) Pesticides

Pesticide pollution is one of the major concerns regarding contamination of the 
environment. Pesticides are a diverse group of chemicals that have inorganic as well 
as organic groups. They mainly contain insecticides, nematicides, herbicides, fungi-
cides, and soil fumigants (Verma et  al. 2014). Pesticides are classified into two 
major groups: degradable pesticides and non-degradable pesticides. Degradable 
pesticides are herbicides (Treflan, Dalapon, Dacthal, Paraquat, etc.), insecticides 
(Sevin, Malathion, Methoxychlor, etc.), and fungicides (Zineb, Captan, Mancozeb, 
Benlate, etc.), while non-degradable pesticides are insecticides (chlordane, DDT, 
aldrin, dieldrin, etc.), herbicides (turbacil, simazine, tordon, etc.), and fungicides 
(PMAS, Calo-Clor, Cd compounds, etc.) (Vargas 1975).

Table 9.3 Metal removal efficiency by different fungi and their mechanisms

Metal Fungi Removal Mechanism References
Cu, Cr, 
Cd, Zn, 
Ni

Beauveria 
bassiana

74.10% (Cu), 61% 
(Cr), 63.4% (Cd), 
67.8% (Zn), 75% (Ni)

Sorption and 
accumulation 
process

Gola et al. 
(2016)

As, Cd, 
Cr

Phanerochaete 
chrysosporium

98% (As), 29% (Cd), 
56% (Cr)

Biosorption Shah et al. 
(2018)

Cu, Zn, 
Cd, Pb, 
Cr

Penicillium 
simplicissimum

64% (Cu), 31% (Zn), 
32% (Cd), 71% (Pb), 
92% (Cr)

Biosorption Chen et al. 
(2019)

Cr Aspergillus sp. 98.96% Sorption and 
accumulation

Chakraborty 
et al. (2018)

Au Aspergillus niger 95% Sorption Kapoor and 
Viraraghavan 
(1995)

Hg Penicillium 
chrysogenum

43% Sorption Nemec et al. 
(1977)

U Geotrichum sp. 
dwc-1

96% Sorption  Zhao et al. 2016
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Frequent and intense use of the pesticides leads to the accumulation of pesticides 
into the soil and possibly transfers into different water bodies. For instance, 
metribuzin is regularly used as it is an easily water-soluble compound (Hernandez 
et al. 2004) and linuron type of pesticides is non-degradable in soil (Guzzella et al. 
2006). These pesticides inhibit electron transport at photosystem II receptor site, 
which can regulate the weeds in several crops. Higher usage of these pesticides 
leads to the accumulation of these chemicals in different water bodies, which makes 
groundwater contaminated (Hernandez et al. 2004; Guzzella et al. 2006). According 
to the World Health Organization (WHO), the toxicity of pesticides is divided into 
four major categories based on the LD50 values: (a) extremely hazardous (Type IA); 
(b) highly hazardous (Type IB); (c) moderately hazardous (Type II); and (d) slightly 
hazardous (Type III). In India, 4 pesticides belong to Class IA, 15 pesticides belong 
to class IB, and 76 pesticides belong to class II, which constituted 40% of the total 
registered pesticides (Verma et al. 2014).

Due to the highest toxicity, several bacterial strains and their co-culture were 
extensively used to degrade the different types of pesticides. However, very less 
data are available on the degradation of pesticides as compared to the bacteria. In 
case of fungi, pH, soil type, fungal biomass, moisture, organic matter, and aeration 
are chief factors, which can affect the degradation of pesticides. Generally, pesticide 
degradation occurs through the Krebs cycle. In fungi, the transformation of pesti-
cides takes place through cometabolism. Biochemical reactions in the fungal degra-
dation of pesticides are alkylation, dealkylation, amide or ester hydrolysis, 
dehalogenation, dehydrogenation, hydroxylation, ether cleavage, ring cleavage, 
oxidation, reduction, condensation, and conjugate formation (Bollag 1974).

Mucor alternans (Anderson and Lichtenstein 1971), Fusarium oxysporum 
(Engst and Kujawa 1968), and Trichoderma viride (Matsumura and Boush 1968) 
are known to degrade DDT. Similarly, various soil fungi are known for the degrada-
tion of endosulfan. Endosulfan sulfate is produced as a major metabolite due to 
endosulfan degradation by P. chrysosporium BU-1 (Kullman and Matsumura 1996) 
(Fig. 9.4). Initially, endosulfan is either oxidized to endosulfan sulfate, a terminal 
end product, or hydrolyzed to non-sulfur-containing endosulfan metabolites. Initial 
hydrolysis of endosulfan produces endosulfan diol, which is further oxidized to 
endosulfan hydroxyether followed by the formation of either endosulfan lactone or 
the putative endosulfan dialdehyde (Martens 1976). Fungi also degrade the organo-
phosphorus pesticides, wherein Aspergillus oryzae transformed malathion to 
β-monoacid and dicarboxylic acid (Lewis et al. 1975).

 (e) Dioxins

Dioxins and furans are one of the most hazardous compounds, which have higher 
toxicity (Fig. 9.5). Dioxin compounds are the major by-products of various indus-
trial processes such as pesticide preparation, paper and pulp bleaching, waste incin-
eration, etc. In addition, these compounds are also obtained from the impurities of 
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Fig. 9.4 Pathways for the degradation of endosulfan by Phanerochaete chrysosporium BU-1. 
Solid arrows show the major metabolic pathways; dashed arrows depict the minor metabolic path-
ways (Adapted from Kullman and Matsumura 1996)

Fig. 9.5 Chemical 
structures of dioxins and 
furans
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chlorophenols, e.g., PCP, tetrachlorophenol, and trichlorophenol, which are gener-
ally utilized as a wood preservative (Anasonye et al. 2014). Dioxins and furans are 
highly stable compounds, which are lipophilic in nature. Nevertheless, fungi have 
great potential to degrade dioxins as compared to other microorganisms. In filamen-
tous fungi, dibenzofurans have been hydrolyzed using the monooxygenase system 
(Hammer and Schauer 1997). Eight fungal strains can be used for the degradation 
of dibenzofuran, which is to be converted into some intermediates with hydrophilic 
characteristics. Among them, Trichosporon mucoides converts six major metabo-
lites by transforming dibenzofuran (Hammer et al. 1998). Cordyceps sinensis is a 
cyclic ether-degrading fungus that has been shown a new degradation pathway for 
dioxins (Nakamiya et  al. 2005). Dibenzo-p-dioxin degradation results into some 
catechol products, which are further metabolized to cis-muconates. Transformation 
of polychlorinated dibenzo-p-dioxins, such as 2,7-dichloro-, 2,3,7-trichloro-, and 
1,2,6,7- and 1,2,8,9-tetrachlorodibenzo-p-dioxins, to hydroxylated and methoxyl-
ated compounds has been carried out by Phlebia lindtneri (Kamei and Kondo 2005).

9.3  Conclusion

The persistence of various hazardous contaminants such as dyes, PAHs, heavy met-
als, and other pollutants in the environment directs to an expedition for novel meth-
odologies to remove them. Fungi possess different types of strategies to remove the 
contaminants. In this chapter, bioremediation of dyes, PAHs, heavy metals, pesti-
cides, and dioxin by fungi has been highlighted, and thus they have been success-
fully utilized in the last few decades. Recently, data is available regarding the 
degradation of contaminants using different fungi and their strategies to remove 
them. The large-scale development of these processes is available; however, it is 
still in early stages. To explore the single or multiple compound degradation, some 
combinations should be used such as fungal inoculum, environmental condition, 
and choice of pollutants. Additionally, dead fungal biomass should be used to estab-
lish an alternative for ion-exchange resins. The role of fungi in biosorption of pol-
lutants can lead to the progress of new technology for the treatment of wastewater.
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Abstract
Filamentous fungi of phyla Basidiomycota and Ascomycota are the group of 
microorganisms that are capable of secreting a variety of proteins and other sec-
ondary metabolites depending on the environment and culture conditions. The 
protein constitutes the hydrolytic enzymes which cause the deconstruction of the 
plant cell wall and has applicability in several biotechnological processes includ-
ing second-generation ethanol production. Secretomic and proteomic analysis of 
the fungi is an excellent tool to find out the biological mechanisms of lignocel-
lulose degradation. Furthermore, it is also an important tool to search for novel 
enzymes or metabolites of the biotechnology field. Extracellular secretion of the 
protein from different fungal species has been studied using different high- 
throughput techniques such as 2-D PAGE, MALDI-ToF/ToF, LC-MS/MS, 
iTRAQ technique using LC-MS/MS, and Nano-LC-MS/MS protein mass spec-
trometry. Bioinformatics tools have equal importance in the prediction and pro-
filing of the expressed proteins, according to the current database. For this reason, 
publications documenting the fungal secretome and proteome have increased 
significantly in the past few years. Herein, we have updated the development and 
evolution of the proteome/secretome technology and its application in the pro-
tein profiling and functional genomics of the economically important filamen-
tous fungi.
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10.1  Introduction

Fungi constitute a crucial and distinct component of the soil microbial communi-
ties’ vis-à-vis soil health. They perform essential functions of an ecosystem like 
nutrient cycling, organic matter decomposition, and transfer of nutrients from the 
mycorrhizal species to plants. Earlier reports demonstrate an important role played 
by both Ascomycetes and Basidiomycetes in various biogeochemical cycles (Kellner 
and Vandenbol 2010; Sharma et al. 2013). Basidiomycetes are an ecologically most 
important group of fungi in the terrestrial environments, which are involved in litter 
components breakdown and in effective degradation of various recalcitrant organic 
compounds in humic layer and soil litter (Dix and Webster 1995; Steffen et  al. 
2007). Few fungi are known to cause disease in plants and humans, while others 
have an evident potential in controlling the insect pests.

Most importantly, fungi are an abundant source of the therapeutic metabolites 
and industrially essential enzymes. Till date, the proteomic studies performed for 
Ascomycetes exceed those of Basidiomycetes (Fig. 10.1c) because of the prevalence 

1975

1982

1988

1989

1990

1992

1994

1996

1997

1999

2005

2008

2007

Trendline of Secretome discoveries

2-D 
electrophoresis MALDI-TOF SELEX

Microchip 
Capillary 

electrophoresis

ESI-MS
IEF

MALDI/ESI

Tandem  MS data 
correlated with 

protein database 
DIGE

emPAI

Absolute 
SILAC

Protein 
Microarrays

iTRAQ

Concept of 
Proteome

Targeted MS 
from proteotypic

peptidesa

First MS 
sequenced 

protein 
complex

A
2014-16

LTQ-Orbitrap
LC MS/MS

2013

label-free LC-
MS/MS

Secretome study

Ascomycetes

Basidiomycetes

Other species

Yeast

0

10

20

30

40

50

2
0
0
8

2
0
0
9

2
0
1
0

2
0
1
1

2
0
1
2

2
0
1
3

2
0
1
4

2
0
1
5

2
0
1
6

2
0
1
7

2
0
1
8

dehsilbup
repapfo

reb
mu

N

Year

Number of Secretome
publications in past decade

B C

Fig. 10.1 (a) Trendline representing secretome discoveries. (b) Number of secretome publica-
tions in past decade. (c) Pie diagram representation of secretome studies conducted on various 
fungal classes

A. Shankar et al.



253

of the former in causing diseases and since many of them are known as “cell facto-
ries” of the enzyme secretion, e.g., Aspergillus niger (Adav et al. 2010), A. flavus 
MDU-5, A. oryzae MDU-4, Trichoderma citrinoviride MDU-1, T. harzianum 
MDU-2, and T. longibrachiatum MDU-6 (Chutani and Sharma 2015; Chutani and 
Sharma 2016; Miura and Ueda 2018).

Various technologies such as the protein mass spectrometry, genome sequencing, 
transcriptome sequencing (Jain et al. 2019), and bioinformatics advances have now 
enabled the detailed analysis of the fungal biochemistry (Doyle 2011; de Oliveira 
et  al. 2011; Sharma 2016; Kumar et  al. 2017). With time upgraded technologies 
have also increased which are listed in Fig.  10.1a. Till now, hundreds of fungal 
genomes are publicly accessible (http://genome.jgi.doe.gov/programs/fungi/index.
jsf; http://jgi.doe.gov/our-science/science-programs/fungal-genomics/recent-fun-
gal-genome-eleases/) by 1000 Fungal Genome (1KFG) project (Sharma, 2016). The 
fungal proteome analysis speed was enhanced due to sequenced genomes availabil-
ity and the progress in the instrumental resolution of the mass spectrometry. 
Currently, the major challenges faced in the modern fungal biology are the compre-
hension of expression, regulation, and function of fungal genomes encoded protein 
sets. The proteomics is becoming an essential method of functional genomics, 
because it gives the information at the protein level, which not indeed corresponds 
to the transcriptomics information (Bianco and Perrotta 2016). In this chapter, the 
main focus is on the evolution of proteomic techniques, extracellular proteome (sec-
retome) of the filamentous fungi and its involvement in bio-based processes includ-
ing deconstruction of the lignocellulosic biomass and xenobiotic degradation.

10.2  Fungal Lignocellulolytic Enzyme Secretion

The lignocellulose-degrading enzymes and their biotechnological applications have 
been discussed previously in several articles (Sharma et al. 2013). Basidiomycetes 
have tremendous potential in the deconstruction of the lignocellulosic materials and 
biodegradation of the industrial pollutants. Extended range of the biodegradable 
pollutants can be degraded by the extracellular, intracellular, and other nonspecific 
enzyme systems of the white rot fungi, which includes versatile peroxidase (VP), 
lignin peroxidase (LiP), manganese peroxidase (MnP), laccases, and other acces-
sory enzymes (Table 10.1). Protein secretion is necessary for the fungal growth and 
survival as the fungal species survive by absorbing different available environmen-
tal nutrients acted by various secretory hydrolyzing enzymes. Industry exploits 
these high secretions of the enzyme for various valuable products.

The secretome study can be explained as the collection of proteins released by an 
organism or a cell under different environmental or nutritional stress. The fungal 
secretome has two features:

i) the extracellular secretion with intracellular secretion or integral membrane pro-
tein. In extracellular secretome, the proteins are secreted into the medium. 
However, in the intracellular secretome, the secreted proteins remain attached to 
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Table 10.1 Lignocellulolytic enzymes secreted by different fungal species

Enzyme

Enzyme 
classification 
no.

Reaction 
catalyzed Applications References

Laccase 
(benzenediol: 
oxygen 
oxidoreductase)

1.10.3.2 Phenol oxidation Pathogenesis; 
formation of 
rhizomorph and 
fruiting body; spore 
resistance; pigment 
synthesis; 
degradation of 
lignin

Mayer and 
Staples (2002), 
Claus (2004), 
Minussi et al. 
(2007), and 
Maciel and 
Ribeiro (2010)

Lignin 
peroxidase (LiP)

1.11.1.14 Phenol 
polymerization

Lignin 
biodegradation; 
fungal defense 
against pathogens

Trejo- 
Hernandez 
et al. (2001), 
Piontek et al. 
(2001), Erden 
et al. (2009), 
and Maciel and 
Ribeiro (2010)

Manganese 
peroxidase 
(MnP)

1.11.1.13 Phenol oxidation; 
oxidize Mn2+ to 
Mn3+

Lignin degradation; 
interspecific fungal 
interactions

Trejo- 
Hernandez 
et al. (2001), 
Hofrichter 
(2002), and 
Maciel and 
Ribeiro (2010)

Aryl alcohol 
oxidase

1.1.3.7 H2O2 production – Martinez et al. 
(2009)

Glyoxal oxidase 
(GLOX)

1.2.3.5 H2O2 production – Martinez et al. 
(2009)

Manganese- 
independent 
peroxidase

1.11.1.7 Oxidize aromatic 
substrates

– Ruiz-Dueñas 
and Martínez 
(2009)

Versatile 
peroxidase (VP)

1.11.1.16 Oxidizes Mn2+ 
and high redox 
potential aromatic 
compounds

Oxidize peroxidases 
substrates as 
phenolic 
compounds and 
dyes

Ruiz-Dueñas 
et al. (2009)

Cellobiose 
dehydrogenase

1.1.99.18 Unite hydrolytic 
and oxidative 
systems; dispose 
Mn II for MnP; 
degradation of 
lignin

– Henriksson 
et al. (2000a, 
b), Kersten and 
Cullen (2007), 
and Carvalho 
et al. (2009)

Glycoxal 
hydrolase

3.2.1.21 Breakdown of 
lignin by synergic 
increase in 
enzyme

Lignocellulosic 
breakdown

de Gouvea 
et al. (2018)
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the cell membrane or cell wall rather than releasing outside. Such proteins are 
called integral membrane proteins.

ii) the fungal secreted proteins vary with the fungal species as their growth pattern 
changes with different environmental and growth substrate conditions.

Lignocellulose is abundant in the plant cell wall. It is the largest source of fixed 
global carbon and is increasing as a potential source for biofuels and new biomate-
rial products. Readily accessible and economical carbohydrates can be formed with 
the lignin-forming phenyl propanoid units obtained by decomposing the lignocel-
luloses. Currently, the biological toolbox of the microorganisms was employed to 
degrade the lignocelluloses for carbon and energy source. Ascomycetes and 
Basidiomycetes are the most economical degraders of the lignocelluloses. White rot 
fungi degrade lignin and hemicellulose, while the brown rot fungi degrade cellu-
loses and some part of hemicelluloses. The common white rots (Phanerochaete 
chrysosporium, Trametes versicolor, Ganoderma lucidum, Lentinula edodes) 
(Bouws et  al. 2008) and brown rot fungi (Postia placenta, Serpula lacrymans) 
(Wymelenberg et al. 2010; Eastwood et al. 2011) have the ability to uptake different 
carbon and nitrogen sources to cover the diverse ecological places such as wood, 
soil, and organic waste materials. These wood-colonizing white rot basidiomycetes 
can degrade wood lignocellulose by producing different ligninolytic enzymes (lac-
cases and peroxidases) along with several accessory enzymes including heme per-
oxidases such as cytochrome c peroxidases, chloroperoxidases, glyoxal oxidases 
(GLOX), methanol oxidases, pyranose dehydrogenases, and aryl alcohol oxidases 
(Sharma and Kuhad 2008; Alfaro et al. 2014). Filamentous fungi produce signifi-
cant quantities of the carbohydrate-degrading enzymes which release fermentable 
sugars from the plant waste that is the demand of the industry to produce cellulases 
in the large quantities (Chutani and Sharma 2016; Mathieu et al. 2016).

10.3  Methodology and Advancement

Secretome gives the idea about the whole set of predicted and unpredicted genes 
which codes for the regulatory proteins present in a genome. It predicts the detailed 
knowledge of the protein sets released under various culture conditions with diverse 
environmental factors. In recent years, the numbers of fungal genome or proteome 
sequences are rising because of the advancement in the research technology on the 
fungal secretome. There are different methods as well as workflows for the analysis 
of the fungal secretome, majorly based on two ways: separation and identification 
of the produced proteins. Separation methods depend on the electrophoresis or liq-
uid chromatography (LC) techniques while the identification methods involve the 
mass spectrometry (MS). In updated research technology, both the separation and 
identification methods can be done using liquid chromatography-mass spectrometry 
(LC-MS).
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10.3.1  Techniques for Secreted Protein Secretion Analysis

10.3.1.1  Proteome Analysis Approach
Extracellular secretions of the proteins from different Ascomycetes, Basidiomycetes, 
and other fungal or bacterial cultures are now studied in detail by the different high- 
throughput methods such as protein mass spectrometry, transcriptome, and pro-
teome. In proteomic methods, the researcher gets the information about all 
upregulated or downregulated proteins with different other functional and nonfunc-
tional proteins of that organism. In the proteomic analysis, the peptide and protein 
identification is based mainly on MS (Han et al. 2008; Graham et al. 2011). It gives 
the accurate data on the protein or a peptide molecular mass from the given sample 
by matching or searching online where the mass of the complete set of protein or 
peptide and genome sequences are known.

For the fungal proteome analysis, two different strategies from the protein extrac-
tion to peptide identification, i.e., bottom-up MS and top-down MS, are very impor-
tant (Fig. 10.2). In top-down MS, the mass spectrometer provides the analysis result 
from the intact protein giving information regarding its molecular mass, sequence 
of amino acids, position, and type of the posttranslational modifications. Although, 
its utilization to the large-scale proteomics remains a challenge due to the require-
ment of very expensive mass spectrometers with exceptionally high resolution 
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(Waanders et al. 2007; Collier et al. 2008). Bottom-up MS approach is applied for 
the peptide analysis such that the proteins are extracted, proteolytic digested and 
then passed through the mass spectrometer. It can be done by two methods: either 
the digestion is done after the protein separation (sort-then-break method) or is 
performed directly in the protein sample followed by proteolytic peptides separa-
tion (break-then-sort method). In the former strategy, the peptide mixture is ana-
lyzed directly to generate a peptide mass fingerprint (Henzel et  al. 1993) or be 
further sorted by liquid chromatography integrated with a tandem MS. While in the 
latter approach the digestion mixture peptides are first separated and then examined 
via MS. It is a high-throughput technique as discussed in the shotgun proteomics.

10.3.2  2-D Gel Electrophoresis

The earlier systematic approach for the protein quantification in protein complexes 
uses high-resolution two-dimensional electrophoresis (2-DE), a principal technique 
explaining the secretome from the last 10 years. By this method, the secretary pro-
teins from a sample are separated in two dimensions where the protein is generally 
carried out in a cross-linked polymer, i.e., polyacrylamide for separation based on 
their charge-to-mass ratio. In 2-D PAGE, at first, they are separated depending on 
their isoelectric focusing (IEF) and thereafter according to their molecular mass 
(SDS-PAGE). By using IEF in 2-D PAGE, Mattow and coworkers (Mattow et al. 
2003) separated 300 protein spots. The right combination of two-dimensional sepa-
ration procedures allows new protein identification and evaluation of their relative 
abundance in a sample. The 2-D PAGE technique also allows the identification of 
the posttranslational modifications of the sample protein because they are separated 
before trypsin digestion (Jungblut et al. 2008). After obtaining the high-quality gel, 
the secretome analysis further involves the protein spots identification, isolation, 
and sequencing, such that the protein spot visualization needs staining techniques 
with high sensitivity (e.g., silver staining) which can be performed with MS analysis 
of the sample (Jungblut et al. 2008). Shevchenko and other researchers designed the 
procedure through which the 2-D PAGE identified protein spots could either be 
excised individually from the gel or be trypsin digested within the gel. The obtained 
tryptic peptides can be analyzed using mass spectrometry (Shevchenko et al. 1996).

2-D PAGE protein analysis with MS has some limitations such as peptides trans-
fer from the gel to the mass spectrometer, resolving proteins which are too basic or 
acidic or too large or small, and detecting low amounts of the proteins (low sensitiv-
ity, 103–107 copies per cell) (Lamer and Jungblut 2001; Minden 2007; Jungblut 
et al. 2008). Because of these limitations, the use of this technology for comparing 
various samples became difficult. Difference gel electrophoresis (DIGE) approach 
helped to overcome this problem, where the two different protein samples cova-
lently labeled with separate fluorescent dyes are electrophoresed together on the 
same 2-D gel (Minden 2007).
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10.3.3  Liquid Chromatography

The chromatographic techniques are mainly used to separate the proteins, nucleic 
acids, or small molecules from a complex mixture. Liquid chromatography (LC), a 
powerful approach for proteomic study, involves the separation of proteins or pep-
tides. It is a peptide-centric approach where the peptide mixture components 
obtained by tryptic digestion of proteins are separated via liquid chromatography 
before its analysis using MS. These LC-based proteomics and secretomics tech-
niques are comparatively more valuable for the identification of unambiguous pro-
teins where samples consist of thousands of proteins and hundreds or thousands of 
peptides obtained from their tryptic digestion.

Proteomic study based on LC is completed via various steps of sample prepara-
tion which includes cell lysis for breaking cells apart and fractionation to eliminate 
the high-abundance proteins or other unnecessary proteins (Fig.  10.3). The used 
proteins are then trypsin digested to split the intact proteins into peptide compo-
nents. These peptides are commonly introduced to a LC column for separation. 
Upon eluting from the LC column, the peptides are ionized. Mass spectrometers 
connected LC columns are used for analyzing the resolved peptides. Powerful pro-
teomics analysis requires high sensitivity and high resolving power to reach a mini-
mum dynamic peak range of 105. Two-dimensional nano-liquid chromatographic 
(2-D nLC) methods are used to obtain these resolution and sensitivity levels (Nagele 
et al. 2003), which involves sample enrichment, strong cation exchange, reverse- 
phase chromatography, and nanospray ion trap MS with data-dependent tandem MS 
spectra acquisition (Alfaro et al. 2014).

10.4  Shotgun Proteomics

When bottom-up approaches are performed on the protein mixtures, it is named as 
shotgun proteomics. In a shotgun proteomics approach, protein analysis involves 
the protein characterization by analyzing the protein released peptides via proteoly-
sis (Zhang et al. 2013). All proteolytic peptides collected as the mass spectra are 
compared against the whole group of peptide masses from an organism(s) genome 
sequence obtained from different online tools (like Uniport) and analyzed using 
bioinformatics tools like MASCOT, X!Tandem, SEQUEST, and proteome discov-
erer (Craig and Beavis 2004; Ravalason et al. 2008; Efstathiou et al. 2017). In shot-
gun proteomics, different strategies applied for the peptide separation are 
immobilized pH gradient isoelectric focusing (IPG-LC-MS/MS), pre-fractionation 
using one-dimensional electrophoresis (1-D PAGE-LC-MS/MS), and the gel-free 
LC-MS shotgun method (LC-LC-MS/MS).
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10.4.1  One-Dimensional Electrophoresis

Gel electrophoresis and column chromatography are the most commonly used 
methods for protein fractionation. This is the most used technology for the secre-
tome identification in various cell types of fungi, plants, and animals (Mukherjee 
and Mani 2013). It involves the protein pre-fractionation via 1-D gel electrophoresis 
followed by its in-gel digestion and fixation using LC-MS/MS. Secreted proteins 
from the lignocellulose-degrading fungi are fractionated via 1-D SDS-PAGE, where 
most of the proteins are separated according to the molecular mass and the sepa-
rated bands are cut from the gel lanes. Then, the gel slice is trypsin digested fol-
lowed by peptide separation using reverse-phase liquid chromatography (RP-HPLC) 
and then MS analyzed.

10.4.2  Immobilized pH Gradient Isoelectric Focusing

Under this approach, IPG strip pH range is a major drawback in the protein identi-
fication. In this technique, OFFGEL fractionators permit liquid-phase peptide IEF 
(Horth et al. 2006). The separation is performed using a two-phase system with a 
compartment divided carrier ampholyte and buffer-free solution upper liquid phase 
and an IPG strip lower phase. After loading the sample and applying the voltage 
gradient, the peptides move via IPG strip till they reach their pI in a given compart-
ment. After isoelectric focusing, for further analysis, the peptides can be recovered 
easily in a solution. The IEF strip is cut into pieces and peptides in a piece are eluted 
and analyzed using LC/MS. This approach gives better peptides separation than the 
classic 2-D PAGE (Poland et al. 2003; Abdallah et al. 2012).

10.4.3  Gel-Free LC-MS Shotgun Approach

Gel-free methods of the shotgun approach can be considered as a direct conse-
quence of the numerous innovative developments in the past two or three decades 
(Zargar et al. 2016). These methods exclude few of the major experimental errors 
observed in the case of gel based approaches. Although earlier 2-D electrophoresis 
is a mature and well-established technique, it faces few limitations on quantitative 
reproducibility and difficulty in studying certain classes of proteins (Abdallah et al. 
2012). Therefore, researchers have to take out the idea for alternative approaches of 
gel-free proteomics. In this approach, the extracted proteins are first digested in a 
solution to obtain a peptide mixture which are then separated via multidimensional-
 LC that are strong cation exchange and reversed-phase LC columns for separating 
the peptides into fractions, prior to tandem mass spectrometry analysis (Link et al. 
1999; Washburn et al. 2001). This technique has the capacity to detect the greatest 
secreted proteins count in the fungal secretomes. In Postia placenta, both the bot-
tom- up and top-down MS strategies were used to detect the proteins where 19 pro-
teins were detected using 1-D PAGE-LC-MS/MS and 63 proteins by LC-LC-MS/

10 Exploring Fungi-Associated Lignocellulose Degradation: Secretomic…



260

MS (Wymelenberg et al. 2010). Similarly, in Phanerochaete chrysosporium 30 pro-
teins were identified via 1-D PAGE LC-MS/MS and 73 by LC-LC-MS/MS.

On comparing various separation techniques like 1-D PAGE-LC-MS/MS, 2-D 
PAGE, and IPG-IEF shotgun, IPG-IEF-LC-MS/MS method was found to identify 
the largest number of proteins (Abdallah et al. 2012). However, there is a need to 
merge many analytical approaches to detect various protein samples because some 
small secreted proteins like glycosylphosphatidyl inositol (GPI) were identified via 
1-D LC-MS/MS and IPG but not via 2-D PAGE due to difficulty in separating wide 
molecular weight range proteome (Alfaro et al. 2014).

10.5  Quantitative Proteomics

Accurate quantitation of proteins is currently the most difficult and dynamic areas 
of proteomics. In quantitative proteomics, major methods depend on the multiple 
factors such as samples source, samples number, number of treatments studied, time 
requirement, equipment type, and cost on sample analysis. The quantitation meth-
ods involving isotope labeling approaches such as Isotope-Coded Protein Labeling 
(ICPL), Isotope-Coded Affinity Tag (ICAT), 15N/14N metabolic labeling, Tandem 
Mass Tags (TMT), Stable Isotope Labeling by Amino Acids in Cell Culture 
(SILAC), 18O/16O enzymatic labeling, and Isobaric Tags for Relative and Absolute 
Quantitation (iTRAQ) have been adopted well in the quantitative proteomics 
[Bantscheff et al. 2007; Xie et al. 2011]. Proteins labeled with specific reagents hav-
ing a protein reactive group, a linker with light or heavy isotopes, and a biotin puri-
fication tag recover the proteolytic digested peptides. In quantitative approach, 
majority of MS involves protein digestion using trypsin and peptide level measure-
ments to estimate a summarized value for a corresponding protein. These methods 
can be categorized into two: one using stable isobaric or isotope tags and other is 
label-free quantitation.

10.5.1  Isotope-Coded Affinity Tags (ICAT)

ICAT approach is used for the differential isotope labeling which involves three 
functional elements: a light or heavy isotopes coded linker, a cysteinyl residues 
sulfhydryl groups binding specific chemical reactive group, and a biotin tag for 
affinity purification (Gygi et al. 1999). Proteins having cysteine residues are tagged 
either by the light or heavy isotopes, where heavy isotopes have eight 13C atoms. 
Thereafter, the isotope-labeled samples are combined and cleaved proteolytically. 
Before MS analysis, purification of the tagged cysteine-containing peptides using 
biotin-avidin affinity columns was performed to reduce the sample complexity. 
Specificity of the ICAT labeling to cysteinyl groups is exploited to study the redox 
status of the proteins. Thus, permit the quantitative analysis of the redox proteome 
and the ozone stress in the plants (Stroher and Dietz 2006; Hagglund et al. 2008). 
Some limitations for ICAT technique are: cysteine residues requirement restricts the 
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label count per protein, not applicable to cysteine-free proteins and the results are 
not robust enough (Wiese et al. 2007).

10.5.2  Isobaric Tags for Relative and Absolute Quantitation 
(iTRAQ)

Many drawbacks of the quantitative techniques like ICPL and ICAT were overcome 
in iTRAQ technique. iTRAQ is a strong enzymatic toolbox for the deconstruction of 
lignocellulose biomass. In this, the peptides obtained from separate samples are 
tagged with separate compounds devised to obtain a similar total mass followed by 
their cleavage to generate the separate fragments. Peptide N-terminal and ε-amino 
group of lysine side chains are labeled with the iTRAQ reagents where it allows the 
comparison of up to eight samples in one experiment (Alfaro et al. 2014). In classi-
cal approach, two different isobaric labels are used for comparing the peptides 
N-terminal and lysine residues of the two samples. Such that after mixing the two 
samples, distinctly labeled peptides develop as one peak in MS analysis. In the next 
step, peptides fragment into smaller peptides followed by the differentiation of the 
reporter molecules such that the relative intensities of the corresponding reporters 
were used to deduce the relative proportion of each peptide (Ross et al. 2004).

This high performance technique has gained huge popularity in proteomics 
attributed to increased MS sensitivity when compared with ICAT and other quanti-
tative techniques because of the contribution of all samples to the precursor ion 
signal. This can be used for both intact proteins and proteolytic peptides from a 
protein sample (Wiese et al. 2007). It has a great propensity in determining the most 
abundant proteins with a limitation for MS/MS, limiting the gathered information to 
the most abundant peptides. P. chrysosporium proteomes produced through various 
carbon sources or natural biomass has been compared successfully using iTRAQ 
approach (Manavalan et al. 2011). iTRAQ is also used to study the lignocellulolytic 
fungi secreted proteins in single cultures and in consortia (Adav et al. 2012a, b) and 
to investigate the change in protein expression in reaction to Aspergillus fumigatus 
obtained drug, caspofungin.

10.6  Secretome

Fungi consume the lignocellulosic substrates by secreting extracellular hydrolytic 
enzymes, known as secretome. Fungal secretome is a highly advanced proteomics 
technology that can reveal highly specific known and unknown potential 
lignocellulose- degrading enzymes, providing a better understanding level in the 
mechanism of lignocellulose hydrolysis. The fungi released enzymes have been 
investigated from different viewpoints which have ample of biotechnological appli-
cations. In fungal secretome analysis method, different Basidiomycetes and other 
related fungi (listed in Table 10.2) produce different cellulases, peroxidases, lignin 
peroxidases (LiP), MnP, and other enzymes that can degrade complex sugar 
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Table 10.2 Details of sequencing methods and protein sequences reported from different fungal 
species

S. No. White rot 
Basidiomycetes

Sequencing 
method

Separation column No. of 
proteins

References

1. Phanerochaete 
chrysosporium

Nanoscale 
CapLC/MS/
MS

C18 silica column 16 Abbas et al. 
(2005)

1-D LC-MS/
MS using 
1100 series 
LC/MSD Trap 
SL 
spectrometer

Reversed phase C18 
column

40 Wymelenberg 
et al. (2006)

SDS-PAGE/
LC-MS/MS

– 16 Sato et al. 
(2007)

SDS-PAGE 
MS for solid, 
2-D MS for 
liquid

– 18 Alfaro et al. 
(2014)

2-D MS – 14 Ravalason 
et al. (2008)

SDS- 
PAGE- MS

– 190 Wymelenberg 
et al. (2009)

LC-LC-MS/
MS

Fused silica tubing, 
C18 particles packed 
column

73 Wymelenberg 
et al. (2010)

SDS-PAGE/
LC-MS/MS

Fused silica tubing, 
C18 particles packed 
column

30 Alfaro et al. 
(2014)

Nano-LC- 
LC-MS/MS

_ 356 Vandem 
Wymelenberg 
et al. (2011)

iTRAQ after 
separation on 
SDS-PAGE

PolySULFOETHYL 
A SCX column

224 Manavalan 
et al. (2011)

2-D MS reversed-phase 
capillary HPLC 
column

47 Hori et al. 
(2011)

iTRAQ 
technique 
using LC-MS/
MS

Nanobored C18 
column

329 Adav et al. 
(2011)

LTQ-FT Ultra 
LC-MS/MS

capillary column 
packed with C18 AQ

289 Adav et al. 
(2014)

Nano-LC-MS/
MS

ZB-5HT GC 
capillary column

112 Zhu et al. 
(2016)

(continued)
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Table 10.2 (continued)

2. Ganoderma 
lucidum

SDS-PAGE- 
LTQ-FT

Capillary column 
with C18 AQ

71 Manavalan 
et al. (2012)

Ganoderma sp. Nano-LC- 
LTQ-Orbitrap 
MS

Agilent flow system 
1100 micro

105 Hori et al. 
(2013)

G. trabeum Nano-LC-MS/
MS

Trap column and 
analytical column 
with fused silica 
capillary

109 Zhu et al. 
(2016)

G. lucidum Nano-LC-MS/
MS
LTQ- 
OrbitrapVelos

PepMap 100 
C18-nano viper

142 
(induced)

Jain et al. 
(2019)

3. Ceriporiopsis 
subvermispora

LC-LC-MS/
MS

Agilent flow system 
1100 micro

121 Fernandez- 
Fueyo et al. 
(2012)

Nano-LC-MS/
LTQ-Orbitrap

_ 248 Hori et al. 
(2014)

4. Trametes sp. Western blot 
and LC-MS/
MS with 
LTQ-Orbitrap 
MS

Nano column Pep 
map C18

2 Lebrun et al. 
(2011)

Nano-LC-MS/
MS with 
LTQ-Orbitrap 
MS

Agilent flow system 
1100 micro flow 
system

218 Floudas et al. 
(2012)

5. Trametes trogii SDS followed 
by Micro 
TOF-Q

HPLC Column 
ZORBAX SB-C18

64 Ji et al. 
(2012)

6. Bjerkandera 
adusta

Nano-LC- 
LTQ-Orbitrap 
MS

Agilent flow system 
1100 micro flow 
system

187 Hori et al. 
(2013)

7. Phlebia 
brevispora

– 178 Alfaro et al. 
(2014)

8 Schizophyllum 
commune

Nano-LC-MS/
MS

Trap column and 
analytical column 
with fused silica 
capillary

229 Zhu et al. 
(2016)

9 Ceriporiopsis 
subvermispora

Trap column and 
analytical column 
with fused silica 
capillary

95 Zhu et al. 
(2016)

10 Lentinula 
edodes

Nano-LC 
coupled with 
tandem MS

Nano Easy HPLC 230 Cai et al. 
(2017)

(continued)
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Table 10.2 (continued)

S. No. Brown rot 
Basidiomycetes

Sequencing 
method

No. of 
proteins

Reference

11 Serpula 
lacrymans

IPG LC-MS/
MS

– 39 Eastwood 
et al. (2011)

12 Postia placenta LC-LC-MS/
MS connected 
with 
LTQ-Orbitrap 
MS

HPLC using 
fabricated column 
with fused silica 
tubing

63 Alfaro et al. 
(2014)

1-D 
LC-MS-MS

– 19 Wymelenberg 
et al. (2010)

Nano-LC 
tandem MS 
with 
LTQ-Orbitrap 
MS

– 413 Alfaro et al. 
(2014)

C18 resin reversed- 
phase column

231 San Ryu et al. 
(2011)

Symbiotic fungi
13 Laccaria 

bicolor
SDS-PAGE 
gel digestion 
with MS

– 77 Vincent et al. 
(2011)

IPG-IEF 
shotgun/MS

C18 micro elution 
column

142

Nanospray 
LTQ IT MS

C18 PepMap column 116

Other fungi
14 Coprinopsis 

cinerea
2-D PAGE/MS – 76 Hoegger et al. 

(2007)
Correlation of white and brown rot fungi secretome
15 Coniophora 

puteana
Nano-LC-MS/
MS using 
Agilent flow 
system 1100 
micro flow 
system

HPLC using 
Fabricated column 
with fused silica 
tubing

269 Alfaro et al. 
(2014)

16 Fomitopsis 
pinicola

253 Floudas et al. 
(2012)

17 Trametes 218 Floudas et al. 
(2012)

18 Stereum 
hirsutum

208 Floudas et al. 
(2012)

19 Dichomitus 
squalens

180 Alfaro et al. 
(2014)

20 Gloeophyllum 174 Floudas et al. 
(2012)

21 Wolfiporia 
cocos

171 Floudas et al. 
(2012)

22 Auricularia 
delicata

151 Alfaro et al. 
(2014)

23 Dacryopinax 
sp.

145 Floudas et al. 
(2012)

24 Punctularia 
strigosozonata

135 Floudas et al. 
(2012)

25 Fomitiporia 
mediterranea

85 Alfaro et al. 
(2014)
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(cellulose, hemicelluloses, and lignin) into simple sugar (Sripuan et al. 2003; Juhasz 
et al. 2005; Adsul et al. 2007; Adav et al. 2012a, b; Manavalan et al. 2012; Alfaro 
et al. 2014). After secretome study, it was revealed that G. lucidum has four new 
glycoside hydrolases (such as two endo 1, 4-β mannanases, glycoside hydrolase 
family 35 and 74 family) which cleaves the glycosidic bond between a carbohydrate 
and non-carbohydrate moiety (Manavalan et al. 2012).

10.6.1  White Rot Basidiomycetes

Wood-decaying Basidiomycetes, usually classified as brown or white rot fungi, are 
inhabitants of forest litter, where they have a major role in carbon cycling.

 1. Phanerochaete chrysosporium: White rot basidiomycete, such as P. chrysospo-
rium, secretes extracellular hydrolases that attack cellulose and hemicellulose 
and depolymerize the lignin by oxidative mechanisms. It is a model white rot 
fungi having manganese (MnP) and lignin peroxidases (LiP). P. chrysosporium 
genome has been sequenced and its secretome has been investigated under vari-
ous conditions (Martinez et al. 2004) such that their automatic annotated genome 
estimated 10,048 gene models (http://genome.jgi-psf.org/Phchr1/Phchr1.home.
html). Microarray analysis for whole-genome expression and LC-tandem MS of 
extracellular proteins of this fungus revealed a total of 545 genes showing the 
ligninolytic or cellulolytic degradation depending on the remarkable changes in 
accumulation of transcript and/or peptide sequences of secreted proteins 
(Wymelenberg et  al. 2009). Among these proteins, most upregulated groups 
were of lignin and manganese peroxidase, carbohydrate-active enzymes, six 
members of glycoside hydrolase family 61, many carbohydrate esterases, and 
polysaccharide lyases. Proteins of unknown function are predicted to encode by 
above 190 upregulated genes. Different scientist studied and reported the secre-
tome work differently by switching in/or out different artificial medium. They 
found that the different proteins are upregulated or down regulated and some are 
constitutively expressed under different conditions.

P. chrysosporium secretome studied via 1-D PAGE-LC-LC-MS/MS in shaking 
submerged cultures of synthetic media under controlled C or N sources recognized 
40 secreted proteins containing 13 peptidases, 8 GHs, 6 esterase-lipases, 5 LiPs, and 
3 MnPs (Wymelenberg et al. 2006). Further, secretome studied by iTRAQ-based 
approach in shaking submerged cultures added with synthetic cellulose, lignin or a 
mixture of both, secreted proteins included 66 GHs, 16 proteases, and 16 lignin- 
degrading enzymes. In the experiment, MnPs and LiPs were absent, declaring non-
efficiency of the synthetic lignin as an inducer for these two enzymes (Manavalan 
et al. 2011). The effect of xylan or starch supplementation in shaking submerged 
cultures of P. chrysosporium having cellulose as a source of carbon was studied, 
identifying 47 secretome proteins such that the addition of xylan raised the synthe-
sis of various GHs (Hori et  al. 2011). In another experiment, various complex 
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lignocellulosic substrates such as hay, corn stove, wheat bran, sugarcane bagasse, 
sawdust, and wood chips were used for the quantitative study of protein secretion in 
shaking submerged cultures and identified 52% GHs, 10% lignin-depolymerizing 
enzymes, and 20% proteases secretion (Adav et al. 2011). In the presence of glu-
cose, cellulose, and lignin substrate for the growth of P. chrysosporium, 236 ± 30, 
279 ± 74, and 289 ± 66 secretory proteins were found. It showed 48 glycosylated 
lignocellulolytic secretory proteins accompanied by glucose-(20 proteins) and 
cellulose- containing media (34 proteins) (Adav et al. 2014).

 2. Ganoderma lucidum: G. lucidum is a lignocellulose-degrading white rot basid-
iomycete of immense medical importance and great wood degradation ability 
which helps in the production of bioenergy. The genome and proteome study 
presented 16,113 annotated gene models containing a collection of cytochrome 
P450 encoding genes with high-value wood-degrading enzymes (Chen et  al. 
2012). Another research group performed secretome study for 40 days, grown 
fruiting body on solid substrate of sugarcane bagasse. The analysis by 1-D 
PAGE-LC-MS/MS described 71 proteins classified into GHs (24% cellulases, 
5% hemicellulases, and 10% others), lignin-hydrolyzing enzymes (24% of one 
MnP and five laccases), 7% phosphatases, 2% proteases, 10% transport proteins, 
and 10% hypothetical proteins (Manavalan et al. 2012). Yu and coworkers ana-
lyzed three different stages of protein sample (16 days mycelia, 60 and 90 days 
fruiting body) by LC-MS/MS (Yu et al. 2015). Previous database revealed 803 
identified proteins. Among those, 61 lignocellulose-degrading proteins were 
identified, and majority of them (49 proteins) were found in fruiting bodies of 
90 days. 470 proteins out of 803 proteins studied had GO annotations and were 
grouped into 36  GO terms, with “binding activity,” “catalytic activity,” and 
“hydrolase activity” having high percentage value. The basic proteomic and 
sequence alignment analysis of a new potent immunomodulatory protein, 
GL18769, was found to have strong immunomodulatory activity in G. lucidum 
(Yu et al. 2015).

 3. Pleurotus sapidus: It is a member of the family of oyster mushrooms, having 
pleasant flavor and high nutritional value. Secreted proteins were analyzed in a 
shaking submerged culture with limited nitrogen medium containing glass wool 
or peanut shells as carrier material and glucose as source of carbon (Zorn et al. 
2005). Secreted enzymes by P. sapidus include various hydrolases and lignolytic 
enzymes of the MnP/VP family. Peptidases dominated in the peanut shells grown 
cultures, whereas peroxidase type enzymes were secreted by cultures grown on 
glass wool. Using nano-LC coupled to tandem MS, secreted whole protein of P. 
ostreatus grown on wheat straw or poplar wood as a principal C/N source was 
identified over 500 proteins. Out of these, 34%, 15%, and 6% were unique for 
wheat straw, glucose, and poplar wood cultures, respectively. 20% were pro-
duced under different conditions and additional 19% were shared between two 
lignocellulose cultures (Fernandez-Fueyo et al. 2016).

 4. Ceriporiopsis subvermispora: It is a member of Polyporales having lignin- as 
well as cellulose-degrading ability. Fernandez-Fueyo and coworkers performed 
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LTQ-Orbitrap LC-LC-MS/MS and analyzed the culture filtrate of 5-day-old cul-
ture for comparing the protein abundance profiles of P. chrysosporium and C. 
subvermispora (Fernandez-Fueyo et al. 2012). 60 and 121 proteins were identi-
fied in filtrate, out of which 18 and 3 were GHs with 3 MnP identified in the C. 
subvermispora filtrate. Extracellular secreted protein of C. subvermispora grown 
in ball-milled aspen containing liquid medium was analyzed for various days 
sample by nano-LC-tandem MS. Enzymes related to lignin degradation such as 
manganese peroxidases and aryl alcohol oxidase were detected in early 3 days 
sample. Similarly, various cellulose- and xylan-degrading enzymes like GH5 
endoglucanase, GH7 cellobiohydrolase, and GH10 endoxylanase were found 
after 5 days and GH12, GH45, cellobiose dehydrogenase, and lytic polysaccha-
ride monooxygenase after 7 days (Hori et al. 2014).

 5. Trametes sp.: Trametes is a white rot Basidiomycete, usually found on tree 
stumps. It is responsible for the degradation of less-degradable lignin rich unused 
plant debris. Different species of Trametes (T. pubescens, T. multicolor, T. hir-
sute, T. trogii, and T. versicolor) have the ability to grow on agricultural waste 
and degrade lignin, cellulose, and hemicellulose (Lebrun et  al. 2011; Ji et  al. 
2012; Knezević et al. 2013; Vasina et al. 2016). Genome size of T. versicolor is 
44.8 Mbp which presents the annotated gene models of 14,296 (http://genome.
jgi.doe.gov/Trave1/Trave1.info.html) (Floudas et al. 2012). The secretome study 
identified 218 proteins with 65 GHs, 27 peptides, 8 lignin-degrading oxidases, 5 
lipases, 4 proline oxidases (POX), 3 MnPs, and 44 unrecognized proteins. 
Secretome study of different Trametes sp. in various medium and agro-waste had 
identified proteins such as laccase and peroxidase from T. hirsute st. 072 
(Tomsovsky and Homolka 2003; Vasina et al. 2013). 20% carbohydrate metabo-
lism, 11% fatty acid metabolism, and 11% protein metabolism proteins with 
29% cell wall- and lignin-degrading enzymes and 29% of other proteins were 
identified from T. trogii (Ji et  al. 2012). Two laccase isoenzymes, LacA and 
LacB, were reported to be secreted by T. versicolor in the presence of metal salt 
(Lebrun et al. 2011).

 6. Postia placenta: It is a wood-decaying basidiomycete, closely related to P. chrys-
osporium. It is the common inhabitants of forest ecosystems, largely causing 
destructive decay of cellulose in wood specially conifer wood (Hibbett and 
Donoghue 2001) with an important role in carbon cycling. It is of considerable 
economic importance due to being the principal agent for decay of wooden 
structures. In a study, its genome was sequenced and 17,173 gene models had 
been annotated. Interestingly, its genome had two POX genes while no LiP, VP, 
and MnP genes (Martinez et  al. 2009). Transcripts and secreted protein of P. 
placenta were analyzed by LC-tandem MS of growth medium with cellulose as 
the main carbon source and identified the gene of hemicelluloses, β-1,4- 
endoglucanase, and upregulated protein of putative iron reductases, quinone 
reductase, and structurally divergent oxidases. In comparison, secretome study 
of the P. chrysosporium and P. placenta identified total of 73 and 67 secreted 
proteins, respectively. P. placenta secreted various hemicellulases, while P. 
chrysosporium secreted a variety of extracellular GHs for attacking the cellu-

10 Exploring Fungi-Associated Lignocellulose Degradation: Secretomic…

http://genome.jgi.doe.gov/Trave1/Trave1.info.html
http://genome.jgi.doe.gov/Trave1/Trave1.info.html


268

loses and hemicelluloses together (Wymelenberg et  al. 2010). In presence of 
either pine or aspen containing media, a total 143 secreted proteins were detected 
from P. placenta (Wymelenberg et al. 2011). The LC-LC-MS/MS analysis of P. 
placenta secreted proteins in aspen chips in solid culture found one endo-1,4-β- 
xylanase and three endo-1,4-β-D-glucanases that participates in cellulose degra-
dation (San Ryu et al. 2011).

10.6.2  Ascomycetes

Ascomycetes have a potential role in lignocelluloses biomass recycling and are 
highly exploitable in enzyme industry. Similar to Basidiomycetes, Ascomycota were 
used to develop cost-effective technology for converting plant cell wall waste (i.e., 
lignocellulose) to the useful form of bioenergy and biochemicals, which are used 
for the production of organic acids and pharmaceutical and industrial important 
enzymes.

Secretome study of Ascomycota group of fungi analyzed the enzyme cocktail of 
different strains (Aspergillus wentii, A. niger, Neocosmospora haematococca, 
Penicillium variabile) and identified 46–159 number of proteins, which revealed a 
large number of carbohydrate-active enzymes (CAZymes) (Couturier et al. 2016). 
Many other Ascomycetes fungi and their secretome suggest them to be a good pro-
ducers of lignocellulose degrading enzymes, for example, T. reesei contains 201 
glycoside hydrolase genes, 99 glycosyl transferase genes, 22 carbohydrate esterase 
genes, and 5 polysaccharide lyase genes (Martinez et  al. 2008; Hakkinen et  al. 
2012) and Neurospora crassa produces various extracellular and intracellular beta- 
glucosidase (Znameroski et al. 2012). Out of 33 quantified proteins, 4 were enzymes 
including 2 cellobiohydrolases (CBH-1 and GH6-2), a β-glucosidase (GH3-4), and 
an endoglucanase (GH5-1) (Phillips et al. 2011), revealing highly overlapped groups 
of 430 genes with a large proportion of induced CAZy genes and 252 biomass regu-
lon (BR) genes (Galagan et al. 2003; Wang et al. 2015). Neocosmospora haemato-
cocca (as Nectria haematococca) had 15,707 predicted genes (Coleman et al. 2009). 
Among several aspergilli, sequence of Aspergillus nidulans was become available 
by the end of 2005 (Galagan et al. 2005). A. niger analyzed through shotgun pro-
teomics approach identified a total of 102 secreted proteins and 1,126 of micro-
somal proteins (de Souza et al. 2011). A. oryzae under submerged culture conditions 
produced intermediates of α-glucosidase A, glucoamylase A, cellulase B, and xyla-
nase G2 whereas in solid-state culture produced glucoamylase B, alanyl dipeptidyl 
peptidase, and α-mannosidase (Machida et al. 2005). A. fumigatus produced 32.9% 
cellulases and glycoside hydrolases; 16.2% hemicellulases; 11.7% proteases and 
peptidases; 8.1% lignin-degrading enzymes; 7.6% chitinases, phosphatases, and 
lipases; 0.9% amylases; and 22.5% proteins with unknown function (Adav et al. 
2015).
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10.7  Comparative Proteomics

In a comparative study of fungal proteomics, there are many techniques to find out 
the secreted proteins from the extracellular or intracellular of the fungi. A pipeline 
can be developed for identifying and comparing the fungal secretome of 49 fungi 
including 41 Basidiomycetes, 6 Ascomycetes, 1 Zygomycota, and 1 Chytridiomycota. 
Total genes analyzed in fungal genomes range from 4000 to 25,000. The relative 
amount of secreted proteins ranges from 3% to 10% of the total proteome (Pellegrin 
et al. 2015). Fungi contain a diverse range of secreted proteins such as pectinases, 
cellulases, hemicellulases, and lignin-degrading accessory enzymes which converts 
lignocellulosic agriculture polymer to monomers.

In comprehensive experimental secretome study based on protein harvesting and 
LC/MS/MS analysis involving iTRAQ studies, more filamentous fungi were pre-
dicted to have more or less than 350 proteins revealed in the secretome of filamen-
tous Ascomycetes (Lu et  al. 2010; Saykhedkar et  al. 2012; Nitsche et  al. 2012; 
Zeiner et al. 2016) and Basidiomycetes (Wymelenberg et al. 2010; Hori et al. 2014). 
In the comparative study with 4 ascomycota fungi, approximately 900 proteins for 
Pezizomycotina were identified. Other saprotrophs and some plant pathogens 
secreted approximately 600 and 1200 proteins, respectively (Krijger et al. 2014). 
For comparing Ascomycetes with Basidiomycetes, secretome data was classified in 
a similar manner that found 11 (Nitsche et al. 2012), 20 (Phalip et al. 2005), or 39 
(Saykhedkar et al. 2012) GH families in Ascomycetes and 31 (Hori et al. 2014) and 
35 (Rohr et al. 2013) GH families in white rot Basidiomycetes. A. fumigatus Z5 
produces more cellulases and hemicellulases while growing on cellulosic substrates 
and few of them identified oxidoreductases when the glucose was used as the car-
bon source (Liu et al. 2013). Similarly, white rot basidiomycete C. subvermispora 
secreted large ratio of GHs to peptidases while grown on aspen wood (Hori et al. 
2014). A large number of LiPs and MnPs were found in the culture of P. chrysospo-
rium of white rot fungi, but in Ascomycetes fungi, these enzymes were less or not 
identified. Further, a  large number of oxygen to water reducing laccases, phenol 
oxidases, peroxidases, and H2O2-generating enzymes were revealed in 
Basidiomycetes culture supernatants (Glenn et al. 1983; Hoegger et al. 2006; Bouws 
et al. 2008). Recently, two white rot basidiomycetes such as Ganoderma sp. kk-02 
and G. lucidum MDU-7 were used to compare laccase isozymes, which were pro-
duced extracellularly in the presence of copper. Further, six different types of lac-
case isoenzymes (Galc H1, Glac L1, Glac L2, Glac L3, Glac L4, and Glac L5) were 
identified using MALDI-TOF peptide fingerprinting technique (Kumar et al. 2015, 
2017).

10.8  Future Prospectives

Secretome and proteome analyses were started earlier with the use of methods 
based on 2-D gel electrophoresis (O’Farrell 1975). In the recent time of scientific 
era of advances in software and in silico tools, experimental methods have now 
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changed from 2-D gel electrophoresis to very updated tools like LC-MS/MS, 
iRTAQ, and next-generation sequencing to describe fungal secretomes, analyze 
expression profile, and identify new enzymes (Kim et al. 2007; Sato et al. 2007; Jain 
et al. 2019). The use of secretomic and proteomic techniques is the best method for 
obtaining the broad range of complex and highly dynamic protein consortia secreted 
from Ascomycetes and Basidiomycetes to degrade the lignocellulosic biomass.

Recent proteomic approach is used to identify putative secreted peptides that 
belong into several categories, like mycotoxins, hormones, and effector molecules, 
that facilitate colonization during host-microbe interactions (Le Marquer et  al. 
2019). In the future, this broad study will open new avenues in the area of small- 
secretory fungal peptides that regulates their cellular biology and modulates the 
fungal interaction with the environment. Bioinformatics tools also have equal 
importance in this study which helps in the prediction of significant functions 
according to the past data. The main motive behind Ascomycetes and Basidiomycetes 
secretome analysis is to critically study the valuable data on the importance of extra-
cellular enzymes from the cellular part of the microorganisms that can be further 
utilized in the deconstruction of the waste lignocellulosic material. Also, the quan-
titative proteomics supports valuable wet lab data on the importance of every 
enzyme or protein.
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Abstract
Myconanotechnology has gained an exceptional momentum in today’s world. It 
encompasses a wide range of applications like in agriculture, biomedical, elec-
tronics, textiles, cell and molecular biology, nanodevices, and many more. This 
fast-growing research field has a list of many nanoparticles that have been syn-
thesized from different kinds of fungi. It is an eco-friendly approach that has 
sidelined the conventional methods of chemical and physical synthesis that 
require high energy and are toxic and expensive. The fungal-based synthesis 
gains functionality due to its discrete and diversified advantages that are being 
explored. Various parameters like temperature, pH, time and concentrations of 
fungal biomass or extract as well as of the precursor play a vital role in the pro-
tocols. These factors have to be optimized for the laboratory as well as industrial 
scale production. A greater importance to the use of cell-free extracts for nano-
synthesis has been given. They contain the enzymes that are reported to be 
involved in the synthesis mechanisms as reducing agents and capping agents. 
The role of fungi in nanosynthesis and nanotechnology per se has many patents 
under its name. Although there are voids in the existing synthesis methods as 
well as lacunae in the application part that need to be addressed and filled. With 
an extensive research and work, myconanoparticles can be exploited to the maxi-
mum and lead its advancement in new areas.
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11.1  Introduction

Nanotechnology is an interdisciplinary area involving the convergence of fields like 
biology, chemistry, and material sciences. It owes its emergence to the esteemed and 
distinguished physicist Dr. Richard Feynman, who in his talk, “There’s plenty of 
room at the bottom,” had put forth this concept. At the nanoscale level, a change in 
the physical, electrical, mechanical, optical, and other fundamental properties of the 
nanoparticles is observed that can be exploited to distinct and diverse applications. 
This active research area utilizes the structures at 1 nm to 100 nm for the develop-
ment and production of novel materials and devices. Nanotechnology employs 
chemical and physical synthesis of the nanoparticles that are explored to the maxi-
mum. The chemical mode is exercised most recurrently by dispersing the preformed 
polymers, polymerization of monomers, and ionic gelation of materials (Ingale 
2013). Chemical reduction, microemulsion technique, UV-initiated photo reduc-
tion, photo-induced reduction, electrochemical synthetic method, irradiation 
method, and microwave-assisted synthesis are various other practices that are listed 
under chemical synthesis (Iravani et al. 2014), while the physical synthesis is gener-
ally carried out by evaporation-condensation and laser ablation (Iravani et al. 2014). 
Reports on ball milling techniques are available for the synthesis of ZnO nanopar-
ticles (Salah et al. 2011) and Fe-Cu nanoparticles (Todaka et al. 2002). These meth-
ods not only pose toxicity as a by-product, impacting the human health, but are also 
cost-intensive with a surplus energy requirement (Fatima et al. 2015). Parameters 
like the stability and size of the nanoparticles are compromised along with aggrega-
tion of the particles leading to high polydispersity (Chen et al. 2003). This led to a 
mandatory shift of protocols to an approach that could supersede the shortcomings 
of the ongoing practices. Thus researchers steered to an eco-friendly line using plant 
extracts, microbes, and various biological particles like proteins, peptides, enzymes, 
and viruses for the nanoparticle synthesis (Ingale 2013). Microorganisms (bacteria, 
actinomycetes, fungi, yeasts, and algae) are used as biogenerators for this purpose. 
Talking about the biogenic production, there has been a growing trend of producing 
vaccines from cell lines. The huge cost of the vaccine production can be cut down 
and the scalable industrial production can be carried out (Hoeksema et al. 2018). 
This alternative approach is gaining tremendous impetus due to its cost- effectiveness, 
easy availability of the microbes, rapid and effortless synthesis, less energy require-
ment, and a less toxic mechanism (Saxena et  al. 2014). The stability issues are 
alleviated in the bioinspired nanoparticles that show exceptional stability and solu-
bility because of capping proteins and reducing agents present on their surface 
(Aziz et al. 2016). Thus preventing aggregation and excluding the use of capping 
agents that can cause toxicity like in chemical synthesis procedures (Syed 2012). 
The biogenic systems not only advance on physiological conditions of pH, tempera-
ture, and ionic strength (Alghuthaymi et al. 2015) but also have an impact and con-
trol over the size and shape of the particles (Balaji et al. 2009; Saxena et al. 2014). 
Bioremediation and bioleaching are known processes and the role of microorgan-
isms in the same is well established. Researchers have exploited this property of the 
microbes in the area of nanotechnology for the nanosynthesis protocols. Extraction 
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and accumulation of metals which in turn reduces the environmental pollution 
(Chen et  al. 2003) and their ability of stress-induced reduction of toxic metals 
(Bhambure et al. 2009) by the high redox potential of the microbial enzymes is well 
harnessed (Fatima et al. 2015).

The relevance of fungi for this role has attained an eminent position due to its 
varied advantages over other microbes and plants. This has led to the advancement 
of mycosynthesis or myconanotechnology, where fungi are used as nanofactories 
for nanoparticle synthesis (Alghuthaymi et  al. 2015). This position of fungi is 
because of the hefty amount of proteins secreted that catalyze heavy metals and lead 
to a comparable greater yield of nanoparticles at a quicker rate (Das et al. 2012; 
Saxena et al. 2014). Easy isolation and subculturing techniques at basic nutritional 
demands augment the use of fungi. Being totipotent, they can be grown by hyphae 
or spores (Saxena et al. 2014). The nanoparticles synthesized are highly monodis-
perse in comparison to other microbes derived particles (Hamedi et al. 2014). The 
increased surface area provided by the fungal mycelial mesh and the fact that myce-
lia can combat the flow pressure and agitation in the bioreactors or other chambers 
more effectively than the other biogenic factories, make fungi a good choice (Saha 
et al. 2010; Alghuthaymi et al. 2015). Furthermore, they are remarkably tolerant to 
metals and show a high wall binding tendency (Chen et al. 2003).

11.2  Fungi in Nanosynthesis

Intracellular and extracellular syntheses of nanoparticles are the two known mecha-
nisms. In the intracellular scheme, electrostatic interactions form between the heavy 
metals and proteins or enzymes at the fungal cell wall. Further, the enzymes at the 
cell wall reduce the metal ions resulting in their aggregation and ultimately in the 
formation of nanoparticles (Kashyap et al. 2013). A study on silver nanoparticles 
synthesized from the fungus Verticillium revealed that the Ag+ ions interact with the 
carboxylate groups of the enzymes of the mycelia. These on reduction form silver 
nuclei, which eventually grows due to the accumulation of the reduced metal ions 
(Mukherjee et al. 2001). While during the extracellular synthesis a communication 
of the enzyme reductase that is released by the cells in the medium with the metal 
ions is pressed upon (Khan et al. 2018). This approach is more fitted for the purpose 
since it is prone to produce an immense variety of nanoparticles (Basavaraja et al. 
2008). The intracellular synthesis is believed to have a strong domination over the 
shape and size of the nanoparticles. But lysis of the cells is an obligatory step to 
release the formed nanoparticles and require further purification that adds to its cost 
and increases inconvenience. On the contrary, the extracellularly precipitated 
nanoparticles are free from the unneeded cellular components culminating in their 
direct application (Aziz et al. 2016) (Fig. 11.1).

Amidst these two methods, fungi exhibits high extracellular synthesis making 
the downstream processing and biomass handling easier than bacteria and viruses, 
thus rendering it more economical (Das et al. 2012; Saxena et al. 2014). Mycogenic 
production can be practiced by either top-down or bottom-up approaches. A 
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step-by-step construction or the self-assembly of atoms, molecules, or clusters is 
regarded as a bottom-up approach. The initially formed nanoparticles eventually 
assemble together as per their respective protocols either by chemical or biological 
methods. On the other hand, the top-down approach advances with the reduction of 
the specific material in size to form the final product. The bottom-up approach pro-
vides uniformity in the product with lesser defects as compared to the alternative 
approach that comes with surface imperfections of the product. Thus the former has 
an upper hand in the production of metal nanoparticles (Thakkar et al. 2010).

11.3  Mycosynthesis of Nanoparticles

Investigations have been carried out for the determination of the potential mecha-
nisms of the fungi-mediated nanoparticle synthesis. All the probable ways convene 
to the enzymatic metal reduction by fungi. Based on the researches done experi-
menters have put forth the following possibilities. Extracellular synthesis for silver 
nanoparticles is reported in Fusarium oxysporum by the action of α-NADPH- 
dependent reductase, nitrate-dependent reductase, and extracellular quinone shuttle 
(Alghuthaymi et al. 2015). The same is corroborated in a study that was carried out 
where under anaerobic conditions nitrate reductase was incubated at 25 °C along 
with freshly prepared AgNO3, phytochelatin, 4-hydroxyquinoline, and 
α-NADPH. The confirmation of the formed silver nanoparticles was made by the 
color change from colorless to brown at the end of the reaction. Spectrophotometric 

Fig. 11.1 Advantages of fungi in nanosynthesis
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analysis revealed an absorption band at 260–270 nm of proteins, hydroxyquinoline, 
and α-NADPH. At 413 nm, a time-dependent increase in the intensity of surface 
plasmon resonance was observed. No surface plasmon resonance at 413 nm in the 
absence of the enzymes, α-NADPH, or hydroxyquinoline or phytochelatin in the 
reaction mixture confirmed the role of the enzymes in the reduction of silver from 
nitrate to nitrite and reduction of α-NADPH to α-NADP+. It is proposed that 
hydroxyquinoline acts as an electron shuttle like quinones, transferring electrons to 
Ag2+ after nitrate reduction to form Ag (Anil Kumar et al. 2007). NADH-dependent 
reductase is considered to reduce the Ag+ ions to form silver nanoparticles. 
Specificity of this reductase to Fusarium oxysporum was stated. A reaction with 
Fusarium moniliforme showed neither intracellular nor extracellular silver nanopar-
ticle synthesis (Ahmad et al. 2003). Studies on Fusarium semitectum deny the spec-
ificity of this reductase to just Fusarium oxysporum, where reduction of Ag+ to Ag0 
is observed under the same experimental conditions (Basavaraja et  al. 2008). 
Another report dealing with Fusarium oxysporum-based synthesis suggests the 
action of reductase enzyme on Cd2+ and SO4

2− to form CdS nanoparticles (Ahmad 
et al. 2002). Fusarium oxysporum, as per another investigation, is believed to form 
silica (SiO2) and titania (TiO2) by extracellular protein-mediated hydrolysis of SiF6 
and TiF6. The possibility of hydrolysis by any non-proteinaceous component of the 
fungi like gums and gels was negated by adding only the non-proteinaceous parts in 
the reaction mixture, which resulted in no particle formation (Bansal et al. 2005). 
The hydrolyzing property of the extracellular enzymes secreted by the plant patho-
gen Fusarium oxysporum has been believed to be responsible for the synthesis of 
nanoscale ternary oxides particles like barium titanate (BT). A reaction of F. oxys-
porum with barium acetate and potassium hexaflurotitanate at room temperature led 
to the formation of nanocrystalline BT.  These ferroelectric particles display 
ferroelectric- paraelectric transition at room temperature (Bansal et al. 2006). A rap-
idly growing oil fungus, Mucor hiemalis, is known to produce varied proteins and 
lipids. Its intrinsic property to tolerate extensive environmental conditions was 
taken advantage for the production of silver nanoparticles. The extracellular 
enzymes so produced extract Ag+ ions from AgNO3 environment and further reduce 
them to Ag0 (elemental state) to form nanoscale silver (Aziz et al. 2016).

A strain of marine yeast Yarrowia lipolytica is known to produce reductase that 
has shown to reduce nitro groups of organic solvents. This property was explored to 
produce gold nanoparticles. Possibilities of the role of protease in the mechanism is 
under consideration as per earlier reports that reveal the action of proteases on gold 
precursors (Agnihotri et al. 2009). The fungi Fusarium oxysporum and Verticillium 
sp. were imposed upon with K3[Fe(CN)6] and K4[Fe(CN)6] salts for the production 
of nanoscale magnatites. Other iron salts were also used to curb the effect of toxicity 
caused by cyanide salts. Cationic proteins were reported for the extracellular hydro-
lysis of the iron salts for the synthesis of magnetite particles at room temperature 
(Bharde et al. 2006). Based on all the above mentioned reports a heavy weightage is 
levied upon the significant role of enzymes or proteins in the mycosynthesized 
nanoparticles protocols. This finding paved the way for the use of cell-free extracts 
for the same.
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The use of cell-free extracts in the protocols instead of the microbial cells in the 
reaction mixture is gaining much momentum. In a study on gold nanoparticles 
formed from Rhizopus oryzae, AuNPs were reported to be formed by the enzyme 
glutathione reductase with NADH acting as a cofactor. The role of proteins in the 
respective mechanism was confirmed by using heat treated protein extract with the 
gold precursor (HAuCl4), which resulted in no particle formation. It was believed 
that heating caused the proteins to denature (Das et al. 2012). This confirmed not 
only the eminent role of proteins in the mechanism but also the efficiency of the 
cell-free extracts. A recent leap from the cell-based reaction mixtures to the cell-free 
extracts is seen. The cell-mediated protocols are levied upon with the lysing of the 
microbial cells and then further isolation and purification of the nanoparticles, while 
the nanoparticles from the enzymatic extracts reduce the downstream processing 
step of purification, making the product suitable for industrial applications. As per a 
report enzyme nitrate reductase involved in the mechanism of nanosynthesis can be 
immobilized and can be recycled for the process, cutting down the cost and making 
it economical (Gholami-Shabani et al. 2014). Spectrophotometric, FTIR, and DLS 
analysis of the silver nanoparticles from the cell-free filtrate of Neurospora interme-
dia provided the confirmation of three steps in the nucleation mechanism of the 
formed monodisperse AgNPs. Initially the reducing agents in the reaction mixture 
reduce silver ions to their silver atoms (Ag0). These form nucleation centers that 
form clusters by aggregation of atoms and also catalyze the further reduction pro-
cess. This reduction process occurs frequently so as to attain larger particles. Lastly, 
the capping agents present stabilize the formed particles and prevent the further 
aggregation (Hamedi et al. 2014).

Marine organisms are known to produce exceptional nanoparticles in the size 
range of 1 nm to 100 nm that comprises of the nanofabrics like pearls. Marine bion-
anotechnology undoubtedly has a wide scope although the research in this area has 
not much undertaking. The property of the marine microorganisms present at the 
sea bottom since ages of reducing the elements can be explored to the extreme in the 
area of nanotechnology (Asmathunisha and Kathiresan 2013). In a study, gold 
nanoparticles were synthesized from Aspergillus sydowii which is a marine fungus. 
A relation of the size of the nanoparticles with the concentration of the gold precur-
sor was shown. Aspergillus sydowii has been shown to effectively and efficiently 
synthesize nanoparticles. At lower precursor concentration there was synthesis of 
larger sized particles while at lower precursor concentrations the particles were of 
smaller size (Vala 2015). Another report suggests the synthesis of silver nanoparti-
cles from a fungus isolated from mangrove root-soil, namely, Penicillium felluta-
num. The extracellularly synthesized nanoparticles thus formed were said to be 
synthesized at a very rapid rate as compared to other microorganisms when con-
trolled with basic parameters of pH, silver ion concentration, temperature, and time 
(Kathiresan et al. 2009).

Almost no signs of aggregation in a time-dependent manner show the high stabil-
ity of the biologically synthesized nanoparticles. Extracellularly synthesized gold 
nanoparticles from Aspergillus niger have a reported zeta potential of −32.10 mV, 
which comments on the high stability of the AuNPs. No signs of aggregation are 
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believed to be the action of the proteins that act as capping agents. Based on the 
FTIR analysis, bands for amide linkages are observed in the infrared region. This 
confirms the presence of proteins in the product solution (Bhambure et al. 2009). 
This finding can be corroborated with another study of synthesis of silver nanopar-
ticles from Trichoderma viride. An intense peak of the surface plasmon resonance 
at 421 nm specific to the silver nanoparticles confirms its synthesis, while an addi-
tional absorbance band at 270 nm is a characteristic peak of aromatic amino acids 
(tryptophan and tyrosine) that suggest the presence of proteins in the product. The 
FTIR measurements for the same show a band at 1650 cm−1, specific to primary 
amine NH band. Secondary amine NH band at 1540 cm−1 and a primary amine CN 
stretch vibration of protein at 1040 cm−1 are visible in the spectra. Another band at 
1425  cm−1 confirms the methyl scissoring vibration from protein. These results 
show close resemblance to the native proteins and specify no change in the second-
ary structure after their interaction with the silver nanoparticles (Mohammed Fayaz 
et al. 2009b). The FTIR analysis of the gold nanoparticles from Humicola sp. shows 
a spectrum with bands 1654 cm−1 and 1541 cm−1 that are specific for amide I and 
amide II of proteins, respectively. A possibility of the stability of the particles by the 
proteins that bind to the surface either by a free amino group or by cysteine residues 
is stated (Syed 2012). Results from another study of gold nanoparticles from 
Penicillium sp. concur with others. Absorption peaks at 1053.89, 1412.95, and 
1626.37 cm−1 are observed for P. citrinum while 1061.02, 1407.11, and 1637.27 cm−1 
are observed for P. waksmanii. Peaks near 3401 and 2919 cm−1 are for OH stretch-
ing. The 1626 cm−1 band is for the amide I that occur due to the carbonyl stretch in 
proteins, while 1041 cm−1 is the C-N stretching vibration of amine. Thus the pres-
ence of amide groups linkages and –COO- which is believed to be from the protein 
is confirmed. Thus through all the studies done the action of proteins as capping 
agents is well established and their role in the stabilization is also well 
acknowledged.

11.4  Factors Affecting Nanoparticle Synthesis

A number of known parameters can affect the fungus-mediated synthesis of 
nanoparticles. The effect of time on the synthesis of the silver nanoparticles by 
Chrysosporium tropicum and Fusarium oxysporum shows a production enhance-
ment in a time-dependent manner based on micro-scan spectrum (Heinrich et al. 
2011). A different study on silver nanoparticles from Fusarium oxysporum pro-
duced the similar kind of results. The fluorescence emission spectrum showed an 
increase in the intensity with time, suggesting increase in the production of particles 
(Ahmad et al. 2003).

A time reliant increase in the synthesis of nanoparticles with the increasing con-
centration of the C. tropicum and F. oxysporum also establishes that the concentra-
tion of the fungus or the fungal extract is an important parameter in the synthesis 
protocols (Heinrich et al. 2011).
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The pH of solution is again important that plays a vital role. A study on gold 
nanoparticles synthesized from Rhizopus oryzae revealed an interesting change in 
the absorbance of the SPR band, size, and zeta potential of the particles with varia-
tion in the pH. They reported maximum stability of the protein capped gold nanopar-
ticles at neutral, basic and slightly acidic conditions. The SPR absorbance at 538 nm 
observed a dip on decreasing the pH below 5.0, while on further lowering the pH 
below 3.0 an additional SPR band was observed at 670 nm. With this change in the 
pH conditions not only did the size increase from 26 nm at pH 7.0 to 250 nm at 
pH 2.0 but also switched the values of zeta potential from −25.3 ± 0.7 mV at pH 7.0 
to +12.5 ± 2.5 mV at pH 2.0. The reason for this aggregation is believed to be due 
to lowering of the electrostatic repulsion by the protonation of the protein carboxyl-
ate groups of pKa~5. The intermolecular H bond thus formed between the proton-
ated groups of the capped protein is also thought to be a cause for the aggregation 
(Das et al. 2012).

Temperature is another consideration during the fungal-based nanosynthesis. 
Silver nanoparticles from Trichoderma viride show SPR bands at different wave-
lengths at different temperatures. At 40 °C a narrow and sharp peak is recorded at 
405 nm indicating the formation of the AgNPs. But the peak at 27 °C is observed at 
420 nm and that of 10 °C at 451 nm. This pinpoints an increase in the size of the 
particles. Thus the study shows an inverse relationship between the reaction tem-
perature and the size of the particles (Mohammed Fayaz, Balaji, Kalaichelvan, et al. 
2009). Based on another study of gold nanoparticles from Rhizopus oryzae, no 
change in either the size or the charge of the particles was observed over a range of 
30–100  °C.  Particle aggregation was detected during prolonged heating at 
100 °C. This can be implied to the denaturation of the proteins on the surface of the 
particles that imparts them stability (Das et al. 2012).

The ionic strength also plays an eminent role in determining the size of the par-
ticles. On increasing the concentration of NaCl in the suspension from 0 to 1.5 M, a 
shift in the SPR peak is observed which directly comments on the change in the size 
of the gold nanoparticles produced from R. oryzae. The increase in size is due to the 
aggregation of the particles at a higher ionic strength. This change is attributed to 
the neutralization of the charge present on the surface, which is confirmed by the 
zeta potential analysis. Thus the masking of the electrostatic repulsion between the 
negative charges of the proteins of the nanoparticles lead to the salt mediated effect 
(Das et al. 2012).

In a study of the synthesis of the gold nanoparticles from V. luteoalbum, an 
effect of the age of the cells in the culture is related to the size of the particles 
although there was no change noted in their shape. Cells in the later stage of the 
growth cycle yielded a comparatively lower number of particles than the cells ear-
lier in the growth cycle. This can be supported by the possibility that cells produce 
a higher concentration of enzymes and proteins in their exponential phase leading 
to a much greater output (Thakkar et al. 2010). The precursor concentration in the 
reaction mixture also should be considered, as at higher concentrations the mor-
phologies might get changed and there is a possibility of aggregation as well 
(Thakkar et al. 2010).
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Thus the enlisted parameters need to be optimized according to the fungus used 
and also depending on the application of the product so as to achieve the desired 
results. Optimization of the parameters affecting the synthesis is mandatory dur-
ing the industrial scale up as well. This leads to the synthesis of nanoparticles of 
specific shapes and sizes. Table 11.1 has a list of various nanoparticles of a spe-
cific shape and size synthesized from different fungal species.

11.5  Characterization of Nanoparticles

After the synthesis of nanoparticles from the respective methods, there is a need to 
characterize them so as to ensure the confirmatory production of the desired parti-
cle as well as its shape and size. The preliminary size determination is carried out 
by dynamic light scattering. DLS can also be used for the determination of the 
polydispersity index of the nanoparticles. Further, the size confirmation can be 
done using transmission electron microscopy (TEM), scanning electron micros-
copy (SEM), and atomic force microscopy (AFM). These techniques help to eluci-
date the size, shape, and morphology of the formed nanoparticles. By 
energy-dispersive X-ray (EDX) analysis, the components of the specific nanopar-
ticles can be determined. In a few studies, there is a need of high-resolution micros-
copy for which HRTEM, i.e., high-resolution TEM, is performed. The surface 
charge can be analyzed by measuring the zeta potential. The crystal structure of the 
particle along with its composition can be deduced by X-ray diffraction (XRD). 
The preliminary step to verify the synthesis can be done by UV-Vis spectroscopy 
which works on the surface plasmon resonance that is characteristic to particular 
nanoparticles. Thus the optical properties and the concentration can be effectively 
elucidated by this technique. Fourier transform infrared (FTIR) spectroscopy can 
be carried out to determine the functional groups. The presence of proteins on the 
surface of the nanoparticles can be proved and determined with this (Ingale 2013; 
Rai and Posten 2013; Mourdikoudis et al. 2018; Zhao et al. 2018).

11.6  Applications of Myconanoparticles

The optical, electrical, photochemical, and electronic characteristics of the fungal- 
derived nanoparticles have paved their path to varied applications. These fungal- 
based nanoparticles have been put into use industrially as well as in small scale. 
Scribbled below are the various applications of the fungal-mediated 
nanoparticles:

• The extracellular biosynthesis of gold nanoparticles since free from the toxic 
elements can be used in a huge scale production, which is not possible in intra-
cellular synthesis as the nanoparticles are attached to the cells. The particles so 
produced have an upper hand in the homogeneous catalysis and nonlinear 
optics (Bhambure et al. 2009).
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• Trichoderma viride and Hypocrea lixii synthesized gold nanoparticles have been 
reported to show exceptional biocatalyst characteristic as they reduce 
4- nitrophenol to 4-aminophenol in the presence of NaBH4. These particles have 
also been reported to be used as antimicrobial agents against pathogenic bacteria 
(Mishra et al. 2014).

• An experimental study of biosynthesized gold nanoparticles from an entomo-
pathogenic fungus Beauveria bassiana shows their biolarvicide action against 
dengue vector Aedes aegypti (Banu and Balasubramanian 2014). Similarly, sil-
ver nanoparticles synthesized from Cochliobolus lunatus show the same applica-
tion to the same effect against Aedes aegypti and Anopheles stephensi (Salunkhe 
et al. 2011; Banu and Balasubramanian 2014). There have been a report mention-
ing the antimosquito activity as well (Soni and Prakash 2012). Thus the nanopar-
ticles can be utilized for vector control.

• The use of silver nanoparticles as an antimicrobial agent is quite evident and 
proven. But the use of these biosynthesized nanoparticles have been reported as 
wound healing agents that are believed to regulate the cytokines in the mecha-
nism (Sundaramoorthi et al. 2009).

• A proclaimed use of the silver nanoparticles from Fusarium oxysporum in mate-
rials such as cloth has been mentioned. The sterility attained by the incorporation 
of the silver nanoparticles is exploited by their use in hospitals against patho-
genic bacteria like S. aureus (Durán et al. 2007).

• The role of nanoparticles in the preservation of fruits and vegetables has been 
stated. Based on a study silver nanoscale particles from Trichoderma viride when 
added with sodium alginate film shows antibacterial activity. This film when 
layered on carrots and pear increase their shelf life (Mohammed Fayaz et  al. 
2009a).

• In addition to the role of myconanoparticles in the preservation of fruits and 
vegetable, their role in other areas of agriculture is well reported. This can be 
achieved by nanoclays and nanofilms. These fungal nanoparticles have an estab-
lished suited role as a delivery agent. They have a function in the delivery of 
fertilizers, fungicides, and varied chemicals in the form of nanocapsules or nano-
emulsions. Their antifungal and antibacterial property is explored and exploited 
in the field of agriculture. They are used for antimicrobial sterilization as well. 
Myconanoparticles mediated improvement in the plant resistance against dis-
eases is noted. The successful genetic transformation of the plants by these 
nanoparticles is confirmed by the gene expression studies. Thus loopholes in the 
area of plant-pathogen interactions as well as disease management can be 
addressed by myconanotechnology (Alghuthaymi et al. 2015).

• An innovative approach to PCR using a conjugate of the gold and silver nanopar-
ticles from F. oxysporum with the master mix and Candida sp. DNA has been put 
forth. This shows an effectively high specificity and sensitivity for the identifica-
tion of Candida species (Bansod et al. 2013).

• Myconanoparticles have invaded the ferroelectric applications as well. BaTiO3 
(BT), an electroceramic dielectric material is used in thin-film capacitors, pyro-
electric detectors, infrared imaging systems, nonvolatile memories and 
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 microelectronic industry. An eco-friendly approach for the synthesis of BT has 
been adopted to curb the need of extreme temperature, pressure, and pH condi-
tions. Biological synthesis aims at proceeding with an energy saving strategy 
thus making it more economical (Bansal et al. 2006).

• The significant characteristic of fungus as nanofactories is its control over the 
shape and size of the nanoparticles. This is taken advantage in using mycosyn-
thesized nanoparticles in nanodevices like single electron transistors, light- 
emitting diodes, and photoelectrochemical cells (Seshadri et al. 2011).

• Fungal-based nanowires have also been developed that have their role in elec-
tronic devices at a nanoscale. Myconanoparticles have also had their way in bio-
sensors, tissue engineering, and drug delivery as nanofibrous mats (Kashyap 
et al. 2013) (Fig. 11.2).

11.7  Patents

Patents pertaining to the role of fungi in the field of nanotechnology are in Table 11.2. 
A hike in the production efficiencies of sulfur-free spherical particles was achieved 
by yeast grown in a medium where the respective element for the product 

Fig. 11.2 Applications of myconanoparticles
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nanoparticle is reduced to a lower oxidation state (US 8986975B2) [Ouerdane and 
Laurent 2009]. Metal nanoparticles were prepared by fungi from the reaction mix-
ture containing the fungal biomass and metal salt over a temperature range of 
35–60 °C (US 9701552B1) [Osman Ortashi et al. 2016]. Silver nanoparticles were 
extracellularly synthesized from Trichoderma reesei. The mechanism occurs 
through catalytic method where enzymes or other metabolites act as reducing agents 
(US 8394421B2) (li Mansoori 2008). A cost-effective and an eco-friendly approach 
has been developed for the production of copper nanoparticles from Hypocrea lixii 
or Trichoderma koningiopsis. An effective scale up of these particles along with the 
bioremediation of wastewater has been carried out by the dead biomass of either of 
the two microorganisms (US 2014/0363871A1) [Corrêa et al. 2014].

Table 11.2 Patents on the role of fungi in nanotechnology

Publication 
number Title Inventors

Publication 
date References

US 
OO9701552 
B1

Synthesis of silver 
nanoparticles using 
fungi.

Khalid Mustafa Osman 
Ortashi (SA), Manal 
Ahmed Gasmelseed 
Awad (SA), Awatif 
Ahmed Hendi (SA), 
Abeer Ramadan 
Mohamed Abdelaziz 
(SA), Ahmed Sameer 
Ahmed Hendi (SA), 
Abdulhakeem 
Abdulmuhseen 
Alahmed (SA)

11 July 
2017

Osman 
Ortashi 
et al. (2016)

US 
20140363871 
A1

Process for obtaining 
copper nanoparticles 
from fungus selected 
between Hypocrea 
lixii and Trichoderma 
koningiopsis in 
bioremediation of 
wastewater and 
production of copper 
nanoparticles

Benedito CORREA 
(BR), Claudio Augusto 
Oller NASCIMENTO 
(BR), Marcia Rengina 
SALVADORI (BR)

11 
December 
2014

Corrêa et al. 
(2014)

US 
008986975 B2

Production of 
sulfur-free 
nanoparticles by 
yeast

Zoltan Mester (CA), 
Laurent Ouerdane (FR)

24 March 
2015

Ouerdane 
and Laurent 
(2009)

US 
008394421 B2

Synthesis of 
nanoparticles by 
fungi

G. Ali Mansoori (US) 12 March 
2013

Mansoori 
(2008)

US 
20120070376 
A1, WO 
2012024229 
A1

Yeast cell wall 
particles for 
receptor-targeted 
nanoparticle delivery

Gray R. OSTROFF 
(US), Ernesto SOTO 
(US)

22 March 
2012

Ostroff and 
Soto (2019)
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11.8  Challenges

Although luring and charming the whole mechanism seems there are still chal-
lenges to be tackled in fungal nanotechnology, which need attention. Various reac-
tants can impose toxicity to the microorganisms that can lead to low production or 
no production at all. Even the products formed can be toxic. If the sterility of the 
environment is compromised it can lead to undesirable outcomes. Maintaining a 
sterile and contamination-free setup again adds up to the cost of production. The 
incurring media cost and the cost of the huge reaction setups for a scalable process 
can cause a hindrance (Juibari et al. 2011). Silver nanoparticles have been observed 
to take a longer time when synthesized from fungi as compared to other microor-
ganisms (Zhao et al. 2018). During the intracellular synthesis of nanoparticles from 
fungi, the particles since formed inside the cells need to be recovered. After the 
effective recovery, it takes an additional step for purification during the downstream 
processing. Due to these added steps not only the cost of production hits a hike but 
also the whole process becomes very tiresome and requires additional instruments 
for the process (Saxena et al. 2014). Further while scaling up the whole process for 
an industrial application, the use of the fungal cells for the synthesis can become 
quite inconvenient (Gholami-Shabani et al. 2014). Although myconanotechnology 
has advanced in the field of agriculture, there are many shortcoming and drawbacks 
that need to be intensely taken up. Nanoscale aluminum oxide inhibits root elonga-
tion in plants like cucumber, soybean, etc. Zinc oxide nanoparticles have been 
shown to be toxic inhibiting root elongation in some plants maize, carrots, etc. 
There are reports on the inhibition of germination and seedling lengths. These 
myconanoparticles have been seen to hamper the growth of beneficial bacteria in the 
wastewater treatment. With the increased use of the nanoparticles in varied fields, 
their degradation is necessary so as to prevent the accumulation in the environment 
(Kashyap et al. 2013).

11.9  Conclusions and Future Prospects

The chapter makes the role and benefits of myconanoparticles quite evident. A 
switch from the conventional techniques to a greener approach that too a fungal- 
mediated synthesis has not only yielded nanoparticles of the desired shape and size 
but also has levied a control over the process. The cost-effectiveness and its scalable 
property has bought it in a list of varied applications and yet more to be explored. 
The high stability incurring due to the surface bound proteins provides an added 
advantage. All the stated and proved facts put fungi at a preferable position to be 
used as nanofactories. The advent of these fungal produced particles in numerous 
fields makes this approach very attractive and highly functional. But this area is also 
tagged along with shortcomings for more research can be carried out to curb the 
limitations. The use of extremophilic microorganisms that can thrive in extreme and 
adverse conditions can be explored more that can acknowledge a few enlisted 
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shortcomings. The use of marine fungus in nanotechnology is not much explored. 
Various marine fungi can be used to synthesize varieties of desired nanoparticles 
and can be put into different applications. There has been noted loophole in the area 
of agriculture where myconanoparticles have been used. There is a need to address 
these lacunae so as to ensure efficient growth and protection of the plants. Various 
other fields can be ventured into where the application of these particles can be 
explored to an utmost level. For the industrial scaling-up strategies, all the limita-
tions addressed above should be taken up so as to ensure a cost-effective production. 
There is a great scope in this area to make it an industrial buzz and highly 
economical.
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Abstract
Symbiotic associations are known to be established by rhizospheric fungi with 
the root systems of host plants and trees. Ectomycorrhizae, the symbiotic fungi, 
provide growth-limiting micronutrients to host plants and enable plants and trees 
to colonize temperate and boreal regions. The symbiotic associates reciprocally 
exchange nutrients at the interface of ectomycorrhizae known as Hartig net. The 
ectomycorrhizal association leads to various root fabrication modifications such 
as development of plentiful short and inflated lateral roots ensheathed by ecto-
mycorrhizal fungal mantle. Ectomycorrhizae have been known to be evolved 
from 60 independent saprophytic lineages. The last few years saw the develop-
ment of latest techniques to gain insight into evolution, diversity, and reciprocal 
trades occurring between symbiotic partners and molecular mechanisms playing 
role beneath these phenomena. The whole genomes of several ectomycorrhizal 
fungi have been sequenced leading to improved perception of behaviour of these 
fungi and their genes in ectomycorrhizal associations. In this chapter, latest 
developments in biodiversity of ectomycorrhizal fungi, novel genes involved in 
symbiosis, molecular mechanisms behind survival of ectomycorrhizal fungi in 
metal-contaminated regions and extreme environments such as Arctic and 
Antarctic regions have been summarized.
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12.1  Introduction

Plant growth and development relies on the availability of nutrients in the rhizo-
sphere, which is often a limiting aspect. To address this issue, land plants have 
unfolded various strategies to optimize nutrient acquisition like beneficial interac-
tions with soil-inhabiting microorganisms (Garcia et  al. 2016). Ectomycorrhizal 
(ECM) fungi take up macronutrients from the soil and swap these macronutrients 
with the host plant for photosynthetically derived carbohydrates (Smith and Read 
2008). These mutual exchanges take place at the symbiotic collocation of distinct 
fungal structures termed ectomycorrhizae, which develop between root cortical 
cells forming a structure called Hartig net (Becquer et al. 2018a) (Fig. 12.1). The 
plants colonized with ECM have the benefit, over the non-colonized ones, of getting 
nutrients from outside the zones of nutrient depletion created by their roots (Smith 
and Read 2008).

The functioning of this guild can be described by the knowledge of structure and 
types of mycorrhizal symbiosis (Allen 1991). Earlier two types of mycorrhizae 
based on whether the fungus penetrated the root cortical cell walls or not were 
reported by Frank (1887, 1891). Those in which fungal hyphae penetrate the cell 
wall are known as endomycorrhizae (e.g. Arbuscular mycorrhizae), and those in 
which the fungus remains outside the plant cell are known as ectomycorrhizae 
(Allen 1991). The pictorial description of two broad symbiotic associations can be 
seen in Fig. 12.2. The ectomycorrhizal symbiosis involves in most of the temperate, 
tropical, and boreal forest trees (Wang and Qiu 2006). Ectomycorrhizae are 

Fig. 12.1 Ectomycorrhizal 
interaction showing the 
hyphal mantle formed by 
layers of aggregated 
hyphae that cover the root 
surface and the Hartig net. 
The proliferation of 
membranes favours the 
bi-directional movement of 
signals and nutrients 
between symbiont partners. 
(Adapted by permission 
from Springer Nature: 
Nature Reviews 
Microbiology (Unearthing 
the roots of 
ectomycorrhizal 
symbioses) [Martin et al. 
(2016)])
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commonly formed by Basidiomycota and to a lesser extent by Ascomycota. Their 
association forms grid-like communities in which an ECM fungus forms a cohort 
with several trees (Selosse et al. 2006; Beiler et al. 2010), from different species, 
and sometimes a single tree collaborates with different ECM fungal species (Bahram 
et  al. 2011). These rampant mycorrhizal networks promote ecosystem stability 
(Simard et al. 2012).

Ectomycorrhizal community diversification and architecture transit over time 
impromptu (Henry et al. 2014) as they are susceptible to environmental turmoil, 
which can lead to their partial or total destruction (Lazaruk et al. 2005). Some ECM 
have a tendency to tolerate these disturbances whether they are metal contamination 
or below zero temperatures and emerge as they possess unique genes responsible 
for this behaviour.

ECM fungi adequately accumulate heavy metals from soils (Gadd et al. 2012). 
They promote plant dynamism in metal disturbed environments because the heavy 
metal tolerant ECM function as an impediment for the passage of metals into plant 
tissues (Colpaert et  al. 2011; Khullar and Reddy 2018). They also stimulate the 
plant response to abiotic stress (Urban 2011). While the capacity of ECM fungi to 
form symbiotic associations with land plants is known for decades, and their role in 
the accumulation of heavy metals in large amounts has been reported since the 
1970s, decoding the molecular mechanism behind this paradox is being understood 
only recently (Smith and Read 2008). In this review, a number of recent researches, 
review articles, and book chapters have been thoroughly reviewed for unique genes 
involved in symbiosis and heavy metal tolerance of ECM fungi. The recent report-
ing of ECM communities harbouring Arctic and Antarctic environments has also 
been reviewed.

Fig. 12.2 (a) In arbuscular mycorrhiza, hyphae emanate from germinated spores grow in the 
apoplastic space between plant root cells and then penetrate cortical cells, forming tree-like arbus-
cules, (b) In ectomycorrhiza, hyphae from basidiomycetes and ascomycetes from a soil propagule, 
attach onto epidermal cells of emerging lateral roots, proliferate and differentiate into a series of 
hyphal layers, known as the sheathing mantle. The network of hyphae formed is known as the 
Hartig net. (Adapted by permission from Springer Nature: Nature Reviews Microbiology 
(Unearthing the roots of ectomycorrhizal symbioses) [Martin et al. (2016)])
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12.2  Types of Ectomycorrhizae

Ectomycorrhizae have a great diversity differing in nutrient uptake and relocation 
capabilities (Burgess et al. 1993). Furthermore, the ectomycorrhizae can be classi-
fied into several types based on the patterns of nutrient exploration by extrametrical 
mycelia:

 1. Contact exploration type: The ectomycorrhizae have a few emanating hyphae in 
close association with the surrounding substrates. The ectomycorrhiza of this 
type is represented by the genera Balsamia, Chroogomphus, Lactarius, 
Leucangium, Russula, Tomentella and Tuber.

 2. Short distance exploration type: These ectomycorrhizae have an ample number 
of emanating hyphae, but without any rhizomorphs. The ectomycorrhizal mem-
bers of this type are Cenococcum, Elaphomyces, Genea, Humaria, Sphaerozona, 
Tricharina, Hebeloma, Descolea, Inocybe, Rozites, Tylospora and some Tuber 
species with long cystidia.

 3. Medium distance exploration type: These ectomycorrhizae form rhizomorphs 
and can be further divided into three subtypes, based on different features of 
rhizomorphs:
 (i) Fringe subtype: The ectomycorrhiza form hairy rhizomorphs, which split 

and interconnect repeatedly. The emanating hyphae have extended contact 
to the soil. The genera Amphinema, Dermocybe, Laccaria, Lyophyllum and 
Piloderma.

 (ii) Mat subtype: The rhizomorphs of this subtype are cognate and have a lim-
ited range of nutrient exploration, even after mat forming capabilities. The 
genera Bankera, Boletopsis, Gomphus, Phellodon, Piloderma and Ramaria 
come under this subtype.

 (iii) Smooth subtype: The rhizomorphs of this subtype are either undifferenti-
ated or marginally differentiated from a central thick hypha. The ectomy-
corrhizal mantles appear smooth due to lack of emanating hyphae. Some 
species of Amanita, Tricholoma, Lactarius, Tomentella and Albatrellus 
form this subtype.

 4. Long distance exploration type: this type of ectomycorrhizae can be marked by 
a few, but highly demarcated and lengthy rhizomorphs. They have the tendency 
to spread in the soil up to several decimetres (Raidl 1997). Ectomycorrhiza 
belonging to the genera Suillus, Pisolithus, Rhizopogon, Scleroderma, Boletinus 
and Leccinum are included under this exploration type.

12.3  Ectomycorrhiza in Extreme Environments

12.3.1  Ectomycorrhizae in Arctic and Antarctic Continents

Due to the global industrialization, the fossil fuels such as coal and petroleum are 
being used at an alarming rate. These fossil fuels release huge quantities of green-
house gases, comprising majorly of carbon monoxide (CO). These gases are 
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responsible for global warming, which has resulted in the increase of surrounding 
temperature. This change in temperature has also been witnessed by the polar con-
tinents. On an average, 0.34  °C rise in the surrounding temperature has been 
observed in the maritime Antarctic since the last decade (Newsham et al. 2016).

Deep snow insulates the soil beneath and forbids it from becoming awfully cold, 
which has good consequences for vegetation growth and soil processes in winters 
and consecutive summers (Schimel et al. 2004). To study the diversification in the 
arctic plant communities and associated mycorrhizal and root-associated fungi, 
18-year-long summer warming experiment (+2 °C per year, c.a. 2 months per year) 
was performed by Morgado et al. (2015) in Alaska. Consequently, the soil fungal 
communities were reorganized in the moist tundra region. The ectomycorrhizal 
basidiomycetes decline in richness due to increase in temperature that affected fun-
gal metabolism and fungus-plant interactions. Ectomycorrhizal genera Inocybe and 
Sebacina growing in Arctic tundra under summer warming showed a strong decline 
in comparison to those growing in control sites (Morgado et al. 2015).

Glaciers represent exposed substrates, that comprise exclusive habitat for pri-
mary succession (Alfredsen and Høiland 2001). These habitats indicate disturbance, 
in which primary production is low due to constrained plant growth in Polar Regions. 
For efficient plant growth, nutrients, water and optimum temperature are the vital 
factors, which are lacking in these regions (Billings 1987). Thus there is a slow 
nutrient turnover (Haselwandter and Read 1980). The glaciers contain low levels of 
organic matter and nitrogen. Fungi play a significant role in the initial colonization 
of these habitats through spore dispersal approaches and, hence, in aiding the early 
establishment of mycorrhizal host plants (Cazares and Trappe 1994). Fungi inhabit-
ing these regions have adapted to extreme life conditions by various physiological 
and biochemical transformations such as alteration in the distribution of viable cyto-
plasm within hyphae to survive in such freezing temperatures (Addy et al. 1994). 
Decreased size of fruiting bodies and reduced number of gills are other adaptive 
features displayed by alpine ectomycorrhiza (Maggi et al. 2013). Ectomycorrhizae 
are cardinal for the durability of plant species in such nutrient limited polar environ-
ments, as they provide the latter with ample nitrogen and phosphorous (Dahl 1956; 
Tedersoo et al. 2010).

The alpine environments appertaining to the presence of glaciers in the Apennines 
and Alpes in Lombardi (Italy) have been studied with the motive of the conservation 
of fungal biodiversity in cold terrains, threatened from global warming. A total of 
27 ectomycorrhizal basidiomycota have been identified. Lactarius salicis- herbaceae 
was isolated from two alpine grassland plots with snow bed vegetation and for the 
first time on calcareous soil (Maggi et al. 2013). It has also been reported earlier 
from acidic soils by Jamoni (2008). This finding widens the ecological preferences 
of this fungus. The dwarf form of the fungus, Inocybe microfastigiata has also been 
reported in Lombardy. The basidiomes of this fungus growing in Lombardy were 
found to be much smaller, truly representing the case of fungal alpine dwarfism 
(Maggi et  al. 2013). Another ectomycorrhizal fungus found was Laccaria in 
Montana as reported previously in eastern and western Italian Alps (Jamoni 2008).
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In another study conducted in alpine grassland situated in southern piedmont, 
Helianthemum nummularium subsp. grandiflorum had been reported. A number of 
ectomycorrhizal fungi associated with these plants have been recorded (A. panthe-
rina, A. vaginata, Russula pascua, Boletus luridus, Cortinarius anomalus and a new 
species Amanita helianthemicola). Earlier ectomycorrhizal ascomycetes associated 
with Heliamthemum were found in Mediterranean range (Turgeman et al. 2011). 
Ectomycorrhizal fungi associated with Helianthemum have hardly been described 
in alpine grasslands (Barden 2007).

Ectomycorrhizal fungi are the prominent fungi in the Arctic region as stated ear-
lier; the soils of the Arctic region are low in nutrients, so the plants growing there 
rely on symbiosis with mycorrhizal fungi for their endurance (Hobbie et al. 2009; 
Bjorbækmo et  al. 2010). ECM fungi provide 61–86% N to arctic tundra plants. 
Recent below ground studies in Arctic regions have indicated that Tomentella, 
Cortinarius, Inocybe, Hebeloma and Russula are the most common ECM genera 
found in the tundra region (Geml et al. 2012; Timling and Taylor 2012; Timling 
et  al. 2012). One hypothesis states that species with extrametrical mycelium of 
medium distance and long distance exploration types may possibly explore the 
nutrients by producing extracellular enzymes. Morgado et  al. (2015) reported 
Tomentella, Inocybe, Russula and Cortinarius as the dominant ECM genera in a 
study undertaken in moist and dry tundra.

12.3.2  Ectomycorrhizal Genes in Metal-Contaminated Sites

ECM can be employed in phytoextraction and phytostabilization of sites disturbed 
with heavy metals as ECM curtail the noxious consequences of heavy metals on 
host plants by diluting heavy metal concentration, enhancing nutritional status of 
plants, thereby boosting plant growth (Tang et al. 2019). ECM thrives in such metal- 
contaminated sites possibly by the mode of metal chelating ligands called metallo-
thioneins and glutathione.

12.3.2.1  Metallothioneins
Metallothioneins (MTs) are a group of cytosolic peptides which bind heavy metals 
through cysteinyl-thiolate bonds and help some eukaryotes and prokaryotes in toler-
ance to various heavy metals (Vašák and Meloni 2011; Leszczyszyn et al. 2013). 
Silver in the form of Ag+ is one of the most pernicious metals to various organisms. 
Ag+ turns the cellular components such as enzymes inactive or malfunctioning by 
binding to them. When studying the accumulation of Ag+ in ECM thriving in silver- 
contaminated environments, highest Ag+ concentration of 304–692  mg/kg was 
found in Amanita species. Hyperaccumulation of Ag in the ectomycorrhizal fungus 
A. submembranacea is due to its binding to metallothioneins. Cellular components 
extracted from the tissue of A. submembranacea revealed no H+ exchangeable Ag+ 
illustrating that accumulated Ag+ is not stashed extracellularly via ion exchange 
bonds. Size exclusion chromatography (SEC) on cell-free extracts revealed that 
intracellular complex formation is involved in sequestration of Ag+ in  
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A. submembranacea. The Ag+ containing fractions from SEC were pooled and pro-
cessed to spectrofluoremetric analysis and denaturing PAGE to support the fact that 
Ag+ sequestration in A. submembranacea involved metallothioneins (Borovička 
et  al. 2010). Apart from contaminated environments, high levels of accumulated 
Ag+ (100–1200 mg/kg) have been reported in two ECM basidiomycetes, Amanita 
strobiliformis and Amanita solitaria, from pristine soils too (Gryndler et al. 2012). 
Gryndler et al. (2012) hypothesized that mellowed fruiting bodies of Ag hyperac-
cumulating basidiomycetes decompose and release the metal in the surrounding 
environment resulting in alteration of composition of soil microbial flora. Through 
in vitro experiments, they had reported that decomposing fruiting bodies rich in 
high concentration in silver favoured an embellished populace of soil fungi and 
pampered bacterial community. When sublethal forms of mineral Ag were applied, 
fungal communities were replaced by bacterial communities. Overall implying that 
fungi are more tolerant to Ag in comparison to bacteria (Gryndler et al. 2012).

Osobová et  al. (2011) investigated three isoforms of metallothionein genes, 
AsMT1 isolated from fruiting bodies of Ag hyperaccumulating Amanita strobilifor-
mis. qRT-PCR analysis of three MT encoding genes, AsMT1a, AsMT1b and 
AsMT1c, revealed that AsMT1a mRNA mirrored 75% of all AsMT1 transcripts, 
thus concluding AsMT1a to be the major ligand responsible for the binding of Ag in 
fruiting bodies of A. strobiliformis. Yeast complementation assay revealed that 
cDNAs of all three AsMT1 induced by Ag complemented the CUP1 and ycf-1 null 
genotypes rendering cadmium and copper tolerance to mutant yeast cells. There is 
no confirmation on their function in Ag detoxification (Mehra et al. 1988).

In a recent study, four copper transporter (CTR) proteins, AsCTR1 and AsCTR4 
showing similarity to vacuolar CTRs and AsCTR2 and AsCTR3 to plasma mem-
brane have been predicted in wild grown A. strobiliformis sporocarps with high 
amounts of accumulated Ag and Cu. Yeast complementation assay involving 
AsCTR2 and AsCTR3 genes led to increased Ag and Cu uptake by yeast mutants 
(Beneš et al. 2016). Ramesh et al. (2009) identified two MT genes, HcMT1 and 
HcMT2, from the ECM fungus Hebeloma cylindrosporum. HcMT1 and HcMT2 
gene expression in H. cylindrosporum under metal stress plight was analyzed by 
competitive RT-PCR analysis. Functional complementation assays in yeast mutants 
revealed that HcMT1 and HcMT2 genes lend increased tolerance against Cd and 
Cu, respectively. Metalothionein genes, HmMT1, HmMT2 and HmMT3 have been 
characterized from sporocarps of Hebeloma mesophaeum growing on a metal dis-
turbed site (Lead smelter site). Heterologous complementation assays in yeast 
mutants expressed tolerance of yeast mutants to Zinc and it was upregulated by only 
HmMT1. Tolerance of yeast mutants to Cd and Cu was upregulated highly by 
HmMT1 followed by HmMT2 and HmMT3. Increased tolerance to Ag was con-
ferred by HmMT2 and HmMT3 but not HmMT1. HmMT3 gene was strongly 
induced in the presence of Ag. HmMT1 was strongly promoted in the presence of 
Zn and Cd. HmMT2 gene was not detected in H. mesophaeum thriving on a control 
unpolluted site (Sácký et al. 2014).

Reddy et  al. (2014) characterized two metallothionein genes, LbMT1 and 
LbMT2 from the ECM fungus Laccaria bicolor under the plight of metal stress. 
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Multiple sequence alignment of LbMT1 gene with various homologous sequences 
by data retrieved using BLASTp is shown in Fig. 12.3. The levels of expression of 
both LbMT1 and LbMT2 genes increased as a function of increased concentration 
of Cu; only LbMT1 was expressed in response to Cd, while Zn did not influence the 
transcription of either gene. Both LbMT1 and LbMT2 conferred high resilience to 
both Cu and Cd as observed by heterologous yeast complementation assays. Another 
two MT genes, ShMT1 and ShMT2 were characterized by Kalsotra et  al. (2018) 
from the ECM fungus Suillus himalayensis. Multiple sequence alignment of ShMT1 
and ShMT2 genes with various homologous sequences is shown in Fig. 12.3. The 
antiphon of these MT genes to the external Cu and Cd concentrations was studied 
by qRT-PCR analysis. ShMT1 and ShMT2 genes were reported to be more induc-
ible by copper than cadmium. Functional complementation in yeast mutant strains 
sensitive to Cu, Cd and Zn, cup1Δ, ycf1Δand zrc1Δ, respectively revealed that two 
genes conferred copper, cadmium and zinc tolerance and could perform an impor-
tant act in their detoxification.

Russula and Hebeloma species engage different approaches for intracellular 
accumulation of high Zn contents in their sporocarps (Pikalova et al. 2011). Two 
genes of cation diffusion facilitator family (CDF), RaCDF1 and RaCDF2 have been 
identified and characterized in Zn accumulating ECM fungus Russula vatropur-
purea. Fusion of translational product of RaCDF1 with Green fluorescent protein 
(GFP) indicated that vacuolar sequestration of the metals lead to this gene mediated 
Zn and Co tolerance of yeast mutants. Zn- efflux action of RaCDF2 was propounded 
due to downregulation of Zn and upregulation of Cd. Transcriptional product fusion 

Fig. 12.3 Multiple sequence alignment of Metallothionein genes, ShMT1 and ShMT2 genes with 
various homologous sequences retrieved by BLASTp analysis. Both Suillus himalayensis MT 
genes (ShMT1) KY775394 and (ShMT2) KY775395 showed homology to metallothionein genes 
from various basidiomycetes Pisolithus albus (PaMT1) AJO67962, Russula atropurpurea 
(RaMT1) AHA31882, Amanita strobiliformis (AsMT1) AGO04615, Paxillus involutus (PiMT1) 
AAS19463, Ganoderma lucidum (GlMT1) ABP02008, Laccaria bicolor (LbMT1) AHI43933, 
Serendipita indica (SiMT1) ACT83730, and Pisolithus microcarpus (PmMT1) EST N25. Multiple 
sequence alignment showed conserved C-X-C motifs (Highlighted in blue). (Reproduced by per-
mission from Microbiology Society from (Metal induction of two metallothionein genes in the 
ectomycorrhizal fungus Suillus himalayensis and their role in metal tolerance) [Kalsotra et  al. 
(2018)])
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protein fluorescence was localized on plasma membrane. It also increased the sen-
sitivity of yeast mutants to Co and Cd (Pikalova et al. 2011).

In H. cylindrosporum, a constitutively expressed gene belonging to a cation dif-
fusion facilitator family, HcZnT1 has been identified which confers tolerance to Zn 
in otherwise sensitive mutant yeast cells by functional complementation assay 
(Blaudez and Chalot 2011). Kubrová et al. (2014) reported that ECM basidiomycete 
thriving on Uranium-polluted soil does not accumulate U higher than 3 mg/kg, i.e. 
very limited as compared or suggested by earlier studies (Gadd and Fomina 2011).

Mycorrhizal fungi may also outweigh the adverse brunts of aluminium (Al) in 
the territory of roots. Response of Al on the growth and nutrition of Populus deltoi-
des in the presence of the ECM fungus was studied. When mycorrhizal (Paxillus 
involutus) and non-mycorrhizal Populus deltoides plants were subjected to different 
concentrations of Al, the biomass of mycorrhizal plants upsurged as compared to 
non-mycorrhizal plants. The levels of phosphorus, magnesium and calcium were 
also increased  in mycorrhizal plants in presence of Al. Decreased Al content in 
shoots and induction of organic acid production in mycorrhizal plants compared to 
non-mycorrhizal plants suggested that ectomycorrhizal colonization bestows Al tol-
erance to P. deltoides (Khosla et al. 2009).

Accumulation of various heavy metals by ECM fungi associated with Norway 
spruce growing on smelter polluted area was studied by Cejpková et al. (2016) and 
compared with non-mycorrhizal fine roots. ECM of Imleria badia showed higher 
concentration of Cl, Cd, Zn and Ag (1510–37,100 mg/kg of dry biomass). Vanadium 
was accumulated by ECM fungus Amanita muscaria only.

12.3.2.2  Glutathione
Glutathione is a tripeptide (L-γ-glutamyl-L-cysteinylglycine) (307 Da) consisting 
of 3 amino acids, glutamate, cysteine and glycine (Townsend 2007). Both prokary-
otes and eukaryotes produce glutathione. Glutathione is a key component in metal 
scavenging, due to the high affinity of metals for its thiol (-SH) group. During 
metal-induced oxidative stress, it also acts as an antioxidant (Khullar and Reddy 
2018). Glutathione sequesters the toxic metal(loid)s by forming non-toxic 
glutathione- metal(loid) conjugates. These conjugates are further compartmental-
ized into the vacuoles through ABC (ATP-binding cassette) transporters (Schlunk 
et al. 2015). If we look at biosynthesis of glutathione, L-glutamate and L-cysteine 
form γ-glutamylcysteine in the presence of γ-glutamylcysteine synthetase and 
ATP. At the C-terminal of γ-glutamylcysteine, glycine is added by another enzyme, 
glutathione synthetase in the presence of ATP, finally forming glutathione. The bio-
synthesis of glutathione is illustrated in Fig. 12.4.

The γ-glutamatecysteine synthetase is a rate-limiting enzyme in glutathione syn-
thesis. Cd2+ ions enhance the γ-glutamatecysteine synthetase activity inside the cell. 
Other heavy metals such as As, Hg and Cr also trigger the expression of genes in 
glutathione biosynthesis pathway (Vido et al.2001; Thorsen et al. 2007). Location 
wise, glutathione synthetase is localized in cytosol, but γ-glutamatecysteine synthe-
tase is restricted to plastids (Wachteret al. 2005). Sulphur availability and 
γ-glutamatecysteine synthetase activity are the two rate-limiting steps of this 
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pathway. During metal toxicity, both sulphur availability and γ-glutamatecysteine 
synthetase activity upsurge fulfilling the appeal for higher glutathione synthesis 
must be there for heavy metal detoxification and endurance (Jozefczaket al. 2012). 
The glutathione synthesis in cell is controlled by the feedback inhibition. When 
there is metal stress, glutathione is synthesized inside the cell, which is oxidized and 
utilized in phytochelatin synthesis, thus depleting the cellular glutathione followed 
by the release of feedback inhibition and increase in glutathione synthesis (Hibi 
et al. 2004).

Courbot et al. (2004) reported augmentation in glutathione synthesis in response 
to cadmium stress in Paxillus involutus. Gallie et al. (1993) reported similar response 
in Laccaria laccata. Ilyas and Rehman (2015) reported that glutathione production 
in ECM is mainly activated by cadmium and arsenic stress followed by chromium, 
lead and copper. Furthermore, genes encoding glutathione synthetase and 
γ-glutamylcysteine synthetase have been detected in the genomes of Hebeloma cyl-
indrosporum, Laccaria bicolor and Paxillus involutus (Bellion et al. 2006). Khullar 
and Reddy (2019a) reported a boost in glutathione levels inside Laccaria bicolor 
cells in response to external cadmium and arsenic stress. qPCR analysis revealed 
that the expression of glutathione production genes, γ-glutamylcysteine synthetase 
(Lbγ-GCS) and glutathione synthetase (LbGS) increased when exposed to cad-
mium and arsenic. The role of both the genes was studied in yeast mutants sensitive 
to arsenic and cadmium using functional complementation assays. Both the genes 
provided cadmium and arsenic tolerance to otherwise sensitive yeast mutants. 
Recently, Khullar and Reddy (2019b) reported γ-glutamylcysteine synthetase medi-
ated bioaccumulation of glutathione in another ECM fungus, Hebeloma cylindros-
porum, in response to cadmium stress. The activity of γ-glutamylcysteine synthetase 
increased as the concentration of cadmium increased that resulted in increase in 

Fig. 12.4 A two-step 
reaction catalysed by two 
enzymes, 
γ-glutamatecysteine 
synthetase and glutathione 
synthetase, showing 
biosynthesis of glutathione
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glutathione production, clearly depicting its role in protection from oxidative stress. 
Heavy metal tolerance imparted by genes was validated by complementation assays 
in sensitive yeast mutants. In this manner, γ-glutamylcysteine synthetase and gluta-
thione synthetase genes play a role in heavy metal stress tolerance and detoxifica-
tion by ECM fungi.

12.4  Novel Ectomycorrhizal Genes in Symbiosis

ECM fungi have incurred the loss of function of their saprotropic ancestors of 
decaying the lignocelluloses in organic matter present in soil for deriving carbon 
(Treseder et al. 2006). Therefore, they have to depend on their plant partners for 
carbon and other components. All ECM have at least one gene coding for an oxido-
reductase, lytic polysaccharide monooxygenase, which is essential for decomposi-
tion of chitin and cellulose (Lundell et al. 2014). The ECM symbiosis needs some 
morphological modifications in the two symbiotic associates necessary for the for-
mation of symbiotic organization. This is done through the mode of regulation of 
some genes (Martin et al. 2007; Kohler et al. 2015). The fungal part of ECM root is 
formed by two fungal tissues, the mantle which establishes outside the root and the 
Hartig net which is present in the apoplastic region of root. It has been reported that 
the mantle is responsible for the uptake of minerals and water from the soil, while 
in the Hartig net, there is a raised expression of several transporter genes (Hacquard 
et al. 2013; Balestrini and Kottke 2016). Jumpponen and Egerton-Warburton (2005) 
discussed certain determinants of plant-ECM establishment which have ‘compati-
bility’ between host plants and fungal species, the ‘environment’ and the ‘biotic 
factors’, which facilitate communication between ECM and host plant species.

12.4.1  Vast Array of Novel Genes in Laccaria bicolor

The L. bicolor genome contains about 10,000 genes including the genes involved in 
symbiosis development with host plants (Martin and Nehls 2009). Laccaria bicolor- 
Populus species is widely used as an in vitro model system for the exploration of 
development of mutualistic associations in ectomycorrhizal symbioses as shown in 
Fig.12.5a.

Recently some novel genes involved in symbiosis establishment of L. bicolor 
with host trees/plants have been deciphered, which are outlined below.

12.4.1.1  Mycorrhizal-Induced Small Secreted Proteins MiSSps
The MiSSPs secreted by ECM fungi interact with plant receptors of various hor-
mones such as auxins, gibberellins and salicylic acid to modify root development 
(Martin et al. 2016). Mycorrhizal induced small secreted protein 7 (MiSSP7) has 
been characterized in L. bicolor (Huang et al. 2006). Upon receiving diffusible sig-
nals from plant roots, the fungus secretes MiSSP7, which is actively endocytosed 
into plant cells nucleus and alters transcriptome of the host plant/trees. It amends 
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plant hormone signals to facilitate fungal hyphae penetration into plant cells and 
formation of Hartig net. After entering the host nucleus, MiSSP7 collaborates with 
the regulator of jasmonate signalling pathway (Plett et al. 2011; Kazan and Manners 
2012), i.e. jasmonate ZIM domain protein 6(JAZ6) (Plett et al. 2014). When fungal 
hyphae penetrate the host apoplast, jasmonate is released  due to generation of 
wounding signals. Accumulation of jasmonate, JAZ6 could get activated, but the 
interaction between JAZ6 and MiSSP7 stabilizes the former, repressing the defence 
mechanism related to JAZ6, thus allowing the colonization of plant root apoplast by 
fungal hyphae, which otherwise could be prevented due to JAZ6 involved host 
defence mechanisms (Plett et al. 2014). The role of MiSSP7 in helping in L. bicolor- 
Populus symbiosis is confirmed by observing that accumulation of MiSSP7 leads to 
inhibition of jasmonate signalling pathway in poplar and others (Plett et al. 2011; 
Kazan and Manners 2012).

12.4.1.2  Endoglucanase LbGH5-CBM1 (Domain Gene)
Earlier it was hypothesized that colonization of host plant apoplast by the symbiotic 
fungal hyphae depends on the mechanical force resulting from the growth of hyphal 
tip (Peterson and Massicotte 2004). Host apoplast penetration was also said to be 
supported by the secretion of fungal plant cell wall degrading enzymes like polyga-
lacturonases and endoglucanases (Martin et al. 2008; Veneault-Fourrey et al. 2014). 

Fig. 12.5 (a) The in vitro growth of an ectomycorrhizal symbiosis between P. tremula x alba 
plantlets and L. bicolor hyphae can be seen emanating from agar plugs. (b) A transverse section of 
a rootlet of Populus vtrichocarpa showing colonization by L. bicolor (in green colour). Intrusions 
of L. bicolor hyphae can be seen between the cell walls (red) of host plant collectively forming a 
fungal network in plant root cells known as the Hartig net. (Adapted by permission from Springer 
Nature: Nature Reviews Microbiology (Unearthing the roots of ectomycorrhizal symbioses) 
[Martin et al. 2016])
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Recently, an endo-1,4-β mannase encoded by LbGH5-CBM1 from the genome of 
L. bicolor has been characterized. The increased expression of this gene during 
establishment of symbiosis has been confirmed by RNAi- knockdown of expression 
of this gene. It has been suggested that mutant lines with decreased level of expres-
sion of this enzyme enact a reduced number of mycorrhizal roots in host plant. The 
CBM1 domain of Lb GH5-CBM1 cleaves internal cellulose bonds in the plant cell 
wall contributing to fungal hyphae penetration of root cells and Hartig net formation 
(Zhang et al. 2018).

12.4.1.3  Secreted Transcriptional Activator Proteins STAPs
A new class of effector proteins STAPs, secreted by L. bicolor has been reported by 
Daguerre et al. (2017). STAPs play a role in controlling host plant gene expression 
during ECM development.

12.4.1.4  Carbohydrate-Active Enzyme (CAZyme)
Carbohydrate-active enzymes (CAZyme) produced by the fungi participate in ECM 
formation. The regulation of CAZyme of L. bicolor was studied using genome-wide 
transcriptome profiling during symbiosis development. As the fungal hyphae sur-
round the root cells and start penetrating the apoplast, i.e. the first step of coloniza-
tion of root cells, the CAZymes actively present on fungal cell wall are upregulated 
promoting symbiosis development. AA9 or GH12 CAZymes are involved in slack-
ening of cellulose microfibrils, whereas GH8 or GH12 CAZymes play a role in 
relenting middle lamella of host plant tissue (Veneault-Fourrey et al. 2014).

12.4.1.5  Indole-3 Acetic Acid (IAA)
Metabolic profiling shows that during ECM formation, the mycelium of L. bicolor 
produces high concentrations of the indole-3-acetic acid. The analysis of auxin 
response gene expression in ECM roots suggested that symbiosis-dependent auxin 
signalling is activated during the colonization by L. bicolor (Vayssières et al. 2015). 
The ectomycorrhizal roots of a P. tremula x alba–L. bicolor S238N symbiosis is 
shown in Fig. 12.6.

12.4.2  Novel Genes in Tricholoma vaccinum

12.4.2.1  Aldehyde Dehydrogenases
Aldehyde dehydrogenases play an important role in stress response of the symbiotic 
association. In ectomycorrhizal basidiomycete, Tricholoma vaccinum, eight alde-
hyde dehydrogenases, Ald1 to Ald7 and TyrA, have been marked. From the func-
tional analysis, it was revealed that Ald1 overexpressing ECM strains increased the 
width of the apoplast of host tree spruce Picea abies, facilitating the accommoda-
tion of the Hartig net of the T. vaccinum transformants (Henke et al. 2016).
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12.4.2.2  Hydrophobins
Hydrophobins are minuscule cysteine-rich protein molecules which foment interac-
tions of fungal hyphae with hydrophobic surfaces and play role in the development 
of aerial hyphae (Sammer et al. 2016). They are amphiphilic small secreted proteins 
often present as certain gene transcripts in most fungal genomes. It has been pre-
dicted that in 41% of the cases, hydrophobins unfold from duplication actions 
(Rineau et al. 2017). Phylogenetic analyses of 9 T. vaccinum hydrophobin coding 
genes, hyd1 to hyd9, were performed to derive their roles in different stages of ECM 
formation. In aerial mycelium, hyd8 was upregulated. While hyd5 was induced after 
metal stress. In the early stage of mycorrhization, the root exudates are produced 
due to injury; this is followed by hyd4 and hyd5 induction. While hyd5 was upregu-
lated during Hartig net and mantle formation accompanied by suppression of hyd8 
and hyd9. Hydrophobins, hyd3 and hyd8, were activated during fruit body forma-
tion (Rineau et al. 2017).

12.4.2.3  Indole-3 Acetic Acid (IAA)
Another gene expression and bioinformatic analysis revealed that indole-3-acetic 
acid (IAA) secreted from fungal hyphae acts as a diffusible signal that induces 
branching in fungal cultures and also enhances Hartig net formation. The gene ald1 
coding for aldehyde dehydrogenase is upregulated by indole-3-acetaldehyde and 
distinctly expressed in ectomycorrhiza. The multidrug and toxic extrusion (MATE) 
transporter, Mte1 found in T. vaccinum supports the export of IAA from mycorrhi-
zal fungal hyphae to host cells (Krause et al. 2015).

Fig. 12.6 The extensive 
clustering of ensheathed 
ectomycorrhizal rootlets is 
seen resulting from 
substantial changes in 
auxin metabolism. Adapted 
by permission from 
Springer Nature: Nature 
Reviews Microbiology 
(Unearthing the roots of 
ectomycorrhizal 
symbioses) [Martin et al. 
2016]
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12.4.3  Novel Genes in Hebeloma cylindrosporum

12.4.3.1  Tandem-Pore Outward-Rectifying K+ (TOK) Channels
The ectomycorrhizal fungus H. cylindrosporum boosts the K+ nutrition of Pinus 
pinaster under mineral shortage situations. Earlier the molecular members respon-
sible for the transfer of Pi towards the host plant were not known. The genome 
analysis of H. cylindrosporum revealed the tandem-pore outward-rectifying K+ 
(TOK) channels potentially responsible for K+ transport in host plant, P. pinaster. 
The expression pattern of these channels as analyzed by yeast complementation 
assays revealed that HcTOK is embroiled in the symbiotic transfer of K+ from the 
fungus enroute the plant (Guerrero-Galán et al. 2018).

12.4.3.2  Pi Transporter (HcPT2)
Transcriptomic approach, microscopy, whole plant physiology, X-ray fluorescence 
mapping, and 32P labelling have unravelled the performance of a fungal Pi trans-
porter, HcPT2, during the H. cylindrosporum-Pinus pinaster ectomycorrhizal asso-
ciation. HcPT2 was confined to the extra-radical hyphae and the Hartig net. It was 
established that host plant induced HcPT2 expression played a crucial role in sym-
biosis by influencing both Pi influx into the mycelium and efflux towards roots 
under the control of host plant P. pinaster (Becquer et al. 2018b).

12.4.4  Novel Genes in Russulaceae Symbiosis

Russulaceae is one of the families of the order Russulales, a group exhibiting great 
diversity in the mode of nutrition and morphology of basidiocarps (Miller et  al. 
2006). Russulaceae contains about 2000 species. They are late-stage homesteaders 
of forests, signifying their influence in sustaining nutrient networks in mature for-
ests (Twieg et al. 2007). Ectomycorrhizal members of Russulaceae produce lignin 
peroxidases (Chen et al. 2001; Bödeker et al. 2009) and laccases in high abundance 
(Chen et al. 2003), even higher than those produced by their saprotrophic ancestoral 
fungi (Luis et al. 2005; Liao et al. 2014). Lactarius quietus secreted laccases have 
been associated with the bud break of Quercus trees, delivering carbon to the sap-
ling when young and translate the regulation to oxidative reactions as the plants 
develop (Courty et al. 2007).

12.5  Recent ECM Fungal Species Discovered

Kumari et al. (2011) reported Cantharellus pseudoformosus as a novel species asso-
ciated with Cedrus deodara from Chamba district of Himachal Pradesh, India.

The basidiome of this ECM is shown in Fig. 12.7. Reddy and Verma (2014) and 
Verma and Reddy (2015) presented first-ever report of two new Suillus species, 
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Suillus triacicularis sp. nov. growing as ECM with Pinus roxburghii and P. wallichi-
ana and Suillus indicus growing in association with Cedrus deodara in North- 
western Himalayan region of India (Fig.12.8). Morphological features of fruiting 
bodies and phylogenetic analysis of internal transcribed spacer (ITS) region revealed 

Fig. 12.7 Basidiome of 
Cantharellus 
pseudoformosus. Scale bar 
a: 2 cm. (Adapted by 
permission of Elsevier: 
Mycoscience (Cantharellus 
pseudoformosus, a new 
species associated with 
Cedrus deodara from 
India), [Kumari et al. 
(2011)])

Fig. 12.8 Suillus indicus basidiomes: (a) Young basidiome showing umbo and very few appressed 
fibrillose squamules on the pileus. (b) Basidiome showing white partial veil and absence of glan-
dular dots on the surface of stipes. (c) Mature basidiome with appressed fibrillose squamules and 
a low obtuse umbo on pileal surface. (d) Stipe with annulus and no glandular dots/smears. Scale 
bars: (a–b) = 1 cm, (c–d) = 2 cm. (Reproduced by permission of Taylor and Francis from [Suillu 
sindicus sp. nov. (Boletales, Basidiomycota), a new boletoid fungus from Northwestern Himalayas, 
India) [Verma and Reddy 2015])
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these species to be different from closely related Suillus species. Two new species 
of Russsula, Russula chiui and Russsula pseudopectinatoides have been identified 
from South Western China based on the morphology of fruiting bodies and the phy-
logenetic analysis of ITS region (Liu and Hall 2004). Russula species differ from 
Lactarius by the absence of lactifers (Buycket al. 2018). Twelve rare species of 
Russula (R. periglypta, R. atropurpurea, R.congoana, R. hygrophytica, R. adusta, 
R. delicula, R. luteotacta, R. martinica, R. cinerella, R. mariae, R. michiganensis, R. 
aciculocystis, and 1 species of Lactarius, latex emanating Lactarius nebulosus) are 
the new reported ECM fungi from different forest ecosystems of Western Ghats. All 
the Russula species have been found to exhibit ectomycorrhizal association with 
tree species like Vateria indica, Hopea ponga, H. parviflora, Calophyllum apetalaum 
and Myristica malabarica (Mohanan 2014).

12.6  Future Perspectives and Conclusions

Ectomycorrhizal (ECM) fungi secrete several enzymes which improve soil organic 
matter degradation and nitrogen uptake. Piloderma olivaceum, a common ECM 
fungus produces extracellular proteases which improve the ability of host plant 
Pinus sylvestris to utilize N from extracellular proteins. Due to the ability to access 
proteinaceous N, ECM can play a potential role in forest C and N cycling even after 
death of fungal hyphae due to natural recycling of N (Heinonsalo et al. 2015).

A co-cultivation system in axenic tube culture has been developed for investigat-
ing the synergy between an ectomycorrhizal plant and its symbiotic fungal partner. 
This system could also be employed as a pre-treatment for promoting robust mycor-
rhiza along with optimal plant-fungal symbiosis preceding planting in environmen-
tal sites (Arduini et al. 1994). Unquestionably, the composition of ECM community 
is affected due to environmental disturbance in terms of operational taxonomic units 
(OTUs), but even then few OTUs are detected both in natural and degraded environ-
ments (Henry et al. 2016). Similar finding was recorded by Karpati et al. (2011), 
when ECM associated with Quercus rubra thriving on natural forest sites were 
compared with those in disturbed urban sites by morphological and PCR-RFLP 
analysis. Such OTUs can be employed for ecological reclamation of highly dis-
turbed mining sites by implanting ectomycorrhizal seedlings or plants involving 
these OTUs (Henry et al. 2016).

New data on ECM fungal communities has been made available due to preface 
of high-throughput sequencing techniques and metagenomics approach. Attenuated 
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) followed by 
multivariate cluster analysis has been recently utilized to study the diversity of ECM 
communities in environmental samples (Pena et al. 2014). Barcodes of fungal ITS 
region have been developed for studying ECM fungal diversity in various ecosys-
tems by the various researchers working in this area. Next-generation sequencing 
systems such as the Illumina platform and Ion torrent PGM and FUNguild have 
been recently developed to study fungal OTUs (Mello and Balestrini 2018). Several 
pipelines for processing the fungal OTUs have also been developed. In spite of 
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development of novel bioinformatics tools for high-throughput sequencing, the 
fidelity in assessing ECM fungal communities is still a great challenge. Data from 
Tedersoo et al. (2014) revealed that high-throughput sequencing technique followed 
by DNA metabarcoding identified major phyla and classes of fungi in all ecosys-
tems along with several lineages of ECM which have not been described or 
sequenced previously.

Genome sequencing is only the early stride to gather information on how an 
organism connects with the surrounding environment and with other organisms. 
The combination of functional, structural, cellular and bioinformatics is aimed at 
furnishing knowledge on the function of genes and proteins in actual processes. A 
lot more research in this area is necessary for exercising the effective role of plant 
and fungal genes in ECM establishment and development (Garcia et al. 2015).
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13Rumen Microbiome and Plant Secondary 
Metabolites (PSM): Inhibition 
of Methanogenesis and Improving 
Nutrient Utilization

D. N. Kamra and B. Singh

Abstract
Plants contain a large number of secondary compounds which are not required for 
the primary activities of plants but act as a defense against pathogenic microbes 
and dust particles. These plant secondary metabolites (PSM) include saponins, 
tannins, essential oils, alkaloids, terpene compounds, etc. These PSM have strong 
anti-methanogenic activity, and a few of them have also fiber degradation stimu-
lating activity, but many of these have no effect on feed degradation or have an 
adverse effect on nutrient release. A proper combination of these PSM might have 
a balanced activity against methane inhibition and improve fiber degradation, 
making the process of livestock production economic and eco-friendly.

Keywords
Rumen microbes · Diversity · Methanogenesis · Improving fiber degradation · 
Saponins · Tannins · Essential oils

13.1  Introduction

There are several thousands (about 200,000) of secondary metabolites are present in 
plants, which protect them from the invasion of foreign particles and pathogenic 
microbes. Primary metabolites of plants are directly involved in the growth and 
development of a plant, while secondary metabolites are compounds produced in 
other metabolic pathways and are not essential to the functioning of the plants. 
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These compounds are synthesized during secondary metabolism. Therefore, these 
are classified as plant secondary metabolites. The major plant secondary metabo-
lites are saponins, tannins, essential oils, and alkaloids.

13.2  Plant Secondary Metabolites (PSM)

13.2.1  Saponins

The naturally occurring chemicals are found in plants, which have soap-like quali-
ties and produce lather with water just like detergent, and are present in more than 
100 families of plants. In the digestive tract, saponins produce an emulsification of 
fat-soluble molecules. Specifically, saponins bind to bile acids and help eliminate 
them from the body, preventing cholesterol from being reabsorbed. In addition to 
this, saponins can help boost the immune system, exhibit an antioxidant effect, and 
may even support bone strength. Saponins have several qualities that act against 
cancer cells. In particular, some saponins have an antioxidant effect and may be 
directly toxic to cancer cells. Other beneficial characteristics of saponins include 
encouraging normal detoxification. Saponins found in oats and spinach support 
digestion by accelerating the body’s ability to absorb calcium and silicon. They 
modify ruminal fermentation by suppressing ruminal protozoa and selectively 
inhibiting some bacteria. The symbiosis of protozoa with methanogenic bacteria in 
the rumen is well established, and the selective suppression of protozoa has been 
suggested to be a promising approach to reduce methane production.

Using Yucca as a source of saponins, Sliwiński et al. (2002) did not record meth-
ane reduction, while a decrease was observed in other studies. On the other hand, 
Holtshausen et al. (2009) at 1% of Yucca extract in the diet (saponin content 0.06% 
in diet) did not observe a reduction in methane production. The saponin content in 
the Yucca extract used in the study is not given. Although Yucca extracts used in the 
studies of Santoso et al. (2004) and Holtshausen et al. (2009) were obtained from 
the same commercial company, the products used could be different. However, it 
may be noted that Holtshausen et al. (2009) used 100-fold higher amount of the 
extract than that used by Santoso et al. (2004), and also in the former study, sapo-
nins used were fivefold higher than the amount of the extract, but no methane reduc-
tion was observed. Although these results are difficult to explain, the difference in 
effects could be due to different diets used; effects might be higher for silage-based 
diet used by Santoso et al. (2004). Hess et al. (2004) used dried fruits of Sapindus 
saponaria and recorded a decrease in methane production. The level of saponins in 
the diet in this study was 0.75%, which is much higher than the levels of Yucca 
extracts/saponins that elicited methane reduction.

Saponins are reported in plants like soapnut/soapwort and a few others. The 
saponins are soluble in water and form foam. These contain glycosides, steroid, and 
terpenoid glycosides as one of the major constituents. It can act as a detergent and a 
fire extinguisher. These consist of a polycyclic aglycones, which are either choline 
steroids or triterpenoids which are attached with C3 and ether bonds to sugar side 
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chains (Güçlü-Ustündağ and Mazza 2007). Some of the saponins reduce feed intake 
and growth rate of nonruminant animals, while others are not very harmful.

Saponins are not harmful in tropical forage legumes, but they are common in 
several temperate forage legumes. Alfalfa contains several saponins (medicagenic 
acid, soyasapogenol A, soyasapogenol B, lucernic acid), and the seeds and foliage 
of chickpeas (Cicer arietinum), soybeans, and common beans contain saponins. 
Yucca contains sarsaponins and are occasionally grazed by cattle. In monogastric 
animals like poultry and swine, poisoning is reported due to saponins: irritated 
mucous membranes of the mouth and digestive tract, reduced feed intake, decreased 
performance, anorexia, weight loss, rough hair coat, gastroenteritis, diarrhea, and 
possibly abortion. On consuming fresh alfalfa, saponins cause bloat in ruminants. 
Bloat only occurs in animals grazing temperate legumes that contain saponins but 
not in livestock grazing tropical legumes or temperate legumes like bird’s-foot tre-
foil that does not contain saponins. However, low-saponin cultivars of alfalfa can 
cause bloating.

13.2.2  Tannins

Tannins are defined as phenolic compounds of high molecular weight ranging from 
500 Da to more than 3000 Da which are found in plant leaves, bark, fruit, wood, and 
roots. These are used in making leather, and gallic acid is employed in the produc-
tion of inks. Tannins in tea give the beverage its astringency. Teas with high levels 
of tannins have a bitter taste especially in green and black tea. Tannins also remove 
harmful microbes from the body and fight against harmful bacteria, viruses, and 
fungi. On regular use, tannic acid can cause side effects such as stomach irritation, 
nausea, vomiting, and liver damage.

Tannins are active for plant defense mechanisms against mammalian herbivores, 
birds, and insects (Hassanpour et al., 2011). Tannins are soluble in water (20–35°C), 
leaving aside high molecular weight tannins. These are water-soluble polyphenolic 
substances and have the ability to bind with proteins that form insoluble or soluble 
tannin-protein complexes. Tannins are able to make complexes with polysaccha-
rides (cellulose, hemicelluloses, and pectin) and nucleic acids, steroids, alkaloids, 
and saponins (Chaichi Semsari et al., 2011). Now it has also been observed that 
tannins have beneficial effects on animals in having antimicrobial and anthelmintic 
effects in ruminants (Hassanpour et al. 2011).

As per chemical structure and properties, tannins are divided into two main 
groups: hydrolysable (HT) and condensed tannins (CT) (Chaichi Semsari et  al. 
2011). The chemical structures of HTs (gallotannins and ellagitannins) are mole-
cules which contain carbohydrate, generally D-glucose, as a central core (Min and 
Hart 2003). The hydrolysable groups of these carbohydrates are esterified with phe-
nolic groups, such as ellagic acid or gallic acid (Haslem 1989).

In the dry season of tropics, the quality of lignocellulosic/tanniniferous feeds  
is poorer, and livestock production is limited due to poor availability of nutrients, 
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i.e., 2.5–7.0% crude protein (dry matter basis) and low dry matter digestibility of 
40–50%. The ruminants lose weight and milk production drops (Patra and Saxena 
2010). Improved animal performance has been frequently reported in response to 
the use of high-quality tanniniferous forages as supplements for ruminants fed with 
low-quality roughage diets. In addition to that, moderate amounts of CTs have been 
reported to exert beneficial effects on protein metabolism in ruminants, decreasing 
rumen degradation of dietary protein and increasing absorption of amino acids in 
the small intestine (Hervás et al. 2003). The CT may enable dietary protein bypass 
from the rumen for digestion in the lower digestive tract (Hassanpour et al. 2011). 
An increase in flow of metabolizable protein or essential amino acids to the small 
intestine has been observed in animals grazing forages of high-CT content com-
pared to those grazing a low-CT diet (Waghorn 2008). The plant secondary metabo-
lites have beneficial effects on protein metabolism in ruminants, decreasing rumen 
degradation of dietary protein and increasing absorption of amino acids in the small 
intestine.

13.2.3  Essential Oils

A concentrated hydrophobic liquid extracted from plants containing aromatic com-
pounds is known as essential oil, which is also known as volatile oils, ethereal oils, 
aetherolea, or simply as the oils of the plants. These oils are extracted by steam 
distillation and are used in perfumes, soaps, cosmetics, household cleaning prod-
ucts, and flavoring of foods and drinks. The essential oils are used in aroma therapy 
for skin treatment. Improper use of essential oils may cause harms including aller-
gic reactions and skin irritation, and children may be particularly susceptible to the 
toxic effects of improper use. The essential oils are also named after the plants from 
which these are extracted like garlic oil, mentha oil, sweet orange oil, lemon oil, 
cedarwood oil, clove oil, eucalyptus oil, jasmine oil, rose oil, etc., which are used 
for various reasons.

Patra and Yu (2012) studied five EOs with different chemical structures, e.g., 
clove oil (CLO) containing eugenol (phenylpropanoid), eucalyptus oil (EUO) cin-
eole (bicyclic monoterpenoid), garlic oil (GAO) alliin and allicin (organosulfur 
compounds), origanum oil (ORO) thymol (monoterpenoid monocyclic phenol), and 
peppermint oil (PEO) menthol (monoterpenoid monocyclic nonphenol) on different 
fermentation characteristics and rumen microbiome in the rumen. This study dem-
onstrated that different EOs vary in their potencies in modulating rumen microbial 
populations and fermentation.

All the EOs exhibited an adverse effect on the three rumen cellulolytic bacteria, 
i.e., Fibrobacter succinogenes, Ruminococcus flavefaciens, and R. albus, which 
were significantly reduced by all EOs. The F. succinogenes population suffered 
from more inhibition than the populations of R. flavefaciens and R. albus for all 
EOs. The results showed that EOs could significantly decrease methane production, 
ammonia production, and the abundance and diversity of archaea with increasing 
doses. Calsamiglia et al. (2007) compiled a review on the effect of essential oils to 
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study their effect on methane production and microbial ecosystem, and results are 
summarized in Table 13.1.

13.2.4  Rumen Microbiome

Herbivorous animals retain within their gastrointestinal tract microbiome that spe-
cialize in hydrolysis and fermentation of lignocellulosic plant biomass. The gut 
microflora is exceedingly diverse and contains representatives of all three domains – 
Eukarya, Archaea, and Bacteria.

Next-generation sequencing (NGS) and DNA microarrays have revealed that 
diversity and population density and range of microbial communities present in any 
ecosystem are much diverse and complex than explained based on customary cul-
ture-based methods and conventional molecular biological methods.

13.2.5  Conventional Techniques

The rumen microbial ecosystem consists of a vast majority of different microbes 
like bacteria, protozoa, fungi, bacteriophages, archaea, and mycoplasma, but a large 
number of them (more than 90%) are not culturable. Therefore, until now we have 
been playing only with less than 10% of the total microbes present in the ecosystem, 
while all these microbes had been active biologically in the system. Some of the 
genera present in the ecosystem are listed below (based on Kamra 2005).

Table 13.1 Essential oils with antimicrobial activity, their active components, and susceptible 
microorganisms

Essential oil Name
Active 
components

Susceptible 
microorganisms References

Allium sativum Garlic Allicin, diallyl 
sulfite

Enteropathogenic 
bacteria

Ross et al. (2001)

Cinnamomum 
cassia

Cassia Cinnamaldehyde Escherichia coli, 
Staphylococcus aureus

–

Origanum 
vulgare

Oregano Carvacrol, 
thymol

Gram-positive and 
gram-negative bacteria

Sivropoulou et al. 
(1996) and 
Dorman and 
Deans (2000)

Syzygium 
aromaticum

Clove Eugenol E. coli, Staph. Aureus, 
L. monocytogenes, S. 
enteritidis, C. jejuni

Smith-Palmer 
et al. (1998)

Zingiber 
officinale, ginger 
zingiberene

Ginger Zingerone Gram-positive and 
gram-negative bacteria

–

aBased on Calsamiglia et al. (2007)
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13.2.6  Rumen Microbes

Bacteria (adapted from Kamra 2005)
Cellulose degraders: Fibrobacter succinogenes (Bacteroides succinogenes), 

Ruminococcus flavefaciens, Ruminococcus albus, Clostridium longisporum, 
Clostridium lochheadii, Eubacterium cellulosolvens (Cillobacterium 
cellulosolvens)

Hemicellulose degraders: Butyrivibrio fibrisolvens, Prevotella ruminicola 
(Bacteroides ruminicola), Eubacterium xylanophilum, E. uniformis

Starch degraders: Streptococcus bovis, Ruminobacter amylophilus (Bacteroides 
amylophilus), (Bacteroides ruminicola)

Sugar/dextrin fermenters: Succinivibrio dextrinosolvens, Succinivibrio amylolyt-
ica, Selenomonas ruminantium, Lactobacillus acidophilus, L. casei, L. fermen-
tum, L. plantarum, L. brevis, L. helveticus, Bifidobacterium globosum, B. longum, 
B. thermophilum, B. ruminantium

Pectin degraders: Treponema saccharophilum, Lachnospira multiparus
Protein degraders: Prevotella ruminicola, Ruminobacter amylophilus, Clostridium 

bifermentans
Urea hydrolysers: Megasphaera elsdenii, Micrococcus
Acid utilizers: Megasphaera elsdenii (Peptostreptococcus elsdenii), Wolinella suc-

cinogenes (Vibrio succinogenes), Veillonella gazogenes (Veillonella alcalescens, 
Micrococcus lactolytica)

Oxalic acid degraders: Oxalobacter formigenes
Sulfate-reducing bacteria: Desulfovibrio desulfuricans, Desulfotomaculum 

ruminis
Succinic acid utilizers: Succiniclasticum ruminis
Lipolytic bacteria: Anaerovibrio lipolytica
Acetogenic bacteria: Eubacterium limosum, Acetitomaculum ruminis
Tannin degraders: Streptococcus caprinus, Eubacterium oxidoreducens
Mimosine degraders: Synergistes jonesii

Archaea
Archaea: Methanobrevibacter ruminantium, Methanobacterium formicicum, 

Methanosarcina barkeri, Methanomicrobium mobile

Mycoplasma
Anaeroplasma bactoclasticum, Anaeroplasma abactoclasticum

Protozoa
Rumen anaerobic protozoa (ciliates): Isotricha prostoma, I. intestinalis, 

Dasytricha ruminantium, Oligoisotricha bubali
Entodiniomorphid protozoa: Entodinium bovis, E. bubalum, E. caudatum, E. 

longinucleatum, Diplodinium dendatum, D. indicum, Eremoplastron asiaticus, 
E. bubalus, Eudiplodinium maggii, Ostracodinium trivesiculatum, Polyplastron 
multivesiculatum, Metadinium medium, Epidinium caudatum, Ophryoscolex 
caudatus, Caloscolex camelicus
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Rumen Fungi
Rumen anaerobic fungi: Neocallimastix frontalis, N. patriciarum, N. hurleyensis, 

Sphaeromonas communis (Caecomyces communis), Caecomyces equi, 
Orpinomyces bovis, Anaeromyces mucronatus (Ruminomyces mucronatus), 
Ruminomyces elegans, Piromyces communis

The ruminants consume lignocellulosic feeds like cereal straws and stovers, sug-
arcane-based agricultural by-products, and mature green fodders in India and other 
tropical countries. The ruminants are not able to digest these feeds by themselves, 
but microbes (bacteria, ciliate protozoa, fungi, and archaea present in the fermenta-
tion sacs of the gastrointestinal tract like rumen, pseudo rumen, and caecum) help in 
digesting these feeds and convert them into volatile fatty acids (the major source of 
energy for the ruminants) and microbial protein which serve as nitrogen source in 
the ruminant animals (Kamra 2005).

13.3  Fiber Degradation and Microbial Diversity

The rumen microbiome can be studied in more details by rRNA sequencing and 
consists of several thousand microbes belonging to three different domains like 
Bacteria, Archaea, and Eukarya (fungi and protozoa). Bacteria are the most diverse 
and represent about 95% of total microbes (Flint et al. 2008). Prevotella was the 
predominant bacterium representing about 30% of the total rumen bacteria for cel-
lulose degradation. The already known and the most important key fibrolytic bacte-
ria, viz., R. flavefaciens, R. albus, F. succinogenes, Butyrivibrio, Clostridium, and 
Eubacterium, represented only ~2% of ruminal bacterial 16S rRNA.

Like any other microenvironment, the rumen microbial ecosystem too has more 
than 90% of microbes which are unculturable; therefore, till date it is not possible 
to understand the mechanism of its functioning, complexity, and interaction among 
the microbes. By advancement in molecular biology tools, like the construction of 
16S rDNA or 16S rRNA libraries, metagenomics, metatranscriptomics, etc., the 
researchers have tried to explore the unculturable microbes of rumen. Looking at 
the richness of rumen microbiome in terms of diversity and microbial enzymes, the 
metagenomic studies on rumen microbiome are an emerging research area. The 
metagenomic analysis of rumen microbiome of Surti buffalo fed on four different 
feeding schedules using pyrosequencing has been reported by Singh et al. (2011). 
The sequences were analyzed using Metagenome Rapid Annotation using 
Subsystems Technology (MG-RAST). The distribution of phylotypes and environ-
mental gene tags (EGTs) detected within each rumen sample was dominated by 
Bacteroidetes/Chlorobi, Firmicutes, and Proteobacteria in all the samples irrespec-
tive of the type of diet, and most of the genes belonged to Bacteroidetes/Chlorobi 
group. A report from the author’s laboratory from the rumen of Murrah buffalo also 
showed dominance of these three phylotypes followed by Actinobacteria represent-
ing bacteria-specific EGTs (~about 80% of total EGTs) with the abundance of sup-
porting EGTs represented by Bacteroides and Ruminococcus with very few 
Fibrobacter which is considered to be the major fiber-degrading bacteria in the 
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rumen (unpublished data). The Surti buffalo rumen microbiome was dominated by 
carbohydrate metabolism (20%) in high-fiber diet (100% roughage) and lowest 
(13%) in high-concentrate diet (75% concentrate) (Singh et al. 2011).

It has been observed in the literature that F/B (Firmicutes/Bacteroidetes) ratio 
was higher in high-fiber diet (low TDN diet). This higher F/B ratio indicated higher 
fiber utilization which was supposed to be due to an increase in the population den-
sity of Ruminococcus flavefaciens. Similarly, in our study, a numerically higher F/B 
ratio and higher Ruminococcus count (by real-time PCR) were observed with a 
high-fiber diet (Kala et al. 2017). The majority of bacterial genera reported were 
able to degrade lignocellulosic feeds. Prevotella was the predominant bacterium 
representing about 30% of the total rumen bacteria. Ruminococcus and Fibrobacter 
were only 2–3% of rumen bacteria community of buffaloes irrespective of the diet. 
Predominance of Prevotella and very little representation of Ruminococcus and 
Fibrobacter were also found in the goat rumen microbiome as reported in the litera-
ture. The already known three most important key fibrolytic bacteria, viz., R. flave-
faciens, R. albus, and F. succinogenes, represented only ~2% of the ruminal bacterial 
16S rRNA. Very little representation of these fibrolytic bacteria might be the reason 
for no impact of diet variation on these microbes in most of the studies.

13.3.1  Fungi

Among the rumen microbes, anaerobic fungi are the most efficient fiber degraders, 
in spite of the fact that fungi contribute only a small fraction of total biomass. It 
might be because all the fungi reported are fibrolytic, and the enzymes required for 
fiber degradation have high specific activities. In addition to that, the fungi make the 
substrate ready for degradation of feed by bacteria and protozoa. The fiber-degrad-
ing enzymes secreted by the rumen fungi are more active as compared to rumen 
bacteria. Only six genera of rumen anaerobic fungi have been identified so far, 
namely, Neocallimastix, Piromyces (previously known as Piromonas), Caecomyces 
(previously known as Sphaeromonas), Orpinomyces, Anaeromyces (previously 
known as Ruminomyces), and Cyllamyces (Akin and Rigsby 1987).

13.3.2  Methanogens

The archaea appear to be the most important microorganisms in the rumen as these 
have the capacity of converting carbon dioxide and hydrogen into methane. Only 
eight species of ruminal methanogens have been isolated in pure cultures: 
Methanobacterium formicicum, Methanobacterium bryantii, Methanobrevibacter 
ruminantium, Methanobrevibacter millerae, Methanobrevibacter olleyae, 
Methanomicrobium mobile, Methanoculleus olentangyi, and Methanosarcina 
barkeri (Janssen and Kirs 2008).

The herbivore gut, especially the rumen, is essentially obligatory anaerobic fer-
mentation chamber hosting a highly dynamic state of microorganisms (archaea, 
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bacteria, fungi, and protozoa) that helps in the digestion of the ingested plant bio-
mass. The rumen microbial population is very dense, comprising of around 1010 
bacteria/ml, 106 protozoa/ml, and 103 fungi/ml. Henderson et al. (2015) looked into 
the microbial diversity of the rumen from 35 countries to study the effect of diet, 
host species, and geography in which the animals are reared. The archaeal diversity 
of these animals is highly conserved which make it possible to mitigate methane 
emission by controlling only the dominant species of methanogens. The microbial 
community composition is more affected by diet (Kala et al. 2017), but the hosts are 
less influential in the diversity of microbes in the rumen. But by the latest technique 
of meta-transgenomics, 23 genera of methanogens/hydrogen utilizers have been 
reported, i.e., Methanobrevibacter, Methanothermobacter, Methanoplanus, 
Sulfolobus, Methanosarcina, Methanospirillum, Pyrococcus, Methanoculleus, 
Aciduliprofundum, Methanoregula, Methanosphaera, Methanosphaerula, 
Methanococcoides, Methanocaldococcus, Methanocorpusculum, Thermoplasma, 
Methanococcus, Methanobacterium, etc. In archaea, Euryarchaeota was the most 
predominant phylum comprising major methane-producing archaea; 
Methanobrevibacter was the most abundant genus in the rumen of buffaloes. Also, 
the community structure of methanogenic archaea was not influenced by TDN level 
in the diet (Kala et al. 2017).

There appears no correlation of the number of methanogens with methanogene-
sis in the rumen; it was hypothesized that more H2 production contributes to the 
higher methane emissions in cattle as compared to yak (Mi et al. 2017).

13.4  Global Warming and Methanogenesis

Methane, a greenhouse gas (GHG), is emitted from different sources including nat-
ural sources, viz., wetlands, oceans and freshwater ecosystem, wild fires, and the 
digestive system of wild herbivores and herbivorous insects. Methane-generating 
agriculture activities include wild or captive animals (St-Pierre and Wright 2012), 
domesticated ruminants (Kelly et  al. 2016; Yatoo et  al. 2018), animal manure 
(Ozbayram et al. 2018), burning of crop residues, and paddy fields. Methanogenesis 
is an anaerobic respiration process that produces methane as an end product. In 
general aerobic respiration, the glucose is converted to CO2, O2, and H2O. In con-
trast, during hydrogenotrophic methanogenesis, a multistep metabolic cycle, H2 is 
oxidized to H+, and CO2 is reduced to CH4. Notably, the methanogenic archaea live 
in endosymbiosis with certain ciliates in the gut ecosystem. This is because many 
anaerobic ciliate protozoa possess hydrogenosomes that generate molecular hydro-
gen that is consumed by methanogenic archaea (Lewis et al. 2018). Methanogens 
also thrive in the cytoplasm of anaerobic unicellular eukaryotes and in the gastroin-
testinal tracts of animals and humans. The protozoa-associated methanogen com-
munity is a less explored area that should be viewed as a strategy to mitigate methane 
emission. The methanogenesis is a low energy-yielding process catalyzed by obli-
gate methane producers or methanogens. The energy yield is ≤1 ATP per methane 
generated (Lyu et al. 2018). Methane production through enteric fermentation is of 
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concern due to its contribution to the accumulation of greenhouse gases (GHG) in 
the atmosphere. Methane emissions from various major sources is as wetland (217 
Tg), fossil fuel (96 Tg), geological and fresh water (94 Tg), gut fermentation of 
domestic ruminants (89 Tg), livestock manure and sewage (75 Tg), rice cultivation 
and plant biomass burning (71 Tg) per year.

Rumen methanogen population in mid-lactating cows maintained on a total 
mixed ration (forage 35%, corn silage 30%, and concentrate 35%) consisted of 
unassigned Methanobrevibacter sp. (36.6%), Methanosphaera sp. (26.8%), 
Methanobrevibacter ruminantium (21.9%), and Methanosarcinales (14.6%) 
(Whittford et al. 2001). The numbers of methanogens per gram of rumen contents 
estimated by using denaturing gradient gel electrophoresis (DGGE) and 16sRNA 
clone gene library analysis were found to be higher than that estimated by conven-
tional culturing methods (106cells per ml) and the reports of Orpin (1988) who 
reported methanogen population ranging from 106 to 107 cells/ml of rumen con-
tents. 16S rRNA gene libraries constructed from pooled PCR products obtained 
from rumen contents of Holstein and Jersey rumen, fed analogous diets, showed 
that sequences representing Methanobrevibacter millerae were more prominent in 
Jersey cattle, while Methanosphaera sp. and novel uncultured methanogens domi-
nated in Holstein species. Methanobrevibacter ruminantium was detected in both 
the species (King et al. 2011). Using NGS, a core methanogenic archaea community 
comprising of Methanobrevibacter (Mbr.) smithii, Mbr. thaueri, Mbr. ruminantium, 
and Mbr. Millerae was identified in primiparous Holstein, Jersey, and Holstein-
Jersey crossbred cattle (Cersosimo et al. 2016). The study shows that a core metha-
nogenic community is present among dairy cattle breeds, which is influenced by 
factors such as the breed of animal and lactation stage (Cersosimo et al. 2016).

Non-dairy or beef cattle might have a difference in their methanogenic archaea. 
Methanogen populations were studies in Hereford-cross beef cattle fed with differ-
ent sources of starch. Methanobrevibacter-related methanogens were found to be 
the predominant genera, of which M. ruminantium was the most abundant being 
51.2%, Thermoplasmatales-related methanogens were around 37.8%, while other 
unassigned genera such as Methanosarcinales were around 9.4% of total methano-
gens (Wright et  al. 2007). Two novel species of formate-utilizing archaea, viz., 
Methanobrevibacter millerae sp. nov., and Methanobrevibacter olleyae sp. nov., 
have been isolated from sheep and cow rumen (Rea et al. 2007). Methanobrevibacter 
spp. and Methanosphaera stadtmanae phylotypes were reported in crossbred Karan 
Fries cattle (Sirohi et al. 2013). Archaeal sequences corresponding to M. Ruminantium 
and M. millerae have been identified from rumen of yak (Bos grunniens) (An et al. 
2005).

Water and swamp buffaloes are two important species used for milk and meat 
(Singh et al. 2009) production. Methanomicrobium mobile was found as dominating 
methanogen in Murrah (Chaudhary and Sirohi 2009) and Surti (Singh et al. 2012) 
buffaloes. Methanobrevibacter-related phylotypes were more common in 
Mediterranean buffaloes (Franzolin et al. 2012). Like other ruminants, the methano-
gens are reported from sheep, whose diversity varies depending on the breed and 
feeding habits in sheep. 16S rRNA gene sequence analysis of mixed rumen 
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microbiome of Marino sheep from Australia harbored Methanobrevibacter-related 
archaea, especially the M. millerae as predominant species (Wright et al. 2004). In 
another study, Methanobrevibacter sp., especially Methanobrevibacter gottschalkii, 
and Methanobacterium sp. were found in sheep (Wright et al. 2008).

13.5  Camelids and Other Non-ruminants/Pseudo-Ruminants

Camelids perform better on the vegetation of poor quality and arid tropical or arid 
temperate zones. In view of their characteristic dietary habits and substantial pro-
duction performance, interest is in unravelling their gut microbiota. 16S rRNA 
analysis of fecal samples of Bactrian camels (Camelus bactrianus) kept in zoos 
revealed the presence of Methanobrevibacter sp. as dominating methanogens 
(Turnbull et  al. 2012). Fecal samples of Sumatran orangutans, given frugivorous 
diets at the Perth Zoo, revealed the presence of 37 different methanogen-specific 
16S rRNA sequences. Major methanogenic genera detected included 
Methanosphaera stadtmanae, Methanobrevibacter smithii, and Methanobacterium 
beijingense (Facey et al. 2012). Real-time PCR analysis showed the foregut of hoa-
tzin (Opisthocomus hoazin) was found to have methanogenic Methanobrevibacter 
ruminantium (Wright et al. 2009) (Table 13.2).

Table 13.2 Diversity of methanogenic archaea in the rumen of different animals

Methanogens Characteristics References
Total methanogens Methanosphaera stadtmanae from human feces, 

methanogens, Methanobrevibacter gottschalkii, 
Methanobrevibacter thaueri, Methanobrevibacter 
woesei, and Methanobrevibacter wolinii have been 
cultured from the feces of horse, cow, goose, and 
sheep, respectively

Dridi et al. 
(2009)

General Domain – Archaea, phylum – Euryarchaeota, 
pseudomurein present in Brevibacterium, and 
Methanobacterium and protein in 
Methanomicrobium, heteropolysaccharide in 
Methanosarcina, and protein in 
Methanomicrobium

Balch et al. 
(1979)

Methanobacterium, 
Methanobrevibacter 
ruminantium

Rod shaped, forms methane from hydrogen and 
carbon dioxide, and formate as substrates

Balch et al. 
(1979)

Methanobacterium 
formicicum

Rod shaped, non-motile Balch et al. 
(1979)

Methanomicrobium 
mobile

Rod shaped, forms methane from hydrogen and 
carbon dioxide, and formate as substrates

Balch et al. 
(1979)

Methanosarcina barkeri Methanosarcina barkeri and M. mazei produce 
methane from hydrogen and carbon dioxide, 
acetate, methylamines, and methanol

Rouviere et al. 
(1983)

Methanosarcina mazei Same as above except for hydrogen and carbon 
dioxide

Balch et al. 
(1979)
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The complex microbiome of the gut ecosystem converts indigestible plant bio-
mass to microbial proteins, short-chain organic acids, and gases such as CO2, H2, 
and CH4. Methanogenic archaea are of particular interest as they eliminate surplus 
metabolic hydrogen generated during plant fiber digestion. The control of methano-
genesis is because of the current need to minimize methane emission from ruminant 
livestock.

Methanogens are prokaryotic microorganisms of domain Archaea, which fall 
within kingdom Euryarchaeota (Woese et al. 1990), that produce methane as the 
major end product through complex biochemical pathways. The methanogens are 
strictly anaerobic archaea, which occupy a wide range of anoxic habitats and harsh 
conditions and play an important role in biogeochemical cycles with potential bio-
technological applications (Sharma et al. 2018). Another concern is that methane is 
produced through the normal process of fiber digestion; hence, it is the wastage of 
energy generated from dietary forage. Methanogens reduce hydrogen levels via the 
production of methane, thereby stimulating food fermentation by saccharolytic bac-
teria. On the other hand, colonization by archaea is suggested to promote gastroin-
testinal and metabolic diseases such as colorectal cancer, inflammatory bowel 
disease, and obesity. Compared to other forms of respiration, the methanogens oper-
ate at a very low reducing potential.

Draft genome sequences of methanogens, namely, Methanobacterium bryantii, 
Methanosarcina spelaei, Methanosphaera cuniculi, and Methanocorpusculum par-
vum, represent a diverse set of isolates capable of methylotrophic, acetoclastic, and 
hydrogenotrophic methanogenesis. The genome analysis of these methanogenic 
archaea displays a shift toward energy conservation. In addition, the analysis of 
their membrane proteins and transporters distinguished various energy conservation 
modes. The analysis of the predicted membrane proteins and transporters distin-
guished differing energy conservation methods utilized during methanogenesis, 
such as chemiosmotic coupling in Msar. spelaei and electron bifurcation linked to 
chemiosmotic coupling in Mbac. bryantii and Msph. cuniculi (Gilmore et al. 2017).

The interest in methane-producing microorganisms has resulted from the fact 
that methane has a connection with global warming and that around 6% of the 
ingested fiber is wasted in the form of methane (Johnson and Johnson 1995). 
Geographical locations, species, and diet of animals have an impact on methano-
genic populations. In addition, methanogenesis is of great concern in evolving strat-
egies to control and manipulate its production. Rumen methanogens differ depending 
on diet and geographical location of the host, as does the methanogenesis. Further, 
it is relatively difficult to measure methane emissions from the rumen; it can be 
estimated from the stoichiometry of the fermentation of volatile fatty acids. The 
methane production of the forage-fed cattle is 1.5-fold greater than the concentrate-
fed cattle.
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13.6  Effect of PSM on Rumen Fungi

13.6.1  Application of Metagenomics in the Rumen

There were many questions unanswered before the advent of metagenomics like the 
diversity of rumen/gut of animals, their role in fiber degradation, the exact enzyme 
profile needed for degradation of lignocellulosic feed, generation of methane in the 
rumen, etc. It does not mean that all these questions have been answered, but the 
majority of pathways are now easy to understand.

• It is now confirmed that the earlier known fiber-degrading bacteria, like 
Ruminococcus, Fibrobacter, Butyrivibrio, etc., constituting only 3–4% of the 
total microbial biomass, are not the only microbes responsible for the degrada-
tion of fibrous feeds. There are several other groups like Prevotella and 
Firmicutes, contributing a significant part of total biomass, which play a vital 
role in fiber degradation.

• Esterases are another group of enzymes which break the bond between lignin 
and carbohydrates and release the latter free for degradation by cellulolytic 
microbes and release of energy for the utilization by the animals.

• The archaeal diversity of the ruminants are highly conserved which makes it pos-
sible to mitigate methane emission by controlling only the dominant species of 
methanogens.

• In the majority of the cases, there is no correlation between methanogens and 
methane synthesis. By the use of metagenomic techniques, it has now been con-
firmed that hydrogen-producing microbes determine the quantity of methane 
synthesis. If the hydrogen emitters are inhibited (as in defaunation), methane 
synthesis is reduced considerably.

13.6.2  Methanogenesis in Rumen

As discussed above, the chemical composition of plants reveals that in addition to 
normal constituents like cellulose, hemicellulose, soluble sugars, proteins, fats, etc., 
there are also some unique molecules present like saponins, tannins, essential oils, 
alkaloids, etc. As these molecules are not synthesized as a result of primary metabo-
lism of plants, such compounds are classified as plant secondary metabolites, which 
are usually meant for providing protection to the plants against predators, patho-
gens, invaders, etc. Several thousands of such metabolites have been identified. 
Majority of these compounds fall in the category of lignins, tannins, saponins, ter-
penoids/volatile essential oils, alkaloids, etc. These plant secondary metabolites 
have antimicrobial activity, but their mechanism of action and inhibition of micro-
bial growth are very specific, and therefore these are active against a specific group 
of microbes. This specificity of these plant secondary metabolites against microbial 
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groups can be used for selective manipulation of rumen fermentation. The methano-
gens which are classified as archaea have a distinctly different chemical composi-
tion of the cell walls from that of the other true bacteria present in the rumen. 
Therefore, there is a possibility that any one of the plant secondary compounds 
might act as a selective inhibitor of methanogens and can be used as a feed additive 
for the manipulation of rumen fermentation. The role of tannins, saponins, and 
essential oils has been in the inhibition of methanogens or the process of methano-
genesis in the rumen.

In the “RUMEN-UP” project in Europe, 450 plants (mainly foliage) have been 
screened in vitro for their potential to inhibit methanogenesis by the rumen microbes 
at a concentration of 50 mg/500 mg of substrate incubated in 120 ml serum bottles. 
The selection of plants was restricted to those which are either growing or could be 
grown in European countries, therefore excluding most of the plants growing in the 
tropical regions of the world. Out of 450 plants examined in this project, 35 plants 
inhibited methane more than 15% and only six (Carduus pycnocephalus, Populus 
tremula, Prunus avium, Quercus robur, Rheum nobile Hook. F. and Thoms., and 
Salix caprea) more than 25% in comparison to their controls.

Another major project has been funded by FAO/IAEA Joint Division of the 
United Nations, which ran for 6 years (2003–2009) at eight international locations 
on using rumen molecular biology techniques to search for methods to inhibit meth-
ane emission by the livestock. The Indian participant of the project (IVRI, Izatnagar) 
worked on plant secondary metabolites to determine their potential as a rumen mod-
ifier to reduce methane emission. Various combinations of plants containing sec-
ondary metabolites have been tested in in vivo using buffalo as an experimental 
animal, and it has been observed that in vivo methane emission by the animal can 
be inhibited to the extent of 20–30% without affecting feed conversion efficiency 
and health of animals (Table 13.3).

13.6.3  In Vivo Feeding Trials

Most of the studies on the effect of plant secondary metabolites have been con-
ducted in in vitro conditions. There are only a few experiments conducted to report 
methane inhibition in vivo. The results indicate that there are many plants which 
contain secondary metabolites and are active against rumen methanogenesis. Many 
times methane inhibition by secondary metabolites in in vitro conditions might not 
be translated into similar effects in in vivo conditions. This might happen due to 
improper selection of the dose of these metabolites in the ration of animals.

An in vivo experiment in sheep with tea saponins revealed that saponins inhib-
ited protozoa, methane emission, and improved rumen fermentation, where the 
reduction of methane emission was mediated through an inhibitory effect on proto-
zoa (Zhou et al. 2010). Some other experiments indicate positive results of includ-
ing plant/plant extracts on inhibition of methanogenesis. In one experiment, 
Terminalia chebula, Allium sativum, and the mixture of these two plants were fed to 
sheep at the rate of 1% of DMI resulted in decreased (p = 0.09) methane production 
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by 24, 11, and 23.5% in T. chebula, A. sativum, and the mixture of the two, respec-
tively, when expressed as L/kg digestible DM intake (Patra and Saxena 2010). T. 
chebula is a rich source of tannin (4.89% of DM), whereas A. sativum is rich in 
essential oils. The data indicated that T. chebula was more effective as compared to 
garlic. The reason for low A. sativum activity might be due to the instability of alli-
cin, the main secondary metabolite responsible for antimicrobial activity.

In another experiment, a mixture of three plants (Mix 3) fed to buffalo calves at 
the rate of 1, 2, and 3% of DMI resulted in a dose-dependent inhibition in methane 
emission (l/kg DDM) since percent inhibition increased with an increase in dose of 
the feed additive (Chaudhary and Sirohi 2009) without affecting dry matter digest-
ibility at any of the levels of feed additives tested. The VFA and fiber-degrading 
enzyme activities were not affected, whereas there were a few changes in the rumen 
microbial profile as estimated by real-time PCR, but these were not responsible for 
any significant change in rumen fermentation. Many other experiments with grow-
ing animals have been conducted, out of which a few of these experiments have 
been listed in Table 13.4.

Table 13.3 Effect of plant extracts on inhibition of in vitro methanogenesis∗

Plant
Common 
name Plant part In vitro inhibition of methanogenesis (%)

Ethanol 
extract

Methanol 
extract Water extract

Acacia concinna Shikakai Seed pulp 5.32 17.60 19.61
Allium cepa Onion Bulb 8.76 16.38 32.64
Allium sativum Garlic Bulb 61.31 69.73 19.88
Azadirachta indica Neem Seed cake 34.59 21.89 −14.80
Cannabis indica Bhang Leaves 34.42 30.67 3.33
Citrus limonum Lemon Peel extract 12.90 8.67 11.84
Emblica officinalis Amla Seed pulp 19.51 27.68 −26.69
Eugenia jambolana Jamun Leaves 5.61 24.27 5.66
Foeniculum vulgare Fennel Seed 39.42 70.72 −14.54
Mangifera indica Mango Leaves 23.17 35.67 9.15
Populus deltoides Poplar Leaves 8.49 85.86 −7.72
Psidium guajava Guava Leaves 81.79 9.29 9.44
Quercus incana Oak Leaves −1.37 29.53 4.18

Sapindus mukorossi Soapnut Seed pulp 95.80 20.18 39.40
Syzygium 
aromaticum

Clove Flower bud 46.96 85.61 2.37

Terminalia belerica Baheda Seed pulp 5.54 28.11 13.18
Terminalia chebula Harad Seed pulp 58.54 99.79 6.43
Trachyspermum 
ammi

Ajwain Seed 42.28 −2.68 −11.35

Adapted from Patra et al. (2006)∗, Agarwal et al. (2006), and ∗Kamra et al. 2008.
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The results of experiments conducted so far with plant secondary metabolites 
indicate that there are some plants, which appear to have a good potential for use as 
a feed supplement to inhibit methane emission in the ruminants. There might be 
many more such plants which have not yet been tested. Therefore, screening of 
plants should be a continuous process to search for more useful plants, which can be 
used for rumen manipulation. In the secondary screening process, only selected 
plants should be tested in in vivo experiments to examine their potential for practi-
cal application.

13.7  Relation between Hydrogen Producers 
and Methanogens

Yak is a lower methane producer than cattle, in spite of the fact that both animals are 
fed similar diets and there are only small variations between the microbiomes of 
both animals. The methane and hydrogen yields in yak vs cattle are 0.26 vs 
0.33 mmol methane/g dry matter intake and 0.28 vs 0.86 mmol/d hydrogen genera-
tion. Hydrogen recovery from cattle was significantly higher than that from yak (Mi 
et al. 2017). The relative abundance of methanogens was not different between the 
two animal species. It was hypothesized that more H2 production is the reason for 
the higher methane emission in cattle as compared to yak. Kittlemann et al. (2013) 
were of the view that abundance of fibrolytic bacteria (major hydrogen producers) 
is related to the methanogen communities and consequently with methane produc-
tion. Therefore, the abundance of methanogens does not have a direct correlation 

Table 13.4 Effect of plant extracts on inhibition of in vivo methane production (l/kg DDMI)

Plant
Methane 
inhibition (%)

Body weight 
gain (%) Animal References

Anti-methane 32 – Buffalo Kamra et al. 
(2010)a

Methane-suppressor 23 16 Buffalo Kamra et al. 
(2012)a

BEO (blend of essential oils) 14.6 7.4 Buffalo Yatoo et al. 
(2018)

Terminalia chebula 24.6 – Sheep Patra et al. 
(2011)

Ajwain oil and lemongrass oil 
in 1:1 ratio

16.7 No effect Buffalo Samal et al. 
(2016)

Garlic and soapnut in 2:1 ratio 12.9 No effect Buffalo
Garlic, soapnut, Harad and 
ajwain in 2:1:1:1 ratio

8.4 No effect

Ficus benghalensis leaves 21.8 Sheep Malik et al. 
(2017)Artocarpus heterophyllus 

leaves
20.6 Sheep

Azadirachta indica leaves 24.07 Sheep
aPatents submitted
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with methane production, but the partial pressure of hydrogen is more important. 
Minimizing metabolic H2 production in the rumen might reduce the availability of 
H2 to methanogens. Suppression in ruminal H2 producers is usually accompanied 
with a concurrent decrease in feed fermentation. This can be achieved by the inten-
sification of propiogenesis and rumen biohydrogenation or promoting reductive 
acetogenesis in the rumen. Targeting H2 utilizing protozoa or other microbes 
accountable for interspecies H2 transfer to the methanogen can be a fruitful strategy 
to reduce methane emissions.

An Australian animal, the tammar wallaby (Macropus eugenii) harbors unique 
gut bacteria and produces 20% of the amount of methane produced by ruminants 
per unit of digestible energy intake. Pope et al. (2011) isolated a dominant bacterial 
species (WG-1) from wallaby which was affiliated to the family Succinivibrionaceae 
and implicated in lower methane emissions from starch-containing diets. Pure-
culture studies confirm that the bacterium is capnophilic and produces succinate, 
further explaining a microbiological basis for lower methane emissions from mac-
ropodids. The abundance of WG-1 is variable in samples collected from animals in 
winter and spring; their results show that these bacteria will be numerically domi-
nant when the plane of nutrition is rich in starch and soluble sugars.

As discussed above, hydrogen produced during fermentation of feed is respon-
sible for methane production in the rumen, and the minimized metabolic H2 produc-
tion during enteric fermentation and diversion of H2 away from the methanogenesis 
might result into useful energy-rich metabolites.

The most important process of methane reduction is killing of unproductive ani-
mals; this approach is neither ethical nor possible in India where the slaughter of 
cattle is not permissible in some of the states of country. Minimizing metabolic H2 
production in the rumen might reduce the availability of H2 to methanogens. 
Suppression in ruminal H2 producers is usually accompanied with concurrent 
decrease in feed fermentation and diversion of metabolic H2 away from methano-
genesis. This can be achieved by the intensification of propiogenesis and rumen 
biohydrogenation or promoting reductive acetogenesis in the rumen. Targeting H2-
utilizing protozoa or other microbes accounts for interspecies H2 transfer to the 
methanogen which could be a good alternate for eradicating enteric methane emis-
sion. However, a significant reduction in rumen ciliates might lead to reduced fiber 
degradation. Another important way to tackle the emission of methane is to directly 
target rumen archaea through various approaches. By doing so, the enteric methane 
emission will decrease, and additional H2 will also be adequate to stimulate alter-
nate hydrogenotrophic pathways, i.e., reductive acetogenesis.

13.8  Future Perspectives

Although a large number of plants have been tested for their potential to reduce 
methanogenesis and/or increase degradability of feed under in vitro conditions, a 
few of them either alone or in combination have been evaluated in in vivo conditions 
and have been found that these plants containing secondary metabolites can cause 
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20–30% decrease in methane emission and result in improved growth rate of ani-
mals by 8–10% as compared to control animals. Therefore, further studies are 
required for screening more plants and feeding them in large number of animals for 
a longer duration for practical application to achieve eco-friendly and economic 
livestock production.
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Abstract
Fusarium head blight is a destructive disease of all small grain cereals world-
wide. More than ten Fusarium species cause the diseases; F. graminearum and F. 
culmorum are the major causal agents in European, Asian and American conti-
nents. The disease leads to losses in crop quality and quantity including contami-
nation with mycotoxins in particular class B-trichothecenes. Class 
B-trichothecenes include deoxynivalenol (DON), nivalenol (NIV) and their acet-
ylated derivatives (15-acetylated deoxynivalenol (15-ADON), 3-acetylated 
deoxynivalenol (3-ADON) and 4-acetylated nivalenol (4-ANIV). Distributions 
of these toxin profiles have been detected in many regions around the world. 
15-ADON, F. graminearum and wheat seem to have been the major chemotype, 
causal agent, and host plant, respectively. Moreover, more than five host plants 
including barley, rice, and maize, which are economically important, have been 
associated with Fusarium spp. 3-ADON chemotype is predominating Northern 
Europe, while NIV chemotype has been reported as locally predominating pro-
file in certain geographic regions. Current modern techniques including PCR and 
chromatographic analysis present reliable, fast, and informative output data 
worldwide. Since the toxicity of mycotoxins, aggressiveness of species, and scab 
resistance of host plants vary, chemotyping studies could efficiently contribute to 
disease management strategies.
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14.1  Introduction

Plants are interacting with other organisms (bacteria, fungi, nematodes and several 
others) and environmental factors (humidity, temperature, light, etc.) throughout 
their life. Under particular/specific conditions, the incidence of diseases could occur 
as a result of these interactions. Phytopathogenic organisms could lead to devastat-
ing diseases on economically important plants when favourable temperature and 
moisture conditions and susceptible host are present (Dyakov et al. 2007).

Infection of plants by phytopathogenic fungi causes yield losses and reduction in 
crop quality and quantity. By this way, economic loss occurs, and the losses could 
reach millions of dollar even in  local areas (Salas et  al. 1999; Windels 2000). 
Besides, mycotoxins, produced by fungal pathogens that accumulate in crops and 
contaminated food and live feed, are hazardous for human and animals. Some of 
these toxic molecules have a stable structure even when they are exposed to elevated 
high temperatures (Gutleb et al. 2002; Lauren and Smith 2001). Thus, the contami-
nation possibility of crops by these stable molecules and disease epidemics could 
reach high levels. Characterization of fungal diseases and mycotoxins is significant 
in terms of treatment strategies for diseases and the development of specific diag-
nostic approaches. Here we describe the class B-trichothecene profiles in Fusarium 
spp. associated with head blight disease.

14.2  Fusarium Head Blight

Fusarium head blight (FHB), also known as scab of wheat or ear blight of maize, is 
one of the most serious fungal diseases worldwide. The disease is at first reported in 
England in the year 1884, and it is associated with all small grain cereals in particu-
lar wheat, barley and maize (Goswami and Kistler 2004; Parry et  al. 1995). In 
Russian Far East, FHB was reported already in 1882 (Yli-Mattila and Gagkaeva 
2016), and even long before this year, poisoning of local animals and people has 
occurred. The disease has devastating effects on wheat and barley especially in 
humid and semi-humid areas throughout the world (Bai and Shaner 2004). FHB 
leads to yield losses and reduction in quality and quantity of cereals. The disease 
becomes widespread because of changes in climatic conditions, crop rotations, and 
other agronomic practices (Bottalico and Perrone 2002; Miedaner et al. 2008; Parry 
et al. 1995; Saharan et al. 2004). As a result of epidemics, billion dollars of losses 
have been recorded in a great number of countries (Bai and Shaner 2004; Lori et al. 
2009; Windels 2000). Especially in the 1990s, losses arising from FHB of wheat 
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were estimated over $3 billion in more than 10 states in America and Canada. An 
example is that from the year 1993 to 1998 where economic losses was reached 
$300 million in Manitoba. Similar economic losses have also been recorded in 
European and Asian countries (Bai and Shaner 2004; Windels 2000).

During the last years, FHB epidemics on maize, wheat, barley and oats were 
reported by several researchers in Asian (Ji et al. 2007; Li et al. 2009; Yörük and 
Albayrak 2012), European (Gagkaeva and Yli-Mattila 2004; Jennings et al. 2004a, 
b; Yli-Mattila and Gagkaeva 2010, 2016; Yli-Mattila 2012) and American (Scoz 
et al. 2009; Walker et al. 2000) continents which harbour more than half of human 
community. Besides, causal agents of head blight were isolated from scabby kernels 
planted in Australia and North Africa (Kammoun et al. 2010; Obanor et al. 2010). 
The disease has become a leading threat to agronomy worldwide, and efforts have 
been currently tried to develop novel strategies against the disease.

All small grain cereals are potent host for FHB causal agents. If favourable tem-
perature, moisture and host plant are available, FHB pathogens could infect cereals 
at different stages in the host plant’s life. After the flowering stage, the anthesis is 
the most common time to be infected by pathogen microorganisms (Bai and Shaner 
2004; Parry et al. 1995). Disease symptoms are similar in different cereals. Shrivelled 
kernels and accumulation of mycotoxins, in particular, deoxynivalenol (DON), 
nivalenol (NIV), and their acetylated derivatives, are two characteristics of the dis-
ease (Saharan et al. 2004). At the same time, DNA levels of F. graminearum and 
other Fusarium species are increased (Yli-Mattila and Gagkaeva 2010; Yli-Mattila 
and Gagkaeva, 2016). First, symptoms are seen as the brown small lesions that 
occurred along rachis and glumes. This is followed salmon pink to red fungal 
growth, which could be easily seen along the spike. Discoloration spreads along 
spikelet. At the later stage of the disease, kernels become shrunken (Fig. 14.1), and 
even spikes could have no grain (Parry et al. 1995).

The infection causes field losses. The level of yield losses could depend on sev-
eral factors. Genotypic characteristics of fungal pathogens and natural resistance 
level of host plants are the most important factors (Bai and Shaner 2004; Parry et al. 
1995; Saharan et al. 2004). Quellet and Seifert (1993) initiated genotyping studies 
by using random-amplified polymorphic DNA (RAPD) and polymerase chain reac-
tion (PCR) markers in Fusarium graminearum isolates associated with head blight 
in Canada. More than two decades ago, Fusarium species were isolated from scabby 

Fig. 14.1 Shrivelled 
kernels obtained from 
scabby barley spikes in 
Çorum region of Turkey 
(four grains left side) and 
healthy kernels of 
Hordeum vulgare L. cv. 
Tokak157/37
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spikes, and genetic variation in local and global isolate collections was investigated 
by many authors (Chehri et al. 2011; Chung et al. 2008; Gürel et al. 2010; Laday 
et al. 2004; Mishra et al. 2006; Yli-Mattila 2010; Yörük and Albayrak 2013). Genetic 
characterization studies are indirectly important in terms of development of the 
novel disease control strategies, and the number of genotyping studies is being 
increased day by day. The second factor is the resistance level of the host plant. The 
number of highly FHB-resistant cultivars is limited, and Triticum aestivum L. cv. 
Sumai-3 is the most widely used and well-known resistant host (Anand et al. 2003; 
Bernardo et al. 2007; Wisniewska and Kowalczyk 2005). Five (I–V) types of resis-
tance to FHB are present in wheat. Type I resistance is associated with the percent-
age of spikelets with symptoms. Type II resistance is the number of infected 
spikelets below the inoculation initiation point. The remaining resistance levels are 
not directly quantified. However, damaged kernels, mycotoxin tolerance and accu-
mulation levels are the markers for these remaining three resistance levels (Bai and 
Shaner 2004; Foroud and Eudes 2009). Since the development of plant varieties 
resistant to head blight with favourable agronomic traits is hard and time- consuming, 
approaches including genetic characterization of FHB pathogens, mycotoxin mea-
surement, DNA measurements by qPCR and chemotyping and genetic manipula-
tions in pathogen in particular quelling of mycotoxigenic genes seem to be more 
useful and beneficial.

14.3  Fusarium Species Associated with FHB

Fusarium genus has been linked to head blight and ear blight of all small grain 
cereals.

Fusarium genus was first described by Link (1809: Mag.Ges. Naturf. Freunde, 
Berlin 3:10), and sanctioned under Fries1821.Fusarium genus is a member of phy-
lum Ascomycota. The genus whose natural habitat is soil could survive in depth up 
to 1 metre of soil (Goswami and Kistler 2004; Parry et al. 1995). Optimum pH and 
temperature ranges are 5–7 and 24–32 °C, respectively, and species can adapt to low 
temperature ranges and could carry on producing mycotoxins (Doohan et al. 1999; 
Yörük and Albayrak 2014). Also, infected host species shows great variation among 
the genera. While several species have potential to infect a wide range of plants 
which are not closely related including ornamental to forest plants without distin-
guishing organs, some others have limited host species including cereals (Leslie and 
Summerell 2006). The genus has more than 50 species. However, Fusarium head 
blight disease is associated with 17 Fusarium species, Fusarium graminearum spe-
cies complex and Microdochium nivale (Bottalico and Perrone 2002; Davari et al. 
2013; Larone 2011; Saharan et al. 2004). Fusarium graminearum and F. culmorum 
are reported as major causal agents of FHB and ear blight diseases worldwide (Bai 
and Shaner 2004; Miedaner et al. 2008; Parry et al. 1995).

Fusarium graminearum (anamorph) is the major causal agent of FHB in many 
regions worldwide. The teleomorph of this fungus is Gibberella zeae. In the future, 
only one name should be used for each fungal species (Hawksworth 2011). 
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According to Geiser et al. (2013), the anamorph name Fusarium should be used as 
the only genus name for all Fusarium species instead of different teleomorph names, 
including Gibberella.

Fusarium graminearum is particularly reported as primary FHB pathogen in 
many countries located in Asia including China (mainly F. asiaticum), Iran and 
Turkey (Haratian et al. 2008; Ji et al. 2007; Tunali et al. 2006), America including 
the USA and Canada (Goswami and Kistler 2004; Mishra et al. 2004; Salas et al. 
1999) and most countries in Europe including Germany, Russia, Hungary, etc. 
(Miedaner et al. 2001, 2008; Yli-Mattila 2010; Yli-Mattila and Gagkaeva 2016). As 
it is in many fungal species, the haploid phase is predominant in the life cycle of F. 
graminearum. The genome of homothallic species possesses two mating type 
alleles, MAT-1 and MAT-2 (Kerényi et al. 2004). This hemi-biotrophic fungal spe-
cies is predicted as a model organism, and life cycle could be completed in 2 weeks 
in laboratory conditions (Bowden and Leslie 1999; Trail et al. 2002). Genome proj-
ect of F. graminearum was released in the year 2006. Two strains, PH-1 and GZ3639, 
were used in plasmid, fosmid and bacterial artificial chromosome vectors derived 
from whole genome sequencing process, and genome size was noted as 36.1 Mb 
comprising of 13,939 genes, 37,575 exon regions and 48.33% GC content. In regard 
to genome profiles of closely related fungi whose genome projects have been com-
pleted including Neurospora crassa, Magnaporthe grisea, Aspergillus nidulans, F. 
oxysporum and F. verticillioides, F. graminearum genome possesses genes associ-
ated with transcription factors, hydrolytic enzymes and transmembrane proteins 
with high number. Single nucleotide polymorphism (SNP) frequency between two 
strains is detected as 0–17.5 SNP/kb according to normalization analysis, and telo-
mere regions include SNPs with high frequency. Moreover, a limited number of 
microsatellite and transposon regions have been linked to repeat-induced point 
mutation (RIP). Microarray and bioinformatics analysis showed that the species 
include 382 species-specific genes and 1368 functionally characterized genes, and 
10,000 EST records were deposited in the National Center for Biotechnology 
Information database (Cuomo et al. 2007; Trail 2009).

Morphological and molecular investigations resulted in interesting and useful out-
put about the taxonomy of Fusarium graminearum species. Aoki and O’Donnell 
(1999) described a new Fusarium species, F. pseudograminearum, which is formerly 
known as F. graminearum population 1. This novel species recognition was supported 
by data associated with differences in colony growth rate, conidia width, absence of 
homothallic perithecia and also β-tubulin gene sequence data. Moreover, detailed 
researches on the primary causal agent of FHB, F. graminearum, lead to discovering 
of lineage differentiation and/or recognition of species complex for this fungus. F. 
graminearum species complex is comprised of phylogenetically different species with 
undistinguishable morphological characteristics, distinct chemotypes, and agro-eco-
logical origins (Wang et al. 2008, 2011). O’Donnell et al. (2000) recognized seven 
different clades of F. graminearum species with distinct genetic structure and geo-
graphical distribution by characterization of nucleotide sequence belonging to six 
nuclear genes. Lineages 2, 3, and 5, lineages 1 and 4 and lineages 6 and 7 were fre-
quently observed in African, American and Asian continents, respectively. 
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RAPD-derived SCAR and restriction fragment length polymorphism markers were 
adopted in lineage differentiation (Carter et al. 2002). Later these lineages were called 
phylogenetic species. At the moment 15 phylogenetically distinct species have been 
recognized among F. graminearum species complex via multilocus genotyping and 
molecular marker technologies (O’Donnell et al. 2000; Wang et al. 2008; Yli-Mattila 
et al. 2009). F. graminearum sensu stricto (F. graminearum s.s.) is distributed world-
wide, whereas the remaining species are spread among restricted agro- ecological 
regions. F. asiaticum, F. vorosii, F. nepalense and F. ussurianum seem to be endemic 
to Asia, while F. austroamericanum, F. meridionale, F. cortaderiae, F. brasilicum, F. 
boothii, F. mesoamericanum, F. louisianense and F. gerlachii are specific to America, 
and F. acacia-mearnsii and F. aethiopicum are specific to Africa and Oceania. 
Prevalence of these species could vary dramatically in association with the geographic 
region, chemotype and host species. However, F. asiaticum has been detected in North 
America, South America and Europe (Przemieniecki et al. 2014).

In F. graminearum and F. asiaticum, the chemotype profile includes all three 
chemotypes, and in five species the chemotype profile includes 3-ADON and NIV, 
while only 3-ADON, 15-ADON or NIV chemotype has been detected in the rest of 
the species (Astolfi et al. 2011; Boutigny et al. 2011; Fernández-Ortuño et al. 2013; 
Gale et al. 2011; Karugia et al. 2009; Nielsen et al. 2012; O’Donnell et al. 2008; 
Pasquali and Migheli 2014; Sampietro et al. 2011; Wang et al. 2008, 2011; Zhang 
et al. 2012). Distribution of chemotypes among F. graminearum species complex 
is variable according to each species. To our knowledge, NIV chemotype is not 
represented by each species of F. graminearum species complex (Przemieniecki 
et al. 2014). Isolates of F. graminearum s.s. and F. asiaticum belonging to three 
class B-trichothecene chemotypes have been recorded, whereas 3-ADON and 
15-ADON distribution shows great variation for the remaining species (Table 14.1). 
Similarly, wheat, barley and maize have shown to be hosts of F. graminearum s.s. 
and F. asiaticum. 3-ADON and 15-ADON chemotypes of F. graminearum s.s. have 
also been found in oats (Yli-Mattila et al. 2009; Yli-Mattila and Gagkaeva 2010). 
Some of the remaining 13 species have not associated with maize or barley. 
However, this could depend on the restricted and limited number of isolates studied 
and characterized on these 13 species (Desjardins and Proctor 2011; Fernández-
Ortuño et al. 2013; Pasquali and Migheli 2014; Wang et al. 2011; Yli-Mattila and 
Gagkaeva 2010).

Fusarium culmorum is the secondary predominant pathogen of Fusarium head 
blight worldwide, and it is phylogenetically closely related to F. graminearum spe-
cies complex. Necrotrophic Fusarium culmorum has a wide range of host species 
compared to F. graminearum, and it also causes several diseases in addition to 
FHB and root rot (Hornok et al. 2007; Scherm et al. 2011). Fusarium culmorum 
isolates were obtained from scabby kernels planted in many geographically  
different regions (Bakan et  al. 2002; Chung et  al. 2008; Jennings et  al. 2004b; 
Kammoun et al. 2010; Miedaner et al. 2001; Scherm et al. 2011; Scoz et al. 2009; 
Tunali et al. 2006). Especially, F. culmorum has been prevalent in several European 
countries, and the species has been predominating especially in regions with cooler 
climatic conditions compared to F. graminearum which has been predominant in 
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warmer and more humid regions. However, generalization about F. graminearum/F. 
culmorum with warmer/cooler regions could not be always accurate because F. 
graminearum has been replacing F. culmorum in cereals in Northern Europe (Bai 
and Shaner 2004; Bottalico and Perrone 2002; Parry et  al. 1995; Saharan et  al. 
2004; Yli-Mattila 2010; Yli-Mattila et al. 2013). No sexual stage has been reported 
in F. culmorum, but presence of parasexual stage has been suggested by Miedaner 
et al. (2001, 2008). Only 3-ADON and NIV chemotypes of F. culmorum have been 
found (e.g. Yli-Mattila and Gagkaeva 2010). Even if there is no released genome 
project of F. culmorum, output related to genome information of F. culmorum 
FcUK99 strain which is 3-acetyldeoxynivalenol (3-ADON) producer has been cur-
rently accumulated (Baldwin et al. 2010; Scherm et al. 2011). Moreover, nucleo-
tide sequences of specific genes, microsatellite markers, RNA polymerase enzyme 
genes, genes associated with mycotoxin production, and pathogenicity-related 
genes have been released on NCBI database.

In addition to two global head blight causal agents, F. graminearum and F. cul-
morum, F. sporotrichioides, F. poae, F. pseudograminearum and F. cerealis are 
reported to be primary trichothecene-producing pathogens associated with FHB 
worldwide. These species are generally co-isolated from scabby plants with F. gra-
minearum and F. culmorum. Predominancy of these species could be correlated 
with alterations in climatic conditions in local agro-economic regions and changes 
in crop rotations. Studies on these four species are still limited, and present studies 

Table 14.1 Generalized chemotype profile and suggested origin for the species of F. graminearum 
species complex

Species Origin
Host Chemotype
Wheat Maize Barley 3-ADON 15-ADON NIV

F. graminearum s.s. Cosmopolitan + + + + + +
F. asiaticum Asia + + + + + +
F. vorosii Asia + nra + nr + nr
F. ussurianum Asia + nr + + nr nr
F. nepalense Asia + + nr nr + nr
F. 
austroamericanum

South America + + + + nr +

F. meridionale South America + + + nr nr +
F. cortaderiae South America + + + + nr +
F. brasilicum South America + nr + + nr +
F. boothii Central 

America
+ + + nr + nr

F. mesoamericanum Central 
America

nr nr nr + nr +

F. gerlachii North America + nr nr nr nr +
F. louisianense Central 

America
nr nr nr nr nr +

F. acacia-mearnsii Africa/Oceania + nr nr + nr +
F. aethiopicum Africa + nr nr nr + nr

anr means there is no present report about specific host or chemotype
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have been focused on genotyping and chemotyping (Chandler et al. 2003; Chung 
et al. 2008; Dinolfo et al. 2010; Isebaert et al. 2009; Mishra et al. 2006; Osborne and 
Stein 2007; Tomczak et al. 2002). Moreover, no genome project or genetic manipu-
lation studies revealing functions of specific genes as reported in F. graminearum or 
F. culmorum (Brown et al. 2002; Chandler et al. 2003; Kim et al. 2008; Lee et al. 
2001) have been published in these four species or in the remaining FHB-related 
Fusarium species (except for F. avenaceum and F. langsethiae, Lysøe et al. 2016a, 
b). However, even if these species have been represented by low infection frequen-
cies in cereals, dramatic and negative effects on economy, mycotoxin contamination 
profiles and yield loss ranges have been almost similar to that in F. graminearum 
and F. culmorum (Bai and Shaner 2004; Bottalico and Perrone 2002; Saharan et al. 
2004; Windels 2000). F. sambucinum and F. equiseti are also class B-trichothecene 
producer phytopathogens. Studies on their chemotype distribution determination 
have been currently limited. However, they have been used in general molecular 
genetic studies including mycoprotein production, species-specific identification, 
trichothecene production analysis, mating type analysis, etc. (Adejumo et al. 2007; 
Desjardins and Beremand 1987; Jurado et al. 2005; Kristensen et al. 2007; Miller 
and Mackenzie 2000).

14.4  Mycotoxins Produced by Causal Agents of FHB

Mycotoxins are secondary metabolites that are produced by fungi. These metabo-
lites have toxigenic effects on both prokaryotic and eukaryotic organisms. Fusarium 
genus is one of the five main mycotoxin producer fungal genera (Gutleb et al. 2002; 
Niessen 2007). Fusaria produces several types of mycotoxins including trichothe-
cenes, zearalenone, fumonisin, fusarins, butenolid, enniatins and others. Seven 
mycotoxin biosynthetic pathways have been reported in Fusaria, including com-
mon genes associated with secondary metabolite production such as polyketide syn-
thase, terpene cyclase, cyclic peptide synthetase and cytochrome P450 (Desjardins 
and Proctor 2007). However, it should be mentioned that intraspecific variation in 
terms of mycotoxins produced and chemotype profiles occurs in different Fusarium 
species.

For example, F. avenaceum isolates have a potential to produce enniatins and 
moniliformin, whereas F. graminearum produces class B-trichothecenes and zeara-
lenone. The interspecific variation among Fusarium species surely results in differ-
ent levels of agronomic losses since mycotoxins produced show diversity in toxicity 
(Kimura et al. 2007; Ryu et al. 1988). Another important note is that Fusarium spe-
cies co-produce mycotoxins meaning that more than one mycotoxin type accumulate 
on small grain cereals. Despite that, produced mycotoxin profiles for species are 
generally known and specific. Fusarium graminearum, F. culmorum and most other 
Fusarium sp. associated with FHB mainly produce class B-trichothences, zearale-
none, fusarin C and butenolide, and the most commonly accumulated on cereal 
mycotoxin are deoxynivalenol, nivalenol, and their acetylated derivatives. Class 
A-trichothecenes include T-2 and HT-2 mycotoxins with more toxigenic effects 
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according to class B-trichothecenes (Desjardins and Proctor 2007; Foroud and Eudes 
2009). The most important class A-trichothecene producers in cereals are F. spo-
rotrichioides, F. langsethiae, which have been mainly found in Europe, and F. sibiri-
cum, which has been mainly found in Asia (Yli-Mattila et al. 2011, 2013, 2015).

14.5  Class B-Trichothecenes and tri5 Gene Cluster

Trichothecenes are sesquiterpenoid secondary metabolites consisting of incorpo-
rated cyclohexane/tetrahydrofuran circles. These molecules are classified into four 
groups: class A-, B-, C- and D-trichothecenes. Class A- and B-trichothecenes 
include more than 100 variants (Foroud and Eudes 2009; Sudakin 2003). Most fre-
quently isolated types are class A- and B-trichothecenes, and class A molecules 
differ from class B-trichothecenes by possessing an additional carbonyl group at 
C-8 position. Trichothecenes carry five functionally different groups, and generally 
hydroxyl and acetyl groups are possessed at these positions (Table 14.2).

T-2 toxin is the major mycotoxin of class A-trichothecenes, whereas deoxyniva-
lenol is the main class B-trichothecene (Foroud and Eudes 2009; Sudakin 2003). 
Farnesyl pyrophosphate is a primary metabolite of all kinds of trichothecenes, and 
formation of the final product depends on the expression of different genes located 
in trichothecene biosynthetic gene cluster known as tri5 gene cluster (Hammond- 
Kosack et al. 2004; Kimura et al. 2007).

Class B-trichothecenes are also known as phytotoxins. Class B-trichothecenes 
are accumulated on cereals, and they are resistant to degradation by high tempera-
ture conditions; they protect their stable structure even in food processing condi-
tions. They are harmful to both plants and also for human and animals. They are 
potential eukaryotic protein synthesis inhibitors by binding ribosomes. Moreover, 
mortal and chronic toxicoses are caused by feeding with these mycotoxins (Gutleb 
et al. 2002; Rotter et al. 1996; Sudakin 2003). These toxins are produced by several 
species including F. graminearum, F. culmorum, F. poae, etc. Fusarium isolates 
and strains producing class B-trichothecenes are divided into two main chemo-
types as deoxynivalenol (DON) and nivalenol (NIV) profiles. This phenomenon on 
class B-trichothecene classification is also detailed in three chemotypes and/or 
sub- chemotypes as (1) 3-acetylateddeoxynivalenol (3-ADON) and DON, (2) 
15- acetylated deoxynivalenol (15-ADON) and DON and (3) NIV and 4-ANIV 
(Brown et al. 2002; Chandler et al. 2003; Jennings et al. 2004a, b; Ji et al. 2007; 

Table 14.2 Five side chains of class B-trichothecenes

Class B-trichothencenes
C position
C-3 C-4 C-15 C-7 C-8

DON -OH -H -OH -OH =O
3-ADON -OA -H -OH -OH =O
15-ADON -OH -H -OA -OH =O
NIV -OH -OH -OH -OH =O
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Lee et al. 2002; Miller et al. 1991; Wang et al. 2008; Yörük and Albayrak 2012). 
Deoxynivalenol mycotoxin is a characteristic mycotoxin in class B-trichothecenes, 
and this molecule deoxy is at C − 4 position (Fig. 14.2).

Class B-trichothecenes and the remaining trichothecenes are produced by fungus 
as a result of the expression of genes located in tri5 gene cluster. Several research 
groups and laboratories have defined this gene cluster in class B-trichothecene pro-
ducers F. graminearum strains and in class A-trichothecenes producer F. spo-
rotrichioides strains (Brown et  al. 2004; Hammond-Kosack et  al. 2004; Isebaert 
et al. 2009; Kimura et al. 2003; Lee et al. 2002).

F. graminearum strains H-11 (15-ADON producer) and F15 (3-ADON pro-
ducer), F. graminearum 88–1 strain (NIV producer) and F. sporotrichioides strain 
NRRL 3299 (T-2 toxin producer) were subjected to tri5 gene cluster characteriza-
tion studies (Brown et al. 2001; Kimura et al. 2003; Lee et al. 2001; Lee et al. 2002) 
(Table 14.3). Moreover, in the following years, tri5 gene cluster in many strains of 
F. graminearum was sequenced totally, and interesting results were obtained in par-
ticular gene cluster size and number of genes located (see http://www.ncbi.nlm.nih.
gov/nuccore/?term=tri5+gene+cluster). Three major differences were reported in 
tri5 gene cluster of totally sequenced reference strains: (1) total size of the gene 
cluster, (2) full deletion of some genes and (3) functional activity of definite genes 
in specific chemotype profiles. The complete size of tri5 gene cluster in three F. 
graminearum strains H-11, 88–1 and GZ3639 is 27,022, 30,159 and 57,840  bp, 
respectively. This situation is directly associated with specific chemotype profiles, 
and it is due to the presence of pseudogenes, insertion/deletions and completely 
deletion in genes (Brown et al. 2004; Chandler et al. 2003). Besides, the number of 
genes essential in the last metabolite production is variable in strains.

However, essentially expressing genes for all kinds of different trichothecenes 
could be accepted as stable. tri3, tri4, tri6, tri5, tri10, tri9, tri11, tri12 and tri14 
genes (Fig. 14.3) were reported to critical genes in 3-ADON, 15-ADON and NIV 
chemotypes (Kimura et al. 2003, 2007). Figure 14.3 shows locations and function-
ality of genes. All genes located in essential 3-ADON, 15AcDON and NIV produc-
tion are illustrated as filled boxes; tri13 and tri7 which are not essential in DON 
production are shown as null boxes (Fig. 14.3).

But Alexander et al. (2011) also reported that even if tri3 is expressed in all three 
chemotypes, 3-ADON producers do not require tri3 expression. tri5 gene cluster is 
comprised of totally 12 genes including transporter, pathway and regulatory genes. 
Properties of genes located in the core gene cluster are mentioned in Table 14.3.

Fig. 14.2 Schematization 
of DON molecule 
generated by ChemOffice 
software V14 (Cambridge, 
England)
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The information given in Table 14.2 is generated from data currently deposited 
in NCBI database and also former literature (Goswami and Kistler 2004; Kimura 
et al. 2003, 2007). tri101 gene and tri1/tri6 gene cluster are independently located 
outside of the core gene cluster, and they are also involved in trichothecene produc-
tion (Hammond-Kosack et al. 2004; Kimura et al. 2003). The third important sub-
ject is the presence of pseudogenes in different chemotypes. Several researchers 
confirmed that tri7 and tri13 genes are possessed as functional copies on genomes 
of Fusarium isolates of NIV chemotype, whereas isolates belonging to DON che-
motypes carry non-functional copy (mainly 15-ADON chemotype isolates) or do 
not contain the genes (mainly 3-ADON chemotype isolates, Chandler et al. 2003; 
Jennings et al. 2004a; Kimura et al. 2003; Lee et al. 2001; Yli-Mattila 2010; Yli- 
Mattila and Gagkaeva 2010).

Table 14.3 Genes located in core tri5 gene cluster and their activities in F. graminearum strains 
H-11 (LEE et al. 2001), 88–1 (LEE et al. 2002) and F15 (Kimura et al. 2003)

Gene Product
Size in 
bp

Exon/
intron

Activity in three F. 
graminearum strains

H-11
88–
1 F15

tri8 Trichothecene C-3 deacetylase 1334 1/0 +b +b +b

tri7 3-Acetyltrichothecene 
4-O-acetyltransferase

1376 2/1 Xc –d +b

tri3 3-Acetyltrichothecene 
15-O-acetyltransferase

1762 4/3 +b +b !e

tri4 Multifunctional (in four steps) 
oxygenase

1741 4/3 +b +b +b

tri6 Transcription factor 656 1/0 +b +b +b

tri5 Trichodiene synthase 1179 2/1 +b +b +b

tri10 Regulatory protein 1352a 2/1 +b +b +b

tri9 TRI9 with unknown function 131 1/0 !e !e !e

tri11 C-15 hydroxylase 1740 5/4 +b +b +b

tri12 Final product transporter/efflux pump 1904 3/2 +b +b +b

tri13 3-Acetyltrichothecene C-4 
hydroxylase

1801 2/1 Xc Xc +b

tri14 Hypothetical protein 1176 2/1 !e !e !e

ameans the information obtained from AF326571.1 and AY102604.1
b+means expressed gene
cxmeans pseudogene
d–means deleted gene
e!means gene with no crucial expression

Fig. 14.3 Genes located in tri5 gene cluster
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14.6  Review of Developments So Far

Class B-trichothecene chemotype distribution in Fusaria was more frequently 
investigated in F. graminearum and F. culmorum species (Pasquali and Migheli 
2014). Chemotyping studies could be viewed in three approaches. The first approach 
is the identification of fungus’ potential to produce toxin. The second is showing the 
presence of the toxin type. The third is the determination of presence and quantity 
of trichothecene molecules. Mycotoxin production potential could be assessed by 
polymerase chain reaction (PCR) and southern blot (SB) analysis. Precise detection 
of mycotoxin presence is provided by thin-layer chromatography (TLC) analysis. 
Quantity of mycotoxins is also analysed by semi-quantitative thin-layer chromatog-
raphy, gas chromatography/mass spectrophotometer (GC/MS), high pressure liquid 
chromatography (HPLC) and enzyme-linked immunosorbent assay (ELISA) meth-
ods (Haratian et al. 2008; Jennings et al. 2004a; Kim et al. 2003; Kimura et al. 2003; 
Lee et  al. 2001, 2002; Leisova et  al. 2006; Naef et  al. 2006; Tóth et  al. 2004). 
Overall these methods have advantages and disadvantages in comparison by them-
selves. PCR technique gives a fast and reliable result. However, the potential to 
produce toxin does not always mean that the fungus produces mycotoxin since toxin 
production is associated with more than one factor. Similarly, a toxigenic fungus 
which produces mycotoxin in natural conditions may not secrete mycotoxin in 
in vitro laboratory conditions (Alexander et al. 2011). Carter et al. (2002), Tóth et al. 
(2004), and Llorens et al. (2006) reported Fusarium sp. with no or very low amount 
of trichtohecene production. Thus, researchers focused on the combination of two 
or more methods giving reliable results. In general, two chemotype-specific meth-
ods, PCR and GC/MS, are commonly used in trichothecene profiling (Haratian 
et al. 2008; Kim et al. 2003; Lee et al. 2002, 2009). Combined usage of two or more 
methods is important in terms of presenting of more than one mycotoxin production 
since in nature, Fusarium strains/isolates could produce more than one class 
B-trichothecenes (Pasquali and Migheli 2014). However, PCR + HPLC+GC/MS 
(Li et  al. 2005), PCR  +  HPLC+TLC (Kim et  al. 2003, 2008) and PCR  +  GC/
MS + southern blot combinations were also used in chemotyping analysis of fusaria. 
Thus, PCR and chromatographic methods which are fast, reliable and promising are 
currently used in chemotyping analysis alone or together.

Hue et al. (1999) developed PCR assay based on amplification of tri5 gene dis-
tinguishing trichothecene-producing Fusarium spp. However, polymerase chain 
reaction-based or genetic chemotyping has become popular since the year 2001, 
which Lee et al. (2001) first described as genic PCR approach. Great variation in 
core tri5 gene cluster is present in Fusarium sp. strains with different chemotypes. 
Ward et al. (2002) published detailed study including polymorphism among strains 
of F. graminearum species complex dealing with 15-ADON, 3-ADON and NIV 
chemotypes. They reported that polymorphism in specific genes directly associated 
with modification and formation of final trichothecene product is responsible for 3 
class B-trichothecene profiles. As an example, Fig. 14.4 shows CLUSTALW analy-
sis of tri13 gene which is most commonly targeted in chemotype determination 
studies.
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According to the CLUSTALW analysis, functional or non-functional copies 
could be easily predicted in of 88–1, H-11 and F15 strains of F. graminearum dele-
tion/insertion and single nucleotide polymorphisms, which led to functional or non-
functional copies is clearly predicted. The moderate range of average genetic 
similarity values ranging from 66.62 to 75.23% of tri13 gene in 88–1, H-11 and F15 
strains of F. graminearum is an important example of these polymorphisms 
(Fig. 14.4). In addition to studies carried out by Lee et al. (2001, 2002), Chandler 
et al. (2003) and Kimura et al. (2003) reported complete nucleotide sequence infor-
mation of tri5 gene cluster. After the release of nucleotide sequence information of 
genes located in tri5 gene cluster, several authors developed strategies for distin-
guishing three chemotypes in Fusarium isolates belonging to more than five spe-
cies. Lee et al. (2001, 2002) developed generic PCR assays linked to tri7 and tri13 
genes for differentiation of DON and NIV chemotypes. Functional copies of tri7 
and tri13 genes were possessed on genomes of isolates with NIV chemotype. 
However, isolates belonging to 3-ADON and 15-ADON chemotypes have non-
functional (disrupted or deleted) copies of tri7 and tri13 genes. Thus, generic PCR 
assay has been efficiently used.

Similarly, Chandler et al. (2003) and Waalwijk et al. (2003) differentiated two 
chemotypes since isolates of DON chemotypes have tri7 and tri13 genes as disrupted 
or deleted. Several specific PCR primer sets were developed and two strategies were 
aimed. First, differences in PCR amplicon sizes yielded two chemotypes, DON or 
NIV. Second, presence or absence of a PCR band determined two chemotypes. tri3 
have been also targeted by generic PCR assays in further analysis of two 

Fig. 14.4 CLUSTALW analysis of tri13 gene of F. graminearum 88–1 (NIV chemotype), H-11 
(15-ADON chemotype) and F15 strains (3-ADON chemotype). ‘-’ means deletions, ‘∗’ means con-
served nucleotide sequences
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sub-chemotypes of DON profiles, 3-ADON and 15-ADON (Jennings et al. 2004a, 
b). Generic PCR with two primer sets results in two amplicons with different sizes 
which are signs of 3-ADON and 15-ADON chemotypes. Additionally, Wang et al. 
(2008) developed another generic PCR assay including amplification of tri3 gene 
resulting with three amplicons with different sizes. Three PCR profiles differentiated 
three chemotypes NIV, 3-ADON and 15-ADON. Wang et al. (2008) suggested that 
former studies including the presence and absence of a band could give false-nega-
tive results. Moreover, Lee et al. (2002) suggested that in nature, some DON-producer 
isolates could carry a functional copy of tri7 gene even if they did not determine any 
isolate belonging to DON chemotype with functional tri7 gene. Also, some Fusarium 
sp. isolates can produce mycotoxins of two chemotypes or two sub-chemotypes 
(Castañares et al. 2014; Gilbert et al. 2001; Salas et al. 1999). Thus, a PCR-based 
approach requires confirmation by secondary methods in chemotyping 
investigations.

Thin-layer chromatography (TLC) is a basic and fast method for analysis of 
many kinds of secondary metabolites including mycotoxins produced by fungi. The 
method is constructed on the movement of a metabolite in the chromatographic 
system. The system is based on mobile phase including solvent/solvent mixture and 
stationary phase comprising of solid adsorbent (silica or alumina plate). 
Trichothecene chemotypes of Fusarium species including F. graminearum, F. cul-
morum, F. cerealis and F. pseudograminearum were detected by thin-layer chroma-
tography on silica plates with different mixtures of mobile phase (Haratian et al. 
2008; Kimura et al. 2003; Rahmani et al. 2009; Tóth et al. 2004; Trigo-Stockli et al. 
1994; Völkl et  al. 2004). Prompt results on the presence of NIV, 3-ADON and 
15-ADON are obtained with suitable TLC markers in these investigations. Further 
chromatographic analysis or ELISA assays are currently preferred in chemotype 
determination analysis. HPLC and GC/MC methods are reliable and suitable chem-
ical approaches for the class B-trichothecene determination as qualitative and quan-
titative. These methods present precise results, and they have been widely used and 
most frequently preferred in trichothecene profiling studies in Fusarium gra-
minearum, Fusarium culmorum, Fusarium cerealis, F. pseudograminearum and F. 
poae species (Carter et al. 2002; Jennings et al. 2004a, b; Kammoun et al. 2010; 
Kim et al. 2003; Lee et al. 2002, 2009; Li et al. 2005; Llorens et al. 2006; Salas et al. 
1999; Tóth et al. 2004; Walker et al. 2000; Wang et al. 2008). Three strain-specific 
class B-trichothecene profiles were detected by GC/MS and HPLC analysis in 
Fusarium spp., and precise quantification of mycotoxins produced has been also 
detected by these investigations. Bily et al. (2004) have developed the HPLC-based 
method, which is widely used in chemotyping investigations. However, these high- 
quality methods gave rise to the formation of an extraordinary dilemma about ‘a 
Fusarium spp. strain could belong to two chemotypes’ (Carter et al. 2002; Gilbert 
et al. 2001; Pasquali and Migheli 2014; Salas et al. 1999). In these researches, the 
presence of both 15-ADON and also 3-ADON mycotoxins had been detected in 
Fusarium spp. Another theoretical problem is that isolate or strain which is detected 
as non-trichothecene producer in laboratory conditions can be indeed a potential 
producer in nature. Thus, even if more than two methods are used in chemotype 
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determination studies, isolates detected as non-producers could produce trichothe-
cene toxins in natural conditions, or, in other words, false-negative identification 
could be applied to toxin producer isolates. Nevertheless, this situation is rarely 
presented.

In general, usage of just one of these methods or combination of more than one 
method gave information about class B-trichothecene profiles of Fusarium isolates 
worldwide. Especially, fungal samples isolated from diseased kernels planted in 
Asian, European and American countries have been subjected to chemotype identi-
fication studies. In Asia, predominantly Fusarium graminearum species complex 
and also F. culmorum are widely studied in Japan, Iran, Turkey, South Korea, Nepal 
and Syria (Table 14.4).

According to the investigations surveyed on Asian countries, wheat and F. gra-
minearum species complex are the major host and causal agents. Fernández-Ortuño 
et al. (2013) reported F. asiaticum, F. ussurianum and F. vorosii are of Asian clade 
of species complex. These three species have been isolated from wheat and barley. 
Zhang et al. (2012) determined chemotypes of 457 F. graminearum species com-
plex, including F. meridionale, F. graminearum s.s. and F. asiaticum, 10 F. cerealis 
and 1 F. culmorum isolate from China by PCR and HPLC analysis. 3-ADON was 
the prevalent chemotype in Chinese isolates. Similarly, Karugia et al. (2009) deter-
mined F. asiaticum as predominant pathogen in wheat samples with chemotypes of 
NIV (44.7%) and 3-ADON (53.3%). However, it is clear that chemotype distribu-
tion is not clearly associated only with geographic region, species, host and the year 
survey (sample collection year). In South Korea, both major chemotypes were 
detected as predominating in different years (Lee et al. 2009, 2012). But 15-ADON 
chemotype seems to be prevalent in F. graminearum sensu stricto in eastern Asian 
countries, except in Russian Far East (Table 14.4).

Slightly similar results were obtained in studies carried out in North and South 
America countries (Kim et al. 2003; Llorens et al. 2006; Qu et al. 2008; Reynoso 
et al. 2011; Scoz et al. 2009; Carter et al. 2002; Wang et al. 2008). Table 14.5 shows 
different Fusarium species associated with FHB in North and South American con-
tinents. Wheat, F. graminearum and DON/15-ADON seem to be predominating 
host plant, causal agent and chemotype, respectively. However, Salas et al. (1999) 
reported that F. graminearum, F. aveneceum and F. poae have almost equally 
account for the disease, and NIV chemotype is dominant in F. poae. Also, Malihipour 
et al. (2012) proved that NIV chemotype is dominant in F. cerealis isolates from 
Mexico.

In European countries, predominance issue of host plant species, causal agent 
and chemotype is more complicated. Jennings et al. (2004a, b) showed the presence 
of two major causal agents, F. graminearum and F. culmorum, with two main class 
B-trichothecene chemotypes in the UK (Table 14.6). Especially for these two spe-
cies, predominancy could be variable according to/associated with agro-ecological 
regions, climatic conditions, crop rotations, etc. Recently, F. graminearum has been 
spreading to the north in Europe and displacing F. culmorum (Ward et al. 2002; Yli- 
Mattila 2010). In addition to wheat, winter rye, maize, rice and barley are also cur-
rently infected with F. graminearum, F. culmorum, F. poae, F. cerealis and F. 

14 Class B-Trichothecene Profiles of Fusarium Species as Causal Agents…



362

Table 14.4 Class B-trichothecene profile distribution of Fusarium spp. in Asian countries

Author(s) Country(ies) Species Host(s) Method(s)

No of isolates

3-ADON
15- 
ADON NIV

Lee et al. (2001) South 
Korea

Fg Rice PCR, GC/
MS

31a 321

Carter et al. 
(2002)

Nepal Fg Maize, 
rice, 
wheat

GC/MS 26a 10

Kim et al. (2003) South 
Korea

Fg Wheat, 
barley, 
corn

PCR, SB 
GC/MS

34a 76

Li et al. (2005) China Fg Wheat PCR, HPLC 
GC/MS

310a 54

Ji et al. (2007) China Fg Wheat, 
maize, 
barley

PCR 48 203 3

Zhang et al. 
(2007)

China Fg, Fa Wheat PCR 155 91 53

Haratian et al. 
(2008)

Iran Fg Wheat PCR, TLC 11a 46

Qu et al. (2008) China, 
Nepal 
Japan

Fgsc Wheat, 
maize, 
rice

PCR 26 3 10

Suga et al. (2008) Japan Fg, Fa Wheat, 
barley

PCR, GC/
MS

100 13 170

Wang et al. 
(2008)

Nepal, 
China

Fgsc Rice, 
maize, 
Wheat

PCR, HPLC 
GC/MS

6 13 8

Karugia et al. 
(2009)

Japan Fa, 
Fgss

Wheat PCR, HPLC 99 0 84

Yli-Mattila and 
Gagkaeva (2010)
Yli-Mattila et al. 
(2009)

Russia Fg, Fc, 
Fu, Fv, 
Fce

Wheat, 
barley, 
oats

PCR 20/55 26/45 6/0

Yli-Mattila and 
Gagkaeva (2010)

China Fg, Fce Wheat PCR 2 9 4

Desjardins and 
Proctor (2011)

Nepal Fgsc Maize PCR, HPLC 48a 148

Lee et al. (2012) South 
Korea

Fgsc Maize PCR, TLC 438a 54

Ndoye et al. 
(2012)

China Fg, Fa Maize 1 269 350

Shen et al. (2012) China Fg, Fa Wheat PCR 300 182 48
Yörük and 
Albayrak (2012)

Turkey Fg, Fc Wheat, 
maize, 
barley

PCR 20 11 1

(continued)
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pseudograminearum (Miedaner et al. 2001, 2008; Pasquali and Migheli 2014; Yli- 
Mattila et al. 2013). In Finland, Norway and many parts of Sweden, the main host 
of F. graminearum is oats (Yli-Mattila et al. 2013; Yli-Mattila and Gagkaeva 2016). 
A limited number of Fusarium isolates from France, Italy and Germany have been 
investigated in chemotyping studies (Carter et al. 2002; Kimura et al. 2003; Qu et al. 
2008; Tomczak et al. 2002). Nevertheless, Llorens et al. (2006) reported NIV was 
predominating chemotype in F. graminearum, F. culmorum, F. cerealis, F. poae and 
Gibberella fujikuori isolates from Spain. On contrary to global distribution of 
15-ADON, 3-ADON has been reported as prevalent chemotype in some European 
countries including northern Europe (Finland, Sweden, Norway and Northwestern 
Russia) (Yli-Mattila et al. 2009; Yli-Mattila and Gagkaeva 2010, 2016). In Denmark 
3-ADON of F. graminearum is the predominating chemotype in oats, while in other 
cereals the 15-ADON chemotype of F. graminearum is predominating (Nielsen 
et al. 2011, 2012). Thus, it has been suggested that there are two main populations 
of F. graminearum in Europe, of which the 3-ADON population is dominant in 
Central and Southern Europe and has been spreading, e.g. to Denmark, while 
3-ADON chemotype has been dominant in Northern Europe and has recently spread 
from Finland to Northwestern Russia (Yli-Mattila et  al. 2013). It may be that 
3-ADON chemotype is also more specialized to oats, which is more common in 
Northern Europe.

In addition to studies conducted on three major continents, Asia, Europe and 
America, North Africa and Oceania countries have been also subjected to 

Table 14.4 (continued)

Author(s) Country(ies) Species Host(s) Method(s)

No of isolates

3-ADON
15- 
ADON NIV

Zhang et al. 
(2012)

China Fmer, 
Fgss, 
Fa, Fc, 
Fce

Wheat PCR, HPLC 172 176 109

Alkadri et al. 
(2013)

Syria Fg, Fc Wheat PCR, 
HPLC-MS/
MS

4 0 10

Davari et al. 
(2013)

Iran Fg Wheat PCR 3 121 11

Mert-Türk and 
Gencer (2013)

Turkey Fc Wheat PCR 16 39 2

Venkataramana 
et al. (2013)

India Fc Maize PCR, HPLC 54a 34

Yörük et al. 
(2014)

Turkey, 
Iran

Fg, Fc, 
Fps, 
Fpo

Wheat, 
barley

PCR 11 6 0

ameans no further differentiation of DON chemotype
Fg, F. graminearum; Fc, F. culmorum; Fgss, F. graminearum sensu stricto; Fmer, F. meridionale; 
Fps, F. pseudograminearum; Fce, F. cerealis; Fa, F. asiaticum; Fu, F. ussurianum; Fv, F. vorosii; 
Fgsc, F. graminearum species complex
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Table 14.6 Class B-trichothecene profile distribution of Fusarium spp. in European countries

Author(s) Country(ies) Species Host(s) Method(s)

No of isolates

3-ADON
15- 
ADON NIV

Bakan et al. 
(2002)

France Fc Wheat GC/MS 10 3a 0

Carter et al. 
(2002)

France, 
Germany, 
UK,

Fg Wheat GC/MS 13b 1

Hestbjerg 
et al. (2002)

Austria, 
Denmark, 
Norway

Fc Wheat HPLC 77 0 9

Jennings 
et al. 
(2004a)

England, 
Wales

Fg Wheat PCR, 
HPLC

4 76 21

Jennings 
et al. 
(2004b)

England, 
Wales

Fc Wheat PCR 88 0 65

Tóth et al. 
(2005)

Hungary, 
Austria

Fgsc Wheat PCR, 
HPLC

2a 21 0

Qu et al. 
(2008)

France, 
Germany, 
Italy, UK, 
Sweden

Fgsc Wheat PCR 5 17 2

Yli-Mattila 
et al. (2009)

Russia, 
Finland

Fg Wheat, 
barley, oat

PCR 43 43 0

Yli-Mattila 
and 
Gagkaeva 
(2010)

Finland Fg Wheat, 
barley, oat

PCR 12 0 0

Fc Wheat, 
barley

PCR 13 0 0

Russia Fc, Fce Potato, 
cirsium, 
wheat, 
barley

PCR 10 0 1

Germany Fg Oat PCR 0 4 1
Wang et al. 
(2008)

France, 
Germany, 
Italy, UK

Fgsc Wheat, 
barley

PCR, 
HPLC 
GC/MS

0 18 3

Talas et al. 
(2011)

Germany Fgss Wheat PCR 23 311 4

Nielsen 
et al. (2012)

Denmark 22 Fusarium 
sp. with 6 
members of 
Fgsc

Wheat, 
barley, 
triticale, 
rye,
oats

PCR 36 7 11a

(continued)
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Fusarium spp. studies with limited numbers. Obanor et al. (2010, 2013) reported 
that F. graminearum and F. pseudograminearum isolates from diseased wheat 
produced equally DON and NIV in Australia. F. culmorum and wheat are reported 
as a major causal agent and host plant in Tunisia (Kammoun et al. 2010; Rebib 
et  al. 2014). 3-ADON was reported as major mycotoxin in the country among 
183 F. culmorum isolates. However, the number of fungal isolates studied on che-
motype determination assays seems to be limited in comparison with Asian, 
American and European samples.

14.7  Future Perspectives and Conclusions

Studies associated with class B-trichothecene producer Fusarium species have been 
increased in recent years. In particular, researchers focused on the declaration of the 
novel species in phytopathogenic Fusarium spp. Aoki and O’donnell (1999) distin-
guished former F. graminearum group as F. pseduograminearum. Moreover, lin-
eage number of F. graminearum species complex changed few times after discovery 
of new species (O’Donnel let al., 2000; Przemieniecki et  al. 2014; Sarver et  al. 
2011; Starkey et al. 2007), and the current number has reached to 15. Characterization 
studies on these novel species are still in progress, and output on agro-ecological 
region and chemotypes is increasing day by day. Recently, Aoki et al. (2015) recog-
nized novel nivalenol producer species Fusarium dactylidis sp. nov., which is a 
species sister of F. pseudograminearum.

In addition to investigations on the identification of new trichothecene producer 
species, studies including inhibition or promotion of trichothecene production 
became popular. Kulik et al. (2014) showed that pinoresinol and secoisolariciresinol 
lignans produced by wheat decreased trichothecene level. Similarly, phenolic acids 
obtained from Spirulina sp. inhibited class B-trichothecene production (Pagnussatt 
et al. 2014). Lancovaa et al. (2008) detected the DON-3-Glc in naturally infected 
barley as well as in malt and beer samples. Nagl and Schatzmayr (2015) reported 

Table 14.6 (continued)

Author(s) Country(ies) Species Host(s) Method(s)

No of isolates

3-ADON
15- 
ADON NIV

Cornea 
et al. (2013)

Romania Fg, Fc Wheat PCR, 
HPLC

8 71 0

Purahong 
et al. (2013)

Italy Fg Wheat PCR 5 21 6

Boutigny 
et al. (2014)

France Fgss, Fcor, 
Fb

Wheat, 
maize, 
barley

PCR 1 255 38

ameans co-production of two or three mycotoxins
bmeans no further differentiation of DON chemotype
Fg, F. graminearum; Fcor, F. cortaderiae; Fc, F. culmorum; Fgss, F. graminearum sensu stricto; 
Fb, F. boothii; Fgsc, F. graminearum species complex
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that the relative portion of these phase II metabolites of DON to free toxin form 
(DON) is of 20% on average. Analysis of masked forms of deoxynivalenol includ-
ing deoxynivalenol-3-glucoside (DON-3-Glc), deoxynivalenol-3-glucuronide 
(DON-3-GlcA) and deoxynivalenol-15-glucuronide (DON-15-GlcA) has become 
popular in recent years (Michlmayr et al. 2015; Generotti et al. 2015). Vector-based 
RNA interference strategy was also used to inhibit trichothecene production in 
Fusarium sp. (Mcdonald et al. 2005; Scherm et al. 2011). On the contrary, acidic pH 
and H2O2 and amine supplements were recorded as trichothecene production indica-
tors (Kawakami et al. 2014; Merhej et al. 2010; Ponts et al. 2009). Species-specific 
identification and chemotype determination have also been studied during the last 
two decades. Zhang et al. (2014) and Pallez et al. (2014) developed novel efficient 
PCR-based approaches to detect members of F. graminearum species complex at 
the species level and to determine the chemotypes.

Determination of class B-trichothecene profiles of Fusarium isolates worldwide 
could directly and/or indirectly contribute to the development of novel control strat-
egies for FHB disease. First, pre-knowledge about the epidemiological distribution 
of fungal isolates would be gained by chemotyping studies. Since the toxicity of 
three trichothecene profiles has variation, potential toxigenic risk could be deter-
mined by chemotyping in local or global areas where FHB is present. Also, since 
additional risk factors including crop rotations, climatic changes, etc. could directly 
affect the spread of disease, fast, reliable and precise results become critical and 
crucial in chemotype determination. For these purposes, researchers have investi-
gated global Fusarium spp. samples by modern genetic and chemical techniques in 
particular PCR and chromatography. As a result of output data originated from 
global chemotype of Fusarium spp., characterization of field populations of fungi, 
genotypic diversity and aggressiveness of fungus and severity levels of diseased 
host plants would be clearly understood.
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Abstract
Mycotoxins such as aflatoxin and ochratoxin A are secondary metabolites 
secreted by Aspergillus and Penicillium species. These fungal species flourish in 
foodstuff and feeds under appropriate temperature and humidity conditions to 
produce mycotoxins. Aflatoxins are known carcinogens and ochratoxin A causes 
nephrotoxicity. The contamination of mycotoxins in food and feed, persistence 
during food processing, and toxicity make them a primary health hazard. 
Therefore, determination of aflatoxin and ochratoxin A contamination bears a 
critical importance. Classical methods like chromatographic separation includ-
ing thin-layer chromatography, high-performance liquid chromatography, and 
mass spectroscopy are described. Detection of the causal organism by molecular 
approaches employing PCR and real-time PCR may contribute in early detec-
tion. Recently, immunochemical-based methods like enzyme-linked immuno-
sorbent assay and electrical, optical, and piezoelectric immunosensors are being 
used for the screening purposes. Such detection platforms are portable, reducing 
the dependence on costly instrumentation. Current strategies to improve the 
mycotoxin detection involve nanotechnology-enabled sensors. One of the main 
challenges for the detection of mycotoxin contamination is the co-occurrence of 
two or more toxins in food and feed samples. The incorporation of novel recogni-
tion elements such as antibodies, peptides, or aptamers with nanoparticles for 
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LFA and immunosensors has immense potential for simultaneously sensitive, 
specific, and cost-effective multitoxin analysis. Such devices will contribute to 
improved detection of toxic secondary fungal metabolites critical in food safety, 
human health, and food trade.

Keywords
Aflatoxin · Ochratoxin A · Chromatographic detection · Immunochemical meth-
ods · PCR · Nanotechnology · Lateral flow assay · Multitoxin detection

15.1  Introduction

Mycotoxins are secondary metabolites produced by fungi that contaminate food and 
feed leading to mycotoxicosis. FAO has estimated that 25% of food is contaminated 
with mycotoxins causing annual losses of around 1 billion metric tons of foods and 
food products globally (Smith et al. 2016). Mycotoxins are hepatotoxic and nephro-
toxic causing diarrhea, vomiting, hemorrhage, and immune suppression, thus result-
ing in increased susceptibility to disease and possible death among animals and 
humans (Binder 2007; Bryden 2012). Mycotoxins are thermostable and generally 
resistant to sterilization. A recent study among patients suffering from kidney dis-
ease in Sri Lanka reported 93.5% of patients with presence of OTA in urine 
(Desalegn et al. 2011). The apathy toward the problem of mycotoxins is mainly due 
to low awareness about mycotoxins, their adverse health effects, and the approaches 
needed to control mycotoxin contamination at pre- and post-harvest stages. 
Mycotoxin detection and monitoring will contribute to better grain quality, health, 
and trade when carried out as a preliminary and routine activity in food testing. 
Remediation approaches incorporate strategies for prevention of mycotoxin con-
tamination at pre- and post-harvest stages, detoxification of mycotoxins in food and 
feed, and inhibition of mycotoxin absorption in the gastrointestinal tract.

Major mycotoxins found in cereal grains such as wheat, maize, barley, oats, and 
rye and cereal-based products are aflatoxins (AF), ochratoxin A (OTA), deoxynivale-
nol, and zearalenone produced by the fungal genera of Aspergillus, Penicillium, and 
Fusarium (Smith et al. 2016). Mycotoxins are produced by growth of the fungus in 
adverse conditions of temperature, water activity, and oxygen content (Magan et al. 
2002). Recent climate change with untimely rain and floods increases risk of myco-
toxin contamination. According to hazard associated critical control point (HACCP) 
concept, mycotoxin contamination should be detected at every stage of production, 
harvesting, processing, and distribution; that warrants the requirement of toxin detec-
tion systems (FAO/WHO/UNEP 2001). Worldwide, HACCP is implemented for 
aflatoxin, while other mycotoxins are largely ignored. Worldwide, one or more 
mycotoxins may be found to contaminate cereal grains (Alshannaq and Yu 2017). In 
Europe, multi-mycotoxin studies reported that 75%–100% of animal feed samples 
contained more than one mycotoxin which could impact animal health and in turn 
the human health (Streit et al. 2013). In India 78% of feed is contaminated with more 
than one mycotoxin (https://en.engormix.com 2010). Aflatoxins and ochratoxins are 
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secondary metabolites produced by the polyketide synthase pathway of the fungus. 
Aflatoxins produced by A. flavus and A. parasiticus in food and feedstuff are impli-
cated in hepatocarcinogenesis. Aflatoxins have a difuranocoumarin structure, afla-
toxins B1 and B2 exhibit blue fluorescence, and G1 and G2 display green fluorescence. 
Aflatoxins M1 and M2, found in milk and milk products, are the hydroxylated prod-
ucts of AFB1 and AFB2. The carcinogenicity of AFB1 is due to its interaction with 
DNA and alternation of the base sequence by transversion (Wacoo et  al. 2014). 
Another mycotoxin, ochratoxin A, displaying a dihydroisocoumarin structure cou-
pled to a phenylalanine amino acid by peptide linkage, is produced mainly by fungal 
strains belonging to Aspergillus ochraceus, Penicillium verrucosum, and P. carbon-
arius. OTA exposure leads to kidney toxicity due to the competitive binding of OTA 
with phenylalanine t-RNA synthase and interference in protein synthesis (Ha 2015).

Mycotoxins in human and animal food supply have been recognized as safety 
issue for many years and regulatory levels are defined by WHO and other national 
agencies. Wheat is a staple cereal consumed worldwide. Wheat and its by products 
are commonly contaminated by microbial organisms and their metabolites, con-
tamination may survive and carry through cereal grain and their processed food. 
The European Commission has established regulatory limit of 5 μg/kg for OTA in 
processed cereal and baby foods (EC 2006). In India, a limit of 20 μg/kg of OTA and 
15 μg/kg AFT has been defined by the Food Safety and Standards Authority of India 
in wheat and wheat-based products (Table 15.1).

Analytical methods for rapid, sensitive, and accurate determination of these 
mycotoxins in unprocessed food products are generally applied for the assessment 
of toxicological risk in tune with the regulatory levels. These methods generally 
involve toxin extraction from the matrix with an adequate extraction solvent, 
cleanup step designed to eliminate interference from the extract, and detection/
determination by suitable analytical instruments/technologies. Often, commercial 
immunochromatographic assays, such as enzyme-linked immunosorbent assays 
(ELISA) are frequently used for screening purposes (Schneider et al. 2004). In addi-
tion, chromatographic methods such as high-performance liquid chromatography 
(HPLC) coupled with ultraviolet (UV); diode array (DAD), fluorescence, (FD) or 

Table 15.1 Permissible regulatory limits for aflatoxin and ochratoxin A worldwide

Contaminant Country Maximum level (ppb) Structure
Aflatoxin USA

Europe
Japan
China
India

20
4–15
10
5–20
0.5–30

Ochratoxin USA
Europe
Japan
China
India

0.5–2
2–10
0.5–20
5
20
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mass spectrometry (MS) detectors; and gas chromatography (GC) coupled with 
electron capture (ECD), flame ionization (FID), or MS detectors are used (Shephard 
2008). These methods though available are expensive and require skilled personnel. 
A variety of rapid methods are proposed for mycotoxin analyses including infrared 
spectroscopy, immunochromatographic detection, electrochemical sensors, and 
biosensors (Wacoo et al. 2014).

Identification and characterization of fungal spoilage organisms by molecular 
methods such as polymerase chain reaction (PCR) or quantitative PCR (qPCR) can 
contribute to their early detection. The main efforts taken into ochratoxin and afla-
toxin detection are directed toward causal organisms, i.e., Aspergillus and 
Penicillium spp. Molecular methods are used for validation with ITS regions of 18S 
RNA gene, conserved genes, and specific mycotoxigenic genes (Schmidt-Heydt 
et al. 2011; Sadhasivam et al. 2017).

Recently, several nanotechnology-enabled detection sensors are being developed 
for mycotoxin detection. Nanotechnology can contribute in rapid, sensitive detec-
tion of mycotoxins and their producers with nanoparticles as labels for signal detec-
tion. Nanoparticles can be used in monitoring food quality by detection of aflatoxins, 
OTA, as well as mycotoxin producers to provide safe and healthy food and improve 
food security regulations. Nanoparticles conjugated with antibodies, peptides, 
enzymes, or oligonucleotides are devised into sensitive detection sensors or lateral 
flow formats in diagnostic approaches (Baptista et al. 2005; Gao et al. 2009; Piro 
et  al. 2016). Improved detection of toxic secondary fungal metabolites in food 
safety is of critical importance for human health and food trade.

15.2  Ochratoxin and Aflatoxin Detection

15.2.1  Spectroscopic Methods

Fluorescence spectrophotometry is used for recording the fluorescence emitted by 
ochratoxin and aflatoxins. The presence of aflatoxins and ochratoxin in grains and 
raw peanut was determined with this method. However, since crude samples show 
interference in fluorescence, may require derivatization, and often have a high LOD, 
these methods are limited to the initial screening for presence of toxins in food and 
feed samples (Wacoo et al. 2014). Fourier transform spectroscopy identifies organic 
compounds on basis of their specific infrared spectrum. FTIR analyses was used to 
identify the presence of aflatoxins in peanuts, peanut cake, and single corn kernels. 
Mirghani et  al. (2001) used transmittance and reflectance spectroscopy to detect 
aflatoxin in maize kernels that were grouped with high (>100 ppb) or low (<10 ppb) 
aflatoxin concentrations.

15.2.1.1  Thin-Layer Chromatography
Thin-layer chromatography (TLC) is simple, robust, and qualitative method used 
for mycotoxin detection and can be optimized for their rapid screening. The sam-
ples are loaded on TLC plates, separated chromatographically by solvent mobile 
phase and analyzed by UV exposure by comparison to the standard. The presence 
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of ochratoxin A (OTA) was analyzed in different cereals and feeds using TLC. Boudra 
et al. (1995) extracted OTA from Aspergillus ochraceus contaminated wheat using 
acidified chloroform and analyzed it by bidirectional TLC. Samples were loaded on 
silica gel aluminum sheet activated for 1 h at 100°C and developed first with mobile 
phase of anhydrous diethyl ether and later with toluene/ethyl acetate/formic acid 
(6:3:1) and exposed to UV for OTA detection (Boudra et al. 1995). Production of 
OTA by Aspergillus ochraceus on feed-grade wheat was confirmed by chloroform 
extraction followed by TLC detection using ethyl acetate and acetic acid for separa-
tion (Xiao et al. 1996). Pittet and Royer (2002) reported a rapid, low-cost method 
for detection of OTA in green coffee using bidirectional TLC with the detection 
limit of 10 μg/kg. Two varieties of green coffee obtained from Thailand, India, 
Kenya, Uganda, Salvador, and Guatemala were extracted using dichloromethane 
containing 0.1  M phosphoric acid and qualitatively screened using bidirectional 
TLC method that gave 98% OTA recovery.

A reliable, rapid, and inexpensive method to screen cereals for total and indi-
vidual B1, B2, G1, G2 aflatoxins (AFs), as well as OTA, was developed by Braicu 
et al. (2008). After chloroform extraction, 43 cereal samples (wheat, maize, rye, and 
triticale) were separated by TLC with toluene/ethyl acetate/acetic acid and quanti-
fied using densitometry. Among them, 25 samples (58.14%) were contaminated 
with different mycotoxins: total aflatoxin, 11.2–10.8 mg/kg; individual AB1, AB2, 
AG1, and AG2, ranged from 0.89 to 5.7 mg/g; and ochratoxin A, 4.3–30 mg/kg. 
Wheat samples (62.5%) showed the highest contamination. Kushiro et al. (2017) 
carried out TLC-based rapid analysis of AFs, in presence of dichlorvos, an inhibitor 
of aflatoxin biosynthesis, using toluene/ethyl acetate/acetic acid (60:30:4) as a 
mobile phase. Inhibition of AF production was observed in aflatoxigenic A. oryzae, 
A. parasiticus, and A. flavus strains.

TLC determination of aflatoxin B1, B2, G1, and G2 was carried out for a total of 
2668 brown rice, white rice, broken rice, Sella rice, and parboiled rice samples from 
Pakistan during 2006–2010 (Nisa et al. 2014). Anhydrous ether, chloroform, and 
acetone were used as the mobile phase. AFB1 contamination in these samples 
ranged from 22% to 39%, and AFG1 was low (3.6%), while AFG2 was absent in all 
samples. Aflatoxin B2 was found in 33% white rice, 23% brown rice, and 3.03% 
broken rice samples. In Ghana, maize kernels and groundnut seeds were studied for 
aflatoxin contamination, and the distribution of  aflatoxin-producing potential of 
Aspergillus species were associated with both crops (Agbetiameh et al. 2018). Out 
of 326 maize and 183 groundnut samples, aflatoxin level exceeded the threshold 
limits of 15 and 20 ppb, respectively, set by the Ghana Standards Authority for 15% 
of maize and 11% of groundnut samples.

15.2.1.2  High-Performance Thin-Layer Chromatography
High-performance thin-layer chromatography (HPTLC) is an automated and sophisti-
cated form of TLC. The efficiency of HPTLC is much enhanced due to the automated 
sampler, thinly layered sorbent HPLTC plates, and short migration distance in a con-
trolled development chamber. The qualitative and quantitative scanning is recorded by 
an advanced densitometer. The semi-qualitative method is easy to use, robust and uti-
lized for preliminary screening of food and feed for mycotoxin contamination.
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Skarkova  and Ostry (2000) employed HPTLC for the confirmation of aflatoxin 
M1 level in human urine samples using HPTLC after cleanup on immunoaffinity 
columns, with the mobile phase comprising of chloroform/acetone/2-propanol 
(85:10:5). The limit of quantification (LOQ) of aflatoxin M1  in urine was 
5 ng/L. Twofold enhancement of the sensitivity of the HPTLC method was achieved 
by immersion of the chromatographic plate in a solution of paraffin oil in 
n-hexane.

OTA in wines was analyzed with HPTLC and HPLC after a dispersive liquid–
liquid microextraction (Antep and Merdivan 2012). A linearity of 0.03–1.00 μg/L 
was established for HPTLC with a high correlation with the HPLC method. 
Additionally, the HPTLC method achieved the simultaneous analysis of different 
wine samples and standard of OTA on the same plate.

Welke et al. (2010) optimized the HPLTC method for wine that showed a mean 
recovery of 90.4% with a limit of quantification (LOQ) and limit of detection (LOD) 
of 0.1 μg/L and 0.016 μg/L, respectively. Quantification of OTA in 34 Brazilian red 
wine samples demonstrated that one sample exceeded (4.5 μg/L) the 2 μg/L limit of 
the Scientific Commission of the European Communities.

Kupski and Badiale-Furlong (2015) standardized the HPTLC method using hex-
ane, ethyl acetate, and acetic acid (18:4:1.5) as mobile phase. The typical fluores-
cent spots of mycotoxin were observed under UV light plate after the development 
of plate with aluminum chloride in 15% methanol. The addition of dried magne-
sium sulfate and sodium chloride as salts to the extraction solvent acetonitrile/water 
(2:1) resulted in improved recovery of the toxin. The developed method could detect 
contamination of OTA from 0.22 to 0.85 μg/kg in 20 wheat flour samples.

Aflatoxin M1 (AFM1) levels in dairy products of South Korean origin were 
determined with HPTLC after immunoaffinity column purification (Yoon et  al. 
2016). The LOQ for milk, yoghurt, and cheese was 0.003, 0.07, and 0.05 μg/kg, 
respectively. Among 224 samples, the AFM1 contamination ranged from 0.001 to 
0.1 μg/kg for milk and 0.015 to 0.136 μg/kg for yoghurt and cheese. The dairy prod-
ucts were safe for consumption according to the maximum limit of 0.5 μg/kg set by 
Korea Food and Drug Administration.

Contamination of livestock feed causes detrimental effects in both animal and 
human beings (Kotinagu et al. 2015). Analysis of 97 livestock feed and feed ingredi-
ent samples for aflatoxin B1 contamination showed that 33% of livestock feed and 
24.5% of feed ingredients were positive.

15.2.1.3  High-Performance Liquid Chromatography
High-performance liquid chromatography (HPLC) allows detection and identifica-
tion of aflatoxin and ochratoxin from food samples by recording the retention time 
through sensitive fluorescent, ultraviolet, or diode array detectors and mass spec-
troscopy (MS). In practice, the HPLC technique employs a chromatography column 
such as C-18 as the stationary phase, a mobile phase that moves through the column 
and a detector that displays the retention times of the separating molecules. Often, 
HPLC analysis for mycotoxin requires immunoaffinity column purification to elim-
inate other contaminants.
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Commonly, the reversed phase HPLC method is used for separation and determi-
nation of aflatoxins. HPLC detection of aflatoxins with a sensitivity of 0.1 ng/kg 
using FLD (fluorescent detector) has been reported (Herzallah 2009). Occasionally, 
chemical derivatization using acid and halogens was employed to enhance the sen-
sitivity of aflatoxins B1 and G1 detection when their natural fluorescence was not 
sufficient to reach the required detection limit (Kok et al. 1986). Recently, HPLC 
coupled to mass spectroscopy was able to overcome the challenges associated with 
derivatization processes in aflatoxins analysis. The HPLC–MS/MS uses low sample 
volumes to generate structural information (Rahmani et al. 2009). However, HPLC–
MS/MS is a bulky, expensive equipment and requires skilled personnel for 
operation.

Aboul Enein et al. (2002) reported the use of HPLC-FLD for the determination 
of OTA from wheat, corn, red pepper, cheese, and wine. The retention time was 
11.7 min using a mobile phase consisting of acetonitrile/water/acetic acid (99:99:2, 
v/v/v). The LOD and LOQ was 0.1 ng/ml and 3.3 ng/ml, respectively. Durguti et al. 
(2014) analyzed 54 wine samples by HPLC-FLD after sample cleanup using immu-
noaffinity columns. The OTA levels were below the EU limit of 2 ng/ml, and the 
LOD and LOQ were 0.05 and 0.1 ng/ml, respectively.

Infant formulas are an important food source for infants during the early stages. 
Ochratoxin A levels were analyzed from 150 samples of infant foods (50 infant 
formulas, 50 follow-on formulas, and 50 cereal-based supplementary foods for 
infants and children) from various supermarkets and pharmacies from Istanbul 
(Hampikyan et al. 2015). Among these, 52 (34.7%) analyzed samples were con-
taminated with OTA, though none exceeded the Turkish Food Codex maximum 
limit of OTA (0.5 μg/kg) in baby, infant, and young children foods.

Meuccia et al. (2010) surveyed the presence aflatoxin M1 (AFM1) and OTA in 
14 leading brands of infant formulas marketed in Italy. Mycotoxin levels were 
determined by immunoaffinity column cleanup and HPLC-FLD. Among 185 sam-
ples, OTA was detected in 133 (72%) samples (range 35.1–689.5 ng/L). Ready-to- 
use preparations and powdered samples displayed 80% and 63% OTA contamination, 
respectively. The aflatoxin AFM1 was detected in two samples at levels below the 
European legislation limit of 25 ng/L.

Aflatoxin-contaminated livestock feeds are a potential health hazard as they can 
move up the food chain (Eun-mee et al. 2006). Screening of 249 feed samples col-
lected in Korea by ELISA showed that ~10% contained AFB1. Among these, 
HPLC-FLD and LC/MS analysis confirmed that only one sample contained 11 ppb 
AFB1, while other samples did not contain AFB1. It was suggested that screening 
by ELISA should be followed by HPLC-FLD analysis for rapid and accurate detec-
tion of AFB1.

Yazdanpanah et  al. (2013) analyzed AFB1  in rice, bread, puffed corn snack, 
wheat flour, and peanut samples with a HPLC method and obtained an average 
recovery of 94.4–100%. The LOD was 0.01  ng/g. Among 90 samples collected 
from Tehran retail market in June 2005, the bread and wheat flour samples were not 
contaminated, while rice, puffed corn snack, and peanut samples showed AFB1 
level below 5 ng/g, the maximum tolerated level (MTL) in Iran. One rice sample 
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and two peanuts samples tested positive for AFB1 contamination. In a study from 
Karaman, Turkey, aflatoxin analysis for 45 dried apricots, raisins, dried figs, nuts, 
peanuts, almonds, corn, red pepper, black pepper, bread, and moldy cheese samples 
was carried out by HPLC-FLD method after post-column derivatization (Kilicel 
et al. 2017). The total AF concentration in eight red pepper samples exceeded the 
MTL of 10 μg/kg that also exceeded the European MTL for AFB1 of 8 μg/kg. The 
amount of aflatoxin in other samples was negligible. AFs were present in 100% of 
raisins, dried figs, black pepper, red pepper, and corn, 75% of dried apricots, nuts, 
bread, and moldy cheese, and 50% of peanuts and almonds.

Kim et al. (2017) detected aflatoxins (B1, B2, G1, and G2) and OTA in animal 
feeds by a sensitive and robust HPLC-FLD method with a photochemical reaction 
device after immunoaffinity column purification. Aflatoxin and OTA were found in 
44 of 496 samples with a concentration range of 1.76–162.69 μg/kg for AFB1 and 
3.38–45.42 μg/kg for OTA for 2 years. The developed method was suitable for the 
routine analysis of aflatoxin in animal feed.

15.2.1.4  Liquid Chromatography Coupled Mass Spectroscopy
The technique of liquid chromatography coupled with tandem mass spectroscopy 
utilizing database searching has a high degree of sensitivity and accuracy that can 
be used in specific mycotoxin analysis. The accurate masses of protonated fungal 
metabolite molecule ions are obtained by optimizing the electrospray conditions, 
retention times, and UV spectra. Sulyok et al. (2006) used a single extraction step, 
without any cleanup step, followed by liquid chromatography with electrospray ion-
ization triple quadrupole mass spectrometry (LC/ESI-MS/MS). They developed a 
validated method for the determination of 39 different mycotoxins in wheat and 
maize that included trichothecenes, zearalenone, fumonisins, ergot alkaloids, ochra-
toxins, aflatoxins, moniliformin, etc. The multianalyte analyses was carried out with 
positive as well as the negative ion ESI mode in two consecutive runs to accommo-
date the diverse mycotoxins. The limits of detection ranged from 0.03 to 220 mg/kg.

Jung et al. (2012) carried out the quantitative determination of aflatoxins (B1, 
B2, G, G2), OTA, deoxynivalenol, fumonisins, zearalenone, etc. in roasted and 
ground grains using LC–MS. The co-extraction of 11 mycotoxins was carried out 
by a double extraction using a phosphate buffer solution and methanol followed by 
cleanup with a multitoxin immunoaffinity column. The LODs of mycotoxins were 
0.1–6.1 μg/kg, and LOQs were 0.3–18.4 μg/kg. Among 47 samples collected from 
Seoul, Korea, OTA was detected in 17% of samples, while aflatoxins were not 
detected in all samples.

LC–MS-based determination was carried out in a study on occurrence and levels 
of OTA in 98 infant formula (milk- and soy-based samples) and 155 infant cereal 
(barley-, rice-, oat-, wheat-, and mixed grain-based) products available in the US 
market. None of the infant formula samples tested positive, while 30% of infant 
cereals were contaminated with OTA in the range of 0.6–22.1  ng/g. Regulatory 
limits for OTA are lacking in the USA; however all positive samples were above the 
European Commission limits of 0.5 ng/g for OTA in baby foods. Oat-based infant 
cereals (59%) and mixed grain cereals (34%) showed the highest incidence and 
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concentrations of ochratoxin contamination. Surveillance for OTA levels in grains 
used in infant foods can reduce exposure of infants and young children to OTA from 
cereal products.

The presence of aflatoxins B1, B2, G1, and G2 in four categories (oils, proteins, 
polysaccharides, and fatty oils) of traditional Chinese medicines was analyzed using 
ultra-performance liquid chromatography tandem mass spectrometry (Zhao et al. 
2016). The aflatoxin concentrations ranged from 0.2 to 7.5 μg/Kg in 14 out of 22 
samples. Fatty oils were most prone to contamination as compared to polysaccha-
rides, proteins, and volatile oils.

15.2.1.5  Gas Chromatography
As other chromatographic methods, gas chromatography (GC) is based primarily 
on differential partitioning of analytes between the stationary phase consisting of 
inert particles coated with a layer of liquid in a column by the carrier gas as the 
mobile phase. The sample is vaporized into gaseous phase, and detection of the 
volatile products is carried out using either a flame ionization detector or an electron 
capture detector and mass spectrometer (MS). In case of aflatoxins, there is a need 
for derivatization in order to be detected, due to their nonvolatile nature (Scott 
1995). Detection by  GC-MS and an electronic nose did not find a correlation 
between odor and ochratoxin level, as samples with OTA levels both below and 
above 5 μg/Kg displayed pronounced or strong off-odors (Olsson et al. 2002).

However, due to the availability of other cheaper chromatographic methods, gas 
chromatography is less common in commercial analysis of mycotoxins (Wacoo 
et al. 2014). Besides, gas chromatography also requires a preliminary cleanup and 
derivatization before analysis, and it is therefore limited to analysis of a few myco-
toxins, such as type A and B trichothecenes. Even in such analyses, the GC displays 
disadvantages of non-linearity of calibration curves, drifting responses, memory 
effects from previous samples, and high variation in reproducibility and 
repeatability.

15.2.1.6  PCR and Quantitative Real-Time PCR Detection
Mycotoxins are metabolites produced by the interaction of several biochemical 
pathways during later stages in fungal growth, while genes are involved in myco-
toxin pathway expressed much earlier. Therefore, detection of the mycotoxin gene 
expression may contribute to early detection of mycotoxins. Conventionally, poly-
merase chain reaction (PCR)-based molecular methods are used for detection of 
mycotoxins producing fungi such as Aspergillus and Penicillium from food 
(Edwards et  al. 2001). Gene-based methods reported in the literature are mainly 
based on unique ITS (internal transcribed spacer) regions of fungal species which 
are genus- and species-specific for identification purpose but do not confirm the 
production of toxins by the isolates. Genes of important enzymes in the mycotoxin 
biosynthetic pathway can be good targets for diagnostic tests as they can add to the 
specificity for detection of mycotoxin production and sensitivity of the test (Schmidt- 
Heydt et al. 2011).
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Shapira et  al. (1996) employed the genes coding for enzymes involved in 
Aspergillus parasiticus polyketide synthase pathway, namely, apa-2, ver-1, and 
omt-1, which are responsible for regulation, oxidation, and methylation, respec-
tively, during aflatoxin synthesis. The presence of the fungus was detected by PCR 
method when 102 spores/g were inoculated in corn flour.

In a Korean study, multiplex PCR and high-performance liquid chromatography 
(HPLC) analyses were used to assess the ability of mycotoxin production in 32 A. 
niger isolates (Kim et al. 2014). Though multiplex PCR and HPLC analyses of A. 
niger isolates showed that OTA-producing strains exhibited positive PCR patterns 
for ochratoxin biosynthetic genes, it did not explain the presence of positive PCR 
products in the non-mycotoxin-producing strains.

A PCR method for differentiation and detection of OTA-producing Penicillium 
species was developed by utilizing polyketide synthase and non-ribosomal peptide 
synthetase genes of the ochratoxin A biosynthetic pathway (Bogs et al. 2006). An 
analysis of 62 strains showed that 11 PCR-positive (18%) strains produced ochra-
toxin A. However, some OTA-negative strains also tested PCR-positive, that was 
attributed to the presence of non transcribed biosynthetic gene.

Currently, ochratoxin A contamination in coffee beans was found to be associ-
ated with Aspergillus carbonarius, A. niger, and A. ochraceus (Sartori et al. 2006). 
A multiplex PCR method that detected PCR amplicons of 809, 372, and 260 bps for 
detection of A. carbonarius, A. niger, and A. ochraceus species, respectively, in cof-
fee beans was developed.

A highly specific multiplex PCR method was developed using species-specific 
and mycotoxin metabolic pathway gene primers for detection of Fusarium and 
Aspergillus species (Sadhasivam et al. 2017). Stored wheat grain samples (34) were 
analyzed for the presence of mycotoxin-producing fungi by PCR and mycotoxin 
production by LC/MS/MS. The analyses had a strong correlation, and contamina-
tion of six samples with at least one mycotoxin, above EU regulatory limits was 
confirmed by both the methods.

As many of the genes involved in toxin biosynthetic pathways also contribute to 
other secondary metabolites, there is a lack of specificity for the PCR detection of 
toxin production. Detection of aflatoxin production by Aspergillus versicolor and 
Aspergillus nidulans is difficult as the genes involved in aflatoxin production are 
also involved in sterigmatocystin biosynthesis (Levin 2012). Aflatoxin and ochra-
toxin gene pathway provide an advantage in early monitoring of the mycotoxins 
producing Aspergillus and Penicillium spp. (Baptista et al. 2005). Dao et al. (2005) 
optimized the PCR amplification using primers toward the acyl transferase domain 
of a polyketide synthase gene involved in the OTA biosynthesis in OTA-producing 
fungi such as A. carbonarius, A. melleus, A. sulfurous, A. ochraceus, and P. verru-
cosum. Other studies indicate the role of several enzymes, such as polyketide syn-
thase, non-ribosomal peptide synthase, halogenase, and P450 oxidase in OTA 
biosynthesis. Recently a multiplex PCR, based on genes of aflatoxin and sterig-
matocystin biosynthesis metabolic pathways, was reported for the identification of 
AFT producers among Aspergillus spp. (Criseo et al. 2001). Such studies promote 
our understanding of the mechanisms of OTA production and regulation.
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Quantitative real-time PCR systems may be useful for determining associations 
between detection of a gene at critical control points in food production and quanti-
fication of the mycotoxin contamination in the final product (Rodríguez et al. 2012). 
Though quantitative real-time PCR has been applied to monitor expression of 
mycotoxin biosynthetic genes, it is expensive.

The rapid and accurate differentiation of toxigenic and atoxigenic isolates was 
evaluated with PCR and real-time PCR in 22 A. flavus isolates from peanut kernels 
(Mahmoud 2015). The PCR amplification of genes did not correlate with aflatoxin 
production capability. Among the four aflatoxin biosynthetic pathway genes (aflD, 
aflM, aflP, and aflQ), the expression of aflD and aflQ was a good marker for differ-
entiating the toxigenic from atoxigenic isolates. The real-time PCR and agar culture 
method for detection of A. flavus presence had 95% agreement. Aflatoxin produc-
tion by these strains was confirmed by HPLC with 72% of isolates producing the 
toxin.

Rodríguez et al. (2012) proposed real-time PCR for the early detection and quan-
tification of aflatoxin in peanut, spices, and sausages. The sensitivity and specificity 
of real-time quantitative PCR (qPCR)-based on SYBR Green and TaqMan were 
evaluated using the o-methyltransferase gene (omt-1) aflatoxin biosynthetic gene. 
Both qPCR methods gave a good linear correlation from 4 to 1 log cfu/g per reac-
tion and a detection limit of 1–2 log cfu/g in the different food matrices tested.

The ochratoxin-producing fungus Aspergillus carbonarius is often associated 
with grapes and wine contamination (Atoui et  al. 2007). Specific primers to the 
acyltransferase (AT) domain of polyketide synthase sequence of A. carbonarius 
amplified a 141 bp PCR product. These primers were also used for qPCR in 72 
grape samples for direct quantification of the fungus. The expression of acyltrans-
ferase gene showed a positive correlation with the OTA concentration. Therefore, 
rapid detection of A. carbonarius by qPCR in grapes may offer an alternative to the 
traditional methods of OTA detection and culture identification.

15.2.2  Immunochemical Methods

Immunochemical techniques are based on the high affinity and specificity of anti-
body–antigen (Ab-Ag) binding. The binding event is recognized by signal amplifi-
cation using labels such as enzymes, fluorophores, etc. Immunochemical methods 
such as immunosensors, immunoaffinity column assay (ICA), and enzyme-linked 
immunosorbent assay (ELISA) are sensitive, specific, and less labor-intensive, 
require less time, and allow simultaneous processing of several samples. Though 
radioimmunoassay technique was used for determination of aflatoxin B1 and afla-
toxin M1 levels, the disadvantages such as requirement of antigen in a pure state and 
potential health hazards due to use of radioactive isotope have discouraged the 
method (Rauch et  al. 1987). However, other immunochemical methods such as 
ELISA and immunosensors are in wide usage.
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15.2.2.1  Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA methods for mycotoxin detection rely on the recognition of specific myco-
toxin by specific antibodies coated in microtiter plate wells. Mycotoxin capture is 
subsequently detected by antibodies, often labeled with horseradish peroxidase or 
alkaline phosphatase enzymes. The assay is rapid, simple, specific, and sensitive for 
the detection of mycotoxins in foods and feeds. This technology is available for 
more than two decades, and ELISA test kits require low sample volumes with less 
sample cleanup procedure as compared to conventional TLC and HPLC methods. 
This method has application for high throughput assays and simultaneous detection 
in several samples.

The ELISA technique is presently applied for detection of aflatoxins in food and 
feedstuffs, and a number of commercially available ELISA kits are widely used 
(Devi et  al. 1999, 2002; Prestani et  al. 2011). A commercial ELISA system and 
HPLC method were used to analyze the total aflatoxins in 178 foodstuff samples. 
The two methodologies had a high correlation for nuts, nut products, peanuts, and 
peanut butter samples (Azer and Cooper 1991).The presence of four types of afla-
toxin (B1, B2, G1, and G2) in dairy cattle feeds and aflatoxin M1 in the milk sam-
ples was measured by HPLC and ELISA methods (Prestani et al. 2011). There was 
no significant difference by the two procedures, though the sensitivity and specific-
ity of HPLC method were higher. Li et al. (2016) generated specific monoclonal 
antibodies that recognized G class aflatoxins, G1 and G2. A competitive indirect 
ELISA (CI-ELISA) was developed with a LOD of 0.06  ng/ml and low cross- 
reactivity toward aflatoxin B1. The CI-ELISA and HPLC methods were comparable 
for analysis of uncontaminated peanut samples spiked with different concentrations 
of aflatoxins G1 and G2.

Though antibodies are highly specific and sensitive toward the target mycotoxin, 
many a time, compounds with similar chemical groups also interact with the anti-
bodies. Additionally, ELISA methods are restricted to certain food matrices for 
which they were validated. Sun et al. (2015) conducted an extensive study to evalu-
ate the quality of five commercial ELISA kits from different suppliers for detecting 
aflatoxin B1 in 30 HPLC-verified feed samples such as corn, distillers dried grains, 
wheat, soybean meal, and poultry feed. The accuracy and precision of these kits 
were tested with positive controls. The authors reported that the qualities of five 
tested ELISA kits were significantly different and two kits had high false positive 
rates. Therefore, the complete validation for an ELISA method is critical for its 
application to a wide range of commodities.

ELISA technique for OTA was used for analyses of dry fruit samples from 
Central Iran that exhibited average concentrations of 6.7 ± 3.9 ng/g in 21% of sam-
ples (Rahimi and Shakerian 2013). Concentrations of OTA higher than the European 
Union maximum tolerance limit of 10 ng/g were detected in 7.9% of dried raisin 
samples and 2.1% of dried fig samples.

An anti-OTA monoclonal antibody-based indirect competitive ELISA was devel-
oped for OTA detection in coffee and coffee products with a detection limit of 
3.73 ng/g (Fuji et al. 2007). The comparison between ELISA and HPLC methods 
resulted in high correlation for the green, roasted, and instant coffee samples.
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A sandwich dot-ELISA method was developed for the simple, fast, and sensitive 
detection of OTA from contaminated food grain samples with a limit of detection of 
5.0 ng/ml (Venkataramana et al. 2015). The ELISA method detected contamina-
tions in 72 (19 maize, 38 wheat, 15 rice) of 195 samples, which was in agreement 
with the HPLC method. The mAb-based method was specific and did not show any 
cross-reactivity toward deoxynivalenol, fumonisin B1 fumonisin, or AFB1.

Similarly, Ekhtelat et  al. (2018) established a good correlation between the 
ELISA and HPLC methods for determination of OTA levels in the medicinal herbs 
of Zataria multiflora and Foeniculum vulgare from Ahvaz, Iran.

A competitive direct ELISA format was developed and showed IC50 value of 
0.07 ng/ml. A simple, rapid, and efficient method for extraction with 50% methanol 
and the ELISA method resulted in 74–110% recoveries of spiked samples. Dilution 
with PBS was applied for food samples such as barley, wheat, oat, corn, rice, and 
raisins, grape juice, and beer samples. The developed ELISA method and the HPLC 
method showed a good correlation.

15.2.2.2  Immunosensors
Immunosensors are based on a signal transducer which detects the binding of the 
antibody and antigen. The electrochemical, optical, and piezoelectric immunosen-
sors detect changes in electrical current, mass, or optical signals (color or fluores-
cence), respectively, during Ab–Ag binding.

Electrochemical Immunosensors
An electrochemical immunosensor records the electroactive signals generated by 
the Ab–Ag interactions by differential pulse voltammetry, cyclic voltammetry, chro-
noamperometry, electrochemical impedance spectroscopy, or linear sweep voltam-
metry transducers (amplifiers). A potential difference is generated by the reaction 
conditions which is measured to establish the relationship between the potential 
difference and antigen concentration. Electrochemical immunosensors developed 
for aflatoxin detection mostly employ enzymes as the active biological component 
to generate signals.

Badea et al. (2016) developed an impedimetric immunosensor by immobilizing 
anti-OTA antibody on bovine serum albumin-modified gold electrodes for ochra-
toxin A (OTA) detection.

Modification of the impedance due to the specific antibody–antigen reaction at 
immunosensor surface was used in order to detect OTA. Linear proportionality of 
the charge transfer resistance to the OTA concentration allowed OTA detection in 
the range of 2.5–100 ng/ml.

Li et al. (2016) developed a portable immunosensor comprising of an impedance 
detector and a 3D-printed USB-compatible sensor chip for rapid and in situ detec-
tion of AFB1 in rice. The detection time was below an hour, and the limit of detec-
tion was 5 ng/ml. Such portable devices for detection offer the possibility of analyses 
of clinical and environmental samples.

A fast, sensitive, and efficient electrochemical immunoassay was developed by 
forming self-assembled monolayers by 2-aminoethanethiol on a gold electrode for 
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AFB1 capture (Kong et al. 2018). The noncompetitive immunoassays resulted in a 
significant current change at a minimum concentration of 0.01 ng/ml of AFB1. The 
immunosensor displayed excellent stability and sensitivity after storage for 7 days.

A simple, cost-effective, and portable antibody-modified screen-printed carbon 
working electrode with carbon counter was developed for direct aflatoxin M1 analy-
sis with milk (Parker and Tothill 2009). An electrochemical detection scheme was 
constructed on the electrode surface in a competitive ELISA format with horserad-
ish peroxidase (HRP) as the enzyme label. Milk samples were pre-treated with 
18 mM calcium chloride to stabilize the whey proteins and eliminate the interfering 
signal. The sensor achieved a detection range up to 1000  ng/L and a LOD of 
39 ng/L. The sensitivity of the immunosensor was comparable to the commercial 
ELISA kit and an a HPLC method.

Muchindu et al. (2011) produced an impedimetric immunosensor composed of a 
platinum disk electrode coated with polyaniline–polyvinyl sulfonate and anti-OTA 
antibody and calibrated it for OTA detection. When applied to the certified reference 
materials of corn, wheat, and roasted coffee, the sensor detected OTA concentra-
tions of 21.1, 8.6, and 2.5 mg/kg, respectively. The immunosensor had a LOD of 
10 pg/kg, and impedimetric estimation for corn was in agreement with the ELISA 
measurements.

Radi et al. (2009) modified an electrochemical immunosensor comprising of a 
screen-printed gold electrode with glutaraldehyde and tagged it with the anti- 
ochratoxin antibody. The competitive immunoassay between a horseradish 
peroxidase- labeled ochratoxin A (HRP-toxin) and ochratoxin A for antibody dem-
onstrated a dynamic range up to 60 ng/ml and detection limit of 12 ng/ml. The bind-
ing of the antibody and HRP-toxin was measured by chronoamperometry in the 
presence of the substrate tetramethylbenzidine. The developed immunosensor dis-
played precision, accuracy, and stability.

Monoclonal antibodies were immobilized on disposable screen-printed elec-
trodes to develop an electrochemical competitive enzyme-linked immunosorbent 
assay for quantitative determination of OTA (Alarcon et al. 2006). The assay had a 
working range from 0.05 to 2.5 and 0.1 to 7.5 g/L and detection limit of 60 and 
100 g/L, respectively, in the direct and indirect assay formats. The immunosensor in 
the direct format was selected for the determination of OTA in wheat. Analysis of 
spiked and naturally contaminated wheat samples with the electrochemical assay 
and HPLC showed good correlation.

Optical Immunosensors
Optical immunosensors record the signals by surface plasmon resonance, optical 
waveguide light-mode spectroscopy, photoluminescence, etc. Surface plasmon reso-
nance (SPR) measures the refractive index changes as a shift in the resonance angle 
during the Ab–Ag interactions. AFB1 detection and quantification was attempted 
with monoclonal as well as polyclonal antibodies using the SPR technology (Daly 
et al. 2000). Monoclonal antibodies encountered regeneration problems due to their 
high-affinity binding to the sensor surface. Immobilization of polyclonal anti-AFB1 
antibodies on the sensor surface achieved a linear detection range of 3.0–98.0 ng/ml 
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with good reproducibility. Regeneration was achieved using alkaline solution of 
methanolamine and acetonitrile.

Van der Gaag et al. (2003) utilized the SPR immunosensor for multiple detection 
of mycotoxins. Therefore, SPR immunosensors should offer label-free detection of 
aflatoxins if the current regeneration problems are overcome. Optical waveguide 
light-mode spectroscopy (OWLS) measures the resonance angle of polarized grat-
ing diffracted light, coupled into a thin waveguide. The Ab–Ag interaction on the 
surface of sensor chips results in multiple internal reflections within the waveguide 
layer which is detected by photodiodes. Aflatoxin and ochratoxin detection was car-
ried out using OWLS in both competitive and direct immunoassays (Adanyi et al. 
2007). A detection range of 0.5–10 ng/ml for aflatoxins was achieved when barley 
and wheat flour samples were analyzed.

Myndrul et al. (2018) fabricated a porous silicon (PSi) based photoluminescence 
immunosensor metal-assisted chemical etching procedure and modified by coating 
with protein A and binding with anti-OTA antibodies. The PL spectroscopy of PSi 
at room temperature resulted in an emission band at 680 ± 20 nm. The binding of 
OTA resulted in the photoluminescence quenching of the anti-OTA/protein A/PSi 
surface as compared to bare PSi. The response time of the immunosensor was in the 
range of 500–700 s.

 Another  immunosensor was developed by layering photoluminescent ZnO 
nanorods (ZnO-NRs) on glass substrate followed by coating for binding with pro-
tein A and binding anti-ochratoxin antibodies (glass/ZnO-NRs/protein A/anti-OTA) 
(Vitera et  al. 2018). The immunosensor was integrated with portable fiber optic 
detection system and tested in a wide range of OTA concentrations, and the sensitiv-
ity and limit of detection were 0.1–1 ng/ml and 0.01 ng/ml, respectively. Response 
time of the immunosensor toward OTA was in the range of 500–800 s.

Piezoelectric Quartz Crystal Microbalances (QCMs)
This label-free direct detection method relies on changes in mass when the antibody 
immobilized on the quartz crystal surface interacts with the antigen (Janshoff et al. 
2000). Spinella et al. (2013) immobilized anti-aflatoxin B1 antibody on gold-coated 
quartz crystals  and achieved aflatoxin B1 detection in the range of 0.5–10  ppb. 
Antibody binding to the gold-coated surface was facilitated by 3,3’dithiodipropionic- 
acid- di-N hydroxysuccinimide ester. Jin et al. (2009) also detected 0.01–10.0 ng/ml 
aflatoxin B1 in spiked milk samples with the QCM-based sensor.

A label-free quartz crystal microbalance (QCM)-based immunosensor was 
developed by immobilization of OTA–bovine serum albumin conjugate on gold- 
coated quartz crystals (Vidal et al. 2009). An indirect competitive format was used 
to detect the binding of the excess of anti-OTA antibodies to the immobilized OTA 
that led to linear decrease in the resonant frequency at OTA concentration from 10 
to 128 ng/ml, with a detection limit of 8 ng/ml. The quartz electrode was reusable 
after regeneration with a pepsin solution (pH 2.1).

Pirincci et al. (2018) developed OTA detection by direct immobilization of 
OTA to amine-bearing sensor surfaces using 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry. The QCM 
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immunosensor was developed with a detection range between 17.2 and 200 ng/
ml with the possible use for on-site detection of contamination in feedstuffs. 
The sensor was reusable up to 13 times without loss of performance after regen-
eration with 50 mM NaOH and 1% SDS.

15.3  Nanotechnology for Mycotoxin Detection

Nanotechnology can contribute to the detection of contaminated food and feed. 
Nanoparticles can be used in detection of mycotoxins and mycotoxin producers, 
monitoring food quality, and help in food security regulations to provide safe and 
healthy food. Nanoparticles, due to their size- and shape-dependent physical and 
chemical properties, have potential for development in various colorimetric, fluoro-
metric enzymatic, and electrochemical diagnostic assays (Vo-Dinh 2007, Selvan 
et al. 2009, Gao et al. 2009, Kim and Park 2005). Semiconductors, noble metals, 
and metal oxide nanoparticles are used in various imaging and sensing applications 
(Fig. 15.1). Nanoparticles as labels can be conjugated with molecular recognition 
elements such as DNA, RNA, antibodies, or enzymes to offer a detection method by 
signal amplification (Fig. 15.1). Gold nanoparticles are often used in the lateral flow 
immunochromatographic devices that operate on a simple chromatographic flow 
separation to give a colorimetric visual signal based on the affinity of the gold 
nanoparticle- labeled atibodies to the antigen in either a direct or indirect format.

The early detection of mRNA expression was demonstrated in a cultured mela-
noma cells using nanoparticles carrying an imaging probe. The probe incorporated 
citrate-capped gold nanoparticles covalently bound to thiol-terminated hairpin oligo-
nucleotides. The hairpin DNA-coated gold nanoparticles positively identified tyrosi-
nase mRNA in melanoma cells (Harry et al. 2010). Gold nanoparticles functionalized 
with oligonucleotides which are complementary to unique sequences, present on the 
heat shock protein 70, were used for detection of the human parasite Cryptosporidium 
parvum (Javier et al. 2009). The use of oligonucleotide gold NPs for the molecular 
diagnosis of mycotoxins offers new opportunities for the further development of 
point of care diagnostic assays with low-cost, robust reagents and simple colorimet-
ric detection (Baptista et al. 2005). Nanoparticle aided mRNA detection to identify 
the spoilage organism leading to early intervention by regulatory agencies. Therefore, 
the development of a diagnostic assay for rapid, sensitive detection of mycotoxin 
producers is the need for proper food safety in a country like India.

15.3.1  Nanoparticle-Assisted Electrochemical Immunoassay

Liu et al. (2013) fabricated an electrochemical sensor in the indirect competitive 
immunoassay format for detection of OTA by modifying a glassy carbon elec-
trode with a composite film of polythionine and self-assembled gold nanoparticle 
monolayer. The sample OTA competed with the ochratoxin antibody–ovalbumin 
conjugates immobilized on the film for binding with the anti-ochratoxin 
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monoclonal antibodies. The alkaline phosphatase-labeled secondary antibodies 
bound to the monoclonal antibody to give the electrochemical signal by oxida-
tion of 1-naphthyl phosphate substrate. The electrochemical response was 
inversely proportional to the OTA concentration from 1 to 1000 ng/ml with a low 
detection limit of 0.2 ng/ml.

Rivas et  al. (2015) developed an electrochemical impedance-based sensor by 
electropolymerizing a polythionine film on a screen-printed carbon electrode fol-
lowed by the assembly of iridium oxide nanoparticles (IrO2 NPs). The aminated 
aptamer selective to OTA was bound by electrostatic interactions to the IrO2 
NPs. Aptamers are single or double-stranded synthetic oligonucleotides that bind 
specifically to the target and are more advantageous as compared to antibodies due 
to their thermal and chemical stability and low-cost production. The sensor detected 
14 pM OTA in white wine samples and exhibited high reproducibility.

Sharma et al. (2017) devised an electrochemical immunosensor by deposition of 
poly(3,4-ethylenedioxythiophene) functionalized gold nanoparticles and immobili-
zation of monoclonal anti-aflatoxin antibodies. The  immunosensor displayed a 
LOD of 0.0045 ng/ml and LOQ of 0.0156 ng/ml by amperometric measurement. 
Spiked maize samples were detected a high reproducibility.

A sandwich-type nonenzymatic electrochemical immunosensor was reported by 
Masoomi et al. (2013) by modification of glassy carbon electrodes with chitosan, 

Fig. 15.1 Nanobiosensors for mycotoxin detection are devised with three main components: bio-
receptors, an immobilization platform, such as nanoparticles, and a transducing element. The dif-
ferent variants for each component can be assembled for mycotoxin detection
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gold nanoparticle, anti-aflatoxin B1, and iron III oxide (Fe3O4) magnetic core with 
a gold shell functionalized with 3-(2-mercaptoethylimino) methyl) benzene- 1,2- 
diol. Aflatoxin B1 detection was achieved in the range of 0.6–110  ng/ml with a 
detection limit of 0.2 ng/ml.

Linting et al. (2012) developed an immunosensor by electrodepositing graphene 
oxide and gold nanoparticles on the surface of gold electrode. A conducting poly-
mer film, ionic liquid, and chitosan solution was dropped onto this electrode for 
AFB1 antibody immobilization. The detection range was 3.2–0.32 picomoles, and 
the detection limit was 1 femtomole with excellent long-term stability.

15.3.2  Nanoparticle-Assisted Lateral Flow Assay

Recently, lateral flow immunochromatographic assays (LFAs), which are sensitive, 
simple, easy, fast, and ready-to-use devices, are used to detect the presence of a 
target analyte in sample without the need for specialized and costly equipment. The 
method uses a low-cost test device consisting of conjugation pad, membrane, sam-
ple pad, and absorbent pad. The antibody labeled with gold nanoparticles is pre- 
adsorbed on the conjugate pad, and the capturing reagents are immobilized in 
spatially confined zones on the nitrocellulose membrane (Quesada-Gonzalez and 
Merkoçi 2015). The detection is based upon either the competitive or direct formats 
(Moon et al. 2013). The high sensitivity and specificity of antibody–antigen reac-
tions and the colorimetric visibility of the gold nanoparticles as labels are the basis 
for the rapid detection of analytes, as a red band on the membrane (Fig. 15.2).

An immunochromatographic strip test was developed and optimized for the 
rapid detection of aflatoxin B1 (AFB1) by nanocolloidal gold coupled with mono-
clonal antibody for AFB1 (Won-bo et  al. 2007). The antibody showed cross- 
reactivity toward aflatoxin B2, G1, and G2. The test took 15 mins and the visual 
detection limit 0.5 ng/ml. Analyses of 172 grain samples by the immunochromato-
graphic strip test was in agreement with the HPLC estimation. Gold nanoparticle 
coated with monoclonal antibodies was used as a detection agent for aflatoxins in 
soybean, a major Brazilian agricultural commodity (Santos et al. 2017). The mono-
clonal antibody displayed specificity toward aflatoxins B1, M1, G1, G2, and B2, 
and the strip test detected up to 0.5 μg/kg of aflatoxins in 10 min. Similarly Delmulle 
et al. (2005) developed a rapid lateral flow device for detecting aflatoxin B1 in pig 
feed rapidly within 10 min. Though most LFA platforms employ gold nanoparticles, 
recently Ren et al. (2014) employed quantum dots or semiconductor nanoparticles 
that show robust fluorescence as detection labels. Fluorescent CdSe/ZnS quantum 
dot beads (QBs) were synthesized for ultrasensitive detection of AFB1 in maize by 
polymer encapsulation of quantum dots (QDs) (Ren et al. 2014). The surface block-
ing method was used to prevent non-specific binding to the lateral flow membrane. 
The developed sensor had an LOD of 0.42  pg/ml in maize extract and twofold 
higher sensitivity than a gold nanoparticle-based immunoassay. This method com-
pared favorably with the commercial ELISA and liquid chromatography tandem 
mass spectrometry measurements.
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Anfossi et al. (2012) detected OTA semiquantitatively in wines and grape musts 
by a one-step lateral flow immunoassay. Matrix-matched calibration curves carried 
out in blank wines showed a detection limit of 1 μg/L and IC50 of 3.2 μg/L. The 
developed assay could detect OTA accurately and sensitively in 5 min. The assay 
was in agreement with the reference method of HPLC with 38 wines and 16 musts. 
A rapid immunochromatographic assay was combined with a simple, sample treat-
ment of cereals for the quantitative determination of OTA with LOD as low as 
1.5 μg/kg. Ochratoxin A was extracted from the cereal samples in presence of poly-
ethylene glycol that reduced the matrix effects caused by different cereals (maize, 
wheat, and durum wheat) (Anfossi et al. 2011). The recoveries ranged from 87% to 
119%. Fifteen maize, four wheat, and six durum wheat samples were analyzed by 
the developed assay that showed a good correlation when compared with a refer-
ence method.

Fig. 15.2 Multitoxin detection by lateral flow assay. Aflatoxin and ochratoxin A can be simulta-
neously detected in the LFA visually and quantitatively. In the competitive format, the presence of 
red color bands due to gold nanoparticle on the control line indicates the presence of toxins. The 
presence of red bands on the test line indicates the absence of toxins. The color intensity can be 
compared to the standards for quantification
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A monoclonal antibody against OTA was raised to develop a rapid immunochro-
matographic assay for efficient OTA detection (Cho et al. 2005). Up to 500 ng/ml of 
OTA was detected in 10 min. Wang et al. (2007) developed a colloidal gold immu-
noassay in a flow-through format for the rapid detection of OTA in various food 
matrices. OTA–BSA conjugates were used to produce polyclonal antibodies in rab-
bits. The assay was completed within 10 min, and the visual detection limit of the 
developed assay was 1.0 ng/ml.

 In most cases routine LFA can only detect one target molecule at a  time. By 
comparison, the multiplexing format of LFA can simultaneously detect several tar-
get chemicals, thus it can further reduce operating cost and improve detection effi-
ciency (Fig. 15.2). Multiplexed antibody-based immunochromatographic LFAs are 
reported for detection of AFs, OTA, deoxynivalenol, and zearalenone in various 
studies (Kolosova et al. 2008; Song et al. 2014; Chen et al. 2016). A multiplex lat-
eral flow immunoassay (LFA) was reported for the simultaneous, on-site determina-
tion of AFB1, OTA, and zearalenone in corn, rice, and peanut (Chen et al. 2016). 
The size of gold nanoparticles, conjugation of antibody-gold nanoparticle, and loca-
tion of capture antigen on the assay strip were optimized for the assay. The devel-
oped LFA visually detected 10, 15, and 50 μg/kg of AFB1, OTA, and zearalenone 
with a LOD of 0.10–0.13, 0.19–0.24, and 0.42–0.46 μg/kg, respectively. The recov-
ery of mycotoxins were > 86% in the spiked samples. Song et al. (2014) reported a 
multiplex lateral flow immunoassay for qualitative and/or semiquantitative determi-
nation of AFB1, zearalenone, and deoxynivalenol in maize samples. The monoclo-
nal antibodies used were specific toward each mycotoxin, and cross-reactivity was 
not reported. The LFA strip had a visual LOD of 0.03, 1.6, and 10 μg/kg and calcu-
lated LOD of 0.05, 1, and 3 μg/kg for AFB1, zearalenone, and deoxynivalenol, 
respectively. The mycotoxin recoveries ranged from 80% to 122%. The multiplex 
LFA and LC − MS/MS analyses of naturally contaminated maize samples were in 
a good agreement.

15.3.3  Aptamer-/Peptide-Coupled Nanoparticles for Mycotoxin 
Detection

Aptamers and peptides can enhance the sensitivity of the sensors (Piro et al. 2016). 
Aptamers are interesting short strand single or double oligonucleotides that are 
being incorporated into various assay formats to assist the mycotoxin detection. 
The aptamer-target recognition and the aptamer-controlled growth of gold nanopar-
ticles (Au NPs) were used to develop a versatile, sensitive and visual colorimetric 
assay for rapid detection of OTA. The aptamer coverage on the Au NPs determined 
the development of the varied nanostructure morphologies that resulted in forma-
tion of different colored solutions. A red-colored solution was associated with 
spherical Au NPs with low aptamer coverage, whereas blue colored solutions pro-
duced branched Au NPs with high aptamer coverage. Thus, Soh et  al. (2015) 
achieved visible colorimetric response for OTA detection at nanomolar levels 
(1 nM) for red wine samples, as well as cocaine. The sensitive and specific visual 
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detection of contaminants without the need for sophisticated equipment makes 
such assays relevant for diagnostics and food sampling.

Zhang et al. (2018) described a competitive lateral flow strip format containing a 
fluorescent aptamer for the one-step determination of OTA in corn samples. In 
short, biotin-cDNA was immobilized on the test line on the nitrocellulose mem-
brane. In the absence of OTA, the Cy5-labeled aptamer combined with the cDNA to 
form a stable double helix. The presence of OTA led to the formation of Cy5- 
aptamer/OTA complexes, therefore reducing the capture of free aptamer in the test 
zone and subsequently decreasing the fluorescent signals on the test line. A linear 
relationship from 1 to 1000 ng/ml with the LOD of 0.40 ng/ml and recoveries from 
96.4% to 104.67% were reported for spiked corn samples.

Velu and DeRosa (2018) explored two different formats using 5′-biotin-modified 
OTA aptamer probes in combination with silver or gold nanoparticles in lateral flow 
colorimetric assays for the detection of OTA. First, in the “adsorption–desorption” 
approach, aptamers were adsorbed onto the metal nanoparticle surface and, in addi-
tion of OTA, lead to aptamer–ochratoxin binding, thereby releasing the NPs. A 
detection limit of 6.3  nM was achieved for both metal nanoparticles with this 
approach. The second approach involved a linkage inversion assembled nano- 
aptasensors (LIANAs) using a DNA linker containing a 5′-5′ linkage inversion (5′-
5′ linker) to assemble biotinylated aptamer-functionalized metal nanoparticles. 
Briefly, OTA bound specifically with its aptamer triggered the release of the linker 
and disassembly of LIANA aggregates into dispersed nanoparticles. A LOD of 
0.63 nM was achieved in the LFA format. A comparison of the LIANA-based LFA 
strips and the “adsorption–desorption” LFAs showed that the former were more 
sensitive.

On site rapid detection of OTA contamination in Astragalus membranaceus, 
used in Chinese medicine, was developed with a lateral flow strip in the competitive 
format using aptamers against OTA (Zhou et al. 2016). The sample extraction was 
optimized with 2.5 ml of methanol/water (80:20, v/v) for 1 g, followed by fourfold 
dilution with running buffer to eliminate the matrix and methanol interferences. A 
visual LOD of 1 ng/ml with no significant cross-reactivity with other similar toxins 
was achieved within 15 min. Analyses of A. membranaceus samples showed one 
OTA-positive sample among nine that were in agreement with the LC–MS/MS 
analysis.

In place of antibodies, which are expensive and unstable, peptides can also be 
used for recognizing ochratoxin in the LFA format. Ochratoxin-binding peptides 
were identified (Bazin et al. 2013; Giraudi et al. 2007). Using such peptides in lat-
eral flow assay technology could provide a promising approach for semiquantita-
tive, rapid, easy, and cost-effective mycotoxin detection. In an approach to develop 
a user-friendly lateral flow strip and avoid the direct use of ochratoxin in the assay 
due to its hazardous nature, a mimotope peptide to mimic OTA was screened from 
a random seven-peptide M13 phage-display library (Lai et  al. 2009). The user- 
friendly lateral flow strip assay was developed by coating the mimotope peptide on 
the test line, replacing the ochratoxin–BSA conjugates, for capture of the gold 
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nanoparticle-labeled anti-ochratoxin antibodies. The rapid, inexpensive, on-site 
ochratoxin testing LFA could detect up to 10 ppb ochratoxin in 10 min.

15.3.4  Nanoparticle-Aided Molecular Detection

The use of oligonucleotide gold nanoparticles for the molecular diagnosis of myco-
toxins offers new opportunities for the further development of point of care diagnos-
tic assays with low-cost robust reagents and simple colorimetric detection (Rosi and 
Mirkin 2005, Harry et al. 2010). The early detection of mycotoxins was correlated 
with mRNA expression of toxin gene; the detection of these mRNA by nanoparti-
cles carrying oligonucleotide probe could contribute to rapid detection for myco-
toxin (Baptista et al. 2005; Schmidt-Heydt et al. 2011). Gold nanoparticles can be 
conjugated to the biomolecules such as DNA and RNA to develop rapid diagnostic 
methods.

A qPCR aptasensor for sensitive detection of AFT (M1) was used through a 
strong interaction with biotin–streptavidin as a molecular recognition element (Guo 
and Wei 2005). The aptamer was used as a molecular recognition element for the 
complementary ssDNA. Real-time amplification showed a linear relationship from 
0.0001 to 1 μg/L with an LOD of 0.03 ng/L.

15.4  Conclusions

Among the mycotoxin detection methods, traditional methods like HPLC–FLD and 
LC–MS are the gold standards. However, these methods lack field-level operational 
portability and ability for screening of large number of samples simultaneously, 
which is a challenge for mycotoxin detection in food and feed samples. The HACCP 
concept requires detection at each level to ensure safe and healthy food and feed. 
There is still a lack of worldwide awareness toward the health problems caused by 
mycotoxin consumption.

European Countries have better awareness with several food alert notifications 
on OTA occurrence being issued over the time. In 2008, 20 alerts concerning OTA 
in various cereal products were issued by the Rapid Alert System of Food and Feed 
of the European Union. In October 2014, notification of high OTA levels (14 μg/Kg) 
was issued in whole emmer wheat pasta from Italy that was distributed to other 
European countries. The Panel on Contaminants in the Food Chain (CONTAM) of 
the European Food Safety Authority (EFSA) has specified that consumers like 
infants and children are vulnerable and have specified a tolerable weekly intake 
(TWI) of 120 ng/Kg body weight for OTA.

It would be highly desirable if the same kind of alertness existed worldwide; 
however the sheer logistics is a great challenge considering the quantum of food and 
feed sources. In order to meet these challenges, portable screening methods like 
electrochemical sensors and LFA can be utilized. Newer strategies, involving nano-
technology, harness nanomaterials to increase the sensitivity and decrease the limit 
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of detection. The use of simple, stable nanoparticle labels to enhance signal ampli-
fication will contribute in fabrication of sensitive biosensors. One of the main chal-
lenges for detection of mycotoxin contamination is the co-occurrence of two or 
more toxins in food and feed samples. The incorporation of novel recognition ele-
ments such as antibodies, peptides, or aptamers with nanoparticles for LFA and 
immunosensors has immense potential for simultaneous multitoxin analysis.
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Abstract
Brazil has the most immense biodiversity in the world, and therefore, it also 
harbors an incredible variety of fungal species. Over the past several decades, 
starting in the 1950s, Brazilian fungal diversity has been studied by several for-
eign groups as well as Brazilians not only because of its importance to taxonomy 
and ecology but also because of its potential as a source for biomolecules of 
economic interest. The study of endophytic fungi from Brazil has grown during 
the last 20–30 years, and its contribution to the estimation of global fungal diver-
sity and its potential to produce several molecules have also contributed to the 
improvement of industrial procedures. Also, some studies investigating fungal 
endophytic diversity have contributed ecological information to programs for the 
protection of natural areas. In this chapter, selected publications about the tax-
onomy, ecology, and/or biotechnological potential of fungal endophytes from 
Brazil are summarized in order to show the importance of Brazilian endophyte 
mycodiversity.
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16.1  Introduction

The diversity of endophytic fungi in Brazil, if we consider its association with all 
plant species, may comprise an entire mycobiome still hidden in the Brazilian terri-
tory. Despite efforts to study this immense fungal diversity, there is a gap to be filled 
that requires more information about the association and ecological contribution of 
endophytes to plants and their environments.

In 2015, Maia et al. tried to estimate Brazilian fungal diversity, suggesting the 
occurrence of about 6000 species. These authors did not include in this estimation, 
among other things, the number of fungal species reported as endophytes from sev-
eral environments in Brazil. Despite this, Maia et al. (2015) highlighted the impor-
tance of studies estimating fungal species in the country, demonstrating the gap of 
this knowledge considering the immense mycodiversity of endophytes that have 
been reported from several environments in Brazil (Rodrigues 1994; Camatti- 
Sartori et  al. 2005; Magalhães et  al. 2008; Abreu et  al. 2010; Costa et  al. 2012; 
Bezerra et al. 2013; Pádua et al. 2018).

One of the first studies of Brazilian fungal endophytic diversity was performed 
by Dreyfuss and Petrini (1984) who reported the community of endophytic fungi 
associated with the plants Asplenium serratum, Anthurium sp., Philodendron sp., 
Guzmania sp., Epidendrum sp., and Maxiilaria sp. Dreyfuss and Petrini (1984) pre-
sented a list of isolated endophytes (e.g., Acremonium, Fusarium, Colletotrichum, 
Diaporthe, etc.) and illustrated some of them. Other studies, such as Rodrigues 
(1994), Camatti-Sartori et al. (2005), Magalhães et al. (2008), Abreu et al. (2010), 
and Bezerra et  al. (2013), used plants from different Brazilian biomes (e.g., the 
Amazon Forest, Atlantic Forest, Caatinga, and Cerrado) to show the diversity of 
these microorganisms in several habitats across the country.

Another way to verify the association of the endophytic fungal community is the 
use of plants that harbor fungi which can be used to produce some biomolecules 
with economic importance. These studies demonstrated fungal endophytes’ capac-
ity to produce several enzymes, such as xylanase, amylase, pectinase, cellulase, 
protease, lipase, and more recently L-asparaginase (Silva et al. 2006; Bezerra et al. 
2012, 2015; Suryanarayanan et al. 2012; Santos et al. 2015a; Pádua et al. 2018). In 
addition, other surveys used endophytes to produce antimicrobial compounds 
against bacteria and/or fungi that are pathogenic to humans, other animals, and 
plants (Ferreira et al. 2015; Nascimento et al. 2015a; Pires et al. 2015; Silva et al. 
2017a); other endophytic fungi demonstrated leishmanicidal, trypanocidal, cyto-
toxic, and antiviral activities (Campos et al. 2015; Ferreira et al. 2015) and were also 
reported as plant growth promoters (Silva et al. 2006; Luz et al. 2006). In this chap-
ter, we aim to contribute to the knowledge of this field in Brazil in order to stimulate 
access to the endophytic fungal community and its biotechnological potential to 
produce several molecules. Because of the advance of anthropic destruction of natu-
ral environments, we also expect that protection programs for these environments 
can be developed to protect the Brazilian biodiversity and its biotechnological and 
ecological potential.
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16.2  Diversity of Endophytic Fungi from Brazil

The known diversity of endophytic fungi from Brazil has increased owing to several 
publications investigating the mycobiome associated with several plant species 
(Ferreira et al. 2015; Nascimento et al. 2015a; Pádua et al. 2018; Silva et al. 2018). 
Since the first publication in the 1980s, the growing number of studies of Brazilian 
endophytes has created an expectation for the mycological community to yield new 
taxa and ecological patterns of species, e.g., Corynespora subcylindrica (Siqueira 
et al. 2008), Bezerromyces spp. and Xiliomyces brasiliensis (Bezerra et al. 2017a), 
Toxicocladosporium spp. (Bezerra et  al. 2017b), and Quambalaria fabacearum 
(Bezerra et al. 2018).

Several studies from Brazil have demonstrated that the diversity of the Brazilian 
endophytic community is vastly greater than that of similar environments in other 
countries (Vaz et al. 2014; Oliveira et al. 2014; Bezerra et al. 2015, 2017c). However, 
the peculiarities associated with Brazilian plants, climate, and soil, among other 
characteristics, have also contributed to an explosion in the number of endophytic 
species, highlighting the country as a “hotspot” of fungal endophytic diversity.

For example, some studies performed with plants from the Amazon region have 
shown that these plants harbor a special fungal endophyte community which can 
also contribute to the survival of plants and its forest habitat (Rodrigues et al. 1993; 
Rodrigues 1994). When studying the plant Euterpe oleracea in areas of the Amazon 
Forest, Rodrigues (1994) reported the association of several endophytes belonging 
to 34 genera. Similar results were also obtained by Rodrigues and Dias-Filho (1996) 
and Rodrigues and Samuels (1999) who were studying the plants Brachiaria bri-
zantha cv. Marandu, B. humidicola and Spondias mombin growing in Amazon 
regions. These authors published the first papers concerning endophytic fungal 
diversity associated with plants from the Amazon biome in Brazil. Later, other 
research used the diversity of plants in this region to verify its association with 
endophytic fungi (see Table 16.1).

Other examples are the medicinal plant species such as the endophytic fungi 
from leaves and stems of Lippia sidoides (Verbenaceae) that were isolated by 
Siqueira et al. (2011). A total of 203 endophytic fungi were recovered, representing 
14 species belonging to Ascomycota. In that study, the most frequently isolated spe-
cies were members of Colletotrichum [the most frequent], followed by Alternaria, 
Phyllosticta, and Diaporthe. Siqueira et al. (2011) also observed that nine species 
showed specificity for the host tissue; for example, Curvularia pallescens, 
Drechslera dematioidea, Guignardia bidwellii, Microascus desmosporum, 
Paecilomyces variotii, Periconia byssoides, and Ulocladium oudemansii were iso-
lated only from leaves, while Fusarium lateritium and Phoma tracheiphila were 
isolated only from branches.

Because of the Brazilian biomes’ diversity, new research studies have been 
developed using plant species from environments that are receiving serious anthro-
pogenic pressure that can minimize their diversity and/or are considered high-stress 
habitats for plants that tolerate higher temperatures and water shortages. One of 
these examples is the Brazilian tropical dry forest, named Caatinga, which since 

16 The Explosion of Brazilian Endophytic Fungal Diversity: Taxonomy…
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2012 has been studied for its fungal endophyte community. The first study to access 
the endophytic fungal community of plants from de Caatinga forest was performed 
by Bezerra et al. (2012) who studied the association of these microorganisms with 
the cactus Opuntia ficus-indica. The authors reported the isolation of members 
belonging to 12 genera and also the first record of 5 endophytic fungi species in 
Brazil. After this first publication, other research has been conducted by various 
groups in order to access the endophytic fungal community associated with plants 
from the Caatinga forest (Bezerra et al. 2013, 2015, 2017a, b; Freire et al. 2015; 
Pádua et al. 2018; Silva et al. 2018) (see Table 16.1).

Recently, Pádua et  al. (2018) studied endophytic fungi from the leaves of 
Myracrodruon urundeuva in the Caatinga and brejo de altitude ecosystems in 
Brazil. The authors isolated 187 endophytic fungi belonging to Ascomycota 
(Botryosphaeriales, Chaetothyriales, Diaporthales, Eurotiales, Glomerellales, 
Hypocreales, and Pleosporales) and Basidiomycota (Polyporales). During this 
study, Diaporthe was the most frequent genus. Members of Talaromyces were 
indicative of Caatinga, while Phyllosticta, Diaporthe, and Colletotrichum were of 
the brejo de altitude ecosystem. Pádua et al. (2018) also demonstrated that the com-
position of endophytic fungi in brejo de altitude was higher than in the Caatinga 
forest. A similar survey was performed by Silva et al. (2018) who studied a brome-
liad from the Caatinga forest and reported the isolation of 184 endophytes, of which 
52 belonged to the Penicillium and Talaromyces genera.

Besides the remarkable diversity of endophytic fungi from the Caatinga forest, 
another Brazilian tropical dry forest, named Cerrado, has also been assessed for its 
diversity of endophytes. Studying Palicourea marcgravii growing in this environ-
ment, Cafêu et al. (2005) isolated an endophyte belonging to Xylaria and tested its 
capacity to produce antifungal compounds. Other authors, such as Magalhães et al. 
(2008), assessed the endophytic diversity of Eremanthus erythropappus growing in 
the Cerrado and related the isolation of species belonging to eight genera in 
Ascomycota. Similar results were obtained by Oki et  al. (2009) and Abreu et  al. 
(2010), who also used plants from the Cerrado forest to study its association with 
endophytic fungi species, reporting important fungal endophytic diversity (see 
Table 16.1).

The endophytic fungal diversity of the Atlantic Forest in Brazil has also been 
studied because of its important contribution to Brazilian biodiversity and is consid-
ered one of the global hotspots for biodiversity and endemism of species (Lima 
et  al. 2013; Vaz et  al. 2014; Oliveira et  al. 2014). Some research studies in the 
Atlantic Forest have confirmed its important endophytic fungal diversity. Vieira 
et al. (2012) assessed the fungal endophyte community of Solanum cernuum and 
recorded the isolation of several endophytic fungi belonging to more than 33 taxa of 
Ascomycota, Basidiomycota, and Mucoromycotina. Similar work was performed by 
Vaz et al. (2014) who studied the plants Myrceugenia ovata var. nanophylla and 
Eugenia neomyrtifolia and isolated endophytic members of seven fungal genera. 
Other important plant species that have been studied in the Atlantic Forest areas 
include crops, such as Coffea arabica; its fungal endophytic community was 
assessed by Oliveira et  al. (2014) who recorded the isolation of members of 14 
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genera of Ascomycota and several other isolates without sporulation in culture 
media. Other surveys are still in progress, which aim to assess the endophytic fungal 
diversity associated with other native and agricultural plants in the Atlantic Forest.

Another peculiar environment in Brazil is the mangrove forests, which are spe-
cial because of their ecological contributions to the maintenance of biodiversity in 
coastal regions. Sebastianes et al. (2013) assessed the diversity of endophytes in 
this environment and reported isolation of about 4300 endophytes from Rhizophora 
mangle, Avicennia schaueriana, and Laguncularia racemosa in the Brazilian state 
of São Paulo. The endophytes isolated were classified as belonging to 34 genera in 
the orders Diaporthales, Xylariales, Hypocreales, Botryosphaeriales, Pleosporales, 
Trichosphaeriales, Pyrenulales, and Sordariales. The endophytic fungal diversity 
in mangroves was also verified by Costa et  al. (2012) who studied the hosts A. 
schaueriana, L. racemosa, and R. mangle in an island in the Pernambuco province 
in Brazil. These authors highlighted the frequency of species from 19 genera, and 
these isolates were mainly pigmented fungal taxa. Due to the harsh conditions in 
the mangrove habitat, several pigmented fungal species can colonize plants in this 
environment, similar to plants living in dry forests as was discovered in the 
Caatinga (Bezerra et al. 2013, 2017c). The development of research in harsh envi-
ronments is an important way to elucidate fungal diversity that is still unknown, 
and/or to understand the distribution of species only reported in a few substrates 
and places. Figure 16.1 shows the diversity of the fungal endophyte community in 
Brazil.

Fig. 16.1 Number of reported genera in the fungal endophyte community in Brazil
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16.3  Biotechnological Potential of Endophytic Fungi 
from Brazil

The chemistry of endophytes has been seldom studied, especially if we consider the 
vast diversity of fungi and their specificity in the colonization of plant hosts. The 
study of interactions between microorganisms and plants, besides contributing to 
the understanding of chemical processes in ecology and nature, may result in the 
establishment of new sources of substances of human interest (Santos et al. 2008). 
Endophytic microorganisms are potential sources of new natural products that can 
be exploited in agriculture, industry, and medicine (Strobel and Daisy 2003; Chapla 
et al. 2013).

Several studies have demonstrated the potential of endophytic microorganisms 
in promoting plant growth (Santos and Varavallo 2011). For example, Silva et al. 
(2006) evidenced the potential of endophytic fungi to promote the growth of 
Annonaceae species seedlings, and Luz et al. (2006) verified that fungal endophytes 
presented potential to promote the growth of yellow passion fruit seedlings. Another 
study using the culture filtrate of the endophyte Penicillium citrinum showed that it 
positively influences the growth of the Carex kobomugi (Hwang et al. 2011). Other 
endophytic species, such as Fusarium oxysporum, have also been shown to be 
promising for banana growth (Ting et al. 2008). Endophytic microorganisms have 
the potential to stimulate plant growth due to mechanisms such as phytohormone 
production, nitrogen fixation, drug resistance, and pathogen antagonism (Peixoto 
Neto et al. 2002).

In addition, endophytes are reported to have potential for the control of plant 
pathogens. For example, Rocha et al. (2009) found an antagonist potential for endo-
phytic fungi isolated from Symphytum officinale against Sclerotinia sclerotiorum, a 
plant pathogen of bean crops. Other examples of antagonist potential are the endo-
phytic fungi from Theobroma cacao and Theobroma grandiflorum that showed 
promising biocontrol of Phytophthora palmivora, a phytopathogenic fungus of 
cocoa (Hanada et al. 2010). Among the endophytes tested during that experiment, 
members of Trichoderma, Pestalotiopsis, Curvularia, Tolypocladium, and Fusarium 
were reported as the best eco-friendly endophytes (Hanada et al. 2010). Studying 
endophytic fungi isolated from cacao plants, Rubini et al. (2005) demonstrated that 
some of these microorganisms, especially the endophyte Gliocladium catenulatum, 
were potential antagonists against Crinipellis perniciosa, the causative agent of 
witch’s broom disease.

There are some endophytic fungi that may have evolved to allow transfer of 
genetic information to their host plant (Strobel 2002). Some organic substances 
with biological activity are produced by these endophytes, e.g., paclitaxel (Taxol®), 
the anticancer drug endogenously produced by Taxus brevifolia and its endophytic 
fungus Taxomyces andreanae (Stierle et al. 1993). Many endophytes isolated from 
medicinal plants produce secondary metabolites which are strong fungicides or bac-
tericides (Tan and Zou 2001; Gunatilaka 2006). Siqueira et al. (2011) assessed the 
potential for antimicrobial compound production by endophytic fungi isolated from 
L. sidoides, a medicinal plant used as an antiseptic in the northeast of Brazil. In this 
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study, Staphylococcus aureus ATCC6538, Bacillus subtilis UFPEDA-16, Klebsiella 
pneumoniae ATCC 29665, Staphylococcus aureus ATCC 6538, Trichophyton 
rubrum URM 4350, and Malassezia furfur URM4849 were inhibited by the endo-
phytic fungi Alternaria alternata, Phomopsis archeri, Colletotrichum gloeosporioi-
des, Drechslera dematioidea, and other endophytes without sporulation in culture. 
This study by Siqueira et al. (2011) indicated that endophytic fungi from L. sidoides 
have antifungal and antibacterial potential against microorganisms that are patho-
genic to humans.

Natural products of endophytic fungi can act as antibiotics by inhibiting or elimi-
nating disease-causing pathogens, such as protozoa, viruses, bacteria, and fungi, 
that affect humans, other animals, and plants (Strobel and Daisy 2003). An example 
of this potential is the study by Pires et  al. (2015) that verified the antibacterial 
potential of endophytic fungi from the Brazilian tropical dry forest (Caatinga) and 
reported that of the 60 endophytes tested, 21 showed activity against bacteria that 
are pathogenic to humans. Another survey was performed by Souza et al. (2004) 
who used extracellular metabolic liquid from 79 endophytes isolated from 
Amazonian plants against microorganisms that are phytopathogenic and pathogenic 
to humans and found that 19 isolates were antagonistic against one or more patho-
genic microorganisms. Additionally, Ferreira et al. (2015) reported that endophytic 
fungi isolated from Carapa guianensis demonstrated antiviral activity against the 
yellow fever virus.

Several other important medicinal properties have been reported for compounds 
produced by endophytic fungi. For example, Nascimento et al. (2015b) reported an 
anti-leishmanial activity in the endophyte of Vernonia polyanthes. Campos et al. 
(2015) reported similar results and reported anti-leishmanial activity, trypanocidal 
activity, and antitumor activity in the endophytes of Caesalpinia echinata. Orlandelli 
et al. (2017) identified additional important biotechnological potential and found 
antiproliferative activity against human breast carcinoma (MCF-7) and hepatocel-
lular carcinoma (HepG2-C3A) cells in Diaporthe sp. isolates. Other compounds 
obtained from the endophyte Aspergillus terreus also demonstrated schistosomi-
cidal activity, antitumor activity, and moderate leishmanicidal activity (Silva et al. 
2017b). Moreover, Chapla et al. (2014) reported the anti-inflammatory potential of 
endophytic Diaporthe isolates.

Additionally, endophytic fungi are reported to be enzyme producers of major 
importance to industry. During studies verifying the capacity to produce extracel-
lular enzymes using endophytic fungi, Cuzzi et al. (2011) verified proteolytic, lipo-
lytic, and aminolytic activity of several endophytes. Bezerra et al. (2012) studied the 
potential to produce enzyme by fungal isolates from the cactus O. ficus-indica and 
reported the ability of these isolates to produce protease, cellulase, xylanase, and 
pectinase enzymes. In another study by Bezerra et al. (2015), the authors also veri-
fied the potential of endophytic fungi from different tissues of Bauhinia forficata to 
produce protease, cellulase, xylanase, and lipase. Silva et  al. (2006) verified the 
production of protease and lipase by endophytic fungi isolated from Annona squa-
mosa and Annona muricata. The production of other enzymes with industrial uses, 
such as tannase, chitinase, hemicellulases, and β-glucosidase, has also been reported 
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in several studies of endophytic fungi (Campos et al. 2005; Robl et al. 2013; Sena 
et al. 2014, 2018; Cavalcanti et al. 2017). In addition, endophytic fungi have been 
reported to produce the enzyme L-asparaginase (Theantana et  al. 2007, 2009; 
Chandra 2012; Kalyanasundaram et al. 2015; Lopes et al. 2015).

In Brazil, the demand for enzyme-producing fungi has contributed to the devel-
opment of some projects searching for endophytes with various biotechnological 
potential. Recently, Azevedo and Quecine (2017) published the book Diversity and 
benefits of microorganisms from the tropics that includes information about the 
diversity and application of Brazilian endophytes in agriculture, renewable energy 
production, and environmental protection. Nevertheless, little information was 
included concerning the potential of endophytes to produce the enzyme 
L-asparaginase. L-asparaginase has been reported from endophytes in other coun-
tries (Theantana et al. 2007, 2009; Chandra 2012; Kalyanasundaram et al. 2015), 
and in recent years it also has been recorded from Brazilian endophytes (Santos 
et al. 2015a; Pádua et al. 2018; Silva et al. 2018). This enzyme is important as a 
medicine in the pharmacological industry and in food industries where it acts to 
inhibit the formation of acrylamide in foods treated with high temperature (Lopes 
et al. 2015). For example, the surveys by Santos et al. (2015a), Pádua et al. (2018), 
and Silva et  al. (2018) emphasized that endophytes from the Caatinga forest in 
Brazil are an important source of strains with the potential to produce L-asparaginase.

The study by Santos et al. (2015a) was the first report of endophytic fungi iso-
lated from a tropical dry forest plant with biotechnological potential to produce the 
enzyme L-asparaginase. The authors analyzed the ability of 44 endophytic fungi 
previously isolated from the cactus C. jamacaru to produce this enzyme. The 
researchers observed that 19 fungi were good producers and were from the genera 
Aspergillus, Cladosporium, Curvularia, Fusarium, Gibberella, Penicillium, and 
Purpureocillium. Aspergillus japonicus URM 6872, A. ochraceus URM 6885, A. 
sydowii URM 6866, A. terreus URM 6888, F. oxysporum URM 6815, G. fujikuroi 
var. fujikuroi URM 6816, and P. brevicompactum URM 6833 had the greatest abil-
ity to synthesize L-asparaginase and were indicated for further studies to optimize 
the production of the enzyme. Pádua et al. (2018) studied the potential of endo-
phytic fungi from the leaves of Myracrodruon urundeuva in Brazil to produce 
L-asparaginase. In that study, Diaporthe sp. (URM 7793, URM 7779, and URM 
7792) and Talaromyces sp. URM 7785 were the best producers of L-asparaginase. 
In addition, members of Alternaria, Colletotrichum, Exserohilum, Penicillium, 
Phylosticta, and Sarocladium were also reported to be producers of this enzyme and 
can also be studied for optimization of enzyme production processes. Similar results 
were obtained by Silva et al. (2018) studying endophytes from a bromeliad in the 
Caatinga forest in Brazil, who reported its potential to produce the enzyme 
L-asparaginase by species of Penicillium and Talaromyces, highlighting T. cf. ceci-
dicola URM 7826 as the best producer. Other studies are still in progress to investi-
gate the asparaginasic potential of several endophytes from different Brazilian 
environments (personal communication). Table  16.1 summarizes some selected 
papers on the diversity of the fungal endophyte community and/or the biotechno-
logical potential of Brazilian endophytes.
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16.4  Future Perspectives

It is believed that all plants have endophytic microorganisms yet to be studied, pre-
senting genetic variants capable of producing several compounds of unknown bio-
activity (Peixoto Neto et al. 2004). In Brazil, several studies have reported a great 
diversity of endophytic fungi (Rodrigues 1994; Rubini et  al. 2005; Abreu et  al. 
2010; Vieira et al. 2012; Bezerra et al. 2013), including the description of new gen-
era, such as Bezerromyces and Xiliomyces (Bezerra et al. 2017a) and several new 
species (Bezerra et al. 2017b, 2018; Crous et al. 2017). In addition, it is important 
to highlight the need for ex situ preservation of part of the Brazilian mycodiversity 
of endophytic fungi in mycological reference collections across the country in order 
to protect its diversity and contribute to current and future studies of taxonomic and 
biotechnological potential.

Coinciding with the diversity of endophytic fungi in the country, many studies 
also reported the biotechnological potential of these endophytes. For example, they 
are reported to have antimicrobial activity (Pires et  al. 2015; Nascimento et  al. 
2015a; Ferreira et  al. 2015; Silva et  al. 2017a), leishmanicidal and trypanocidal 
activities (Campos et  al. 2015; Ferreira et  al. 2015), and potential to produce 
enzymes (Bezerra et al. 2012, 2015; Santos et al. 2015a; Pádua et al. 2018; Silva 
et al. 2018). According to Anbu et al. (2015), enzymes produced by microorganisms 
are more attractive to industries because they can be produced on a large scale and 
have short generation times.

Brazil holds the greatest botanical diversity in the world (Giulietti et al. 2005), 
which not only increases the possibility of research toward discovering endophytic 
fungal diversity and its relationship with hosts but also increases the chances of 
finding new bioactive molecules with different potentials and possibilities for indus-
trial applications. This fact underscores the importance of conducting research that 
surveys the diversity and biotechnological potential of endophytic fungi associated 
with plants of different ecosystems in the country.

Acknowledgments The authors thank the Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, 
Finance Code 001), Fundação de Amparo à Ciência e Tecnologia de Pernambuco (FACEPE), and 
Universidade Federal de Pernambuco (UFPE).

References

Abreu LM, Almeida AR, Salgado M, Pfenning LH (2010) Fungal endophytes associated with 
the mistletoe Phoradendron perrottettii and its host tree Tapirira guianensis. Mycol Progress 
9:559–566

Anbu P, Gopinath SCB, Chaulagain BP, Tang TH, Citartan M (2015) Microbial enzymes and 
their applications in industries and medicine 2014. Biomed Res Int 2015:816419. https://doi.
org/10.1155/2015/816419

Araújo WL, Maccheroni W Jr, Aguilar-Vildoso CI, Barroso PAV, Saridakis HO, Azevedo JL 
(2001) Variability and interactions between endophytic bacteria and fungi isolated from leaf 
tissues of citrus rootstocks. Can J Microbiol l47:229–236

16 The Explosion of Brazilian Endophytic Fungal Diversity: Taxonomy…

https://doi.org/10.1155/2015/816419
https://doi.org/10.1155/2015/816419


428

Azevedo JL, Quecine MC (2017) Diversity and benefits of microorganisms from the tropics. 
Springer, Cham, p 439

Banhos EF, Souza AQL, Andrade JC, Souza ADL, Koolen HHF, Albuquerque PM (2014) 
Endophytic fungi from Myrcia guianensis at the Brazilian Amazon: distribution and bioactiv-
ity. Braz J Microbiol 45:153–161

Bertoni MD (1994) New record of Ceratopycnidium baccharidicola (endophyte on Baccharis 
coridifolia) in Brazil. Mycotaxon 52:193–196

Bezerra JDP, Santos MGS, Svedese VM, Lima DMM, Fernandes MJS, Paiva LM, Souza-Motta 
CM (2012) Richness of endophytic fungi isolated from Opuntia ficus-indica Mill.(Cactaceae) 
and preliminary screening for enzyme production. World J Microbiol Biotechnol 28:1989–1995

Bezerra JDP, Santos MGS, Barbosa RN, Svedese VM, Lima DMM, Fernandes MJS, Gomes BS 
et al (2013) Fungal endophytes from cactus Cereus jamacaru in Brazilian tropical dry forest: a 
first study. Symbiosis 60:53–63

Bezerra JDP, Nascimento CCF, Barbosa RN, Silva DCV, Svedese VM, Silva-Nogueira EB, Gomes 
BS et al (2015) Endophytic fungi from medicinal plant Bauhinia forficata: diversity and bio-
technological potential. Braz J Microbiol 46:49–57

Bezerra JDP, Oliveira RJV, Paiva LM, Silva GA, Groenewald JZ, Crous PW, Souza-Motta CM 
(2017a) Bezerromycetales and Wiesneriomycetales ord. nov. (class Dothideomycetes), with 
two novel genera to accommodate endophytic fungi from Brazilian cactus. Mycol Progress 
16:297–309

Bezerra JDP, Sandoval-Denis M, Paiva LM, Silva GA, Groenewald JZ, Souza-Motta CM, Crous 
PW (2017b) New endophytic Toxicocladosporium species from cacti in Brazil, and description 
of Neocladosporium gen. nov. IMA Fungus 8:77–97

Bezerra JDP, Azevedo JL, Souza-Motta CM (2017c) Why study endophytic fungal community 
associated with cacti species? In: Azevedo JL, Quecine MC (eds) Diversity and benefits of 
microorganisms from the tropics. Springer, Cham, pp 21–35

Bezerra JDP, Machado AR, Firmino AL, Rosado AWC, Souza CAF, Souza-Motta CM, Freire 
KTLS et al (2018) Mycological diversity description I. Acta Bot Bras 32:656–666

Brum MCP, Araújo WL, Maki CS, Azevedo JL (2012) Endophytic fungi from Vitis labrusca L. 
(‘Niagara Rosada’) and its potential for the biological control of Fusarium oxysporum. Genet 
Mol Res 11:4187–4197

Cafêu MC, Silva GH, Teles HL, Bolzani VS, Araújo AR, Young MCM, Pfenning LH (2005) 
Substâncias antifúngicas de Xylaria sp., um fungo endofítico isolado de Palicourea marcgravii 
(Rubiaceae). Quim Nova 28:991–995

Camatti-Sartori V, Silva-Ribeiro RT, Valdebenito-Sanhueza RM, Pagnocca FC, Echeverrigaray 
S et  al (2005) Endophytic yeasts and filamentous fungi associated with southern Brazilian 
apple (Malus domestica) orchards subjected to conventional, integrated or organic cultivation. 
J Basic Microbiol 45:397–402

Campos RA, Arruda W, Boldo JT, Silva MV, Barros NM, Azevedo JL, Schrank A et al (2005) 
Boophilus microplus infection by Beauveria amorpha and Beauveria bassiana: SEM analysis 
and regulation of subtilisin-like proteases and chitinases. Curr Microbiol 50:257–261

Campos RA, Boldo JT, Pimentel IC, Dalfovo V, Araújo WL, Azevedo JL, Vainstein MH et  al 
(2010) Endophytic and entomopathogenic strains of Beauveria sp to control the bovine tick 
Rhipicephalus (Boophilus) microplus. Genet Mol Res 9:1421–1430

Campos FF, Sales Junior PA, Romanha AJ, Araújo MSS, Siqueira EP, Resende JM, Alves TMA 
et al (2015) Bioactive endophytic fungi isolated from Caesalpinia echinata Lam. (Brazilwood) 
and identification of beauvericin as a trypanocidal metabolite from Fusarium sp. Mem Inst 
Oswaldo Cruz 110:65–74

Cavalcanti RMF, Ornela PHO, Jorge JA, Guimaraes LHS (2017) Screening, selection and opti-
mization of the culture conditions for tannase production by endophytic fungi isolated from 
caatinga. J Appl Biol Biotechnol 5:1–9

Chandra S (2012) Endophytic fungi: novel sources of anticancer lead molecules. Appl Microbiol 
Biotechnol 95:47–59

J. D. P. Bezerra et al.



429

Chapla VM, Biasetto CR, Araujo AR (2013) Fungos endofíticos: uma fonte inexplorada e susten-
tável de novos e bioativos produtos naturais. Rev Virtual Quim 5:421–437

Chapla VM, Zeraik ML, Ximenes VF, Zanardi LM, Lopes MN, Cavalheiro AJ, Silva DHS et al 
(2014) Bioactive secondary metabolites from Phomopsis sp., an endophytic fungus from Senna 
spectabilis. Molecules 19:6597–6608

Conti R, Cunha IGB, Siqueira VM, Souza-Motta CM, Amorim ELC, Araújo JM (2012) Endophytic 
microorganisms from leaves of Spermacoce verticillata (L.): diversity and antimicrobial activ-
ity. J Appl Pharm Sci 2:17–22

Costa IPMW, Maia LC, Cavalcanti MA (2012) Diversity of leaf endophytic fungi in mangrove 
plants of northeast Brazil. Braz J Microbiol 43:1165–1173

Crous PW, Wingfield MJ, Burgess TI, Hardy GESTJ, Crane C, Barrett S, Cano-Lira JF et al (2016) 
Fungal Planet description sheets: 469–557. Persoonia 37:218–403

Crous PW, Wingfield MJ, Burgess TI, Carnegie AJ, Hardy GESJ, Smith D, Summerell BA et al 
(2017) Fungal Planet description sheets: 625–715. Persoonia 39:270–467

Crous PW, Wingfield MJ, Burgess TI, Hardy GESJ, Gené J, Guarro J, Baseia IG et  al (2018) 
Fungal Planet description sheets: 716–784. Persoonia 40:240–393

Cuzzi C, Link S, Vilani A, Onofre SB (2011) Enzimas extracelulares produzidas por fungos end-
ofíticos isolados de Baccharis Dracunculifolia D.C. (Asteraeceae). Gl Sci Technol 4:47–57

Dezam APG, Vasconcellos VM, Lacava PT, Farinas CS (2017) Microbial production of organic 
acids by endophytic fungi. Biocatal Agric Biotechnol 11:282–287

Dreyfuss M, Petrini O (1984) Further investigations on the occurrence and distribution of endo-
phytic fungi in tropical plants. Bot Helv 94:33–40

Fernandes EG, Pereira OL, Silva CC, Bento CBP, Queiroz MV (2015) Diversity of endophytic 
fungi in Glycine max. Microbiol Res 181:84–92

Fernandes EG, Valério HM, Duarte KLR, Capuchinho LMN, Fagundes M (2018) Fungi associated 
with Copaifera oblongifolia (Fabaceae) seeds: occurrence and possible effects on seed germi-
nation. Acta Bot Bras 33:179–182

Ferreira MC, Vieira MLA, Zani CL, Alves TMA, Junior PAS, Murta SMF, Romanha AJ et  al 
(2015) Molecular phylogeny, diversity, symbiosis and discover of bioactive compounds of 
endophytic fungi associated with the medicinal Amazonian plant Carapa guianensis Aublet 
(Meliaceae). Biochem Syst Ecol 59:36–44

Freire KTLS, Araújo GR, Bezerra JDP, Barbosa RN, Silva DCV, Svedese VM, Paiva LM et al 
(2015) Fungos endofíticos de Opuntia ficus-indica (L.) Mill.(cactaceae) sadia e infestada por 
Dactylopius opuntiae (Cockerell, 1896) (Hemiptera: Dactylopiidae). Gaia Sci 9:104–110

Gai CS, Lacava PT, Maccheroni W Jr, Glienke C, Araújo WL, Miller TA, Azevedo JL (2009) 
Diversity of endophytic yeasts from sweet orange and their localization by scanning electron 
microscopy. J Basic Microbiol 49:441–451

García A, Rhoden SA, Rubin Filho CJ, Nakamura CV, Pamphile JA (2012) Diversity of foliar 
endophytic fungi from the medicinal plant Sapindus saponaria L. and their localization by 
scanning electron microscopy. Biol Res 45:139–148

Giulietti AM, Harley RM, Queiroz LP, Wanderley MGL, Van den Berg C (2005) Biodiversidade e 
conservação das plantas no Brasil. Megadiversidade 1:52–61

Glienke C, Pereira OL, Stringari D, Fabris J, Kava-Cordeiro V, Galli-Terasawa L, Cunnington J 
et al (2011) Endophytic and pathogenic Phyllosticta species, with reference to those associated 
with Citrus Black Spot. Persoonia 26:47–56

Gunatilaka AAL (2006) Natural products from plant-associated microorganisms: distribution, 
structural diversity, bioactivity and applications of their occurrence. J Nat Prod 69:509–526

Hanada RE, Pomella AWV, Costa HS, Bezerra JL, Loguercio LL, Pereira JO (2010) Endophytic 
fungal diversity in Theobroma cacao (cacao) and T. grandiflorum (cupuaçu) trees and their 
potential for growth promotion and biocontrol of black-pod disease. Fungal Biol 114:901–910

Hilarino MPA, Silveira FAO, Oki Y, Rodrigues L, Santos JC, Corrêa Junior A, Fernandes GW 
et al (2011) Distribution of the endophytic fungi community in leaves of Bauhinia brevipes 
(Fabaceae). Acta Bot Bras 25:815–821

16 The Explosion of Brazilian Endophytic Fungal Diversity: Taxonomy…



430

Hwang JS, You YH, Bae JJ, Khan SA, Kim JG, Choo YS (2011) Effects of endophytic fungal 
secondary metabolites on the growth and physiological response of Carex kobomugi Ohwi. J 
Coast Res 27:544–548

Johann S, Rosa LH, Rosa CA, Perez P, Cisalpino PS, Zani CL, Cota BB (2012) Antifungal activity 
of altenusin isolated from the endophytic fungus Alternaria sp. against the pathogenic fungus 
Paracoccidioides brasiliensis. Rev Iberoam Micol 29:205–209

Kalyanasundaram I, Nagamuthu J, Srinivasan B, Pachayappan A, Muthukumarasamy S (2015) 
Production, purification and characterisation of extracellular L-asparaginase from salt marsh 
fungal endophytes. World J Pharm Pharm Sci 4:663–677

Landell MF, Mautone JN, Valente P (2006) Biodiversity of yeasts associated to bromeliads in 
Itapuã park, Viamão/RS. Biociencias 14:144–149

Lima TEF, Oliveira RJV, Neves RP, Bezerra JL, Cavalcanti MAQ (2013) Endophytic yeasts 
of Coffea arabica and Vitis labrusca cv. Isabel from Pernambuco, Brazil. Nova Hedwigia 
96:463–469

Lopes AM, Oliveira-Nascimento L, Ribeiro A, Tairum CA Jr, Breyer CA, Oliveira MA, Monteiro 
G et  al (2015) Therapeutic L-asparaginase: upstream, downstream and beyond. Crit Rev 
Biotechnol 37:82–99

Luz JS, Silva RLO, Silveira EB, Cavalcante UMT (2006) Atividade enzimática de fungos end-
ofíticos e efeito na promoção do crescimento de mudas de maracujazeiro-amarelo. Caatinga 
19:128–134

Magalhães WCS, Missagia RV, Costa FAF, Costa MCM (2008) Diversidade de fungos endofíticos 
em Candeia Eremanthus erythropappus (DC.) MacLeish. Cerne 14:267–273

Maia LC, Carvalho Júnior AA, Cavalcanti LH, Gugliotta AM, Drechsler-Santos ER, Santiago 
ALMA, Cáceres MES et al (2015) Diversity of Brazilian fungi. Rodriguésia 66:1033–1045

Medeiros LS, Murgu M, Souza AQL, Rodrigues-Fo E (2011) Antimicrobial depsides produced by 
Cladosporium uredinicola, an endophytic fungus isolated from Psidium guajava fruits. Helv 
Chim Acta 94:1077–1084

Mussi-Dias V, Araújo ACO, Silveira SF, Rocabado JMA, Araújo KL (2012) Fungos endofíticos 
associados a plantas medicinais. Rev Bras Pl Med 14:261–266

Nascimento TL, Oki Y, Lima DMM, Almeida-Cortez JS, Fernandes GW, Souza-Motta CM 
(2015a) Biodiversity of endophytic fungi in different leaf ages of Calotropis procera and their 
antimicrobial activity. Fungal Ecol 14:79–86

Nascimento AM, Soares MG, Torchelsen FKVS, Araujo JAV, Lage PS, Duarte MC, Andrade PHR 
et  al (2015b) Antileishmanial activity of compounds produced by endophytic fungi derived 
from medicinal plant Vernonia polyanthes and their potential as source of bioactive substances. 
World J Microbiol Biotechnol 31:1793–1800

Oki Y, Soares N, Belmiro MS, Corrêa Junior A, Fernandes GW (2009) Influência dos fungos end-
ofíticos sobre os herbívoros de Baccharis dracunculifolia (Asteraceae). Neotrop Biol Conserv 
4:83–88

Oliveira CM, Regasini LO, Silva GH, Pfenning LH, Young MCM, Berlinck RGS, Bolzani VS 
(2011) Dihydroisocoumarins produced by Xylaria sp. and Penicillium sp., endophytic fungi 
associated with Piper aduncum and Alibertia macrophylla. Phytochem Lett 4:93–96

Oliveira RJV, Souza RG, Lima TEF, Cavalcanti MAQ (2014) Endophytic fungal diversity in coffee 
leaves (Coffea arabica) cultivated using organic and conventional crop management systems. 
Mycosphere 5:523–530

Orlandelli RC, Almeida TTD, Alberto RN, Polonio JC, Azevedo JL, Pamphile JA (2015) 
Antifungal and proteolytic activities of endophytic fungi isolated from Piper hispidum Sw. 
Braz J Microbiol 46:359–366

Orlandelli RC, Silva MDLC, Vasconcelos AFD, Almeida IV, Vicentini VEP, Prieto A, Hernandez 
MDD et al (2017) β-(1→3,1→6)-D-glucans produced by Diaporthe sp. endophytes: purifica-
tion, chemical characterization and antiproliferative activity against MCF-7 and HepG2-C3A 
cells. Int J Biol Macromol 94:431–437

Pádua APSL, Freire KTLS, Oliveira TGL, Silva LF, Araújo-Magalhães GR, Agamez-Montalvo 
GS, Silva IR et  al (2018) Fungal endophyte diversity in the leaves of the medicinal plant 

J. D. P. Bezerra et al.



431

Myracrodruon urundeuva in a Brazilian dry tropical forest and their capacity to produce 
L-asparaginase. Acta Bot Bras 33:39. https://doi.org/10.1590/0102-33062018abb0108

Pamphile JA, Azevedo JL (2002) Molecular characterization of endophytic strains of Fusarium 
verticillioides (= Fusarium moniliforme) from maize (Zea mays. L). World J Microbiol 
Biotechnol 18:391–396

Peixoto Neto PAS, Azevedo JL, Araújo WL (2002) Microrganismos endofíticos: Interação com 
plantas e potencial biotecnológico. Biotecnolog Cienc Desenvolv 29:62–76

Peixoto Neto PAS, Azevedo JL, Caetano LC (2004) Microrganismos endofíticos em plantas: status 
atual e perspectivas. BLACPMA 3:69–72

Pereira JO, Azevedo JL, Petrini O (1993) Endophytic fungi of Stylosanthes: a first report. 
Mycologia 85:362–364

Pereira JO, Carneiro Vieira ML, Azevedo JL (1999) Endophytic fungi from Musa acuminata and 
their reintroduction into axenic plants. World J Microbiol Biotechnol 15:37–40

Pereira CB, Oliveira DM, Hughes AFS, Kohlhoff M, Vieira MLA, Vaz ABM, Ferreira MC et al 
(2015) Endophytic fungal compounds active against Cryptococcus neoformans and C. gattii. 
J Antibiot 68:436–444

Pinheiro EAA, Carvalho JM, Santos DCP, Feitosa AO, Marinho PSB, Guilhon GMSP, Santos 
LS et  al (2013) Chemical constituents of Aspergillus sp EJC08 isolated as endophyte from 
Bauhinia guianensis and their antimicrobial activity. An Acad Bras Cienc 85:1247–1252

Pires IMO, Silva AV, Santos MGS, Bezerra JDP, Barbosa RN, Silva DCV, Svedese VM et al (2015) 
Potencial antibacteriano de fungos endofíticos de cactos da Caatinga, uma Floresta Tropical 
Seca no Nordeste do Brasil. Gaia Sci 9:155–161

Robl D, Delabona SP, Mergel CM, Rojas JD, Costa PS, Pimentel IC, Vicente VA et al (2013) The 
capability of endophytic fungi for production of hemicellulases and related enzymes. BMC 
Biotechnol 13:94

Rocha R, Luz DE, Engels C, Pileggi SAV, Jaccoud Filho DS, Matiello RR, Pileggi M (2009) 
Selection of endophytic fungi from comfrey (Symphytum officinale L.) for in vitro biological 
control of the phytopathogen Sclerotinia sclerotiorum (Lib.). Braz J Microbiol 40:73–78

Rocha ACS, Garcia D, Uetanabaro APT, Carneiro RTO, Araújo IS, Mattos CRR, Góes-Neto A 
(2011) Foliar endophytic fungi from Hevea brasiliensis and their antagonism on Microcyclus 
ulei. Fungal Divers 47:75–84

Rodrigues KF (1994) The foliar fungal endophytes of the Amazonian palm Euterpe oleracea. 
Mycologia 86:376–385

Rodrigues KF, Dias-Filho MB (1996) Fungal endophytes in the tropical grasses Brachiaria brizan-
tha cv. Marandu and B. humidicola. Pesq Agropec Bras 31:905–909

Rodrigues KF, Samuels GJ (1999) Fungal endophytes of Spondias mombin leaves in Brazil. J 
Basic Microbiol 39:131–135

Rodrigues KF, Leuchtmann A, Petrini O (1993) Endophytic species of Xylaria: cultural and isozy-
mic studies. Sydowia 45:116–138

Rodrigues KF, Hesse M, Werner C (2000) Antimicrobial activities of secondary metabolites pro-
duced by endophytic fungi from Spondias mombin. J Basic Microbiol 40:261–267

Rodrigues KF, Sieber TN, Grünig CR, Holdenrieder O (2004) Characterization of Guignardia 
mangiferae isolated from tropical plants based on morphology, ISSR-PCR amplifications and 
ITS1-5. 8S-ITS2 sequences. Mycol Res 108:45–52

Rubini MR, Silva-Ribeiro RT, Pomella AW, Maki CS, Araújo WL, Santos DR, Azevedo JL (2005) 
Diversity of endophytic fungal community of cacao (Theobroma cacao L.) and biological con-
trol of Crinipellis perniciosa, causal agent of Witches’ broom disease. Int J Biol Sci 1:24–33

Santos TT, Varavallo MA (2011) Aplicação de microrganismos endofíticos na agricultura e na 
produção de substâncias de interesse econômico. Semina: Ci Biol Saúde 32:199–212

Santos LS, Oliveira MN, Guilhon GMSP, Santos AS, Ferreira ICS, Lopes-Júnior ML, Arruda MSP 
et al (2008) Potencial herbicida da biomassa e de substâncias químicas produzidas pelo fungo 
endofítico Pestalotiopsis guepinii. Planta Daninha 26:539–548

Santos SN, Ferraris FK, Souza AO, Graças Henriques M, Melo IS (2012) Endophytic fungi from 
Combretum leprosum with potential anticancer and antifungal activity. Symbiosis 58:109–117

16 The Explosion of Brazilian Endophytic Fungal Diversity: Taxonomy…

https://doi.org/10.1590/0102-33062018abb0108


432

Santos MGS, Bezerra JDP, Svedese VM, Sousa MA, Silva DCV, Maciel MHC, Paiva LM et al 
(2015a) Screening of endophytic fungi from cactus of the Brazilian tropical dry forest accord-
ing to their L-asparaginase activity. Sydowia 67:147–156

Santos IP, Bezerra JDP, Souza-Motta CM, Silva-Cavalcanti M, Menezes-Lima VL (2015b) 
Endophytic mycobiota from leaves of Indigofera suffruticosa Miller (Fabaceae): the relation-
ship between seasonal change in Atlantic coastal Forest and tropical dry forest (Caatinga), 
Brazil. Afr J Microbiol Res 9:1227–1235

Sebastianes FLS, Romao-Dumaresq AS, Lacava PT, Harakava R, Azevedo JL, Melo IS, Pizzirani- 
Kleiner AA (2013) Species diversity of culturable endophytic fungi from Brazilian mangrove 
forests. Curr Genet 59:153–166

Sena AR, Santos ACB, Gouveia MJ, Mello MRF, Leite TCC, Moreira KA, Assis SA (2014) 
Production, characterization and application of a thermostable tannase from Pestalotiopsis 
guepinii URM 7114. Food Technol Biotechnol 52:459–467

Sena AR, Leite TCC, Nascimento TCES, Silva AC, Souza CS, Vaz AFM, Moreira KA et al (2018) 
Kinetic, thermodynamic parameters and in vitro digestion of tannase from Aspergillus tamarii 
URM 7115. Chem Eng Commun 205

Silva RLO, Luz JS, Silveira EB, Cavalcante UMT (2006) Fungos endofíticos em Annona spp.: 
isolamento, caracterização enzimática e promoção do crescimento em mudas de pinha (Annona 
squamosa L.). Acta Bot Bras 20:649–655

Silva GBPG, Silvino KF, Bezerra JDP, Farias TGS, Araújo JM, Stamford TLM (2017a) 
Antimicrobial activity of Phoma sp. URM 7221: an endophyte from Schinus terebinthifolius 
Raddi (Anacardiaceae). Afr J Microbiol Res 11:1–7

Silva IP, Brissow E, Kellner Filho LC, Senabio J, Siqueira KA, Vandresen Filho S, Damasceno 
JL et al (2017b) Bioactive compounds of Aspergillus terreus—F7, an endophytic fungus from 
Hyptis suaveolens (L.) Poit. World J Microbiol Biotechnol 33:62. https://doi.org/10.1007/
s11274-017-2228-3

Silva LF, Freire KTLS, Araújo-Magalhães GR, Agamez-Montalvo GS, Sousa MA, Costa-Silva TA, 
Paiva LM et al (2018) Penicillium and Talaromyces endophytes from Tillandsia catimbauensis, 
a bromeliad endemic in the Brazilian tropical dry forest, and their potential for L-asparaginase 
production. World J Microbiol Biotechnol 34:162. https://doi.org/10.1007/s11274-018-2547-z

Siqueira VM, Braun U, Souza-Motta CM (2008) Corynespora subcylindrica sp. nov., a new 
hyphomycete species from Brazil and a discussion on the taxonomy of corynespora-like gen-
era. Sydowia 60:113–122

Siqueira VM, Conti R, Araújo JM, Souza-Motta CM (2011) Endophytic fungi from the medicinal 
plant Lippia sidoides Cham. and their antimicrobial activity. Symbiosis 53:89–95

Souza AQL, Souza ADL, Astolfi Filho S, Belém Pinheiro ML, Sarquis MIM, Pereira JO (2004) 
Atividade antimicrobiana de fungos endofíticos isolados de plantas tóxicas da amazônia: 
Palicourea longiflora (aubl.) rich e Strychnos cogens Bentham. Acta Amaz 34:185–195

Stierle A, Strobel GA, Stierle D (1993) Taxol and taxen production by Taxomyces andreanae an 
endophytic fungus of pacific yew. Science 260:214–216

Strobel GA (2002) Rainforest endophytes and bioactive products. Crit Rev Biotechnol 22:315–333
Strobel G, Daisy B (2003) Bioprospecting for microbial endophytes and their natural products. 

Microbiol Mol Biol Rev 67:491–502
Suryanarayanan TS, Thirunavukkarasu N, Govindarajulu MB, Gopalan V (2012) Fungal endo-

phytes: an untapped source of biocatalysts. Fungal Divers 54:19–30
Tan RX, Zou WX (2001) Endophytes: a rich source of functional metabolites. Nat Prod Rep 

18:448–459
Theantana T, Hyde KD, Lumyong S (2007) Asparaginase production by endophytic fungi isolated 

from some Thai medicinal plants. KMITL Sci Tech J 7:13–18
Theantana T, Hyde KD, Lumyong S (2009) Asparaginase production by endophytic fungi from 

Thai medicinal plants: citoxicity properties. IJIB 7:1–8
Ting ASY, Meon S, Kadir J, Radu S, Singh G (2008) Endophytic microorganisms as potential 

growth promoters of banana. BioControl 53:541–553

J. D. P. Bezerra et al.

https://doi.org/10.1007/s11274-017-2228-3
https://doi.org/10.1007/s11274-017-2228-3
https://doi.org/10.1007/s11274-018-2547-z


433

Vaz ABM, Costa AGFC, Raad LVV, Góes-Neto A (2014) Fungal endophytes associated with 
three south American Myrtae (Myrtaceae) exhibit preferences in the colonization at leaf level. 
Fungal Biol 118:277–286

Vieira PDS, Souza-Motta CM, Lima D, Torres JB, Quecine MC, Azevedo JL, Oliveira NT (2011) 
Endophytic fungi associated with transgenic and non-transgenic cotton. Mycology 2:91–97

Vieira MLA, Hughes AFS, Gil VB, Vaz ABM, Alves TMA, Zani CL, Rosa CA et  al (2012) 
Diversity and antimicrobial activities of the fungal endophyte community associated with the 
traditional Brazilian medicinal plant Solanum cernuum Vell.(Solanaceae). Can J Microbiol 
58:54–66

16 The Explosion of Brazilian Endophytic Fungal Diversity: Taxonomy…



435© Springer Nature Singapore Pte Ltd. 2019
T. Satyanarayana et al. (eds.), Advancing Frontiers in Mycology & Mycotechnology, 
https://doi.org/10.1007/978-981-13-9349-5_17

T. S. Devi · S. Gupta · R. Kapoor (*) 
Department of Botany, University of Delhi, New Delhi, Delhi, India

17Arbuscular Mycorrhizal Fungi 
in Alleviation of Cold Stress in Plants

Thokchom Sarda Devi, Samta Gupta, and Rupam Kapoor

Abstract
Cold stress is an important abiotic factor that adversely affects the growth and 
productivity of different agricultural crops globally. It leads to slower plant 
metabolism, cell membrane rigidification and loss of function, solute leakage, 
protein disintegration, depletion in sugar metabolism, and reproductive loss. The 
ever-increasing population and yet decrease in agricultural productivity is a 
global concern. So, there is a need for developing strategies that can help plants 
tolerate the harsh environmental condition and still not affect their productivity. 
In this context, utilization of arbuscular mycorrhizal fungi (AMF) for alleviation 
of cold stress in plants has gained much attention. Formation of AMF is reported 
to improve the performance of plants under both normal and stressful conditions. 
Although at low temperature (<15 °C) colonization of roots by AMF is often 
restrained, studies have reported improved tolerance in mycorrhizal plants to 
cold stress. Symbiotic association of plant roots with AMF improves cold toler-
ance through reduction of lipid peroxidation and maintenance of membrane 
integrity, enhancement of antioxidative potential, optimization of osmolytes 
accumulation and regulation of root hydraulic conductance, improvement of 
photosynthetic activity and respiration rate, and integrated transcriptional regula-
tion of cold-responsive genes. This chapter discusses various mechanisms that 
AMF-colonized plants employ to mitigate the detrimental effects caused by low 
temperature.
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Arbuscular mycorrhiza fungi · Cold stress · Root hydraulic conductance · 
Osmotic adjustments · Transcriptional regulation

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9349-5_17&domain=pdf


436

17.1  Introduction

Plants, being sessile, constantly interact with their immediate environment and are 
exposed to a myriad of changing environmental conditions. Temperature is a vari-
able environmental factor, and exposure to extreme temperature is a common envi-
ronmental stress experienced by plants. Temperature ranging from 0 to 15  °C is 
termed chilling and below 0  °C is called freezing temperature (Jan and Andrabi 
2009). Chilling and freezing temperature both contribute to cold stress. Cold stress 
limits the growth and productivity in plants (Sanghera et al. 2011; Xin and Browse 
2001). It directly affects the cellular macromolecules such as DNA, RNA, proteins, 
and membrane, leading to a slower metabolism, cell membrane rigidification, and 
loss of membrane’s functions (Jewell et al. 2010).

In general, while plants from temperate climatic regions are chilling tolerant 
(Levitt 1980), plants of tropical and subtropical origins are sensitive to chilling 
stress and lack the mechanism for cold acclimatization (Hannah et  al. 2005). 
Resistance to low-temperature stress in plants is a very complex trait and involves 
many different metabolic pathways in various organelles (Hannah et al. 2005).

Conventional breeding for improving cold tolerance in crop plants offers very 
limited success due to the lack of proficient selection criteria, complexity of the cold-
tolerant traits, and low genetic variance (Sanghera et al. 2011). Although new strate-
gies for developing transgenic crop plants with enhanced cold stress tolerance have 
been successfully reported (Byun et al. 2015; Wang et al. 2016; Wani et al. 2008), 
acceptance of transgenic crop plants is still a topic of global debate. It is therefore 
imperative to look for alternative strategies to help plants tolerate cold stress.

The symbiotic association between arbuscular mycorrhizal (AM) fungi (AMF) and 
roots of plants improve resistance of host plant to several abiotic stresses (Evelin et al. 
2009; Miransari 2011; Sharma et al. 2017; Smith and Read 2010). About 70–90% of 
the terrestrial plant species are known to form AM (Smith and Read 2008; Zhu et al. 
2010a). This symbiosis is the most ancient and ubiquitous interaction of plants 
(Parniske 2008) with fungi belonging to monophyletic phylum, the Glomeromycota 
(Schüßler et al. 2001). The fungal symbionts are obligate biotrophs and depend upon 
the host plants for acquiring carbon (Bago et al. 2000), and the plants are benefitted 
with enhanced nutrient and water uptake, increased metabolism, and also aboveground 
productivity (Sawers et al. 2008; Smith and Read 2008). Arbuscules, the specialized 
intracellular structures formed by the fungi, act as the site for exchange of carbon and 
nutrients between the two symbionts (Balestrini et al. 2015). The hyphae of AMF con-
tribute extensively in acquiring minerals and water from the soil (Candido et al. 2015).

Arbuscular mycorrhiza can alleviate the effect of abiotic stresses, such as drought 
(Pavithra and Yapa 2018; Porcel and Ruiz-Lozano 2004; Quiroga et al. 2017), salin-
ity (Evelin et al. 2012, 2013; Hajiboland et al. 2010; Kumar et al. 2015; Latef and 
Chaoxing 2011), heavy metals (Amir et al. 2014; Sharma et al. 2017), cold stress 
(Ma et al. 2015, 2018; Pedranzani et al. 2015; Zhu et al. 2010a, b), and biotic stresses 
(Marulanda-Aguirre et al. 2008; Pozo et al. 2010; Tayal et al. 2011).

The impact of cold stress on plants mainly comprises of two phases: the initial 
phase includes stress signal perception and plasma membrane rigidification (Beck  
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et al. 2004) and the second phase involves multiple changes in cell morphology and 
metabolism (Fig. 17.1) (Ferullo and Griffith 2001; Xiong et al. 2002). In order to adapt 
to low temperature, mycorrhizal plants generally employ the second phase of response 
by altering various physiological activities and gene expression patterns (Guy 1990; 
Janicka-Russak et al. 2012; Thomashow 1999; Winfield et al. 2010; Wu and Zou 2010). 
In this chapter, the role played by AMF in alleviation of cold stress will be discussed.

The major cold-induced cellular responses following membrane rigidification 
disturbed plant-water relationship due to reduction in root hydraulic conductance, 
cellular dehydration resulting from changes in the osmotic potential, oxidative 
stress due to generation of large quantities of reactive oxygen species, lower respira-
tion and photosynthetic efficiency as general metabolism of plants is hindered by 
low temperature, and activation of certain cold-inducible genes (Fig. 17.1). These 
responses altogether result in cellular damage, thereby affecting the performance of 
the plant exposed to cold stress.

17.2  Effect of Cold Stress on Arbuscular Mycorrhizal Fungi

The growth and development of AMF and formation of symbiotic association with 
plants is affected by the soil environmental conditions, light intensity, nutrient pro-
file, and also cropping systems (Liu et al. 2004). Temperature is one of the major 
factors that influence the development and functioning of the symbiotic association 
(Gavito et al. 2005). The mycelium of AMF comprises of two linked mycelia, the 
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extraradical mycelium and the internal root-colonizing hyphae (Heinemeyer and 
Fitter 2004). The extraradical mycelium explores a wider range of rhizosphere and 
hence is more exposed to wider variation of soil parameters, including temperature 
(Smith and Read 1997). Temperature can affect the growth of AMF in both direct 
and indirect ways. Direct effects of temperature are mainly observed in the extrara-
dical hyphae as they are in contact with the immediate environment. Gavito et al. 
(2002) studied the effect of temperature (10 °C and 15 °C) on both intraradical colo-
nization and extraradical mycelium development in Pisum sativum plants. 
Intraradical colonization was observed at both temperatures. On the other hand, 
there was development of extraradical mycelium only at 15 °C, thereby suggesting 
that lower temperature inhibits extraradical mycelium development.

In plants, growing in cool temperate climatic condition, optimum mycorrhizal 
development has been observed at a temperature range between 20 and 25  °C 
(Matsubara et al. 2000). However, at temperature below 15 °C, AMF colonization 
has been reported to be restrained (Liu et al. 2004; Zhang et al. 1995; Zhu et al. 
2010b). Liu et  al. (2004) reported a complete inhibition of AMF colonization in 
roots of Sorghum bicolor at 10 °C. Studies have also shown a positive correlation 
between mycorrhizal colonization and the increase in temperature (Gavito et  al. 
2002; Hetrick and Bloom 1984; Liu et al. 2004; Ma et al. 2015; Staddon et al. 2003; 
Zhu et al. 2010b). Gavito et al. (2002) reported that an increase in temperature from 
10 to 15 °C resulted in twofold mycorrhizal colonization in Pisum sativum. Contrary 
to these findings, few studies reported no effect of cold temperature on AMF colo-
nization rate (Charest et al. 1993; Zhu et al. 2010b). It may be due to the short dura-
tion of exposure to low temperature.

The reduced ability of AMF to colonize plant roots at low temperature could be 
due to the indirect effect of decreased carbohydrate supply from the host plant 
(Gavito et al. 2005). The symbiotic association is based on bidirectional transfer of 
nutrients between the participating symbionts (Kiers et al. 2011). As plant exposed 
to cold stress generally shows reduced growth, it can result in a decreased supply of 
carbohydrates to the fungal symbiont, leading to diminished symbiotic efficiency 
(Ma et al. 2015).

17.3  Arbuscular Mycorrhiza and Cold Stress Tolerance 
in Plants

Use of arbuscular mycorrhiza has been an effective approach to improve tolerance 
against cold stress in many plants such as Zea mays (Zhu et al. 2010a, b), Solanum 
lycopersicum (Latef and Chaoxing 2011), Oryza sativa (Liu et al. 2013a), Cucumis 
sativus (Chen et al. 2013; Ma et al. 2015), Jatropha curcas (Pedranzani et al. 2015), 
and Elymus nutans (Chu et al. 2016). These studies report significant contribution 
of AMF in improving plant’s tolerance to cold stress. The mechanisms employed 
by AMF include efficient reactive oxygen species (ROS) scavenging system, 
osmotic adjustment and regulation of root hydraulic conductance, improved pho-
tosynthetic efficiency, improved respiration, increased nutrient uptake, and 
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adjustments at the transcriptomic level (Fig. 17.2) (Aroca et al. 2007; Chen et al. 
2013; Latef and Chaoxing 2011; Liu et al. 2015; Ma et al. 2015, 2018).

Osmotic stress caused by low temperature is negated by mycorrhizal plants 
through osmotic adjustment brought by synthesis of osmolytes such as soluble sug-
ars and optimization of proline level. Plant-water relationship is maintained by 
regulating the root hydraulic conductance and aquaporin functions. AM plants with-
stand cold-induced oxidative stress through enhanced production of antioxidant 
compounds that scavenge ROS and improve antioxidant enzyme activity. Both res-
piration and photosynthetic efficiency are also improved in plants upon mycorrhiza-
tion. Molecular mechanisms regulated by AM to redress cold stress include 
activation of certain genes that code for functional proteins, such as aquaporins, 
sugar, and ion transporters. All these mechanisms work in synchrony to provide 
tolerance of mycorrhizal plants to cold stress.

17.3.1  Efficient Reactive Oxygen Species (ROS) Scavenging 
System

Low-temperature-mediated oxidative stress plays a crucial role in causing cold 
injury in plant cells (Bowler et al. 1992; Liu et al. 2016). Cold-induced oxidative 
damage is mediated by ROS such as superoxides [O2

•-], hydroxyl ion [•OH], and 
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hydrogen peroxide [H2O2]. Under non-stressed conditions, production and quench-
ing of ROS remain in equilibrium, but under stressed conditions this equilibrium 
gets interrupted causing the overproduction of ROS (Bowler et al. 1992). However, 
plants have devised several dedicated systems to alleviate these ROS-mediated inju-
ries. Instigation of an efficient antioxidant system to reinstate the redox homeostasis 
in cell is among such strategies of plants to mitigate ROS-mediated damage (Lázaro 
et al. 2013). Antioxidative system in plants consists of three main classes of antioxi-
dants: (1) enzymatic antioxidants such as superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT), monodehydroascorbate reductase (MDHAR), 
dehydroascorbate reductase (DHAR), and glutathione reductase (GR); (2) water-
soluble reductants such as ascorbate (AsA) and glutathione (GSH); and (3) lipid-
soluble antioxidative molecules such as sugars (Foyer and Noctor 2011). AM 
improves the redox poise and antioxidant system in plants. Recent studies revealed 
the upregulation of antioxidant systems and hence efficient alleviation of cold-
induced ROS in mycorrhizal plants (Chen et al. 2013; Chu et al. 2016; Liu et al. 
2016, Pedranzani et al. 2015).

Many workers have comprehensively reviewed the effects of AMF colonization 
on enzymatic activities of antioxidants (Kapoor and Singh 2016; Wu et al. 2014). It 
is proposed that AM symbiosis boosts antioxidative system in plants by improving 
SOD activity. Plants inoculated with AMF showed higher SOD activity than their 
non-AM counterparts (Chu et al. 2016; Yang et al. 2015). This suggested that AMF-
inoculated plants dismutate the superoxide radical to H2O2 more efficiently than the 
non-inoculated plants. Latef and Chaoxing (2011) reported that mycorrhizal inocu-
lation of Glomus mosseae augments the activities of antioxidative enzymes such as 
SOD, POD, CAT, and APX in mycorrhizal plants exposed to low-temperature stress 
in Solanum lycopersicum. Chu et al. (2016) also suggested that Glomus mosseae 
inoculation can lessen the ROS accumulation and hence the oxidative stress in cold-
sensitive and cold-tolerant genotypes of Elymus nutans by increasing the activity of 
a variety of antioxidant enzymes.

AM-mediated cold tolerance is also associated with efficient neutralization of 
H2O2 by regulating ascorbate and glutathione recycling (Liu et al. 2016). In ascor-
bate and glutathione cycle, APX uses AsA as an electron donor to eliminate H2O2 
and oxidizes AsA to dehydroascorbate. Oxidized ascorbates such as monodehydro-
ascorbate and dehydroascorbate, generated by the action of APX, are reduced back 
with the help of MDHAR and DHAR, respectively (Ordoñez et al. 2014). DHAR 
catalyzes the reduction of dehydroascorbate involving the oxidation of GSH to form 
ascorbate and glutathione disulfide. It is responsible for regenerating AsA from its 
oxidized state, regulating the cellular AsA redox state, which in turn shape cell 
responsiveness and tolerance to environmental ROS (Chen and Gallie, 2006). An 
increase in DHAR activity is a feedback regulation mechanism meant to recover 
AsA regeneration from DHA when AsA depletion occurs at its production sites due 
to enhanced ROS (Locato et al. 2009). Similarly, GR is another potential enzyme of 
ascorbate and glutathione cycle, which maintains the level of reduced glutathione 
inside the cell (Rao and Reddy 2008). Glutathione is crucial to maintain the normal 
redox status of the cells and neutralize the adverse effects of ROS-mediated 
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oxidative damage in plants (Noctor et al. 2012). Liu et al. (2016) showed that AM 
plants showed higher expression levels of APX, DHAR, MDHAR, and GR genes and 
improved redox ratios of ascorbate and glutathione under cold stress than non-
mycorrhizal plants.

17.3.2  Osmotic Adjustment and Regulation of Root Hydraulic 
Properties

Low temperature has a negative effect on cell membrane. The fatty acid tails of the 
phospholipid get saturated and hence become more rigid. The decrease in the over-
all fluidity of membrane results in reduced permeability, thereby restricting entry of 
important biomolecules into the cell. This disrupts the osmotic potential of plant 
cell affecting growth and development of the plant (Chen et al. 2013, Wu and Zou 
2010). Plants adjust their cellular osmotic potential to tolerate cold stress and it has 
become an important mechanism for cold stress tolerance. Cold-tolerant plants pro-
duce a range of low molecular organic molecules called compatible osmolytes. 
These include soluble sugars, proline, polyamines, betaines, and acylated sterols 
(Chu et al. 2016; Ruelland and Zachowsk 2010; Theocharis et al. 2012). Synthesis 
and accumulation of these osmoprotectants lower the osmotic potential in the cyto-
sol and maintain turgor pressure of the cells. AM is reported to alleviate cold stress 
in plants through adjustment of osmotic potential (Chu et al. 2016; Zhu et al. 2010a).

Soluble sugars, in addition to acting as osmoprotectants, also act as cryoprotec-
tants to protect the plant cell membrane during cold stress (Welling and Palva 2006). 
Soluble sugars defend plant cell membranes during chilling-induced physiological 
dehydration by replacing water molecule in forming hydrogen bonds with lipid 
molecules present in cell membrane (Ruelland et al. 2009). They also act as signal-
ing molecules and contribute in hormone-mediated stress responses in plants 
(Theocharis et al. 2012; Zeng et al. 2011). Chilling and AMF both are reported to 
influence the level of sugars in plants. Increased production of soluble sugars has 
been reported in mycorrhizal plants (Charest et al. 1993; Chu et al. 2016; Latef and 
Chaoxing 2011; Pedranzani et al. 2015; Zhu et al. 2010a). Studies have reported that 
mycorrhizal plants synthesize more sugar to cope with cold stress via hydrolysis of 
leaf starch (Liu et al. 2013a, b; Zhu et al. 2015).

Proline is a well-known and extensively reported osmo- and cryoprotectant that 
has been found to accrue in response to all type of abiotic stresses including chilling 
(Kishor et al. 2005; Theocharis et al. 2012). A positive correlation between proline 
content and improved chilling tolerance has been reported in most of the chilling-
insensitive plants (Kaur et al. 2011; Szabados and Savoure 2010). However, chill-
ing-sensitive plants don’t attain cold tolerance, unless a high concentration of 
proline is applied prior to stress (Kushad and Yelenosky 1987; Xin and Li 1993), 
which indicates that proline possesses a potential to alleviate chilling injury in 
plants. It acts as a hydroxyl radical scavenger, a protein stabilizer, redox regulator, 
and ameliorates cytoplasmic acidosis (Hare and Cress 1997; Kishor et  al. 2005; 
Theocharis et al. 2012). Studies have reported that under low-temperature stress, 
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mycorrhizal plants were found to accumulate higher root and leaf proline content 
than non-mycorrhizal plants (Chen et al. 2014; Zhu et al. 2010a). However, Latef 
and Chaoxing (2011) reported that mycorrhizal plants accumulate lower proline in 
their leaves as compared to non-mycorrhizal plants when subjected to cold stress. 
This suggests that cold stress has lesser effect on mycorrhizal plants as compared to 
their non-mycorrhizal counterparts. As a result, mycorrhizal plant need not synthe-
size proline in larger amount for osmotic adjustment.

Cold stress can also induce dehydration of plant tissues due to formation of 
ice in the apoplast (Seki et al. 2003). The disparity in the amount of water lost in 
the leaves and water uptake rate by the roots can also lead to dehydration (Aroca 
et al. 2001). Thus, the availability of water and efficiency of plants to take up 
water determine the acclimatization ability of plants to cold stress (Thomashow 
1999). Hydraulic conductance of the root regulates water uptake capacity of the 
plant under the guidance of aquaporins (Luu and Maurel 2005). Aquaporin, an 
integral membrane protein, is a channel that functions in the transfer of water 
and, at times, small solutes across the membrane of plant, animals, and bacteria 
(Takata et al. 2004).

Plants in symbiotic association with AMF have a higher ability of water uptake 
from the soil under water-deficit condition as compared to non-AM plants 
(Marulanda et al. 2003; Khalvati et al. 2005). However, there are very few reports 
on how AM symbiosis influences the root hydraulic properties under cold stress. 
Aroca and team (2007) reported that the hydraulic conductance capacity of AM 
Phaseolus vulgare under normal condition was approximately about half of that in 
non-AM plants. However, exposure to cold stress led to decreased conductance 
capacity in the non-AM plants while it remained unaltered in AM plants. This 
acquired advantage of AM plants gives them an edge over non-AM plants in tolerat-
ing cold stress. Plasma membrane aquaporin gene, PIP1;3 (plasma membrane inte-
gral protein), showed increased expression in mycorrhizal Phaseolus vulgare and 
improved the root hydraulic conductance than the non-mycorrhizal plants under 
cold stress (Aroca et al. 2007). In Lotus japonicus, the expression of two putative 
aquaporin genes NIP1 (NOD26-like intrinsic protein) and XIP1 (X-intrinsic pro-
tein) was reported to be induced upon mycorrhization (Giovannetti et al. 2012). The 
role of aquaporins in improving root hydraulic conductivity for mitigation of cold 
stress needs to be explored further.

17.3.3  Improved Photosynthetic Efficiency

Photosynthesis is one of the many physiological aspects that are affected by low 
temperature (Adam and Murthy 2014; Ensminger et al. 2006; Paredes and Quiles 
2015). Efficient photosynthesis is very important for chilling tolerance. A better 
photosynthetic rate provides energy in the form of photosynthates which is required 
for instigation of cold acclimation responses. Chlorophyll is a preeminent and vital 
biomolecule in plants that is involved in light harvesting and energy transformation 
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during photosynthesis. Like any other cell component, chloroplast is also affected 
severely under cold stress (Ensminger et al. 2006). Low temperature causes altera-
tions in chlorophyll biosynthesis and hence compromised chlorophyll content (Chu 
et al. 2016; Latef and Chaoxing 2011). Liu et al. (2013b) examined the effect of 
extremely low temperatures (1 °C and − 10 °C) on chlorophyll concentrations in 
cold-tolerant Avena nuda. The study reported that even with 5  days of chilling, 
chlorophyll content was reduced by 66% as compared to plants grown under ambi-
ent temperature. De novo transcriptomics and gene expression profiling studies in 
Elymus nutans grown under low temperature revealed that expression of genes 
involved in the biosynthesis of chlorophyll a decreased significantly in cold-tolerant 
as well as in cold-sensitive genotypes (Fu et al. 2016). This decrease in chlorophyll 
content due to chilling causes changes in the chlorophyll antenna complex, resulting 
in compromised PSII (photosystem II) and, hence, photosynthesis.

There are several studies where AMF help plants to combat the negative effects 
of chilling on chlorophyll content in plants, such as Triticum aestivum (Paradis et al. 
1995), Zea mays (Zhu et al. 2010b; 2012), and Solanum lycopersicum (Latef and 
Chaoxing 2011). Chu et al. (2016) reported that in Elymus nutans cold temperature 
treatment decreased the content of photosynthetic pigments including chlorophyll a 
and chlorophyll b and total chlorophyll content. However, plants inoculated with 
Glomus mosseae showed improved concentration of photosynthetic pigments under 
cold stress. Porcel et al. (2015) suggested that the involvement of AMF in fortifying 
carbon sink may improve photosynthesis in AMF-colonized plants. As AMF colo-
nization increases the chlorophyll content as well as the leaf gaseous exchange in 
host plants, it can be inferred that both the stomatal and non-stomatal factors are 
associated with AMF-mediated increase in photosynthesis. Also, the photosynthetic 
rate in plants is under austere control of two major biochemical processes, which 
are Rubisco carboxylation and RuBP regeneration (Amthor 1995). Both the pro-
cesses are found to be positively affected by AMF colonization in host plants (Chen 
et al. 2017). Inoculation of plants with AMF increases the net photosynthetic rate, 
improves stomatal conductance and intercellular CO2 concentration, maximizes 
Rubisco carboxylation and RuBP regeneration, and boosts quantum yield of PSII 
which consequently improves photosynthetic efficiency of plant (Chen et al. 2017; 
Yang et al. 2015).

17.3.4  Improved Respiration

Cold stress decreases the sink activity as well as the leaf carbohydrate exports in 
plants, which alters the level of assimilated carbon, and subsequently affects plant 
respiration (Bagnall et  al. 1988; Labate and Leegood 1988). In addition to that, 
chilling also lowers the respiration rate and ATP production, which may be linked 
to cold-induced alterations in respiratory pathways (Karasawa et al. 2012; Kurimoto 
et al. 2004). Cytochrome C oxidase (COX) pathway and alternative oxidase (AOX) 
pathway are the two respiratory electron transport chain routes present in plant 
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mitochondria. Under normal growth conditions, COX pathway is the chief route as 
it is directly involved in ATP synthesis (Maxwell et al. 1999; O’Leary and Plaxton 
2016). However, it has been proposed that when plants are exposed to abiotic stress, 
such as chilling, heat, drought, and salinity, AOX route gets engaged in the optimi-
zation of respiratory metabolism (Li et al. 2013). This decreases the production of 
ATP per oxygen consumed and ultimately results in energetically less efficient 
respiratory system (Robinson et al. 1995). Several workers have also correlated the 
high AOX activity with high pyruvate levels (Dinakar et al. 2010; Oliver et al. 2008).

Recent studies have revealed that AMF colonization improves the respiration 
rate in plants exposed to low temperature. Liu et al. (2015) reported that Oryza 
sativa plants when inoculated with Glomus intraradices showed better respira-
tion rates than non-inoculated plants under cold stress. Colonization of AMF 
augments levels of respiratory substrates such as soluble sugars and starch and 
also optimizes pyruvate. This consequently improves the efficiency of TCA 
cycle. AM plants are more efficient in ATP production than the non-inoculated 
plants during cold stress. AMF utilizes the COX pathway instead of AOX path-
way, thereby assuring more ATP production (Atkin et  al. 2009; Del-Saz et  al. 
2017a, b; Liu et al. 2015). High levels of pyruvate are associated with AOX path-
way (Dinakar et al. 2010; Oliver et al. 2008), which is a less efficient respiratory 
pathway in terms of ATP production (Robinson et al. 1995). Liu et al. (2015) also 
reported that AMF inoculation results in increased expression levels of pyruvate 
kinase (PK) and pyruvate dehydrogenase (PDHEα) genes whose products are 
involved in pyruvate metabolism. Pyruvate dehydrogenase degrades the pyruvate 
and maintains its optimum level so that the respiratory pathway remains restricted 
to COX route as suggested by higher expression levels of COX5c gene in mycor-
rhizal plants. Additionally, AMF inoculation also results in overexpression of 
malate dehydrogenase (MDH) and isocitrate dehyhydrogenase a (IDHa) genes 
that ensures an efficient TCA cycle and hence respiration. Hence, it can be 
inferred that inoculating plants with AMF can boost plant respiration and thus 
help host plants to tolerate low temperatures more efficiently.

There are also some reports where AMF colonization has resulted in decreased 
root respiration in Trifolium subterraneum (Silsbury et al. 1983), Ulmus glabra 
(Rewald et al. 2015), and Populus nigra (Otgonsuren et al. 2016). The reasons 
for this difference might be specificity of the plant-fungus interactions, stage of 
AMF colonization, and other possible factors. Del-Saz et  al. (2017b) have 
explained the respiratory ATP cost and benefit of AMF colonization in Nicotiana 
tabacum at different growth phases. The study reported that the early phases of 
symbiosis with Rhizophagus irregularis resulted in ATP cost for Nicotiana taba-
cum leaves and thus limited shoot growth. However at later stages, there is gain 
of ATP allowing better growth of the host plant. Smith et al. (2009) also reported 
that during the initial stages of colonization, synthesis of fungal structures 
imposes ATP cost, but if the interaction is positive, at mature associations, the 
symbiosis benefits the plant through enhanced ATP production (Evelin et  al. 
2009).
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17.3.5  Increased Nutrient Uptake

Root zone temperature directly influences the uptake and translocation of essential 
nutrients (Cooper 1973). Tindall et al. (1990) reported reduced uptake of most of the 
macro- and micronutrients at low temperature (<25 °C). Low temperature impairs 
the ability of plants to take up both water and nutrients. Uptake of nutrient is influ-
enced by low temperature by directly affecting ion absorption capacity of the plant 
by virtue of change in the root physiology (Gregory 1988).

Mycorrhizal symbiosis directly affects the mineral nutrition of host plants. Roots 
of AMF-colonized plants absorb nutrients either directly through root epidermis 
and root hairs or indirectly through fungal hyphae (Smith and Smith 2011). The 
hyphae of AMF greatly enhance mineral nutrient acquisition in host plants 
(Marschner and Dell 1994). AM plants are benefitted nutritionally with enhanced 
uptake of nutrients, particularly phosphorus and nitrogen (Smith and Read 2008). 
Enhanced uptake of other macro- and micronutrients in AM plants has also been 
reported (Raju et al. 1990; Karasawa et al. 2012).

Studies have reported that AMF can boost nutrient uptake by host plant under 
chilling temperatures. It is proposed that improved nutrient uptake and growth 
parameters in AM colonized plants could be an effective means to promote the plant 
performance under cold stress (Ma et al. 2015). Phosphorus uptake and its distribu-
tion in plants are mediated by different Pi transport systems (Versaw and Harrison 
2002). Studies have shown that certain Pi transporter genes are strongly induced in 
cold-stressed mycorrhizal plants (Ma et al. 2015, 2018). Some high-affinity H+-Pi 
cotransporters belonging to Pht1 gene family, which show positive responses to AM 
symbiosis, are PT3 in Solanum tuberosum (Rausch et  al. 2001), PT11 in Oryza 
sativa (Paszkowski et al. 2002), PT4 in Medicago truncatula (Harrison et al. 2002), 
and PT1–1 in Cucumis sativus (Ma et al. 2015). In addition to the Pht1 gene family, 
there are several other predicted plant Pi transporters which are responsible for 
internal Pi cycling in the plant and release to subcellular compartments and organ-
elles. These include low-affinity H+-Pi cotransporter belonging to Pht2 gene family 
such as PT2–1, mitochondrial phosphate transporter such as MPT3, and transporters 
involved in loading of Pi to the xylem in roots, such as PHO1-H1 (Takabatake et al. 
1999; Hamburger et al. 2002). Recent studies have reported high expression of PT2-
1, MPT3, and PHO1-H1 genes that are induced upon AM colonization under cold 
stress (Ma et al. 2015).

Potassium is an essential macronutrient and takes part in many physiological pro-
cesses, such as photosynthesis, translocation of the photosynthates, turgidity main-
tenance, and activation of certain enzymes under stress (Marschner 1995). Deficiency 
of potassium stimulates ROS production resulting in degradation of chlorophyll and 
membrane damage (Waraich et al. 2011). Potassium alleviates cold stress in plants 
by increasing the antioxidant levels and reducing production of ROS (Cakmak 2005, 
Devi et al. 2012). Increase in potassium-mediated cold tolerance in plant is associ-
ated with increased phospholipids and membrane permeability (Hakerlerler et  al. 
1997). The positive effect of AMF in potassium uptake in plants subjected to low 
temperature has also been reported (Raju et al. 1990; Liu et al. 2016).
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Nitrogen is another macronutrient whose uptake is affected by mycorrhizal colo-
nization. It is a major limiting macronutrient, serving as a constituent of different 
cell components and takes part in synthesis of nucleic acids, proteins, and so on. 
Studies reported significant AM-mediated uptake and transfer of nitrogen (account-
ing to about 20–50% of total root N) to host plants (Govindarajulu et  al. 2005). 
There are contradictory reports on role of AMF on nitrogen acquisition under tem-
perature stress (Barrett et al. 2011; Liu et al. 2016; Raju et al. 1990). This disparity 
in the report of N uptake by AMF under temperature stress could be due to specific 
host-AMF combination. Thus, further exploration is required to find the appropriate 
host-AMF combination that benefits the plant under cold stress.

17.3.6  Adjustments at Transcriptomic Level

The successful symbiosis by AMF colonization causes modifications at transcrip-
tion levels in the host plants (Bucher et al. 2014) and benefit plants by improving 
growth, development, and stress resistance/tolerance. Multifarious roles played by 
AMF in plant had recently gained the attention of researchers all around the world 
to utilize this mutualistic association to mitigate the adverse effect of environmental 
stress on agricultural plants. However, there are very scarce investigations on AMF-
induced transcriptional modifications in plants. Furthermore, genome-wide altera-
tions in gene expression of plants under the influence of AMF have not been fully 
characterized yet. This limits our understanding to answer the exact molecular 
mechanisms of AMF-induced cold tolerance in plants. Thus, appraisal of gene 
expression adjustments in plants and AMF exposed to low-temperature stress is 
required. Recently the genome resources of AMF such as Rhizophagus irregularis 
(Tisserant et al. 2012) and many agricultural plants have provided prospects to scru-
tinize the overall genome-wide alterations in plant and AMF gene expressions. Ma 
et al. (2018) have explored the global alterations in Cucumis sativus roots colonized 
by Rhizophagus irregularis under chilling stress and provided first report of tran-
scription regulation. Extensive transcriptome analysis has identified several AMF-
induced key cold-resistant genes that participate in AMF-mediated cold resistance 
in Cucumis sativus (Ma et al. 2018). The study revealed that cold temperature influ-
ences the expression of 2173 genes, out of which about 180 genes are specifically 
upregulated by AMF.  The genome of Rhizophagus irregularis contains 28,232 
genes (Tisserant et al. 2012); however out of these only 0.007% genes were AMF-
induced differentially expressed genes (DEGs) when Cucumis plants were exposed 
to cold stress. This very minute difference in expression level suggests the high 
degree of AMF adaptability during stress, which may be the major factor in estab-
lishing the symbiosis with the variety of plant species. The functional enrichment 
studies of 2173 DEGs categorized these as genes involved in oxidative metabolism 
(efficient ROS scavenging) and genes involved in ion transport (P uptake, Ca2+ sig-
naling, and N metabolism). Furthermore, the AMF-induced DEGs showed that 
most of the upregulated genes are involved in glycerol-3-phosphate metabolism and 
NADH oxidation, which crosstalk with host plants during cold stress by improving 
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redox status. Also, the KEGG (Kyoto Encyclopedia of Genes and Genomes) enrich-
ment analysis showed the involvement of these DEGs in multiple pathways involved 
in hormone signal transduction, glycolysis, metabolism (phenylalanine, pyruvate, 
glutathione, and ascorbate), and biosynthesis (zeatin, flavonoids, and diterpenoids). 
Crifo et al. (2011) also reported that cold stress increases the flavonoids biosynthe-
sis, which in turn participate in AMF colonization (Antunes et al. 2006). Therefore, 
it can be proposed that AMF causes several transcriptiome modifications in host 
plants and induce the expression of several key metabolic genes, which can cause 
cold resistances in plants.

17.4  Future Perspectives and Conclusions

Thirty-three percent of the total land area is considered as possibly appropriate for 
arable agriculture. However, only 10% of the total arable area is under cultivation. 
This is on the grounds that abiotic stresses in one way or the other limit the agricul-
tural productivity (Yadav 2011). Sustainable agriculture, less affected by environ-
mental factors, is the need of the hour to feed the consistently expanding population 
in order to attain global food security (Basu et al. 2018). Terrestrial plant species 
have been naturally selected for mycorrhizal symbiosis. This symbiotic association 
has and will continue to play important roles in mitigating the adverse effects on 
plants caused by different abiotic stresses including cold stress. AM symbiosis plays 
an important role in governing terrestrial ecosystems and its presence has been doc-
umented since times immemorial. The potential of AMF inoculation in alleviation 
of cold stress experienced by plants has been convincingly realized. The association 
presents a superior road in plant’s adaptation to adverse environmental conditions, 
which will be useful for future agriculture. Nonetheless, application of mycorrhizal 
technology in large-scale agricultural system still has innumerable challenges to 
meet. Most of the studies, done till date, have explored the effect of AMF on plant’s 
performance under cold stress with limited attention on the physiological, biochem-
ical, and molecular aspects (Zhu et al. 2017).

The role of hormones in regulation of cold stress response in plants is well estab-
lished (Eremina et al. 2016). Plant hormones play crucial roles in various growth 
and developmental processes. In addition, they induce certain biotic and abiotic 
stress-responsive genes (Gomez-Roldan et al. 2008; Umehara et al. 2008). Jasmonic 
acid and abscisic acid are two plant hormones, whose role in cold tolerance in plants 
has been extensively studied (Eremina et al. 2016; Hu et al. 2013; Nair et al. 2015; 
Nakashima et al. 2014). Also, the biosynthesis of these hormones and their total 
content were reported to be regulated by AM (Danneberg et al. 1993; Hause et al. 
2002; Mandal et al. 2015; Nair et al. 2015). Although there are independent studies 
on the role of hormones in cold tolerance and AMs’ role in enhanced hormone pro-
duction in plants, there are no studies yet that link both the factors. Hence, enhanced 
hormone production in AM plants as a mechanism to alleviate cold stress response 
in plants is an area of study that can be explored further. The present understanding 
of molecular basis of AM-mediated cold tolerance is very scarce and is limited to 
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certain genes only. To decipher the exact mechanisms, the roles of chilling-tolerant 
genes with respect to AM symbiosis and signaling are needed to be deciphered. 
Applications of genomics, transcriptomics, and proteomic approaches can provide 
a better understanding of such responses.

Although the ability of AMF to improve cold tolerance in plants under experi-
mental condition has been appreciated lately, their effectiveness in open-field condi-
tion is not yet known. Hence, it is necessary to check its efficiency in open-field 
condition to ensure sustainable agriculture. Future research may focus on (i) identi-
fication of mechanisms of the symbiotic interaction in natural field conditions, (ii) 
further exploration of cold alleviation mechanisms employed by host plants as well 
as the fungal symbionts, and (iii) screening of better fungal strains (cold-tolerant) 
and exploring other approaches that can be conveniently applied with mycorrhizal 
technology to strengthen their beneficial effect on host plants.
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Abstract
The term invasive fungal disease (IFD) incorporates severe systemic or deep- 
seated infections due to fungi. A rise in the prevalence of IFD has been observed 
in recent years, primarily due to the rising numbers of susceptible host popula-
tion, increasing invasive therapeutic interventions and immunosuppressive treat-
ments. In addition, the expanding spectrum of fungal pathogenicity, rise in 
infection due to previously obscure fungi, and development of fungal thermal 
adaptation are also main concerns. Challenge also lies in diagnostics due to the 
absence of validated, prompt, and accurate diagnostic test for IFD and also dif-
ferentiating infection from mere colonization. Factors related to antifungal treat-
ment, such as point of initiation, duration of treatment, lack of ideal drug with 
good pharmacokinetics and pharmacodynamics, drug toxicity, and difficulty in 
accessing antifungal drugs affect the patient outcome. The rise in antifungal 
resistance, which stems from incoherent antifungal use in clinical practice and 
the agriculture industry, is also a matter of concern. Although IFD continues to 
threaten humans worldwide, our understanding of the factors affecting its chang-
ing epidemiology is still not clear. Educating clinicians and laboratory personnel 
about the complex issues regarding IFD diagnosis and management is essential.
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18.1  Introduction

An increase in the number of patients receiving intensive care, immunosuppression, 
instrumentation, and rise in multi-morbid patients, HIV infection and cancers has 
been paralleled by a rise in fungal infections globally. Classically, the term invasive 
fungal disease (IFD) is used to define deep-seated or systemic, severe, life- 
threatening infections due to fungi. Though invasive candidiasis, aspergillosis, 
mucormycosis, cryptococcosis, pneumocystosis, and endemic mycoses are the 
major IFD, recently new fungal pathogens and new susceptible hosts have increased 
the spectrum of fungal infections and have thrown various challenges related to 
their epidemiology, diagnosis, definition, and management of IFD.

18.2  The Current Scenario of IFD

The magnitude of IFD worldwide is depicted in Fig. 18.1 with invasive candidiasis 
as the commonest IFD. However, there is no universal methodology for computing 
the exact rate due to the lack of a unifying incidence denominator (Lamoth et al. 
2018). While population-based surveillance using census population as denomina-
tor is used in some studies, others use patient days or hospital/intensive care unit 
(ICU) admissions as denominator. This makes it difficult to estimate the worldwide 
invasive candidiasis rate and to compare data across different regions. In a 
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Fig. 18.1 The annual incidence of invasive fungal disease worldwide. [Source: Adapted from the 
estimates of global fungal disease burden published by Bongomin et al. (2017)]
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point-prevalence study at 1265 ICUs in 75 countries, the incidence of invasive can-
didiasis was found to be 17% of all infections in critically ill patients (Chow et al. 
2008; Vincent et al. 2009). In certain regions, a decline in the incidence of candi-
demia has been noted due to the improvement in healthcare practices [a significant 
decline from 14.1 and 30.9 per 100,000 person years in metropolitan Atlanta and 
Baltimore cities of United States to 9.5 and 14.4 per 100,000 persons in 2008, 
respectively (Cleveland et al. 2015)]. Additionally, a fall in the number of central 
venous line associated candidemia cases was also reported. Similarly, a nationwide 
survey of Denmark revealed a decrease in the incidence of fungemia from 2007 to 
2009 (9.6 to 8.6/100,000) (Arendrup et al. 2011). On the other hand, the rate of 1.8 
per 100,000 population in Australia in 2004 had gone up to 2.4 per 100,000 in 2015 
(Chapman et al. 2016). In Norway too the incidence of 2.4 per 100,000 population 
in 2003 had gone up to 3.9 in 2012 (Hesstvedt et al. 2015). The incidence of invasive 
candidiasis in developing countries is difficult to predict due to absence of specific 
data. An upward trend of candidemia was noted at a tertiary care center from North 
India (Chakrabarti et al. 1996). Further, recent data reported high incidence of ICU- 
acquired candidemia in India (Chakrabarti et al. 2015). The epidemiology of inva-
sive candidiasis continues to evolve with the progressive shift toward non-albicans 
Candida (NAC) species such as C. tropicalis, C. parapsilosis, and C. glabrata 
(Horn et al. 2009). The dramatic rise in the incidence of NAC may be attributed to 
various factors such as the increasing use of fluconazole prophylaxis in immuno-
compromised individuals, rise of in-hospital intervention practices, and use of cen-
tral venous lines (Bajwa and Kulshrestha 2013). Various emerging yeast including 
C. auris, Kodaemia ohmeri, Pichia anomala, C. haemulonii, C. famata, and  
C. rugosa caused outbreaks in critical care settings (Chakrabarti et al. 2001, 2014). 
However, actual burden of infection due to these species is difficult to estimate due 
to the challenge in identifying the agents using conventional microbiological tech-
niques. The emerging yeasts are less susceptible to the currently available antifun-
gals, which is notable particularly in case of the multidrug-resistant species,  
C. auris. The lack of awareness regarding their pathogenic potential may further 
potentiate under-reporting of these new emerging yeasts.

Invasive aspergillosis (IA) is the second most common IFD with a proportion of 
15% of all invasive fungal infections (IFIs), and the mortality due to the IA may be 
as high as 80% (Bulpa et  al. 2001). The classical description of host factors for 
patients who develop IA is immunosuppressed individuals with congenital immu-
nodeficiency, neutropenia or those undergoing aggressive immunosuppressive ther-
apy. However, the spectrum of susceptible hosts has widened with the inclusion of 
patients with chronic obstructive pulmonary disease (COPD), previous history of 
tuberculosis, diabetes, and renal and liver failures. The emergence of various, previ-
ously obscure molds such as dematiaceous or black fungi like Bipolaris, Curvularia, 
Alternaria, and Exophiala species and hyaline fungi like Fusarium and Scedosporium 
species has also been observed.

The incidence of third most common IFD mucormycosis has also gone up over 
the past 20 years (Guinea et al. 2017; Kyvernitakis et al. 2016; Suh et al. 2012). The 
disease is commonly seen in patients with uncontrolled diabetes with or without 
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ketoacidosis, hematological malignancies, iron chelation therapy, immunosuppres-
sion, trauma, and burns, causing a mortality ranging from 50% to 90% (Lanternier 
et al. 2012; Jeong et al. 2019). Though the disease is known as community-acquired 
infection, it can also be acquired in the hospital setting (Perlroth et  al. 2007). 
Iatrogenic outbreaks have also been described resulting from contaminated medical 
instruments, dressings, and hospital environment especially after construction activ-
ities (Krasinski et al. 1985).

18.3  The Challenges in IFD

The major challenges in IFD are change in epidemiology, diagnostic difficulty, and 
many issues in treatment. The factors are summarized in Fig. 18.2.

18.4  The Changing Epidemiology of IFD

The game changers in fungal disease happened with three recent developments:
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Fig. 18.2 The challenges associated with invasive fungal diseases
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 1. The outbreak of Cryptococcosis gattii in Northwest USA and Canada: 
Cryptococcosis gattii infection was previously thought to be limited to semi-
tropical and tropical regions, and its emergence in the temperate region of the 
Pacific Northwest and Canadian mainland in the late 1990s was unexpected. 
Although this pathogen was susceptible to all antifungal agents and diagnosis of 
the disease is not difficult, the mortality was over 30%. This fact possibly relates 
to the increased virulence of the organism. The patients presented with a primary 
pulmonary presentation as opposed to the classically described neurologic dis-
ease. Scientists investigating the presence of this predominantly tropical patho-
gen in temperate environments found clues by genomic dating, which suggests 
anthropogenic spread due to shipping and mass movements from South America 
many years ago (Firacative et al. 2018; Roe et al. 2018). Recently, international 
travel has shown to contribute to the spread of the infection from Vancouver to 
Japan (Kitaura et al. 2018).

 2. Sporothrix brasiliensis outbreak in Brazil: Although subcutaneous sporotricho-
sis due to Sporothrix schenckii has been commonly seen in South America, thou-
sands of cases due to Sporothrix brasiliensis have been reported from Brazil. The 
outbreak started from Rio de Janerio and spread across the entire country and 
various parts of the South American continent (Barros et al. 2008). The acquisi-
tion of the infection is contrary to basic dogma of endemic mycoses. Instead of 
acquiring the infection from environmental spores or conidia, the disease 
is spreading directly from infected cat to human (Bastos de Lima Barros et al. 
2004). The zoonotic (feline) transmission has been associated with the long- 
lasting and large outbreak of this disease in this region.

 3. Multidrug-resistant Candida auris behaving like bacteria and causing global 
outbreak: Contrary to slow development of antifungal resistance in fungi by 
mutation, C. auris develops resistance rapidly like bacteria. It can be transmitted 
easily in the hospital settings causing severe infections and high mortality 
(Jeffery- Smith et al. 2018). The identification of this organism is also difficult by 
traditional phenotypic methods; DNA sequencing or matrix-assisted laser 
desorption ionization (MALDI)-based approaches are needed.

These recent developments in the IFD scenario suggest that the epidemiology, 
pathophysiology, and factors affecting the emergence of fungi are quite complex. A 
better understanding of these parameters is integral to improve the outcome of IFD.

Experts have proposed various hypotheses for the sudden change in natural his-
tory of IFD. One interesting argument is better adaptation of fungi on human body 
by development of thermotolerance (Casadevall 2012). Mammals are naturally 
resistant to systemic mycoses by virtue of endothermy and homeothermy in addi-
tion to vertebrate level immunity (Robert and Casadevall 2009). Elevated body 
temperature, especially during fever contributes to the mammalian resistance to 
systemic fungal disease in contrast to the vulnerability of amphibians and other 
ectotherms to fungi. Temperature adaptation of fungi like Cryptococcus neofor-
mans and A. fumigatus to elevated temperatures of the human host contributes to 
virulence (Cooney and Klein 2008). A recent analysis of the thermal susceptibility 
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data for yeast has revealed that some fungi may be adapting to warmer tempera-
tures (Robert et al. 2015). Although it is difficult to predict, global warming may 
help fungi to become more thermo-resistant, and this may be resulting in the emer-
gence of new species of fungi causing infection in humans (Garcia-Solache and 
Casadevall 2010).

A link between natural disasters and development of IFI in affected population 
has been also recognized increasingly. Although the potential for adverse health- 
related events following natural disasters is well known, it poses significant chal-
lenges for public health. Infections due to Mucorales, Aspergillus spp., Fusarium 
spp., Cladosporium spp., Cladophialophora bantiana, and Coccidioides immitis 
have been reported following hurricanes, earthquakes, and Tsunami in Indian 
oceans (Benedict and Park 2014). Climate change could thus be affecting the ecol-
ogy of fungi in ways that are not fully understood. The rising frequency coupled 
with greater severity of adverse climatic events could lead to more number of 
disaster- associated IFIs in the future.

Another major issue is the development of antifungal resistance among patho-
genic fungi. Long-term use of antifungal in patients with chronic pulmonary asper-
gillosis and allergic broncho-pulmonary aspergillosis has led to development of 
itraconazole/voriconazole resistance in Aspergillus species, and indiscriminate use 
of antifungals as prophylaxis or empiric therapy has caused either emergence of 
intrinsically resistant C. glabrata/C. krusei or acquired azole resistance in common 
pathogenic Candida spp. (Chakrabarti 2011). The use of botanical fungicides for 
agriculture may also contribute to the rise of drug-resistant fungal infections (Ribas 
E Ribas et al. 2016). Azole fungicides are commonly used for the control of fungal 
phytopathogens. Since this group of agents is also widely used for the treatment of 
IFIs in humans, the environmental exposure to azole fungicides in agriculture can 
result in treatment failure even in azole naïve patients in the clinical setting (Berger 
et al. 2017). In view of the one health initiative, efforts to optimize surveillance and 
formulate guidelines regulating the use of such agents in the environment must be 
made.

18.5  Diagnosis of Invasive Fungal Disease

Though prompt initiation of antifungal therapy is crucial for the treatment of IFD, 
the diagnosis of IFD is often delayed by conventional techniques resulting in poor 
outcome of the patients. The initiation of empiric antifungal treatment when delayed 
more than 12 h after withdrawing the first positive blood sample is associated with 
a higher mortality in patients with invasive candidiasis (Morrell et al. 2005). Similar 
observations are also made in invasive aspergillosis and mucormycosis (Nivoix 
et al. 2008; Spellberg and Ibrahim 2010; Spellberg et al. 2012). Traditional myco-
logical techniques of microscopy and culture lack sensitivity and are often time 
consuming, while invasive sampling needed for histopathology is usually difficult 
in patients with co-morbidities and thrombocytopenia (Clancy and Nguyen 2013). 
Even the best of laboratories cannot diagnose nearly 50% of IFD due to limitation 
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of advancement of fungal diagnostics. Experts have commented that the current 
rates of IFD described are an underestimation of the problem due to the lack of 
sensitive diagnostic tests (Denning et al. 2017). However, researchers have brought 
out some better tests for diagnosis of fungal infections in recent years.

Recent progress in diagnostics has come in four specific areas:

 1. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry: The introduction of MALDI-TOF MS for routine identification of 
fungal pathogens has profoundly minimized the turnaround time. In comparison 
to traditional techniques, it identifies yeasts and molds from culture isolates 
within a few minutes. But the identification of fungal pathogen by MALDI-TOF 
may be difficult as compared to bacteria, as it requires thorough standardization 
of extraction-preparation protocol and expansion of database. Nonetheless, the 
accuracy and reliability of MALDI-TOF for the identification of fungi has been 
demonstrated in several studies (Buchan and Ledeboer 2013; Huang et al. 2013). 
In addition, expanding the MS library of MALDI-TOF spectra in the database 
can provide accurate identification even when challenged by new emerging fun-
gal species. New prospects using MALDI include antifungal susceptibility test-
ing, direct identification of fungi in clinical samples and sub-species typing for 
outbreak investigation (Idelevich et al. 2017; Vella et al. 2017).

 2. Nucleic acid detection tests: The use of multiplex polymerase chain reaction 
(PCR) has also improved turnaround time (Banerjee et  al. 2015). The test is 
expected to be sensitive due to the scope of amplification of nucleic acid. But 
PCR-based screening tests for IFD have demonstrated a modest sensitivity and 
specificity. The test faces challenges of contamination from environment. 
Further, the test requires multi-center validation, which may be challenging.

 3. Identification of fungi in tissue: The best method of diagnosis of IFD is the his-
topathological demonstration of fungal elements in tissue specimens. However, 
the common mycelia fungi are indistinguishable on histopathology. In this con-
text, the in situ hybridization technique and extraction of nucleic acid from tissue 
followed by sequencing can assist in the rapid and accurate identification of such 
fungi (Hayden et al. 2002; Rickerts et al. 2012). The success rate of these nucleic 
acid detection-based methods is better in fresh tissue than paraffin-embedded 
tissue due to denaturation of nucleic acid in formalin.

 4. Fungal biomarker detection: Advances in the development non-culture-based 
diagnostics including the detection of fungal cell wall components allow early 
diagnosis with a high sensitivity (Clancy and Nguyen 2013). The various bio-
markers available for IFD diagnosis are summarized in Table 18.1. 
Galactomannan (GM) and 1,3-βeta-D-glucan (BDG) are both cell-wall compo-
nents of fungi serving as biomarkers of IFD. Serum and BAL GM are used for 
the diagnosis of invasive aspergillosis, while BDG detection has been used for 
detecting infections due to Candida, Pneumocystis, Aspergillus, and Fusarium 
spp. Rather, the BDG may be raised in any fungal infection except mucormyco-
sis and cryptococcosis. These tests have also been incorporated in the consensus 
group of European Organization for Research and Treatment of Cancer/Invasive 
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Table 18.1 Biomarkers available for IFD diagnosis

Biomarker Use Advantage Disadvantage Comment
Enolase Invasive 

candidiasis
Produced by all 
Candida 
species. (except 
C. glabrata)

Low sensitivity Enzyme in 
glycolytic 
pathway, 
produced by 
Candida species
Commercial kit 
is withdrawn 
from the market 
by its 
manufacturer 
(Directigen; 
Becton 
Dickinson, 
Baltimore)

Mannan and 
antimannan 
antibodies

Invasive 
candidiasis

Combined 
detection of 
mannan and 
antimannan 
antibodies 
considerably 
improves the 
diagnosis of 
candidemia

Low sensitivity 
when used alone

Cell wall 
component of 
Candida speciesNot very useful in 

non-albicans 
Candida species 
infection

Mannan may be 
rapidly removed 
from circulation 
by formation of 
immune 
complexes or 
phagocytoses by 
kupffer cells in 
the liver 
reducing the 
sensitivity

May be present in 
superficial 
colonization

Secreted 
Aspartyl 
Proteinase 
(Sap)

Invasive 
candidiasis

Extracellular 
concentration 
correlates with 
invasive disease 
rather than 
simple 
colonization

Many sap proteins 
are there and 
detection may be 
difficult

Sap has been 
shown to be 
produced during 
active tissue 
invasion

(continued)
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Table 18.1 (continued)

Biomarker Use Advantage Disadvantage Comment
1,3,Beta D 
glucan

Invasive fungal 
diseases except 
cryptococcosis 
and 
mucormycosis

Used in 
combination 
with clinical, 
radiological, and 
microbiological 
findings for 
early diagnosis 
of candidiasis 
and 
pneumocystosis

False-positive 
reactions are 
reported due to 
concurrent 
bacteremia (most 
commonly 
Streptococcus 
species); 
hemodialysis with 
cellulose 
membranes and 
filters; use of 
immunoglobulin 
products; food 
with glucans, e.g., 
mushrooms, oats, 
etc., and drugs

Cell wall 
polysaccharide, 
found in most 
fungi (exception: 
Cryptococci, 
Mucorales, and 
Blastomyces 
dermatitidis)
A high 
sensitivity and 
good negative 
predictive value 
is reported for 
IFD diagnosis
May be used to 
stop empiric 
antifungal 
treatment after 
repeated 
negative results
Testing multiple 
samples is better 
than single 
sample

(continued)
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Table 18.1 (continued)

Biomarker Use Advantage Disadvantage Comment
Galactomannan Invasive 

aspergillosis
Screening tool 
for invasive 
aspergillosis in 
neutropenic 
patients, 
haematological 
malignancies, 
and/or HSCT 
recipients, solid 
organ transplant 
recipients, 
intensive care 
unit patients, 
autoimmune 
disorders/AIDS

Cross-reactivity 
reported with 
Penicillium, 
Paecilomyces, 
Histoplasma, 
Alternaria, and 
Geotrichum 
infection; bacterial 
sepsis due to S. 
epidermidis, 
Enterococcus 
faealis, 
Corynebacterium 
jeikeium, 
Escerichia coli; 
plasma lysate; 
antimicrobials 
such as 
piperacillin- 
tazobactum or 
amoxicillin- 
clavulanate

Polysaccharide 
found in the cell 
wall of molds: 
Released during 
hyphal growth
Serum and 
bronchoalveolar 
lavage (BAL) 
samples can be 
tested
BAL sample is 
better than 
serum
Prior 
administration 
of antifungals as 
prophylaxis 
decreases test 
sensitivity

False positivity is 
also reported in 
neonates and after 
yoghurt intake

Sample 
pretreatment 
with EDTA to 
dissociate 
immune 
complexes 
increases 
analytical 
sensitivity
Testing multiple 
samples is better 
than single 
sample

Cryptococcal 
capsular 
polysaccharide 
antigen

Cryptococcosis High sensitivity 
and specificity

False positive 
reported in 
disseminated 
trichosporonosis, 
Capnocytophaga 
canimorsus 
septicemia, and 
malignancy

Both serum and 
CSF samples can 
be tested
Pre-treatment of 
sample with 
pronase or 
dilution can 
prevent 
false-positive/
false-negative 
reactions

False negative in 
case of prozone 
effect

Histoplasma 
antigen

Histoplasmosis High sensitivity 
and specificity

Expensive and not 
available in 
majority of the 
laboratories

Noninvasive test 
and can be done 
in the urine
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Fungal Infections Cooperative Group (EORTC) and the National Institute of 
Allergy and Infectious Diseases Mycoses Study Group (MSG) (EORTC/MSG) 
criteria for defining IFD in immunocompromised patients and are also useful in 
critically ill patients. However, the cautious interpretation of their results is 
essential and requires standardization in different patient groups. Additionally, 
false- positive GM results have been reported in patients receiving antibiotics 
like amoxicillin-clavulanate, piperacillin-tazobactam, carbapenems, ceftriax-
one, etc. (Boonsarngsuk et al. 2010). Factors affecting the BDG values include 
hemodialysis with cellulose membranes, antibiotics, administration of albumin, 
immunoglobulins, etc. through BG-containing filters and concurrent bacterial 
sepsis (Bansal et al. 2018). Since most of these factors are virtually impossible 
to avoid in intensive care setting, a nuanced interpretation of the results of these 
biomarkers is needed while evaluating such patients. These tests are expected to 
be less sensitive than nucleic acid detection-based tests as cellular components 
have no scope of amplification and require sensitive platforms to detect. Among 
other biomarker tests, antigen detection tests for diagnosis of cryptococcosis 
and histoplasmosis are routinely used in the laboratories due to high sensitivity 
and specificity of the tests (Perfect et al. 2010). Unfortunately, these non-culture- 
based technologies are usually available only in the tertiary care centers and 
multi-specialty hospitals and may not be cost-effective in low-throughput 
laboratories.

 5. Defining IFD: Since fungi are frequently present as colonizers or commensals, 
the discrimination of colonization from true infection decides the course of 
patient management. Clinical definitions have been developed to establish a for-
mal framework for diagnosis of IFD with a reasonable level of certainty in 
immunosuppressed patients. A clear definition of IFD also helps in designing 
clinical trials and management strategies. In 2002, standard definitions for IFD 
in immunocompromised patients were published by the EORTC/MSG consen-
sus group (Ascioglu et al. 2002), which were subsequently refined by De Pauw 
et al. (2008). This definition assigned three levels of probability for the diagnosis 
of IFD as “proven,” “probable,” and “possible” IFD. This definition is limited to 
patients with neutropenia and inherited immunodeficiency, recipients of hemato-
poietic stem cell transplantation, T-cell immunosuppressants or corticosteroid 
treatment. Since the above clinical definition has not been validated in other 
patients such as those in critical intensive care settings, a definitive diagnosis of 
IFD cannot be made in patients with renal and/or hepatic dysfunction and those 
with chronic airway diseases. The non-availability of specific criteria for the 
diagnosis of IFD in these patients makes it problematic to define such cases. To 
overcome this problem, IFD diagnostic algorithms have been proposed for dif-
ferent patient groups, such as chronic obstructive pulmonary disease patients 
(Bulpa et al. 2001), intensive care unit patients (Blot et al. 2012), and patients 
with acute chronic liver failure (Verma et al. 2018). However, those algorithms 
await validation in multi-center studies.

 6. Distinction of colonization versus infection: Another point of contention is the 
detection of fungi in non-sterile samples such as urine, ET aspirate, and 
 bronchoalveolar lavage (BAL). The presence of Candida in these samples is not 
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important as it may represent colonization even in a symptomatic patient. A care-
ful evaluation of positive cultures from these samples is needed and they must 
not be treated hastily. A logical approach for the evaluation of Candida in urine 
and ET aspirates must precede therapeutic intervention. Although some studies 
have shown higher mortality in patients with respiratory tract Candida coloniza-
tion, there is no definitive conclusion on its clinical relevance. The present data 
is insufficient to recommend the use of antifungals in those patients (De Pascale 
and Antonelli 2014).

18.6  Challenges in the Treatment of IFD

Successful management of IFDs continues to be an arduous task for clinicians. 
Management of IFD can be divided in four categories: prophylaxis (antifungal ther-
apy in susceptible patients before developing symptoms and signs of fungal infec-
tions to prevent fungal diseases), empiric (antifungal therapy in susceptible patients 
after developing symptoms and signs of suspected fungal infections without defini-
tive diagnosis), pre-emptive/diagnosis-driven (antifungal therapy in patients with 
biomarker positive for IFD and having symptoms and signs of IFD), targeted ther-
apy (antifungal therapy in patients with specific diagnosis of fungal infections). An 
overview of the treatment options for IFD is shown in Table 18.2.

Following are the challenges in management of IFD:

 1. Antifungal initiation and treatment strategy: Due to difficulty and delay in diag-
nosis, majority of patients with suspected fungal infections are on antifungal 
therapy by fever-driven approach (fever not responding to broad-spectrum anti-
bacterial therapy for 3–5 days). It is not known how to monitor such patients on 
therapy, when to stop therapy, or when to modify therapy. In a recent study in 
critically ill patients, empiric antifungal treatment was seen to reduce the rates of 
IFD significantly; however, no overall improvement in mortality was noted 
(Wang et  al. 2017). Antifungal prophylaxis is prescribed only in cohort with 
more than 10% IFD, as the NTT (number of persons to treat to save one patient 
with fungal infection) should not be high. Although there are validated studies 
and various proposals about defining IFI risk populations, there is still no unani-
mous agreement in management (Vazquez 2016). Antifungal prophylaxis is 
regularly used for selected patients with acute myeloid leukemia and sometimes 
in acute lymphoblastic leukemia and transplant recipients. In patients with mul-
tiple intestinal leak or acute pancreatitis in intensive care unit also, antifungal 
prophylaxis is recommended. Generally, a dynamic, risk-adapted antifungal 
strategy is needed, especially in high-risk individuals (Ko et  al. 2018). The 
diagnosis- driven or pre-emptive strategy is increasingly preferred over the 
empiric strategy to minimize antifungal use. However, individualized decisions 
must be made in accordance with patient condition and local epidemiology.

 2. Choice of antifungal agent: The choice of antifungal used for treatment or pro-
phylaxis depends upon its spectrum of activity and target etiological agent. The 
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Table 18.2 Overview of antifungal drugs used in invasive fungal disease (IFD)

Regimen Drug IFD Comment
Prophylaxis Posaconazole Any invasive fungal 

infections
In patients with acute myeloid 
leukemia and myelodysplastic 
syndrome, randomized clinical 
trial showed effective

Fluconazole or 
itraconazole

Fluconazole when invasive 
candidiasis is the common 
disease, otherwise 
itraconazole

The drugs are less expensive 
and used frequently but with 
emergence of resistant or 
change of fungal species 
posaconazole/voriconazole/
amphotericin B/echinocandin 
preferred

Empiric Amphotericin B 
deoxycholate/
lipid 
preparations

High risk of invasive 
candidiasis or mold 
infection (e.g., allogeneic 
HSCT recipient, patients 
undergoing chemotherapy 
for acute leukemia, patient 
with >3 weeks 
neutropenia)

 In case of suspected yeast 
infection, amphotericin B 
deoxycholate 0.7 mg/kg/day 
(with the exception of C. krusei 
and C. glabrata where a dose of 
1 mg/kg/day is 
recommended)—For a mold 
infection 1 mg/kg/day, 
liposomal amphotericin B 
3–5 mg/kg/day

Fluconazole If mold infection is 
unlikely

Fluconazole dose: 400 mg/day

Itraconazole If high risk for mold 
infection in non- 
neutropenic patients

Itraconazole loading dose 
200 mg IV twice daily for 
2 days then 200 mg IV/day

Pre-emptive Voriconazole Invasive aspergillosis or 
invasive candidiasis

Voriconazole loading dose of 
6 mg/kg/day IV twice daily for 
2 doses, followed by 4 mg/kg 
twice daily orally

Lipid 
preparations of 
amphotericin B

When mucormycosis is 
also a possibility

Lipid preparations of 
amphotericin B 3–5 mg/kg/day

Targeted 5 flucytosine Cryptococcal meningitis Used in combination of 
amphotericin B (deoxycholate 
or liposomal)

Candida endocarditis

Amphotericin B 
(deoxycholate)

Invasive candidiasis Allow serum creatinine to rise 
to 0.23 mmol/L before ceasing 
conventional amphotericin B 
except in patients where renal 
failure is expected (in them stop 
amphotericin B deoxycholate if 
serum creatinine reaches 
0.15 mmol/L on 2 consecutive 
days or the measured creatinine 
clearance falls by 50% or if the 
rate of creatinine increase has 
been rapid

Coccidioidomycosis
Severe pulmonary 
cryptococcosis
Induction-in disseminated 
histoplasmosis
Invasive mucormycosis

(continued)
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local epidemiology of pathogens implicated in IFD and its in vitro susceptibility 
pattern also guide patient management. However, the  lack of such studies in 
developing countries makes the situation challenging. A systematic research 
investigating the epidemiology of IFD in targeted patient groups at different geo-
graphic locations is needed. This will also help in developing explicit and feasi-
ble guidelines facilitating the rational use of antifungal agents and facilitate 
decision-making in clinical practice.

The efficacy, toxicity profile, pharmacodynamics, and pharmacokinetic prop-
erties of antifungal agents are other factors deciding the antifungal choice. 
Amphotericin B deoxycholate had been the standard treatment for IFD for many 
years. However, renal toxicity and infusion associated side effects prompted the 

Table 18.2 (continued)

Regimen Drug IFD Comment
Amphotericin B 
(lipid 
preparations)

Mucormycosis Monitor renal function 
regularlyFusariosis

Disseminated 
blastomycosis
Candidaemia (in 
neutropenic)
Candida osteomyelitis/
septic arthritis
Induction-cryptococcal 
meningitis
Disseminated 
sporotrichosis

Itraconazole Scedosporium species 
infection in non- 
neutropenic patients

Monitor liver function test and 
other toxicity

Follow up-disseminated 
histoplasmosis, 
sporotrichosis and 
blastomycosis

Fluconazole Candidaemia 
(non-neutropenic)

In intensive care patients, dose 
adjustment may be required

Candida osteomyelitis/ 
septic arthritis

Voriconazole Invasive pulmonary 
aspergillosis

Therapeutic drug monitoring is 
essential

Follow-up central nervous 
system blastomycosis

Monitor toxicity
Take care of drug-interaction

Scedosporium, Fusarium 
species and dematiaceous 
fungal infections

Anidulafungin, 
caspofungin, 
micafungin

Candidaemia Cannot be used in central 
nervous system dissemination, 
retinitis; and in Candida urinary 
tract infections

Candida endocarditis
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search for safer but equally efficacious alternatives. Lipid preparations of ampho-
tericin B are preferred due to less toxicity, but the compounds are expensive and 
have limited use in developing countries. Fluconazole, the most widely pre-
scribed antifungal agent, has been found to be the effective against yeast, cost- 
effective and well-tolerated agent for IFD prevention in critically ill patients 
(Wang et al. 2017). However, due to its limited activity against mycelial fungi 
and intrinsic resistance among some Candida species (e.g., C. krusei, C. gla-
brata), there is a need for other broad-spectrum options. Itraconazole has the 
limitations of erratic absorption or adverse gastrointestinal effects on oral dos-
ing, though the drug is effective against mycelial fungi. Voriconazole is effective 
for treatment of invasive aspergillosis and fusariosis, while posaconazole is 
active against Aspergillus spp. and Fusarium spp. Unfortunately, this extended 
spectrum of action of antifungal agents comes at the cost of higher pharmacoki-
netic variability and increased drug interactions. Echinocandins are another class 
of antifungals with very little collateral toxicity. However, they still lack activity 
against Cryptococcus species, Scedosporium, Fusarium and Mucorales, which 
frequently develop as breakthrough infections in immunocompromised individ-
uals. Thus, reformulation of existing drugs or development of new drugs with 
similar activity and better pharmacokinetic properties is still warranted. The list 
of available antifungal agents with spectrum of activity, mechanism of action, 
and pharmacokinetic details is shown in Table 18.3.

 3. Pharmacokinetics and pharmacodynamics of antifungal drugs: Even if the correct 
drug and regimen are initiated, the antifungal exposure at the site of infection may 
be lower or in excess of the anticipated resulting in treatment failure or toxicity. 
Certain antifungal agents may not reach the tissue like echinocandin in central 
nervous stem or urinary tract infections. Inconsistencies in absorption, metabo-
lism and/or elimination of antifungal agents can result in variability in blood drug 
levels. Thus, an insight into the pharmacokinetic and pharmacodynamics profile 
of antifungals is essential to optimize drug choice and dose. Monitoring the serum 
drug levels is particularly important for children due to wide alternations in the 
dose needed to achieve the target levels. Due to the correlation between sub-
therapeutic drug levels and poor patient outcome, therapeutic drug monitoring 
(TDM) of voriconazole and posaconazole has been widely accepted. However, a 
similar effectiveness for other antifungals is yet to be established and facilities for 
TDM in routine diagnostic laboratories need to be strengthened.

 4. Drug interactions: Another challenge in the treatment of IFD in transplant 
patients and patients on chemotherapeutic agent is the presence of drug-drug 
interactions between antifungals (primarily azoles) and immunosuppressive 
agents like cyclosporine, tacrolimus, and chemotherapeutic agents (Lempers 
et  al. 2015). Voriconazole alters the concentration of immunosuppressants 
resulting in a high risk of either transplant rejection or toxicity in such patients. 
These patients are at a high risk for developing IFDs and often need treatment 
with azoles; thus maintaining the adequate concentration of immunosuppres-
sants with the desired therapeutic level of antifungal is needed which requires an 
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Table 18.3 Spectrum of activity, mechanism of action and pharmacokinetic properties of antifun-
gal drugs

Antifungal 
agent Mechanism of action Spectrum of activity

Pharmacokinetic 
properties

Polyenes Bind irreversibly to 
ergosterol, resulting in 
disruption of membrane 
integrity and ultimately 
cell death; some also 
predicts oxidative 
damage of the cell

Candida (except C. 
lusitaniae) and 
filamentous fungi 
(except. Scedosporium 
species, A. terreus and 
Fusarium species)

Concentration- 
dependent action
Lipid formulations of 
amphotericin B are 
generally less potent 
in vivo compared with 
amphotericin B
Penetration into CNS is 
best for liposomal 
amphotericin B
Amphotericin B lipid 
complex formulation 
has higher 
concentration in lungs

Flucytosine Metabolized to 
5-fluorouracil within 
fungal cell and 
extensively incorporated 
into fungal RNA 
inhibiting synthesis of 
both DNA and RNA

Candida and 
Cryptococcus

Toxicity of flucytosine 
therapy has been 
associated with peak 
drug concentrations 
beyond 100 μg/ml; thus 
dosing to optimize the 
time > minimum 
inhibitory concentration 
(MIC) needed- so low 
doses very frequently 
(6 hourly) given

Azoles Inhibition of 
14α-lanosterol 
demethylase, a key 
enzyme in ergosterol 
biosynthesis, resulting in 
depletion of ergosterol 
and accumulation of 
toxic 14α-methylated 
sterols in membranes

Fluconazole on yeast; 
Itraconazole also on 
mycelial fungi; 
Voriconazole against 
majority of fungi 
except Mucorales; 
Posaconazole on 
majority of fungi; 
Isavuconazole can also 
against Mucorales

Concentration 
independent action
Area under curve 
(AUC)/MIC ratio 
important
Voriconazole and 
posaconazole trough 
concentrations ranging 
from 1–2 μg/ml are 
associated with optimal 
outcome for invasive 
aspergillosis

Echinocandin Noncompetitively inhibit 
beta-1,3-D-glucan 
synthase enzyme 
complex fungi to disturb 
fungal cell glucan 
synthesis

Candida species (less 
in vitro potency against 
C. parapsilosis) and 
Aspergillus species 
(fungicidal activity 
against Candida and 
static against 
Aspergillus species)

Infrequent 
administration of large 
doses is optimal
Wide therapeutic 
window—Potential to 
escalate drug doses
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individualized approach toward each patient. Thus, TDM is also essential in 
such scenarios.

 5. Monitoring response to antifungal therapy: The evaluation of patient response to 
antifungal treatment is a challenge faced by clinicians. The signs and symptoms 
of IFI are usually subtle in immunocompromised hosts, and radiological signs 
are non-specific. In addition, resolution of imaging findings requires a long time 
making it unsuitable for monitoring response. Biomarker tests may have a role in 
monitoring the therapy, though more studies are required to evaluate its effec-
tiveness. The lack of effective clinical, radiological, and microbiological support 
in effectively monitoring the progress or control of IFD also creates difficulty in 
deciding the treatment duration.

 6. Antifungal resistance: The challenge in the treatment of IFDs is further compli-
cated with the emerging antifungal resistance in recent years, as it significantly 
limits the arsenal of systemically available treatment options. Some fungi are 
known to exhibit intrinsic resistance to some drugs (e.g., C. krusei to flucon-
azole, C. lusitaniae and A. terreus to amphotericin B). A rise in acquired resis-
tance such as azole resistance in A. fumigatus, and echinocandins resistance in C. 
glabrata has also been reported (Vallabhaneni et  al. 2015; Rivero-Menendez 
et al. 2016). In addition, new species demonstrating resistance to various antifun-
gals are also emerging (e.g., C. auris) (Lockhart et al. 2017). The correct identi-
fication followed by antifungal susceptibility of the implicated fungal pathogen 
in IFD cases would certainly help in designing antifungal treatment. 
Unfortunately, such facilities are seldom available in resource-limited develop-
ing countries where IFDs are common. The rising antifungal resistance has been 
linked to prior exposure to antifungals and sub-optimal dosing, highlighting the 
need for antifungal stewardship (AFS) (Hamdy et al. 2017). Antifungal resis-
tance refers to responsible planning with integrated interventions to audit and 
direct the judicious use of antifungals in order to preserve their future effective-
ness and achieve the best clinical outcomes (Richardson 2016). Building a mul-
tidisciplinary team of experts in IFD management, suitable prescribing with 
post- prescription review of antifungals, TDM, de-escalation of drugs, and con-
version from intravenous to oral formulations are necessary to implement AFS 
(Hamdy et al. 2017). Although the overall acceptance of AFS has been well dem-
onstrated in literature, very few practical reports regarding AFS are present.

 7. Cost of antifungal treatment: Although secondary, the cost of treatment is impor-
tant to ensure the acceptance of any drug. Patient cannot afford antifungal drugs. 
An evaluation of the cost related to antifungal use has revealed that choosing 
pre-emptive therapy instead of empirical antifungal treatment and switching to 
oral form after intravenous formulations may reduce antifungal drug-related 
costs while treating IFD (Gedik 2015). Survival benefit with a low total drug cost 
has also been reported with the use of posaconazole while treating invasive 
aspergillosis (Herbrecht et al. 2010) and isavuconazole in mucormycosis com-
pared to standard treatment (Bagshaw et al. 2018). Although validated assays for 
TDM are available, the pharmacoeconomic impact of using them has not been 
formally investigated. Since the antifungal treatment can be expensive, only 
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cost-effective protocols can be incorporated in clinical practice. Nonetheless, the 
expenditure on using these assays is certainly lower than even a single day of 
antifungal treatment with one of the new antifungal compounds and less than 
management charges of any complications resulting from inappropriate antifun-
gal exposure (Andes et al. 2009).

 8. Limited availability of antifungal drugs: Currently, the pace of antifungal drug 
development is inadequate to keep up with the clinical need. Unlike bacteria, 
fungal pathogens are more closely related to the host, as both are eukaryotes, and 
thus discovery of new antifungal molecule is difficult. The clinical evaluation of 
antifungal drugs is another challenge, in addition to the economic and regulatory 
challenges. The collaboration between pharmaceutical agencies and academic 
laboratories is essential to achieve success in antifungal drug development. 
Unfortunately, even amongst the currently available drugs, effective antifungal 
agents are inaccessible to a large number of developing countries due to regula-
tory constraints (Kneale et al.(2016).

18.7  Conclusions

Although IFD continue to pose a significant threat to the human health, our aware-
ness and preparedness to face the challenge of fungal disease are still limited. The 
awareness of the fungal disease among clinicians is still limited to specialized units 
only, and there is a gross deficiency of fungal diagnostic laboratories especially in 
developing countries where the rate of IFD is high. Therefore, we need a) education 
and training of medical personnel, b) diagnostic mycology laboratory development, 
c) research for development of point of care test with good sensitivity and specific-
ity, and d) development of low-cost, broad-spectrum, less toxic antifungal agent(s) 
with good bioavailability to overcome the present challenge due to systemic fungal 
infections.
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Abstract
Endophytic microbial flora induces the plant immunity in response to pathogen 
attack. Aquilaria is the plant which has high value in diseased state due to pro-
duction of agarwood after infection. Agarwood has enormous applications in 
fragrance and pharmaceutical industries. In the present chapter, we have reviewed 
the diversity of endophytic fungi in different species of the genus Aquilaria. 
Various fungi from Ascomycota, Zygomycota and Basidiomycota have been 
reported in the literature. Fungi from division Ascomycota were found to be 
dominant in Aquilaria and Hypocreaceae, Nectriaceae, Pleosporaceae, and 
Trichocomaceae families. Some of them have been reported as inducers of arti-
ficial infection. Lasiodiplodia sp. and Penicillium polonicum found most suitable 
endophytic fungi for the rapid production of agarwood within 3 months of infec-
tion period.

Keywords
Agarwood · Aquilaria · Endophyte · Oleoresin

19.1  Introduction

Aquilaria belongs to Thymelaeaceae family and is mainly found in evergreen rain-
forests. Aquilaria plant in its diseased state produces an oleoresin called agarwood. 
Oleoresin is one of the valuable raw materials in perfumery and pharmaceutical 
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industries (Meng-Ling et  al. 2005). The agarwood is known as aloe wood, Agar 
attar, gaharu, Jinkoh, Chen Xiang, and oud in different parts of the world.

In Aquilaria, the formation of agarwood is triggered by physical, chemical, or 
biological damages in natural or artificial ways (Chhipa et al. 2017). Chetpattananondh 
(2012) suggested that only 1–10% of Aquilaria trees produce agarwood naturally 
and usually high yield of agarwood is obtained from 50–80-year-old plants. 
Phytoalexin, terpenoids, glycosteroids, and alkaloids are produced as defense mol-
ecules (Novriyanti 2008). The presence of high quantity of resinous compounds 
determines the grade of agarwood, which may have price up to 1 million US$ per 
10 kilogram in the international market (Akter et al. 2013). Exploitation of Aquilaria 
tree to fulfil market demand of agarwood made eight species of Aquilaria endan-
gered in Appendix II of the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (CITES 2004).

Different methods have been reported for the artificial production of agarwood 
which include axe chopping, wounding by chisels and debarking for promoting 
infection, hammering to tree trunk, nail inserting and holing, burning chisel drilling, 
partly trunk pruning, chemical insertion into plant for wound formation, and artifi-
cial microbial inoculation method (Nobuchi and Siripatanadilok 1991; Pojanagaroon 
and Kaewrak 2003; Ito et al. 2005; Dai et al. 2010; Chen et al. 2011; Wei et al. 2012; 
Liu et al. 2013; Mohamed et al. 2014; Chhipa and Kaushik 2017). Among these 
methods, microbial infection is observed to reduce the time of agarwood formation 
and produced high-quality agarwood, which increased the interest of researchers to 
explore endophytic microbial flora of Aquilaria tree and their possible role in agar-
wood formation. Various endophytic fungi such as Epicoccum granulatum, 
Botryosphaeria rhodina, Cladosporium edgeworthraem, Trichoderma sp., 
Lasiodiplodia sp., Colletotrichum gloeosporioides, Preussia sp., and Fusarium 
equiseti have been reported in different Aquilaria species (Bhattacharyya et  al. 
1952; Gong and Guo 2009; Mohamed et al. 2010; Tian et al. 2013; Premalatha and 
Kalra 2013; Chhipa and Kaushik 2017). Tamuli et al. (2005) artificially infected 
Aquilaria agallocha with Chaetomium globosum and Fusarium oxysporum and 
found that chemical profile of the mixture of oil was similar to that of oil extracted 
from naturally infected agarwood. Sangareswari et al. (2016) reported the role of 
Aspergillus, Lasiodiploidia, Chaetomium, Fusarium, and Penicillium species in 
artificial production of agarwood. Different enzyme activities such as cellulases, 
ligninases, and laccases were involved in the infection process.

The following sections describe the diversity of endophytic fungi in various spe-
cies of Aquilaria, their role in artificial production of agarwood, and future pros-
pects of artificial production method

19.2  Distribution of Aquilaria

Aquilaria is mostly found in the tropical and sub-tropical regions of Southeast Asia 
(from Hong Kong to Papua New Guinea) and distributed in hardwood hill forests 
and rainforest of many countries like Australia, Bangladesh, Bhutan, Borneo, 

H. Chhipa and S. K. Deshmukh



481

Cambodia, India, Indonesia, Iran, Lao PRD, Malaysia, Myanmar, the Philippines, 
Singapore South China, South Africa, Thailand, and Vietnam (Fig. 19.1) (Burkill 
1966; Gunasekera et al. 1981; Chakrabarty et al. 1994; Oldfield et al. 1998). Barden 
et al. (2000) reported that out of 27 species of Aquilaria found in all over the world, 
23 species are found in Southeast Asian countries. Aquilaria species include A. 
acuminata, A. apiculate, A. baillonii, A. banaensae, A. beccariana, A. brachyantha, 
A. citrinicarpa, A. crassna, A. cumingiana, A. filarial, A. grandiflora, A. hirta, A. 
malaccensis, Lam., A. microcarpa Baill, A. ophispermum, A. parvifolia, A. pentan-
dra, A. rostrate, A. rugose, A. sinensis, A. subintegra, A. urdanetensis, and A. yun-
nanensis. Out of these, eight species, namely, A. beccariana, A. crassna, A. 
cumingiana, A. hirta, A. malaccensis Lam, A. microcarpa Baill, A. sinensis, and A. 
subintegra, have been reported as agarwood-producing species.

In different geographical areas, different Aquilaria species were found to be 
prominent, for instance, A. apicultina in the Philippines; A. acuminata in Papua 
New Guinea, Indonesia, and the Philippines; A. baillonil in Cambodia and Thailand; 
A. baneonsis only in Vietnam; A. beccarain mainly in Indonesia; A. brachyantha in 
Malaysia; Aquilaria crassna in Cambodia, Malaysia, Thailand, and Vietnam; A. 
cumingiana in Indonesia and Malaysia; A. filarial in the Philippines, Indonesia, and 
Papua New Guinea; A. grandiflora in China; A. hirta in Indonesia, Malaysia, and 
Thailand; and A. khasiana in North East India and Pakistan to name a few (Saikia 
and Khan 2012; Chua 2008; Chetpattananondh 2012; Tabin and Srivastava 2014).

Fig. 19.1 Aquilaria malaccensis plants in the field
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19.3  Diversity of Endophytes in Aquilaria

It has been estimated that more than one million fungal species comprise the endo-
phytic world and are present in 1:4 ratio with vascular plants (Sun et  al. 2012). 
Endophytic fungi produce various types of bioactive compounds including flavo-
noids, alkaloids, terpenoids, and volatile compounds, which have shown a wide 
biological activities and also act as biocontrol agents (Gunatilaka 2006; Kharwar 
et al. 2011; Deshmukh 2018; Deshmukh et al. 2015, 2018). The role of endophytes 
in the production of bioactive compounds in Aquilaria has been explored by many 
researchers. The diversity of endophytes in Aquilaria has been explored from China, 
Malaysia and India.

In 1952, Bhattacharyya et al. reported the presence of endophytic fungus, namely, 
Epicoccum granulatum in A. agallocha species. Later on, Gong and Guo (2009) 
isolated endophytes Botryosphaeria rhodina, Cephalosporium sp., Cladosporium 
edgeworthrae, Colletotrichum sp., Epicoccum sp., Fusarium oxysporum, 
Geotrichum sp., and Glomerularia sp. from A. sinensis from Yunnan province, 
China. Wang et  al. (2009) also reported presence of Aspergillus sp., B. rhodina, 
Chaetomium sp., C. gloeosporioides, Fusarium sp., Penicillium sp., Pestalotiopsis, 
Trichoderma sp., and Xylaria sp. in A. sinensis. In another study in West Malaysia, 
Fusarium sp., Trichoderma sp., Curvularia sp., Cunninghamella sp., and 
Lasiodiplodia sp. were observed as endophytes in A. malaccensis (Mohamed et al. 
2010). Further, Cui et  al. (2011) identified presence of Cephalosporium sp, 
Cladosporium tenuissimum, Coniothyrium nitidae, Fusarium equiseti, Hypocrea 
lixii, Lasiodiplodia theobromae, Leptosphaerulina chartarum, Paraconiothyrium 
variabile, Phaeoacremonium rubrigenum, Pichia guilliermondii, and Rhizomucor 
variabilis in A. sinensis. Tian et al. (2013) also investigated distribution of endo-
phytic fungi in infected and non-infected A. sinensis tree. They found the presence 
of C. gloeosporioides in both types of wood. In another study, Premalatha and Kalra 
(2013) explored the diversity of endophytes in Indian A. malaccensis and reported 
presence of Preussia sp., Alternaria, Cladosporium, Curvularia, Fusarium, 
Phaeoacremonium, and Trichoderma sp. in resinous wood chips. Kee (2015) also 
reported presence of T. harzanium, Trichoderma sp., T. reesei, Botryodiplodia theo-
bromae, and Beauveria bassiana in Aquilaria from Baram and Kota Samarahan 
area, Malaysia. Our group explored the diversity of endophytes in A. malaccensis in 
Assam, north eastern state of India. Chhipa and Kaushik (2017) isolated 340 fungal 
strains belonging to 13 fungal families including Botryosphaeriaceae, 
Clavicipitaceae, Debaryomycetaceae, Diaporthaceae, Hypocreaceae, Mucoraceae, 
Nectriaceae, Pleosporaceae, Saccharomycetaceae, Syncephalastraceae, 
Trichocomaceae, and Trichosphaeriaceae. It was observed that Trichoderma virens 
is the most dominating endophytic fungus followed by Lasiodiplodia theobromae 
and Fusarium equiseti (Fig. 19.2).

Most of the endophytic fungi belong to the class Ascomycota, except Mucor 
circinelloides and Rhizomucor variabilis which belong to class Zygomycota (Chhipa 
and Kaushik 2017; Cui et al. 2011); Glomerularia sp. and Tylopilus sp. belong to 
class Basidiomycota (Gong and Guo 2009; Li et al. 2018). Maximum number of 
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endophytic fungi was reported from the families Hypocreaceae, Nectriaceae, 
Pleosporaceae, and Trichocomaceae in A. malaccensis, A. sinensis, A. crassna, and 
A. agallocha. A large number of endophytic fungal genera were reported from 
Aquilaria species, which include Acremonium, Alternaria, Aporospora, Arthrinium, 
Arthrobotrys, Aschersonia, Aspergillus, Beauveria, Botryodiplodia, 
Cephalosporium, Chaetomium, Cladosporium, Collectotrichum, Coniosporium, 
Corynespora, Cunninghamella, Curvularia, Cylindrocladium, Diaporthe, 
Epicoccum, Fimetariella, Fusarium, Geotrichum, Gibberella, Glomerularia, 
Guignardia, Hypocrea, Lasiodiplodia, Leptosphaerulina, Monilia, Mortierella, 
Mucor, Mycelia, Nigrospora, Nodulisporium, Ovulariopsis, Paraconiothyrium, 
Penicillium, Pestalotiopsis, Phaeoacremonium, Phoma, Phomopsis, Pichia, 
Pleospora, Rhinocladiella, Rhizomucor, Trichoderma, Tylopilus, and Xylaria. The 
details of diversity of endophytes in various Aquilaria species are presented in 
Table 19.1.

19.4  Agarwood and Its Commercial Importance

Agarwood contains oleoresin which has different types of sesquiterpenoids, chro-
mones, and aromatic compounds which determines the quality and grade of agar-
wood (Kalra and Kaushik 2017). Agarwood oleoresin is used in the production of 
incense and perfumes and in Chinese medicine. Agarwood is also used in different 
ancient practices such as curative ceremonies of Middle East, donation in Shinto- 
Buddhist temples by Japanese, and ceremonies by Mekong delta communities in 
Vietnamese temples (Akter et al. 2013). Agarwood oil is being used as essence in 
soap, shampoo, and perfumes. It is also used in curing asthma, vomiting arrest, 

Fig. 19.2 Diversity of endophytes in Aquilaria malaccensis occurred in Assam, India

19 Diversity of Endophytic Fungi and Their Role in Artificial Agarwood Production…



484

Ta
bl

e 
19

.1
 

D
iv

er
si

ty
 o

f 
en

do
ph

yt
ic

 f
un

gi
 in

 v
ar

io
us

 s
pe

ci
es

 o
f 

A
qu

il
ar

ia
 p

la
nt

S.
N

o.
E

nd
op

hy
te

C
la

ss
Fa

m
ily

T
re

e 
sp

ec
ie

s
C

ou
nt

ry
R

ef
er

en
ce

1
B

ea
uv

er
ia

 b
as

si
an

a
So

rd
ar

io
m

yc
et

es
C

or
dy

ci
pi

ta
ce

ae
A

qu
il

ar
ia

 s
p.

B
ar

am
 a

nd
 K

ot
a 

Sa
m

ar
ah

an
, 

M
al

as
iy

a
K

ee
 (

20
15

)

2
B

ot
ry

od
ip

lo
di

a 
th

eo
br

om
ae

So
rd

ar
io

m
yc

et
es

In
ce

rt
ae

 s
ed

is
A

qu
il

ar
ia

 s
p.

B
ar

am
 a

nd
 K

ot
a 

Sa
m

ar
ah

an
, 

M
al

as
iy

a
3

F
us

ar
iu

m
 tr

if
os

fo
ri

um
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

qu
il

ar
ia

 s
p.

Pe
ka

nb
ar

u,
 S

um
at

ra
Ta

ba
ta

 e
t a

l. 
(2

00
3)

4
Tr

ic
ho

de
rm

a 
re

es
ei

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

qu
il

ar
ia

 s
p.

B
ar

am
 a

nd
 K

ot
a 

Sa
m

ar
ah

an
, 

M
al

as
iy

a
K

ee
 (

20
15

)

5
Tr

ic
ho

de
rm

a 
ha

rz
an

iu
m

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

qu
il

ar
ia

 s
p.

B
ar

am
 a

nd
 K

ot
a 

Sa
m

ar
ah

an
, 

M
al

as
iy

a
6

Tr
ic

ho
de

rm
a 

sp
.

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

qu
il

ar
ia

 s
p.

B
ar

am
 a

nd
 K

ot
a 

Sa
m

ar
ah

an
, 

M
al

as
iy

a
7

A
sp

er
gi

ll
us

 s
p.

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
qu

il
ar

ia
 s

p.
A

ss
am

, I
nd

ia
B

os
e 

(1
93

4)
8

B
ot

ry
os

ph
ae

ri
a 

rh
od

in
a

D
ot

hi
de

om
yc

et
es

B
ot

ry
os

ph
ae

ri
ac

ea
e

A
. s

in
en

si
s

C
hi

na
W

an
g 

et
 a

l. 
(2

00
9)

9
C

ha
et

om
iu

m
 s

p.
So

rd
ar

io
m

yc
et

es
C

ha
et

om
ia

ce
ae

A
. s

in
en

si
s

C
hi

na
10

C
ol

le
to

tr
ic

hu
m

 
gl

oe
os

po
ri

oi
de

s
So

rd
ar

io
m

yc
et

es
G

lo
m

er
el

la
ce

ae
A

. s
in

en
si

s
C

hi
na

11
F

us
ar

iu
m

 s
p.

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. s

in
en

si
s

C
hi

na
12

Pe
ni

ci
ll

iu
m

 s
p.

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. s

in
en

si
s

C
hi

na
13

Pe
st

al
ot

io
ps

is
 s

p.
So

rd
ar

io
m

yc
et

es
Sp

or
oc

ad
ac

ea
e

A
. s

in
en

si
s

C
hi

na
14

Tr
ic

ho
de

rm
a 

sp
.

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. s
in

en
si

s
C

hi
na

15
X

yl
ar

ia
 s

p.
So

rd
ar

io
m

yc
et

es
X

yl
ar

ia
ce

ae
A

. s
in

en
si

s
C

hi
na

16
A

lt
er

na
ri

a 
sp

.
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. s

in
en

si
s

T
ia

n 
et

 a
l. 

(2
01

3)
17

A
rt

hr
ob

ot
ry

s 
sp

.
O

rb
il

io
m

yc
et

es
O

rb
il

ia
ce

ae
A

. s
in

en
si

s
X

in
yi

, S
ou

th
 C

hi
na

L
i e

t a
l. 

(2
01

8)
18

B
ot

ry
os

ph
ae

ri
a 

rh
od

in
a

D
ot

hi
de

om
yc

et
es

B
ot

ry
os

ph
ae

ri
ac

ea
e

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

19
B

ot
ry

os
ph

ae
ri

a 
do

th
id

ea
D

ot
hi

de
om

yc
et

es
B

ot
ry

os
ph

ae
ri

ac
ea

e
A

. s
in

en
si

s
T

ia
n 

et
 a

l. 
(2

01
3)

20
C

ep
ha

lo
sp

or
iu

m
 s

p.
A

sc
om

yc
et

es
In

ce
rt

ae
 s

ed
is

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

21
C

ha
et

om
iu

m
 g

lo
bo

su
m

So
rd

ar
io

m
yc

et
es

C
ha

et
om

ia
ce

ae
A

. s
in

en
si

s
H

ai
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

H. Chhipa and S. K. Deshmukh



485
S.

N
o.

E
nd

op
hy

te
C

la
ss

Fa
m

ily
T

re
e 

sp
ec

ie
s

C
ou

nt
ry

R
ef

er
en

ce
22

C
la

do
sp

or
iu

m
 

ed
ge

w
or

th
ra

e
D

ot
hi

de
om

yc
et

es
D

av
id

ie
ll

ac
ea

e
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

G
on

g 
an

d 
G

uo
 (

20
09

)

23
C

la
do

sp
or

iu
m

 te
nu

is
si

m
um

D
ot

hi
de

om
yc

et
es

D
av

id
ie

ll
ac

ea
e

A
. s

in
en

si
s

Y
un

na
n 

an
d 

H
ai

na
n 

pr
ov

in
ce

, C
hi

na
C

ui
 e

t a
l. 

(2
01

1)

24
C

la
do

sp
or

iu
m

 te
nu

is
si

m
um

D
ot

hi
de

om
yc

et
es

D
av

id
ie

ll
ac

ea
e

A
. s

in
en

si
s

Y
un

na
n,

 C
hi

na
25

C
ol

le
ct

ot
ri

ch
um

 s
p.

So
rd

ar
io

m
yc

et
es

G
lo

m
er

el
la

ce
ae

A
. s

in
en

si
s

T
ia

n 
et

 a
l. 

(2
01

3)
26

C
ol

le
to

tr
ic

hu
m

 s
p.

So
rd

ar
io

m
yc

et
es

G
lo

m
er

el
la

ce
ae

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

27
C

on
io

sp
or

iu
m

 s
p.

E
ur

ot
io

m
yc

et
es

A
. s

in
en

si
s

X
in

yi
, S

ou
th

 C
hi

na
L

i e
t a

l. 
(2

01
8)

28
C

on
io

th
yr

iu
m

 n
it

id
ae

D
ot

hi
de

om
yc

et
es

L
ep

to
sp

ha
er

ia
ce

ae
A

. s
in

en
si

s
Y

un
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

29
C

or
yn

es
po

ra
 s

p.
D

ot
hi

de
om

yc
et

es
C

or
yn

es
po

ra
sc

ac
ea

e
A

. s
in

en
si

s
X

in
yi

, S
ou

th
 C

hi
na

L
i e

t a
l. 

(2
01

8)
30

C
yl

in
dr

oc
la

di
um

 s
p.

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. s

in
en

si
s

T
ia

n 
et

 a
l. 

(2
01

3)
31

E
pi

co
cc

um
 s

p.
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

32
E

pi
co

cc
um

 n
ig

ru
m

D
ot

hi
de

om
yc

et
es

P
le

os
po

ra
ce

ae
A

. s
in

en
si

s
Y

un
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

33
F

im
et

ar
ie

ll
a 

ra
be

nh
or

st
ii

So
rd

ar
io

m
yc

et
es

L
as

io
sp

ha
er

ia
ce

ae
A

. s
in

en
si

s
C

hi
na

Ta
o 

et
 a

l. 
(2

01
1)

34
F

us
ar

iu
m

 s
p.

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

35
F

us
ar

iu
m

 e
qu

is
et

i
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. s
in

en
si

s
Y

un
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

36
F

us
ar

iu
m

 o
xy

sp
or

um
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

G
on

g 
an

d 
G

uo
 (

20
09

)
37

G
eo

tr
ic

hu
m

 s
p.

Sa
cc

ha
ro

m
yc

et
es

D
ip

od
as

ca
ce

ae
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

38
G

lo
m

er
ul

ar
ia

 s
p.

P
uc

ci
ni

om
yc

et
es

P
la

ty
gl

oe
ac

ea
e

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
39

G
ui

gn
ar

di
a 

m
an

qi
fe

ra
e

D
ot

hi
de

om
yc

et
es

B
ot

ry
os

ph
ae

ri
ac

ea
e

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
40

H
yp

oc
re

a 
li

xi
i

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. s
in

en
si

s
Y

un
na

n 
an

d 
H

ai
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

41
L

as
io

di
pl

od
ia

 th
eo

br
om

ae
D

ot
hi

de
om

yc
et

es
B

ot
ry

os
ph

ae
ri

ac
ea

e
A

. s
in

en
si

s
Y

un
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

42
L

ep
to

sp
ha

er
ul

in
a 

ch
ar

ta
ru

m
D

ot
hi

de
om

yc
et

es
N

ce
rt

ae
 s

ed
is

A
. s

in
en

si
s

Y
un

na
n,

 C
hi

na

43
M

on
il

ia
 s

p.
A

sc
om

yc
et

es
Sc

le
ro

ti
ni

ac
ea

e
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

G
on

g 
an

d 
G

uo
 (

20
09

)
44

M
or

ti
er

el
la

 s
p.

M
or

ti
er

el
lo

m
yc

et
es

M
or

ti
er

el
la

ce
ae

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
45

M
yc

el
ia

 s
te

ri
li

a
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

(c
on

tin
ue

d)

19 Diversity of Endophytic Fungi and Their Role in Artificial Agarwood Production…



486

Ta
bl

e 
19

.1
 

(c
on

tin
ue

d)

S.
N

o.
E

nd
op

hy
te

C
la

ss
Fa

m
ily

T
re

e 
sp

ec
ie

s
C

ou
nt

ry
R

ef
er

en
ce

46
N

ig
ro

sp
or

a 
or

yz
ae

So
rd

ar
io

m
yc

et
es

A
pi

os
po

ra
ce

ae
A

. s
in

en
si

s
X

in
yi

. C
hi

na
L

i e
t a

l. 
(2

01
4)

47
N

ig
ro

sp
or

a 
sp

.
So

rd
ar

io
m

yc
et

es
A

pi
os

po
ra

ce
ae

A
. s

in
en

si
s

X
in

yi
, S

ou
th

 C
hi

na
L

i e
t a

l. 
(2

01
8)

48
N

od
ul

is
po

ri
um

 s
p.

So
rd

ar
io

m
yc

et
es

,
X

yl
ar

ia
ce

ae
A

. s
in

en
si

s
G

ua
ng

do
ng

 p
ro

vi
nc

e,
 C

hi
na

W
u 

et
 a

l. 
(2

01
0)

49
O

vu
la

ri
op

si
s 

sp
.

L
eo

ti
om

yc
et

es
E

ry
si

ph
ac

ea
e

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

50
Pa

ra
co

ni
ot

hy
ri

um
 v

ar
ia

bi
le

D
ot

hi
de

om
yc

et
es

D
id

ym
os

ph
ae

ri
ac

ea
e

A
. s

in
en

si
s

Y
un

na
n 

an
d 

H
ai

na
n,

 C
hi

na
C

ui
 e

t a
l. 

(2
01

1)
51

Pe
ni

ci
ll

iu
m

 s
p.

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
G

on
g 

an
d 

G
uo

 (
20

09
)

52
P

ha
eo

ac
re

m
on

iu
m

 
ru

br
ig

en
um

So
rd

ar
io

m
yc

et
es

To
gn

in
ia

ce
ae

A
. s

in
en

si
s

Y
un

na
n,

 C
hi

na
C

ui
 e

t a
l. 

(2
01

1)

54
P

ho
m

a 
he

rb
ar

um
D

ot
hi

de
om

yc
et

es
D

id
ym

el
la

ce
ae

A
. s

in
en

si
s

Y
un

na
n,

 C
hi

na
55

P
ho

m
a 

sp
.

D
ot

hi
de

om
yc

et
es

D
id

ym
el

la
ce

ae
A

. s
in

en
si

s
T

ia
n 

et
 a

l. 
(2

01
3)

56
P

ho
m

op
si

s 
sp

.
So

rd
ar

io
m

yc
et

es
Va

ls
ac

ea
e

A
. s

in
en

si
s

57
P

ic
hi

a 
gu

il
li

er
m

on
di

i
Sa

cc
ha

ro
m

yc
et

es
Sa

cc
ha

ro
m

yc
et

ac
ea

e
A

. s
in

en
si

s
H

ai
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

58
P

le
os

po
ra

 s
p.

D
ot

hi
de

om
yc

et
es

P
le

os
po

ra
ce

ae
A

. s
in

en
si

s
Ji

ng
ho

ng
, C

hi
na

G
on

g 
an

d 
G

uo
 (

20
09

)
59

R
hi

no
cl

ad
ie

ll
a 

sp
.

E
ur

ot
io

m
yc

et
es

A
. s

in
en

si
s

Ji
ng

ho
ng

, C
hi

na
60

R
hi

zo
m

uc
or

 v
ar

ia
bi

li
s

Z
yg

om
yc

et
es

M
uc

or
ac

ea
e

A
. s

in
en

si
s

Y
un

na
n,

 C
hi

na
C

ui
 e

t a
l. 

(2
01

1)
61

Ty
lo

pi
lu

s 
sp

.
A

ga
ri

co
m

yc
et

es
B

ol
et

ac
ea

e
A

. s
in

en
si

s
X

in
yi

, S
ou

th
 C

hi
na

L
i e

t a
l. 

(2
01

8)
62

X
yl

ar
ia

 m
al

i
So

rd
ar

io
m

yc
et

es
X

yl
ar

ia
ce

ae
A

. s
in

en
si

s
Y

un
na

n 
an

d 
H

ai
na

n,
 C

hi
na

C
ui

 e
t a

l. 
(2

01
1)

63
A

cr
em

on
iu

m
 s

p.
So

rd
ar

io
m

yc
et

es
H

yp
oc

re
ac

ea
e

A
. m

ic
ro

ca
rp

a
M

al
ay

si
a

R
ah

ay
u 

an
d 

Ju
lia

rn
i 

(2
00

7)
64

A
po

ro
sp

or
a 

sp
.

In
ce

rt
ae

 s
ed

is
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

C
hh

ip
a 

an
d 

K
au

sh
ik

 
(2

01
7)

65
A

rt
hr

in
iu

m
 s

p.
So

rd
ar

io
m

yc
et

es
A

pi
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
66

A
sc

he
rs

on
ia

 s
p.

So
rd

ar
io

m
yc

et
es

C
la

vi
ci

pi
ta

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
67

A
sp

er
gi

ll
us

 fl
av

us
E

ur
ot

io
m

yc
et

es
Tr

ic
ho

co
m

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

68
A

sp
er

gi
ll

us
 s

p.
E

ur
ot

io
m

yc
et

es
Tr

ic
ho

co
m

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

69
C

un
ni

ng
ha

m
el

la
 s

p.
C

un
ni

ng
ha

m
el

la
ce

ae
A

. m
al

ac
ce

ns
is

M
oh

am
ed

 e
t a

l. 
(2

01
0)

70
C

ur
vu

la
ri

a 
sp

.
E

ua
sc

om
yc

et
es

P
le

os
po

ra
ce

ae
A

. m
al

ac
ce

ns
is

H. Chhipa and S. K. Deshmukh



487
S.

N
o.

E
nd

op
hy

te
C

la
ss

Fa
m

ily
T

re
e 

sp
ec

ie
s

C
ou

nt
ry

R
ef

er
en

ce
71

C
ur

vu
la

ri
a 

sp
.

E
ua

sc
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
C

hh
ip

a 
an

d 
K

au
sh

ik
 

(2
01

7)
72

C
ur

vu
la

ri
a 

ve
rr

uc
ul

os
a

E
ua

sc
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
73

C
ur

vu
la

ri
a 

lu
na

ta
E

ua
sc

om
yc

et
es

P
le

os
po

ra
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

74
D

ia
po

rt
he

 p
ha

se
ol

or
um

So
rd

ar
io

m
yc

et
es

D
ia

po
rt

ha
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

75
E

pi
co

cc
um

 s
or

gh
in

um
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
76

E
pi

co
cc

um
 n

ig
ru

m
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
77

E
pi

co
cc

um
 s

p.
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
78

F
us

ar
iu

m
 s

p.
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. m
al

ac
ce

ns
is

M
oh

am
ed

 e
t a

l. 
(2

01
0)

79
F

us
ar

iu
m

 in
ca

rn
at

um
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

C
hh

ip
a 

an
d 

K
au

sh
ik

 
(2

01
7)

80
F

us
ar

iu
m

 s
p.

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
81

F
us

ar
iu

m
 e

qu
is

et
i

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
82

F
us

ar
iu

m
 s

ol
an

i
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

83
F

us
ar

iu
m

 o
xy

sp
or

um
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

84
G

ib
be

re
ll

a 
in

te
rm

ed
ia

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
85

H
yp

oc
re

a 
ca

er
ul

es
ce

ns
So

rd
ar

io
m

yc
et

es
H

yp
oc

re
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
86

H
yp

oc
re

al
es

 s
p.

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

87
L

as
io

di
pl

od
ia

 
ps

eu
do

th
eo

br
om

ae
D

ot
hi

de
om

yc
et

es
B

ot
ry

os
ph

ae
ri

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

88
L

as
io

di
pl

od
ia

 th
eo

br
om

ae
D

ot
hi

de
om

yc
et

es
B

ot
ry

os
ph

ae
ri

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

89
L

as
io

di
pl

od
ia

 s
p.

D
ot

hi
de

om
yc

et
es

B
ot

ry
os

ph
ae

ri
ac

ea
e

A
. m

al
ac

ce
ns

is
M

oh
am

ed
 e

t a
l. 

(2
01

0)
90

M
uc

or
 s

p.
M

uc
or

om
yc

ot
in

a
M

uc
or

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

C
hh

ip
a 

an
d 

K
au

sh
ik

 
(2

01
7)

91
M

uc
or

 c
ir

ci
ne

ll
oi

de
s

M
uc

or
om

yc
ot

in
a

M
uc

or
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
92

N
ig

ro
sp

or
a 

sp
.

So
rd

ar
io

m
yc

et
es

A
pi

os
po

ra
ce

ae
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

93
Pe

ni
ci

ll
iu

m
 c

it
ri

nu
m

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
94

Pe
ni

ci
ll

iu
m

 c
hr

ys
og

en
um

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
95

Tr
ic

ho
de

rm
a 

sp
.

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. m
al

ac
ce

ns
is

M
oh

am
ed

 e
t a

l. 
(2

01
0)

(c
on

tin
ue

d)

19 Diversity of Endophytic Fungi and Their Role in Artificial Agarwood Production…



488

Ta
bl

e 
19

.1
 

(c
on

tin
ue

d)

S.
N

o.
E

nd
op

hy
te

C
la

ss
Fa

m
ily

T
re

e 
sp

ec
ie

s
C

ou
nt

ry
R

ef
er

en
ce

96
Tr

ic
ho

de
rm

a 
ha

rz
ia

nu
m

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

C
hh

ip
a 

an
d 

K
au

sh
ik

 
(2

01
7)

97
Tr

ic
ho

de
rm

a 
lo

ng
ib

ra
ch

ia
tu

m
So

rd
ar

io
m

yc
et

es
H

yp
oc

re
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia

98
Tr

ic
ho

de
rm

a 
vi

re
ns

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

99
A

lt
er

na
ri

a 
sp

.
D

ot
hi

de
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
Pr

em
al

at
ha

 a
nd

 K
al

ra
 

(2
01

3)
10

0
C

la
do

sp
or

iu
m

 
cl

ad
os

po
ro

id
es

D
ot

hi
de

om
yc

et
es

D
av

id
ie

ll
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia

10
1

C
la

do
sp

or
iu

m
 s

p.
D

ot
hi

de
om

yc
et

es
D

av
id

ie
ll

ac
ea

e
A

. m
al

ac
ce

ns
is

A
ss

am
, I

nd
ia

10
2

C
ur

vu
la

ri
a 

sp
.

E
ua

sc
om

yc
et

es
P

le
os

po
ra

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
10

3
F

us
ar

iu
m

 s
p.

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
10

4
P

ha
eo

ac
re

m
on

iu
m

 s
p.

So
rd

ar
io

m
yc

et
es

To
gn

in
ia

ce
ae

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
10

5
Tr

ic
ho

de
rm

a 
sp

.
So

rd
ar

io
m

yc
et

es
H

yp
oc

re
ac

ea
e

A
. m

al
ac

ce
ns

is
A

ss
am

, I
nd

ia
10

6
C

ol
le

to
tr

ic
hu

m
 tr

un
ca

tu
m

So
rd

ar
io

m
yc

et
es

G
lo

m
er

el
la

ce
ae

A
. c

ra
ss

na
So

ut
he

rn
 V

ie
tn

am
C

hi
 e

t a
l. 

(2
01

6)
10

7
F

us
ar

iu
m

 v
er

ti
ci

ll
io

id
es

So
rd

ar
io

m
yc

et
es

N
ec

tr
ia

ce
ae

A
. c

ra
ss

na
So

ut
he

rn
 V

ie
tn

am
10

8
G

eo
tr

ic
hu

m
 c

an
di

um
Sa

cc
ha

ro
m

yc
et

es
D

ip
od

as
ca

ce
ae

A
. c

ra
ss

na
So

ut
he

rn
 V

ie
tn

am
10

9
A

sp
er

gi
ll

us
 n

ig
er

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. a

ga
ll

oc
ha

Ta
m

ul
i e

t a
l. 

(2
00

5)
11

0
E

pi
co

cc
um

 g
ra

nu
la

tu
m

D
ot

hi
de

om
yc

et
es

P
le

os
po

ra
ce

ae
A

. a
ga

ll
oc

ha
B

ha
tta

ch
ar

yy
a 

et
 a

l. 
(1

95
2)

11
1

F
us

ar
iu

m
 s

p.
So

rd
ar

io
m

yc
et

es
N

ec
tr

ia
ce

ae
A

. a
ga

ll
oc

ha
Ta

m
ul

i e
t a

l. 
(2

00
5)

11
2

Pe
ni

ci
ll

iu
m

 s
p.

E
ur

ot
io

m
yc

et
es

Tr
ic

ho
co

m
ac

ea
e

A
. a

ga
ll

oc
ha

11
3

Tr
ic

ho
de

rm
a 

sp
.

So
rd

ar
io

m
yc

et
es

H
yp

oc
re

ac
ea

e
A

. a
ga

ll
oc

ha

H. Chhipa and S. K. Deshmukh



489

carminative and pain reliever (Okugawa et al. 1993; Yao et al. 1995; Zhou et al. 
2008). In Malaysia, it is used for jaundice and body ache treatment. Agarwood in 
powder form is used in religious ceremony of Buddhist, Muslims, and Hindus. All 
the above mentioned uses of agarwood made it most demanding non-timber wood 
(Naef 2011). The price of agarwood depends on grade of wood and oleoresin oil. 
First-grade agarwood is most expensive wood which is produced naturally and takes 
20–30 years in development. Agarwood chips also have £20–£6000 per kilogram 
cost in the market. It has been estimated that global market of agarwood is approx. 
6–8 billion US$ (Azah et al. 2013).

19.5  Application of Fungi in Artificial Production 
of Agarwood

It has been reported that biological method provides high-quality agarwood in com-
parison to physical and chemical methods (Mohamed et  al. 2014; Tsan and 
Mohamed 2014; Chhipa and Kaushik 2017). Use of fungi in artificial inoculation 
can be more advantageous due to the fact that systemic growth of fungus in inter-
mittent part of agarwood can induce agarwood formation continuously (Novriyanti 
et al. 2010). Initially, Bhattacharyya et al. (1952) reported association of Epicoccum 
granulatum with infected part of Aquilaria plant. Thereafter, F. oxysporum, F. bul-
bigenium, and F. lateritium found effective in agarwood formation (Nobuchi and 
Siripatanadilok 1991). Similarly, Tamuli et al. (2005) used C. globosum in artificial 
inoculation and found production of agarwood compounds. The production of oleo-
resin after infection changed the color of white wood into dark brown or black. 
Rahayu and Juliarni (2007) found the Aquilaria wood changed the color after inocu-
lation of Acremonium sp. They observed the formation of terpenoid altered the 
wood coloration. Further, Tian et al. (2013) developed pinhole method by combing 
chemical and biological materials. They used formic acid and B. dothidea fungus 
for induction of agarwood formation. The succession pattern of fungi C. bainieri, F. 
solani, and L. theobromae in wounded Aquilaria tree was studied for 12 months by 
Mohamed et al. (2014). They found that succession of each fungus is tree specific 
and growth of inoculum influenced by microclimate conditions. In the initial first 
2  weeks, fungi flourished in the tree, but after 6  months, the number of fungi 
decreased due to production of resin. It was assumed that increased amount of ter-
penes is responsible for reduction of fungal load level in infected wood (Tamuli 
et al. 2005; Naef 2011). Wong et al. (2013) reported that wounding in Aquilaria tree 
induced the expression of primary defense genes and found improved expression of 
genes encoding β-1,3-glucanase and phenylalanine ammonia lyase.

Production of agarwood by fungal inoculation has been reported by many 
researchers. Different fungi, including Aspergillus sp., Acremonium, sp. B. dothi-
dea, C. globosum, Colletotrichum sp., Diplodia sp., E. granulatum, F. lateritium,  
F. oxysporum, F. bulbiferum, F. lateritium, L. theobromae, Melanotus flavolivence, 
P. polonicum, Trichoderma sp., and Xylaria sp., have been reported to induce 
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agarwood formation (Chhipa and Kaushik 2017; Peng et  al. 2015; Zhang et  al. 
2012, 2014; Mohamed et al. 2014; Akter et al. 2013; Cui et al. 2013; Lin et al. 2010; 
Yunita 2009; Rahayu and Juliarni 2007; Nobuchi and Siripatanadilok 1991; 
Bhattacharyya et al. 1952).

Fungus enters into plant through injury and induces defense system which con-
sequently leads to the accumulation of secondary metabolites. Thus resin produc-
tion is initiated and increases with infection (Cui et al. 2013). This process is known 
as “tylosis” and further wood coloration changed from white to dark brown or black 
(Fig. 19.3). Genetic variation, microenvironment, season, and age of Aquilaria tree 
are various parameters, which affect the formation of agarwood by fungi.

19.6  Future Prospects of Artificial Agarwood Production 
Technique

Artificial production of agarwood can be efficient technology, which can provide 
agarwood to fulfil the commercial demand in comparison to naturally generated 
agarwood. Some researchers have reported the production of agarwood in 
3–6 months after artificial infection, whereas natural process takes 20–30 years. It 
has also been reported that the use of fungi in artificial production developed high 
quality of agarwood and similar terpenes and volatile compounds have been reported 
in chemical analysis, which are found in naturally produced agarwood.

Fig. 19.3 Agarwood formation in Aquilaria plant and infected agarwood (dark in color)

H. Chhipa and S. K. Deshmukh
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19.7  Conclusions

Exploration of fungal diversity in Aquilaria tree and their role in artificial produc-
tion of agarwood suggested that oleoresin accumulation depends on fungal species. 
Some of the endophytic fungal species get transformed into latent pathogen and 
induce the infection in Aquilaria tree. Various fungi from Ascomycota class such as 
Trichoderma, Lasiodiplodia, and Penicillium strains are appropriate in artificial pro-
duction of high-quality agarwood in short time period. The development of artificial 
production technique using fungi can provide the new life to the threatened Aquilaria 
species by promoting interest in villagers for plantation. Biological approach of 
artificial production of agarwood will provide the sustainable source of economy to 
local communities. The prospect of artificial production of agarwood has been iden-
tified as small-scale industries for local villagers that mitigate the migration of local 
villagers for earning their livelihood.
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Abstract
The pest and pathogen control in the field using fungi and their metabolites has 
indeed gone beyond ‘proof of concept’. However, in view of the performances of 
these biocontrol fungi in the fields, moreover, acceptability by the end users 
regarding cost-effectiveness, shelf life, intellectual property rights (IPR), the 
additional roles, and possible applications are being explored. Dual pathogenic-
ity, viz. entomopathogenesis and mycoparasitism, has added the advantage of 
wide-spectrum biocontrol in single-crop system. In addition to plant protection, 
these fungi can promote plant growth. Further, in integrated pest management, 
the bioremediation of pesticide residues, if any, can also be achieved by these 
organisms. For value addition, use of cuticle-degrading and mycolytic enzymes 
produced as killing components can be explored in food, detergent, organic syn-
thesis, and pharmaceutical industries. While exploring the additional applica-
tions, the safety to beneficial insects and fungi, biodiversity, and humans, in 
general, is also addressed.
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20.1  Introduction

The control of agricultural pests and pathogens constitutes a broad, highly technical 
and rapidly developing field of study. One of the reasons is the modern practice for 
large farming units that are devoted to growing only a single species of crop. The 
conventional practices such as crop rotation, selection of the resistant variety, and 
removal of the secondary hosts do not warrant complete control of pests and patho-
gens. As a result, chemicals are being used indiscriminately which create serious 
problems to human health such as blindness, asthma, cancer, skin disorders, enlarge-
ment of the liver, neural malfunction, and to some extent even psychological prob-
lems. Agrochemical consumption is maximum in Japan (11  kg/ha), while it is 
4.5 kg/ha in the USA and 0.58 kg/ha in India. Still, by 2022 the market for chemical 
pesticides is expected to be USD 66 billion, which is ten times more than the market 
for biological control agents (https://www.marketsandmarkets.com/PressReleases/
biopesticide.asp). Biological control of plant fungal pathogens and pests involves 
the use of microbial antagonists such as bacteria, viruses, fungi, and/or their prod-
ucts like enzymes, enzyme inhibitors, and antibiotics. The market for fungal bio-
control agents is considered to be 10–15% of the total biopesticide market, which is 
expected to go up to USD 0.66 billion by 2022.

20.2  Fungus-Host Interaction

20.2.1  Entomopathogenesis

Life cycles of insect host and entomopathogenic fungus usually synchronize with 
each other along with environmental conditions. The habitat influences insect popu-
lation, which in turn affects the insect pathogens. As fungi are effective by contact, 
considerations such as adhesion of an infective propagule to the insect body, appres-
sorium development for the entry of the organism into the host, and the killing are 
important factors in host-pathogen interaction. The conidia are the infective propa-
gules for genera such as Metarhizium, Beauveria, Nomuraea, and Verticillium. 
Once the fungus breaks through the cuticle and underlying epidermis, it may grow 
profusely in the haemolymph, by forming the blastospores or hyphal bodies, in 
which case death is probably the result of starvation or physiological disruption 
brought about by the fungus. Alternately, insecticidal secondary metabolites such as 
destruxins and beauvericins may contribute to the killing process (Vey et al. 2001). 
Eventually, under high relative humidity, the fungus will emerge out through the 
body wall of the insect, producing aerial conidia. Indeed host specificity, virulence 
of the fungal pathogen, and/or the resistance of the host and finally killing of enzy-
mic and non-enzymic components are the main concerns.

E. K. Pathan et al.
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20.2.2  Mycoparasitism

The major findings regarding mycoparasitism of Trichoderma lignorum on plant- 
pathogenic fungi were made by Richard Weindling from the 1930s to 1940s 
(Harman and Bjorkman 1998). The active toxin such as gliotoxin was identified 
from Gliocladium as one of the killing components (Weindling 1941). Comprehensive 
details for various mycoparasitic interactions have been documented earlier (Chet 
et al. 1997; Jeffries 1997; Steyaert et al. 2003; Zeilinger and Omann 2007). There 
are two types of interactions, namely necrotrophic (destructive) and biotrophic (bal-
anced). In the earlier one, the relationship results in the death and destruction of one 
or more components of the host while in the later development of the parasite is 
favoured by a living rather than dead host structure. The biotrophic interactions 
have a restricted host range, and the specialized structures are produced by the para-
site to take up the nutrients from the host.

20.2.3  Dual Pathogenesis

Though host specificity is a major feature of fungus-host interactions, the common 
components of protective covers of insect pest (cuticle) and fungal pathogens (cell 
wall) make some of them dual specific mediated mostly through the production of 
hydrolytic enzymes. For instance, Trichoderma harzianum, a well-known myco-
parasitic fungus, can parasitize the elm bark beetle, Scolytus, while Verticillium 
lecanii, a pathogen of potato aphid Macrosiphum euphorbiae, can also attack 
Sphaerotheca fuliginea, the causal agent of cucumber powdery mildew (Askary 
et al. 1998). Ownley et al. (2008) reported that endophytic colonization of tomato 
and cotton seedlings by entomopathogen B. bassiana was found to be effective in 
controlling root pathogens such as Rhizoctonia solani and Pythium myriotylum. The 
hyphae of B. bassiana showed mycoparasitism by coiling around host hyphae. 
Interestingly, the authors also reported the induction of systemic resistance in cotton 
against bacterial blight caused by Xanthomonas axonopodis pv. malvecearum.

20.3  Status of Mycopesticides in Biocontrol Industry

The total biopesticides market will be worth 6.60 billion USD by 2022, which was 
almost half in 2017. Furthermore, the market for mycoinsecticides is 10–15% of the 
total biopesticides market. The concept of use of the microbial (bacterial, viral and 
fungal) biocontrol agents to control insect pests is not new. The viral and the bacte-
rial control agents are effective after ingestion by the insect pests while fungi are 
effective by contact. Moreover, the fungi can be produced easily on a large-scale, 
indigenous isolates are environmentally safe, and above all, there is no known resis-
tance in the insect community against the fungal preparations as multiple virulence 
factors are involved in the killing of insect pests. Fungi such as Metarhizium, 
Beauveria, Nomuraea, Verticillium, and Paecilomyces have been studied on a large 
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Chart 20.1: Bioprospecting of an Entomo-and Myco-Pathogens
In agriculture

• Broad-spectrum biocontrol of pests and pathogens in single crop 
system

• Endophytes as bodyguards in agriculture crops
• To develop disease suppressive soils
• Plant growth promoting activities
• Transgenic entomo- and myco-pathogens
• One of the components in integrated pest management (IPM)

Value addition
• Isolation of cell wall polymers for variety of applications
• Bioremediation of chemicals used in IPM
• Use of mycelium for the synthesis of nanomaterials
• Enzymes in industries

Cellulases in
    Paper and pulp
    Textile
Lipases in
     Dairy and food manufacture
     Leather and detergent industry
     Production of cosmetics and pharmaceuticals
    Organic synthesis reactions in non-aqueous media
    Biotransformation

Proteases in
    Detergents
    Leather dehairing
    Hair waste processing

Chitinases and chitosanases in
    Ethanol production
    Single cell protein production
    Chitooligosaccharide production for healthcare

Chitin deacetylases in
     Enzymatic deacetylation of chitin/chitosan
     Enzymatic N-acetylation of amino sugar

Healthcare
     Malarial parasite control
    Control of hypercholesterolaemia, hypoglycaemia, hypertension 

and gastric cancer
     Treatment of hepatitis
     Anti-TB activity
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scale in the area of pest control (Butt et al. 2001). Butt and Copping (2000) dis-
cussed the issues that need to be dealt with to increase their market. For instance, the 
speed of action, virulence, large-scale production, shelf life and stability of formula-
tion, targeting, etc. are the main concerns. From the industry point of view, low cost 
and strong incentives will be useful to increase the market. While Vega (2018) sug-
gested the establishment of entomopathogenic fungi as endophytes can be a viable 
alternative for pest control. In the case of mycoparasitic Trichoderma, a main player 
in agriculture, Woo et al. (2014) suggested that in order to be economically competi-
tive as well as effective, novel chemical formulations of Trichoderma are necessary. 
Keswani et  al. (2014) discussed the bioprospecting potential of Trichoderma in 
plant growth promotion, bioremediation, and production processes.

The next sections will highlight the potential for bioprospecting and value addi-
tion to the fungal biocontrol agents (Chart 20.1).

20.4  Wide-Spectrum Biocontrol Agent for Pests 
and Pathogens in a Single-Crop System

20.4.1  Virulence

Habitat influences the population of entomopathogenic fungi qualitatively and 
quantitatively. Additionally, habitat affects the population of insects which in turn 
affects the population of entomopathogenic fungi (Bidochka et al. 2001). Vimala 
Devi et al. (2003) reported that Nomuraea rileyi isolates from different geographical 
locations showed different levels of virulence against two lepidopteran insect hosts, 
Helicoverpa armigera and Spodoptera litura. The higher virulence was attributed to 
the soil samples collected from the rhizosphere of crops where chemical insecti-
cides are not routinely sprayed. Nahar et al. (2003) also observed that Metarhizium 
isolates from fields of tomato, okra, and other vegetables heavily sprayed with 
chemicals were less virulent to H. armigera than isolates from a custard apple field 
rarely sprayed with chemicals (Nahar et al. 2003). Interestingly, our studies high-
light another facet to higher virulence of Metarhizium isolates from a custard apple 
field, which are discussed in the next section. The same strain of Metarhizium was 
reported to be effective to control the beet armyworm, Spodoptera litura (Fabricius), 
in a sugar beet field (Yadav and Deshpande 2012). Chavan et al. (2009) observed 
control of Ceratovacuna lanigera (woolly aphids) with conidia of M. anisopliae on 
sugarcane in the field. This was attributed to the cuticle-degrading enzymes, espe-
cially lipases produced extracellularly by the fungus. The same strain was also 
found to be useful in controlling mealy bugs, which have a hard, waxy coating, in a 
grape field (Tupe et  al. 2017; Vidhate et  al. 2015). While highlighting the wide- 
spectrum activities of the entomopathogen, one has to be careful about the non- 
target effects especially against useful insects. Ginsberg et al. (2002) while working 
with pathogenicity of M. anisopliae against different insects suggested that patho-
genicity in laboratory bioassays alone was not sufficient to demonstrate activity 
under natural conditions. Field trials were needed to confirm the laboratory 
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observations and to assess methods to minimize non-target exposure, if any. Garrido- 
Jurado et al. (2011) studied the effect of soil treatment with insect pathogenic fungi 
on soil-dwelling non-target arthropods such as ants, Tapinoma nigerrimum, at an 
olive orchard. According to them, ants have different defence mechanisms against 
entomopathogens, such as grooming, antimicrobial secretions, inducible antibiotic 
peptides, etc. Moreover, ants carry conidia which is one of the important dispersal 
mechanisms for fungus too. Hajek and Goettel (2007) reported guidelines to study 
the effect of entomopathogens on non-target organisms. Wu et al. (2014) observed 
that Beauveria bassiana strain showed high toxicity against thrips, Frankliniella 
occidentalis, but no pathogenicity to the predatory mite, Neoseiulus barkeri. 
According to the authors either self-grooming, different cuticular composition, or 
shrivelled conidia which could not adhere to the cuticle could be the possible mech-
anism for no pathogenicity of B. bassiana towards predatory mites.

20.4.2  Genetic Engineering

To increase the virulence of recombinant entomopathogens, the number of candi-
date genes were reported. For example, recombinant M. anisopliae strain with a 
gene coding protease Pr1 showed less lethal time towards Manduca sexta as com-
pared to wild strain. While genes such as protein kinase A, which controls the 
expression of some secreted virulence factors, an osmosensor MOS1 that signals to 
penetrating hyphae that they have reached the hemocoel and a perilipin MPL1 that 
regulates lipolysis, turgor pressure, and formation of infection structures were 
reported to be useful to increase the virulence. Interestingly, Wang and St. Leger 
(2007) modified M. anisopliae with a scorpion toxin (AaIT) gene. The engineered 
M. anisopliae achieved the same mortality rates as M. sexta at 22-fold lower spore 
doses than the wild type; with mosquitoes, LC50 was reduced 9-fold and for coffee 
berry borer beetle LC50 was 16-fold reduced. The co-expression of Pr1 and AaIT in 
B. bassiana was attempted with the expectation of synergistic action. However, it 
was reported that the expressed AaIT was digested by Pr1 produced in the 
haemolymph.

20.4.3  Natural Transformation

In view of the wide variation in the virulence of entomopathogens, it is necessary to 
isolate and select the highly virulent strain with reduced kill time for its application 
as a mycoinsecticide (Valero-Jiménez et al. 2016). Zhao et al. (2014) suggested the 
role of horizontal acquisition of genetic material by entomopathogens in their 
improved virulence. In a genome-wide analysis of seven different Metarhizium 
strains, Hu et al. (2014) suggested the possibility of horizontal gene transfer (HGT), 
where Metarhizium sp. acquired diverse genes from bacteria, archaea, arthropods, 
plants, and even from vertebrates. Out of 63 HGT genes acquired from soil- dwelling 
bacteria, only 8 genes including chymotrypsin, a pentose metabolizing 
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phosphoketolase, a cold shock protein and chitinase, were common in all the 
Metarhizium sp., whereas most of the remaining genes were species specific. The 
genetic transfer between soil bacteria and Metarhizium sp. further suggested that the 
host environment could serve as a major source for HGT events. Such genetic trans-
fers, especially from the host, were found to be involved in improved virulence of 
entomopathogens (Zhao et al. 2014). For instance, M. robertsii acquired virulence 
factor (Mr-NPC2a) gene from its insect host (Zhao et  al. 2014), while Hu et  al. 
(2014) observed selective acquisition of the gene coding for insecticidal toxin pro-
tein TcdB by M. robertsii. The gene cluster coding for destruxin, cyclic hexapep-
tides produced by Metarhizium sp. to kill insects, was suggested to be horizontally 
acquired by Metarhizium lineages 15 million years ago. This gene acquisition 
resulted in broadening the host range and also enhanced the pathogenicity of 
Metarhizium sp. (Hu et al. 2014; Wang et al. 2016; Xu et al. 2016; Zhao et al. 2014).

In our search for indigenous virulent strains of entomopathogens, we observed a 
wide variation in the virulence of Metarhizium isolates depending on their isolation 
source (Kulkarni et al. 2008; Nahar et al. 2003; Tupe et al. 2017). The M. anisopliae 
strains isolated from soils associated with Annona squamosa (custard apple) had 
higher virulence than strains isolated from the rhizosphere of other plants and from 
insect cadavers. This improved virulence was found to be due to horizontal transfer 
of insecticidal traits from A. squamosa to M. anisopliae strains. Proteomic analysis 
revealed two insecticidal cyclopeptides of A. squamosa origin in the M. anisopliae 
strains that led to higher virulence. Transcriptomic and genomic data indicated that 
the M. anisopliae strains and A. squamosa had more than 20 genes in common, 
including those for cyclic hexapeptide synthase (Tan and Zhou 2006), non- ribosomal 
peptide synthetase (Tanaka et al. 2005) and plant cyclotide genes (Pechy-Tarr et al. 
2008), which are involved in the biosynthesis of insecticidal cyclopeptides. These 
genes were absent in M. anisopliae strains isolated from the rhizosphere of other 
crop plants. Phylogenetic analysis suggests that these genes were closer to those 
from A. squamosa than to those from fungi. Further, these strains could establish an 
endophytic relationship with A. squamosa. Thus, it was suggested that the higher 
virulence could be due to genes horizontally transferred to M. anisopliae during its 
endophytic existence in A. squamosa, which were eventually released into the soil. 
Our results suggested that during evolution Metarhizium spp. have acquired traits 
for improved virulence by HGT in a stepwise manner. Further, Metarhizium strains 
associated with Azadirachta indica (neem), Capsicum annuum (chili), and Carica 
papaya (papaya), plants with insecticidal properties, also had higher virulence. 
These findings gave a direction to the search for indigenous strains with higher viru-
lence to save crops from insect pests. This can be an alternative to genetically modi-
fying organisms in the lab to increase their potency (Pathan and Deshpande 2019). 
Given the social and cultural resistance against the acceptance of transgenic crops, 
as well as of genetically modified insect pathogens, the use of indigenous entomo-
pathogens naturally transformed into more virulent strains is a viable and cost- 
effective strategy in agricultural biotechnology to save crops from insect pests.
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20.5  Plant Growth-Promoting Activity

A number of entomopathogens, in addition to their ability to control insect pests, 
can provide plant growth-promoting benefits to their host plants (Vega et al. 2009). 
The plant growth-promoting potential of Metarhizium, Beauveria, Trichoderma, 
and others has been well documented. For instance, growth promotion by M. aniso-
pliae has been reported in beans, corn, peanut, soybean, strawberry, and tomato to 
name a few where treated plants showed a significant increase in plant height, root 
and shoot lengths, and number of lateral roots (Garcia et  al. 2011; Kabaluk and 
Ericsson 2007; Khan et  al. 2012; Sasan and Bidochka 2012). In the case of M. 
anisopliae-treated peanut plants, increase in the number of lateral roots also 
increased nodule formation and eventually the yield as compared to untreated crop 
(Deshpande et al. unpublished data). Trichoderma harzianum treatment improved 
the strength as well as the length and surface area of roots in maize as compared to 
untreated plants (Harman et  al. 2004), while the improved iron (Fe) nutrition of 
sorghum plants by Metarhizium brunneum was observed by Raya-DõÂaz et  al. 
(2017). According to Liu et al. (2017), the method of application also influenced the 
plant growth-promoting activities. For instance, drenching of the M. anisopliae 
conidial suspension in peanut rhizosphere was more effective in promoting the 
growth of tap and lateral roots than seed dressing. In addition to controlling the 
plant pathogens in tomato, Aureobasidium pullulans and Paraconiothyrium sporu-
losum also promoted plant growth (Miles et al. 2012). Further, the endophytic colo-
nization of Piriformospora indica stimulated the root growth of various crops 
including maize, tobacco, and parsley (Varma et al. 1999). Dara et al. (2017) found 
the positive effect of B. bassiana and M. brunneum application on growth, develop-
ment, and health of cabbage plants under water stress conditions.

 The number of studies have been carried out to understand the mechanism by 
which entomopathogens promote plant growth. Usuki and Narisawa (2007) sug-
gested that B. bassiana and Metarhizium species provide insect-derived nitrogen to 
their host plants. According to Behie and Bidochka (2014), entomopathogens pro-
vide nutrients to the plants by stimulating the uptake of phosphorus and other min-
erals. Lecanicillium psalliotae stimulated the growth of cardamom by producing 
indole-3-acetic acid (IAA) and ammonia and also by making inorganic phosphate 
and zinc bioavailable to the plant (Senthil Kumar et al. 2018).

20.6  Bioremediation

Porto et al. (2011) extensively reviewed the microbial remediation of pesticides. For 
the degradation of organochlorine pesticides such as chlorinated derivatives of 
diphenyl ethane (dichlorodiphenyltrichloroethane—DDT) and its metabolites, 
hexachlorobenzene, lindane, aldrin, and others, soil bacteria are reported to be 
prominent, and fungi like Trichoderma, Aspergillus, Penicillium, Pleurotus, 
Phanerochaete, and others were also reported to be useful.
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Organophosphorus insecticides are widely used to control soil-dwelling insect 
pests of corn such as rootworms (Diabrotica sp.) and cutworms (Agrotis sp.), while 
profenofos (PFF), an organophosphate (OP) insecticide, O-(4-bromo-2- 
chlorophenyl) O-ethyl S-propyl phosphorothioate, is a non-systemic foliar insecti-
cide and acaricide effective against a wide range of insects including chewing and 
sucking insects and mites on various crop plants. Diazinon [O,O-diethyl O-(2- 
isopropyl- 4-methyl-6-pyrimidinyl) phosphorothioate] and malathion [S-(1,2- 
dicarbethoxyethyl)-O,Odimethyldi-thiophosphate], are useful against agricultural 
as well as household pests. In view of the toxic effects of these pesticides, a number 
of clean-up physical and chemical technologies have been implemented. However, 
bioremediation using microorganisms is reported to be useful and cost-effective too. 
Abd El-Ghany and Masmali (2016) used M. anisopliae and T. harzianum mycelia 
to check the degradation of diazinon, malathion, and profenofos up to 20  days, 
which was almost 50–90% at 30–35 °C. In the soil experiment, the authors could 
find an increase in soluble phosphorus indicating the degradation of the pesticides. 
Harish et al. (2013) observed that T. harzianum and Rhizopus nodosus were capable 
of metabolizing the organophosphorous insecticides (chlorpyrifos and ethion, 
100 ppm) almost 70–80% within 21 days.

Sylwia and co-workers (2013) used Metarhizium species to degrade 4-n- 
nonylphenol (4-NP), a degradation product of nonylphenol ethoxylate commercial 
surfactants. 4-NP is an endocrine-disrupting compound, a harmful contaminant of 
soil and water. M. robertsii, M. brunneum, and M. lepidiotae strains were reported 
to degrade 4-NP almost 50–90% to 4-hydroxybenzoic acid, 2-(4-hydroxyphenyl) 
acetic acid and 4-hydroxyphenylpentanoic acid in 24 h.

T. harzianum, T. viride, and T. atroviride, known biocontrol organisms, degraded 
benzimidazole (carbendazim) fungicide, one of the components of an integrated 
pest management system (Sharma et al. 2016). T. harzianum showed 85% degrada-
tion of carbendazim, while the other two species degraded it 20–50% within 5 days.

The compound, diuron, N-3,4-dichlorophenyl-N’, N’-dimethylurea, is used for 
selective control of germinating grass and weeds in many crops, mainly cereals. 
After soil application, it usually persists for 4–8 months. Tixier et al. (2001) demon-
strated the degradation and bio-transformation of diuron in a resting cell assay with 
fungi, viz. A. niger, B. bassiana, Cunninghamella elegans, and Mortierella isabel-
lina. The hydroxylated compound of diuron was reported to be transformed com-
pletely by B. bassiana within 48 h.

20.7  Healthcare Applications

Vector-borne diseases such as malaria, filariasis, dengue, and chikungunya to name 
a few caused by mosquito genera such as Anopheles stephensi Liston, Culex quin-
quifasciatus Say, and Aedes aegypti (Linn.) affect significantly humans all over the 
world. The use of chemical pesticides like organochlorines, organophosphates, and 
pyrethroids was reported to show a quick knock-down effect on adults. While bacte-
rial species such as Bacillus thuringiensis var. israelensis and Bacillus sphaericus 
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are commercially used as larvicide exerting control by ingestion. Kapoor et  al. 
(2013) observed effective control of both larvae and adults of A. aegypti with conidia 
of M. anisopliae strains. The survival of larvae was <5% in 7 days, while the sur-
vival of adults was decreased 5 times than untreated control.

More than 50% of the world population is facing the risk of malaria, and mostly 
in African countries thousands of people die of the disease every year. One of the 
reasons could be increased resistance of parasites and vectors to drugs and insecti-
cides such as pyrethroid. Some entomopathogenic fungi, B. bassiana, P. fumosoro-
seus, and F. moniliforme, produce mosquito larvicidal compounds like 
cyclodepsipeptide, including beauvericin and the enniatin complex. Vyas et  al. 
(2015) also studied the effect of extracellular metabolites of M. anisopliae against 
larvae of A. stephensi. The metabolites increased significantly the mortality of mos-
quito larvae.

Fang et al. (2011) constructed different recombinant M. anisopliae strains, which 
were tested for their ability to control Plasmodium falciparum development in 
Anopheles gambiae, Africa’s main malaria vector. For example, recombinant strain 
of M. anisopliae expressing a 12 amino acid peptide 1 (SM1) that blocks the attach-
ment of Plasmodium sporozoites to salivary glands of Anopheles was developed. 
Further, they introduced a synthetic gene [(SM1)8] in M. anisopliae which expressed 
eight repeats of SM1 peptide. Earlier Wang and St. Leger (2007) showed that high- 
level expression of scorpion neurotoxin from the scorpion Androctonus australis in 
M. anisopliae increased fungal toxicity >20-fold against tobacco hornworm 
(Manduca sexta) caterpillars and almost tenfold against A. aegypti. Fang et  al. 
(2011) expressed an [SM1]8 scorpion fusion protein in M. anisopliae which reduced 
sporozoite counts by 98% and suggested that inhibition of Plasmodium develop-
ment could be a powerful weapon for combating malaria.

Entomopathogenic fungi have opened a new area of natural structurally novel 
biologically active products which significantly contribute to human healthcare 
(Isaka et al. 2005a). In this regard, genus Cordyceps, with more than 300 species, is 
known for its use in Chinese traditional medicine for about 2000 years. Especially 
C. sinensis can be used to treat many diseases including hepatitis, hypercholesterol-
aemia, hypertension, and gastric cancer. In fact, the Metarhizium and Beauveria 
species are asexual states of some Cordyceps species (Shrestha et al. 2017). The 
extracts of C. sinensis containing polysaccharides and sterols were reported to show 
antioxidant, immunomodulatory, hypoglycemic, hypotensive, vasorelaxant, and 
antitumor activities. Cordyceps unilateralis was reported to produce naphthoqui-
nones, which exhibited anti-malarial activity. The strains of Beauveria and 
Paecilomyces produced an ionophoric cyclodepsipeptide, beauvericin, which has 
proven insecticidal activity, and it also exhibited anti-malarial and anti-TB activities 
(Isaka et al. 2005a). Similarly, cyclohexadepsipeptide from Hirsutella nivea (Isaka 
et al. 2005b) and Hirsutella kobayashii (Vongvanich et al. 2002) were reported to 
have activity against Mycobacterium tuberculosis (Abedinzadeh et  al. 2015). A 
cyclohexadepsipeptide Hirsutellide A containing isoleucine, sarcosine, and 
2-hydroxy-3-phenylpropanoid acid from H. kobayashii exhibited anti-TB and anti- 
malarial activities but did not show any cytotoxic effect towards Vero cells 
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(Vongvanich et  al. 2002). Later Isaka et  al. (2005b) reported anti-mycobacterial 
hirsutellones A–E from the H. nivea mycelial methanol extract and hirsutatins A 
and B in ethyl acetate extract against the malarial parasite. Anti-tubercular hirsutel-
lone F, a novel dimer, and monomers hirsutellones (A, B and C) were isolated from 
Trichoderma mycelial extract (Isaka et al. 2006). The entomopathogen, Verticillium 
hemipterigenum, was found to produce unique diketopiperazine dimers, vertihe-
miptellides (A and B) which exhibited anti-TB activity but did not show anti- 
malarial and anti-candida activities (Isaka et al. 2005c). Pruksakorn et al. (2010) 
isolated three amino-lipopeptides, designated trichoderins A (1), A1 (2), and B (3), 
from Trichoderma sp. as anti-mycobacterial against Mycobacterium smegmatis,  
M. bovis, and M. tuberculosis.

20.8  Industrial Enzymes

The main market for industrially important enzymes is governed by carbohydrases, 
proteases and lipases. Binod et al. (2013) have reviewed the present status of indus-
trially important enzymes isolated from different sources. The entomo- and myco- 
pathogens produce extracellularly different hydrolytic enzymes as host-killing 
components which mainly include chitinolytic, proteolytic, and lipolytic enzymes 
(Chavan et al. 2009, Kulkarni et al. 2008, Silva et al. 2015, Yadav and Deshpande 
2010). For instance, lipases are versatile as they catalyse various different reactions 
and have applications in dairy and food manufacture, leather and detergent industry, 
cosmetics and pharmaceuticals, and also biotransformations in non-aqueous media. 
While proteases are found to be useful in detergents, leather dehairing, and hair 
waste processing, the carbohydrases especially chitinases, cellulases, and others are 
being used extensively in paper and pulp, textile, single-cell protein, and ethanol 
production industries. Kuhad et al. (2011) extensively reviewed the industrial appli-
cations of cellulases produced by different microorganisms. The cellulases from 
mycoparasitic T. harzianum and entomopathogenic Pacilomyces sp. were found to 
be useful in different industries. For instance, in agriculture in addition to the con-
trol of plant pathogens, they can improve seed germination and root system and 
plant growth. The effective bioconversion of cellulosic materials to ethanol, other 
solvents, and single-cell protein for animal feed, in detergents, paper and pulp, tex-
tile, and food industry for the release of antioxidants from fruits and vegetables, and 
to improve maceration are other economically viable areas of applications. In addi-
tion to chitinases, chitin deacetylase and chitosanases contributing significantly to 
insect killing process, also can be used for a variety of applications. For instance, 
Vyas and Deshpande (1991) effectively used chitinolytic activities for the hydroly-
sis of the chitinous substrate and further hydrolysate for single-cell protein produc-
tion using S. cerevisiae. Kulkarni et al. (2008) screened more than 50 strains of M. 
anisopliae for the production of protease, lipase, chitinase, chitosanase and chitin 
deacetylase. Earlier, Beys Silva et al. (2005) reported optimization studies for extra-
cellular lipase production using M. anisopliae. Aranda-Martinez et  al. (2017) 
observed that M. anisopliae, B. bassiana, and a nematophagous fungus Pochonia 
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chlamydosporia produced chitosanases which can be used to utilize chitosan for 
ethanol production. Further, it was suggested that this can reduce the shellfish 
industry waste while providing an alternative for ethanol production. Aranda- 
Martinez et al. (2018) reported CDA from P. chlamydosporia which was involved in 
pathogenicity to nematodes. It was further observed that the enzyme exhibited a 
novel deacetylation pattern in chitosan and chito-oligomers. Therefore, it can also 
be explored for a variety of biotechnological applications.

20.9  Fungal Polymers

The galactomannans have the ability to form a viscous solution with a low concen-
tration and resist drastic pH changes. While mechanical and barrier properties of 
galactomannan membranes and coatings enhance the safety and quality of food 
products. The biomass of Lecanicillium muscarium, B. bassiana, Beauveria brong-
niartii, and Cordyceps sphingum can be used to isolate galactomannans (Bernabé 
et al. 2011). Using gas liquid chromatography-mass spectrometry and nuclear mag-
netic resonance spectroscopy (NMR), the composition and structure of the galacto-
mannans was suggested to be O-linked heterogalactomannans having an 
α- 1,6- mannose backbone. Furthermore, one of the strains of L. muscarium was 
reported to produce pullulan (α-1,4- and α-1,6-linked glucose polymer)-like exo-
polysaccharide also which has a lot of applications in the food industry (Bernabé 
et al. 2011). Mahapatra and Banerjee (2013) extensively reviewed the literature for 
reports on fungi which produce exopolysaccharides. The exopolysaccharides from 
entomopathogens such as M. anisopliae, P. lilacinus, P. japonica, and others were 
reported.

M. anisopliae mycelia biomass after removal of conidia for use in agriculture as 
mycoinsecticide was reported to be useful to isolate chitosan (Mane et al. 2017). 
The biophysical characterization using 1H-NMR and viscometry of the isolated chi-
tosan had 1.30 kDa molecular weight with >80% degree of deacetylation. Nahar 
et al. (2004) for the first time showed that M. anisopliae strains produce constitu-
tively chitin deacetylase (CDA) and chitosanase while chitinases are induced. It was 
suggested that the CDA can modify the cell wall with more percentage of chitosan 
for self-defence from insect host chitinases during entomopathogenesis. 
Furthermore, as M. anisopliae produces chitin deacetylase extracellularly as one of 
the killing components in entomopathogenesis, the same was found to be effective 
to increase the deacetylation level of chitosan from marine as well as fungal sources 
(Ghormade et al. 2010).

20.10  Epilogue

Use of entomo- and myco-pathogens for the control of pests and pathogens is 
important in integrated pest management as well as to replace/supplement chemi-
cals in the agriculture field. The cost-effective production and the shelf life are the 
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two main concerns. To make this eco-friendly technology cost-effective, the value 
addition especially using biomass for the chitin and chitosan production is one of 
the main prospective ventures. Most importantly, there is no specific requirement of 
the downstream processing after harvesting conidia or commercially feasible hydro-
lytic enzymes, to get the biomass for further use.
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Abstract
Fungi, being obligate heterotrophs, are natural decomposers and elaborate a 
number of enzymes. Currently, more than half of the industrial enzymes are of 
fungal origin and are being used successfully in diverse industrial processes and 
products. Some of the well-known areas are pulp and paper, textiles, detergents, 
food, feeds, nutraceuticals, and therapeutics. Production of industrial enzymes 
utilizes different fungal genera, Aspergillus being the most exploited one. Apart 
from protease, phytase, L-asparaginase, and few others, most commercial fungal 
enzymes are glycosyl hydrolases (cellulases, xylanase, mannanase, amylase, 
pectinase, β-fructofuranosidase, and others).

Cellulase and amylase (including glucoamylase) from Trichoderma sp. and 
Aspergillus spp., respectively, are exploited for bio-ethanol, textiles, and deter-
gent industries. Fungal proteases, including keratinases, find application in deter-
gent, food, leather, pharmaceutical, and waste management sectors. The role of 
fungal acidic pectinases in bringing down the cloudiness and bitterness of fruit 
juices is well recognized, while fungal phytases are being explored in enriching 
the nutritive value of poultry diets. L-Asparaginases sourced from molds are 
being examined for cancer therapy and mitigation of acrylamide formation in 
food. With the advent of biotechnological interventions, heterologous overex-
pression in suitable hosts, immobilization on novel matrices, and tailoring of 
fungal enzymes are being pursued. In this chapter, some of the important fungal 
enzymes are explored from recent perspective of their biotechnological 
applications.
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21.1  Introduction

Although the term enzyme (Greek “en” meaning “in,” and “zyme” meaning “east” or 
“leaven”) derives its origin from the yeast-mediated fermentation of sugary syrups, the 
first reference to the successful application of fungal enzymes dates back to 1894 on 
account of a patent on Taka-diastase, α-amylase from Aspergillus oryzae cultivated on 
rice by Jokichi Takamine. Fungi are natural decomposers and therefore are bestowed 
with a number of enzymes required for bioconversion of a variety of complex sub-
strates (Berbee et al. 2017). Owing to ease of culturing, amenability to genetic manip-
ulation and amazing enzymatic spectra, fungi predominate the scenario of microbial 
enzyme producers. Moreover, fungal cultivation in a variety of traditional preparations 
(brewing, baking) dates back to time immemorial, thus providing a firm and safe back-
ground for their modern-day exploitation. The advent of industrial enzymes geared up 
with a better understanding of their nature and function. Among the six classes of 
enzymes, hydrolases belonging to Class 3 make most of the industrial enzymes with 
predominating alkaline protease and glycoside hydrolases (Murphy et al. 2011).

Fungi are the natural factories that produce versatile enzymes which are profi-
cient catalysts for various chemical reactions. Enzymes offer a number of favorable 
and economic factors over chemical catalysts. As a conventional estimate, more 
than half of the enzymes known are of fungal origin. Advent in fungal genomics is 
unraveling more number of enzymes that may play important role (Peciulyte et al. 
2017). Many of these have been screened for their ability to produce industrially 
sound products. Fungi have been important in both ancient and modern biotechno-
logical processes. Processes and products that make use of fungi include production 
of antibiotics, enzymes, organic acids, baking, brewing, alcohols, and numerous 
pharmaceuticals. The industrial production of numerous enzymes utilizes different 
fungal species. The use of fungal cells for most of the industrial enzyme production 
is based on their characteristics such as pH tolerance, thermostability, high yield, 
low operational cost, easy and cheap downstream processing etc. 

Fungi being obligate heterotrophs secrete a battery of extracellular enzymes to 
hydrolyze complex polymeric substrates around (Kües 2015). Many a times these 
enzymes are robust enough to survive harsh conditions including low water activity 
level and high temperature. Solid state fermentation of complex substrates, particu-
larly agro-industrial wastes such as sugarcane bagasse, palm kernel cake, copra 
meal, wheat bran, rice hulls, orange peel etc., naturally suits them as molds thrive 
well in xerophilic conditions (Hölker et al. 2004; Diaz et al. 2016).

Over the past few decades, the worldwide market of enzyme has rapidly grown. 
It was valued at $7.082 billion in 2017 and is projected to reach $10.519 billion in 
2024, amounting to a compound annual growth rate of 5.7% from 2018 to 2024. As 

N. Kango et al.



517

per the Global Enzymes Market Report 2018, protease segment alone made one-
fourth share of the global enzymes market in 2017, and it projects that lyase seg-
ment will grow at the fastest rate in the coming years (https://www.businesswire.
com/news/home/20180628006408/en/Global-Enzymes-Market-report-2018). 
Surge in the demand of first- and second-generation biofuels has increased the 
demand of amylolytic and cellulolytic enzymes.

As per the Association of Manufacturers and Formulators of Enzyme Products 
(AMFEP 2009), out of about 260 commercial enzymes, 60% are sourced from 
about 25 fungal genera. The most dominating among microorganisms is the versa-
tile genus Aspergillus, accounting for about 25% of total industrial enzymes. 
Enzymes sourced from Trichoderma, Penicillium, Rhizopus, and Humicola add up 
to another 20% of the industrial enzymes.

The industrial enzyme market is dominated by Class 3 (hydrolases), making 
85% of the total, followed by Class 2 oxidoreductases (8%), Class 4 lyases (4%), 
Class 2 transferases (2%), and Class 1 isomerases (1%). Many enzymes find appli-
cations in more than one industry, especially hydrolases like cellulases, amylases, 
and proteases. Often fungi are known to produce a spectrum of enzymes desirable 
for efficient depolymerization of complex substrates like lignocelluloses. Some of 
the prominent industrial enzymes in the light of recent developments are discussed 
in the present chapter (Fig. 21.1).
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21.2  Cellulases

Cellulose is the most abundant renewable carbohydrate on the earth and the major 
constituent of plant cell wall. Cellulose is naturally embedded with lignin-hemicel-
lulose matrix within plant cell wall. It is a homopolymer composed of glucose units 
linked by β-1,4-glycosidic bonds. Hydrogen bonding between individual cellulose 
fibrils gives rise to compact crystalline structure which is difficult to digest by a 
single hydrolase (Payne et al. 2015; Ghosh et al. 2019a). 

Cellulases represent a complex group of synergistically acting enzymes. They 
principally contain endo-1,4-glucanase (EC 3.2.1.4) which cleave randomly at 
internal amorphous cellulose sites causing rapid reduction in the cellulose while 
liberating cello-oligomers in the process, cellobiohydrolases (EC 3.2.1.91) or exo-
1,4-glucanases which act progressively on crystalline cellulose and primarily attack 
the reducing ends of polymer to produce cellobiose, and short-chain oligosaccha-
rides and β-glucosidases (E.C. 3.2.1.21) which hydrolyze cellobiose to glucose 
monomers (Adlakha et  al. 2011; Gastelum-Arellanez et  al. 2014; Prajapati et  al. 
2018).

Biofuel generation from cellulosic biomass utilizes three steps, viz., pretreat-
ment, enzymatic saccharification, and ethanolic fermentation. After pretreatment, 
generation of monosugars is catalyzed by cellulase, hemicellulases, and glucosi-
dase. Alcoholic fermentation of the released sugars for bio-ethanol production is 
carried out by widely used yeasts like Saccharomyces cerevisiae (Huang et  al. 
2018).

Based on higher yields, the most prominent fungal cellulase producers belong 
to Trichoderma spp. and their cellulolytic enzymes are applied in food, feed, bio-
fuel and biorefinery, and textile industry. A number of commercial cellulases 
sourced from different molds suiting to different applications are available 
(Table 21.1). T. reesei research has since pioneered the concept of enzymatic sac-
charification of cellulose by a synergistic amalgamation of different cellulase 
activities and laid the foundation for our recent understanding of the enzyme regu-
lation. Cellobiohydrolase CBH1 (cel7a) was the first eukaryotic cellulase to be 
cloned and the first cellulase resolved structurally (Shoemaker et al. 1983; Divne 
et al. 1994).

An important step toward applying T. reesei cellulases industrially, was the 
development of strain mutagenesis and screening procedures in the 1970s. While 
the standard for cellulase production in industry was proclaimed to be higher than 
100  g/L, strain RUT-C30 still is the prototype cellulase hyperproducer available 
with concentration of extracellular protein reaching 30 g/L (Bischof et al. 2016).

Over the past decades, the genome of T. reesei has been explored to help achieve 
overexpression and hyperproduction of cellulase heterologously. Better under-
standing of genomics and transcriptomics has helped in identifying constitutive 
and tunable promoters in the strain. All these lead to developing novel synthetic 
expression systems. Understanding of the gene expression mechanism and  
control will help in understanding gene function and enhance yields for biotech-
nological purposes (Fitz et  al. 2018). Trichoderma reesei has been established  
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as a model organism for cellulase development and regulation machinery. In this 
context, many researchers have recently started working on the role of mitogen-
activated protein kinases (MAPKs) in cellulase formation (Wang et  al. 2017; de 
Paula et al. 2018). MAPKs, extremely conserved family of serine/threonine protein 
kinases, regulate diversity of essential cellular processes that help fungus differenti-
ate in carbon sources, stress response, transport, proliferation, etc. (de Paula et al. 
2018). The integration of light and nutrient signals has been used for strain improve-
ment and adaptation of enzyme production in T. reesei (Schmoll 2018). Transcriptome 

Table 21.1 Commercial cellulases and their fungal sources

Trade name Manufacturer Source Composition Application
Novozyme 
188

Novozymes, 
Denmark

A. niger Cellobiase Biomass 
depolymerization

Multifect CL Genencor, 
USA

T. reesei Cellobiase Bioblasting in textile 
mills

Biocellulase 
A

Quest Intl., 
USA

A. niger Cellulase and 
xylanase

Improves the 
nutritional value 
substantially

GC 880 Genencor T. reesei
T. 
longibrachiatum

β-Glucanase and 
xylanase complex

Biomass hydrolysis

Accellerase® 
1500

Genencor T. reesei Exo- and 
endoglucanases, 
hemicellulase, 
and β-glucosidase

Hydrolyzes 
lignocellulosic 
biomass into 
fermentable 
monosaccharides

Bio-feed beta 
L

Novozymes T. 
longibrachiatum 
T. reesei

β-Glucanase and 
xylanase complex

Beta-Glucanase 
hydrolyzes the barley 
beta-glucans under 
formation of mono- or 
oligomers

Celluclast 
1.5 LFG®

Novozymes T. reesei Cellobiase To degrade 
oligosaccharides into 
glucose in order to 
investigate the 
biodegradability of 
bioabsorbable 
bacterial cellulose 
(BBC)

Rovabio Excel 
Adisseo, 
France

P. funiculosum Feedase Improves the 
digestibility of 
feedstuffs from 
vegetal origin for 
animals, poultry, and 
swine; also contains 
arabinanase activities 
allowing to break 
down arabinose links

Cellic CTec2 Novozymes T. reesei Cellulase Degrades cellulose to 
fermentable sugars
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and secretome analysis for cellulases is being explored in fungi such as Aspergillus 
fumigatus and Aspergillus tamarii grown on sugarcane bagasse (de Gouvêa et al. 
2018; Midorikawa et al. 2018).

Heterologous expression of cellulases can also be triggered in rich growth media 
by utilization of inducible or auto-inducible promoters. Upward of 20 g and report-
edly up to 100  g of crude cellulases per liter are reachable with engineered 
Trichoderma reesei strains (Cherry and Fidantsef 2003). Furthermore, other fungi, 
such as Penicillium, Acremonium, and Chrysosporium, are viewed as probable and 
promising alternatives to Trichoderma  (Gusakov et al. 2005). For the alteration of 
biomass to biofuels on an industrial scale, several hurdles need to be overcome. For 
example, continued high production costs of cellulases, which comprise up to 20% 
of the total ethanol production costs as evaluated by the US National Renewable 
Energy Laboratory (NREL), reduced production efficiency on a commercial level. 
In addition, to achieve efficient biomass conversion, concerted action of a set of 
enzymes is required as per the composition of particular substrate. The use of tradi-
tional fungal host organisms for cellulose degradation is constrained by the need for 
special culturing and induction conditions. To triumph over these limitations, 
researchers are not only working on increasing the expression level of fungal cel-
lulases to lower the fabrication costs but also on the optimization of recombinant 
expression systems in plants or microorganisms (Lambertz et al. 2014).

β-Glucosidases carry out hydrolysis of β-1,4-glycosidic bonds in aryl- and alkyl 
β-D-glucosides through non-reducing terminal and act in combination with endoglu-
canase for complete hydrolysis of cellulose to glucose (Maitan-Alfenas et al. 2015). 
The commercial β-glucosidase (Novozyme 188) is obtained mainly from Aspergillus 
niger, and other filamentous fungi such as Penicillium decumbens (Chen et al. 2010), 
Phanerochaete chrysosporium (Tsukada et  al. 2006), Paecilomyces thermophila 
(Yang et al. 2009), Aspergillus unguis (Rajasree et al. 2013), and Penicillium ver-
ruculosum (Korotkova et al. 2009) are also reported to be potent β-glucosidase pro-
ducers. Some of the fungal β-glucosidase producers are listed in Table 21.2. The 
hydrolysis carried out by glucosidase is a two-step process. The first step is nucleo-
philic addition reaction which results in an α-glycosyl enzyme intermediate which 
ultimately hydrolyzed to β-glucose in the presence of H2O.  Sawant et  al. (2016) 
studied the two-way dynamics with the release of glucose from cellobiose and 

Table 21.2 Some fungal 
sources of β-glucosidases

Source References
Myceliophthora thermophila Bonfa et al. (2018)
Clavispora sp. Wang et al. (2016a)
Aspergillus unguis Rajasree et al. (2013)
Penicillium piceum Gao et al. (2013)
Trichoderma reesei Nakazawa et al. (2011)
Neosartorya fischeri Kalyani et al. (2011)
Humicola insolens Souza et al. (2010)
Paecilomyces thermophila Yang et al. (2009)
Daldinia eschscholzii Karnchanatat et al. (2007)
Thermomyces lanuginosus Lin et al. (1999)
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cello-oligosaccharides by  β-glucosidase. Soluble cellodextrin hydrolyzing 
β-glucosidase also helps to avoid cellulase inhibition by cellobiose (Karnaouri et al. 
2013). Recently, two isoforms of β-glucosidase (50 and 200 kDa) were obtained 
when thermophilic Myceliophthora thermophila M.7.7 was grown on a mixture of 
sugarcane bagasse and wheat bran (1:1). The lower molecular weight β-glucosidase 
showed thermostability at higher temperature (60 °C) with half-life of 855.6 min 
(Bonfa et al. 2018).

21.3  Hemicellulases

Hemicelluloses, comprising a significant part of plant biomass, are a diverse group 
of structural polysaccharides. Xylan, mannan, arabinan, and other hemicelluloses 
make up to 30% of the lignocelluloses. Hemicelluloses have dissimilar composi-
tions (heteropolymeric) as they contain both hexose and pentose sugars (Sjostrom 
1993; Chaikumpollert et al. 2004; Bajpai 2014). Their enzymatic hydrolysis using 
fungal hemicellulases has found a number of applications, viz., biobleaching; waste 
paper deinking; fruit juice maceration; upgradation of feed, fodder, and fibers; and 
saccharification of biomass. Hemicellulases include backbone hydrolyzing enzymes 
xylanase, mannanase, and arabinase and accessory enzymes α-glucuronidase, 
α-arabinofuranosidase, β-mannosidase, acetyl xylan esterase, and feruloyl xylan 
esterase (Saha 2003; Juturu and Wu 2012; Obeng et al. 2017).

Xylanases are hemicellulases which act upon β-1, 4-xylosidic bonds in xylan, a 
polymer of xylose, and include endo-1, 4-β-xylanase, and β-xylosidase (Walia et al. 
2017). Complete hydrolysis of xylan requires combined action of endo-1, 
4-β-xylanase, β-1,4-D-xylan-xylanohydrolase, β-xylosidase, and some accessory 
enzymes (Kango et al. 2003). Many microbes such as bacteria, yeast, fungi, and 
actinobacteria are known for their xylanase production; however, filamentous fungi 
are the most proficient and most explored xylanase producers among these (Kumar 
et  al. 2018). Thermomyces, Trichoderma, and Aspergillus are the most exploited 
genera for xylanase production (Kango and Jain 2005). Thermomyces lanuginosus 
(previously known as Humicola lanuginosa) has gained considerate interest due to 
its ability to produce high titers of thermostable endoxylanase (Mchunu et al. 2013). 
Apart from being used in conjunction with cellulases for biofuel production, xyla-
nases have numerous applications in various industries such as food and animal 
feed, paper and pulp processing, textiles, etc. (Cesar and Mrša 1996; Kang et al. 
2004; Kango et al. 2017). Enzymatic hydrolysis of xylan and mannan is much rel-
evant to biobleaching and efficient saccharification of lignocellulosic biomass 
(Viikari et al. 1994, Maijala et al. 2012). Cellulase-free xylanases are desirable for 
biobleaching where they replace chlorine-based bleaching agents, and thus, release 
of toxic organo-chloro compounds is avoided.

Commercial production of xylanases at industrial level is being done in several 
countries (Table 21.3). The main microorganisms used to obtain these enzymes are 
Aspergillus niger, Trichoderma sp. and Humicola (Bajpai 2014). The desirability of 
cellulase-free xylanase for biobleaching is to ascertain the selective removal of 
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hemicellulose fraction from the pulp (Archana and Satyanarayana 2003). Fungi 
produce xylanase extracellularly into the medium and their titers are much higher 
than yeasts and bacteria (Polizeli et al. 2005).

Mannans, chiefly composed of mannose, are plant polysaccharides commonly 
known as gums and occur in a variety of forms. These being heteropolymeric require 
a number of enzymes for complete degradation  (Suryawanshi et  al. 2019). 
β-Mannanase (EC 3.2.1.78) and β-mannosidase (EC 3.2.1.25) act upon the β-1-4 
mannopyranosyl linkages of the mannan backbone, while β-glucosidase (EC 
3.2.1.21), α-galactosidase (EC 3.2.1.22) and acetyl esterase (EC 3.1.1.6) cleave the 
respective moieties from the side chains (Soni and Kango 2013). β-Mannanase, the 
main enzyme, and other accessory enzymes are synthesized by a variety of microor-
ganisms. Fungal mannanases have been investigated by various workers (Moreira 
and Filho 2008; van Zyl et al. 2010). Some of the prominent fungal mannanase pro-
ducers are reported from the genus Aspergillus (Soni et al. 2016; Jana et al. 2018) 
followed by Penicillium sp. (Blibech et al. 2011) and Trichoderma sp. (Chai et al. 
2016). About 50% of commercial mannanase preparations are sourced from geneti-
cally engineered microorganisms (Dhawan and Kaur 2007). A 1345 bp gene encod-
ing mannanase (ManN) from Aspergillus sulphureus was expressed in Pichia 
pastoris (Chen et al. 2007). Malherbe et al. (2014) have expressed Aspergillus acu-
leatus endo-β-mannanase (Man1) and Talaromyces emersonii α-galactosidase (Agal) 
genes in S. cerevisiae Y294. Mannans occurring in animal feeds made from soybean 
and legumes are anti-nutritive and elicit a Feed-Induced Immune Response (FIIR) in 
animals (Hsiao et  al. 2006; Zhang and Tizard 1996). Commercial mannanase 

Table 21.3 Some commercial hemicellulases and their manufacturers

Trade name Company
Commercial xylanases
Biobrite 100 series Iogen, Canada
Sumizyme X Shin Nihon, Japan
Ecopulp, Econase AB Enzymes, Germany
Multifect XL Optimase CX 72 L Genencor, USA
FibreZyme PBL 100, FibreZyme LBL Dyadic International, USA
SEBrite BL 1 Advanced Enzyme, India
Bleachzyme P Aumgene Biosciences, India
Ecozyme Thomas Swan Co., UK
Sternzym HC 46 SternEnzym, Germany
Pulpzyme HC, NS 51024, NS 51025 Novozymes, Denmark
Commercial mannanases
Gamanase Novo Nordisk, Denmark
Mannaway Novo Nordisk, Denmark
Hemicell Elanco Animal Health, USA
Purabrite Genencor, USA
CTCzyme CTC Bio Inc., South Korea
DigeGrain Advanced Enzyme, India
Mannazyme XP Aumgene Biosciences, India
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preparations specifically designed to mitigate the problem of immunogenicity, 
Hemicell digest the immunogenic mannan in feed and improve the poultry health 
(Korver 2006).

Rhizomucor miehei mannanase showed classical (β/α) 8-TIM barrel-fold struc-
ture which provides high specific activity and hydrolyzing property. Using directed 
evolution strategies such as error-prone polymerase chain reaction (error-prone 
PCR), DNA shuffling, site-directed mutagenesis (SDM), and site-saturation muta-
genesis (SSM), the catalytic activity of mannanase in acidic and thermophilic con-
ditions was further improved (Li et  al. 2017). β-Mannanases have extensive 
applications in industries such as food and feed processing. For the enhancement in 
the activity of mannanase, rational design strategy was applied which included 
N-glycosylation in the loop area intern. Improved thermal stability, pH stability, and 
protease resistance of the Armillaria tabescens β-mannanase were noticed (Hu et al. 
2017). Structure of Rhizopus microsporus endo-β-mannanase was elucidated and it 
showed different binding behaviors with different oligosaccharides (You et  al. 
2018). Recently, fungal β-mannnanases from Malbranchea cinnamomea, 
Aspergillus oryzae, and A. terreus that generate mannooligosaccharide (MOS) from 
locust bean gum, guar gum, and konjac gum have been reported (Ahirwar et  al. 
2016; Li et al. 2017; Jana et al. 2018).

21.4  Amylases

Starch is the most abundant storage polysaccharide on the earth and major compo-
nent of potato, wheat, corn, and rice. Apart from being a staple food such as bread 
or rice, it also finds use as a thickener and a gelling agent in food industry. Starch 
consists of linear insoluble amylose and branched soluble amylopectin. In amylose, 
glucose is linked by β-1,4-glycosidic bonds in a linear fashion, while in amylopectin 
some of the chains are linked by α-1,6 linkages giving it a branched structure 
(Buléon et al. 1998). A number of enzymes are known to act upon starch, among 
which the α-amylases and glucoamylases are the prominent ones (Parashar and 
Satyanarayana 2017). Starch being the most common source of energy, amylases 
occur in a wide array of organisms including bacteria and fungi. As mentioned ear-
lier, α-amylase bears historical relevance from the point of view of industrial appli-
cation of enzymes. After application of Taka-diastase in 1894 from A. oryzae as a 
digestive enzyme, α-amylase was also used as a textile desizing agent in Japan in 
1905. Later in 1959, Rhizopus sp. was used for production of glucoamylase. 
Amylolytic enzymes account for about 30% of total industrial enzymes (Vaidya 
et al. 2015). Due to enormous advantages of enzymatic processing of starch over 
chemical hydrolysis, amylases have replaced the harsh chemicals in industries.

α-Amylases (EC 3.2.1.1) are extracellular endo-acting enzymes that randomly 
hydrolyze α-1,4-glycosidic bonds in starch and produce maltose and dextrins. 
β-Amylases (E.C.3.2.1.2) are starch hydrolyzing enzymes that cleave α-1,4 linkages 
from non-reducing end of starch and cause inversion of maltose to its β-form  
(Zhang et  al. 2017a). However, most industrial applications employ α-amylases  
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for saccharification or liquefaction purposes. Fungal sources of industrial α-amylases 
are mostly confined to Aspergillus, Penicillium, and Rhizopus spp. (Li et al. 2011). 
Aspergillus is one of the prominent and notably the most explored genera for 
α-amylases. Aspergillus oryzae (Taka-diastase) and Aspergillus niger have been 
used extensively in starch industry (Kammoun et  al. 2008; Porfirif et  al. 2016; 
Avwioroko et al. 2018). Fungal amylases sourced from these two molds are pre-
ferred over other sources as they enjoy GRAS (generally regarded as safe) status. 
These molds are prolific producers of hydrolases and due to secretion of organic 
acids help avoid contamination. However, being mesophilic, the enzymes are not 
thermostable, and thus bacterial α-amylases replace them in the very first step of 
gelatinization (or cooking) at high temperature. Some workers have explored some 
thermophilic molds including Thermomyces lanuginosus, Humicola griseus, 
Malbranchea pulchella, Rhizomucor pusillus, and R. miehei for production of extra-
cellular thermostable α-amylases (Arnesen et al. 1998; Jensen et al. 2002; Kumar 
and Satyanarayana 2003). Recently, Abdulaal (2018) has described occurrence of 
five α-amylases (A1-A5) from  Trichoderma pseudokoningii and purified one A4 
(Mr 30 kDa) stable at 80 °C.

The amylolytic enzyme to be discovered after α- and β-amylase is another glu-
cose liberating enzyme referred as γ- or glucoamylase (Azzopardi et al. 2016). It is 
a very important enzyme for successive and complete degradation of starch into 
glucose. It is an exo-acting enzyme that cleaves α-1,4 linkages from the nonreduc-
ing ends, but can also cleave α-1, 6 linkages, thus leading to complete saccharifica-
tion. Most commercial glucoamylases are sourced from Aspergillus or Rhizopus 
spp. (Carrasco et al. 2017). Thermomucor indicae-seudaticae produced thermosta-
ble glucoamylase optimally at 60 °C and pH 7.0 (Kumar and Satyanarayana 2003; 
Kumar and Satyanarayana 2007).

To achieve saccharification of starch in a single step, a chimeric biocatalyst 
(Amy-Glu) was prepared using α-amylase of Bacillus acidicola and glucoamylase 
of A. niger linked by a peptide. The chimeric enzyme (145 kDa) was expressed in 
E. coli (Parashar and Satyanaryana 2017). In an effort to co-immobilize alpha- and 
gluco- amylase, Salgaonkar et al. (2018) have used metal organic framework (MOF) 
by mixing zinc acetate and 2-methylimidazole with enzyme mixture in one pot. The 
product showed remarkable thermal stability (temperature ranges of 55–75 °C) and 
catalytic efficiency (Vmax).

21.5  Protease

Proteases make a large class of enzymes that are involved in peptide bond (CO-NH) 
hydrolysis within a protein molecule. A wide variety of proteases are produced by 
different microbial sources. Generally, bacteria produce alkaline proteases and 
fungi are known to be good producers of acid proteases. Proteases have been  
utilized for a number of industrial applications and thus attracted attention of 
researchers to explore microbial diversity. Although bacterial proteases dominate 
the commercial scenario, fungal proteases have gained considerable interest due to 
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their broad pH activity range and stability over diverse industrial conditions 
(Banerjee and Ray 2017). Proteases are the most important industrial enzymes that 
make approximately 60% of the total enzyme market (Budak et al. 2014). A number 
of endo- and exopeptidases belonging to different families are produced by asper-
gilli in protein-rich medium (Machida et al. 2005). Filamentous fungi produce pep-
tidases with varying specificities which must be taken into account in choosing a 
peptidase to catalyze the protein hydrolysis for the desired application (Hamin Neto 
et al. 2017a).

Proteases are subcategorized into two major classes, exo- and endopeptidases, 
based on their site of action. Exopeptidases (also known as peptidases) are known 
to cleave off N- or C-terminal amino acid from the peptide chain (Jain et al. 2010). 
Endopeptidases (also called proteinases) hydrolyze internal peptide bond within the 
protein molecule. Endo- and exopeptidases are further subdivided into four major 
groups, viz., cysteine, aspartic, serine, and metalloproteases, based on the functional 
groups present on active site. Most of the metalloproteases act as virulent factors of 
pathogenic fungi to the plants (Barrett and Rawlings 1991). Aspartic proteases, hav-
ing aspartic acid residue in their active site, are generally produced by a number of 
filamentous fungi such as Aspergillus, Rhizopus, Mucor, and Rhizomucor. They are 
industrially important because they are unaffected by serine protease inhibitors, 
reagents having thiol group, and various chelating agents. Most of the aspartic pro-
teases share similarities with pepsin and rennin and therefore can be used in bakery 
and animal feed industries (Mandujano-González et al. 2016). Some of the prote-
ases sourced from molds are listed in Table 21.4.

Keratinases (EC 3.4.99.11) are proteases with the unique ability to attack highly 
cross-linked, recalcitrant structural proteins such as keratin (Pawar et  al. 2018). 
Unlike most proteins which are easily degraded by common proteolytic enzymes like 
papain, pepsin, or trypsin, feather keratin protein is not degraded by these enzymes. 
Feather keratin is stabilized by disulfide bonds, hydrogen bonds and hydrophobic 
interactions (Ghosh et al. 2019b). Although keratinolytic proteases are produced by 
many microorganisms, keratinophilic fungi deserve special mention for colonizing 
keratin and production of keratinolytic enzymes (Lange et al. 2016). Feathers are 
almost pure keratin protein and hence can be used as a cheap alternative for produc-
tion of protein-rich animal feed. Among various agriculture segments in India,  
poultry is considered to be one of the fastest growing segments, increasing at a rate 
of 8–10% per year. Thus, in the approaching years, there will be substantial increase 
in the generation of poultry waste which, if not handled properly, can lead to environ-
mental pollution and health hazard (Farag and Hassan 2004). Current methods to 
convert feathers into animal feed include physical and chemical processing  
requiring significant amounts of energy and chemicals. Further, these processes also 
cause destruction of certain essential amino acids, reducing nutritional value of the 
feed. Chemicals used in feather processing are responsible for environmental pollu-
tion as the bulk effluents are released into water bodies. In this context, biodegrada-
tion of feathers by keratinolytic fungi is seen as a potential eco-friendly alternative to 
chemical treatment. They have gained importance in various biotechnological and 
pharmaceutical applications, yet the commercial availability of keratinases is still 
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Table 21.5 Keratinases from some fungal sources

Fungus Optimum pH Reference
Chrysosporium articulatum 7.58 Bohacz (2016)
Onygena corvina 8.0 Huang et al. (2015)
Purpureocillium lilacinum – Cavello and Cavalitto (2014)
Aspergillus parasiticus 7.0 Anitha and Palanivelu (2013)
Myrothecium verrucaria 8.3 Moreira-Gasparin et al. (2009)
Trichoderma atroviride 8.0–9.0 Cao et al. (2008)
Paecilomyces marquandii 8.0 Gradisar et al. (2005)
Aspergillus oryzae 8.0 Farag and Hassan (2004)
Aspergillus fumigatus 8.0 Noronha et al. (2002)
Doratomyces microsporus 7.5 Gradisar et al. (2000)
Microsporum canis 9.0 Mignon et al. (1998)
Chrysosporium keratinophilum 9.0 Dozie et al. (1994)
Trichophyton schoenleinii 5.5 Qin et al. (1992)

Table 21.4 Types of some fungal proteases and their applications

Protease Trade name/fungus Application Source/references
Exopeptidases
Aminopeptidases (EC 
3.4.11)

Flavourzyme Food industry Novo Nordisk 
(Denmark)Neutrase Dairy industry

Aspergillus oryzae Fish industry
Corolase – Rohm enzyme 

(Finland)Aspergillus sojae
Carboxypeptidase 
(EC 3.4.16–3.4.18)

Aspergillus oryzae – Salamin et al. 
(2017)

Serine-type protease 
(EC 3.4.16)

Neurospora sitophila Fibrinolysis and 
plasminogen activation

Deng et al. 
(2018)

Metalloprotease 
(EC 3.4.17)

Candida kefyr 41PSB – Yavuz et al. 
(2017)

Eupenicillium 
javanicum

– Hamin Neto  
et al. (2017b)

Cysteine-type protease 
(EC 3.4.18)

Aspergillus nidulans – Futai et al. (2001)

Peptidyl-dipeptidases 
(EC 3.4.15)

Aspergillus oryzae 
(Flavourzyme)

Food processing Merz et al. 
(2015)

Dipeptidases 
(EC 3.4.13)

Aspergillus oryzae 
(Flavourzyme)

Food processing Merz et al. 
(2015)

Endopeptidases
Serine protease 
(EC 3.4.21)

T. harzianum CECT 
2413

Biocontrol Suárez et al. 
(2007)

Aspartic protease (EC 
3.4.23)

Piptoporus 
soloniensis

Dairy industry El-Baky et al. 
(2011)
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limited (Noronha et al. 2002). Keratinophilic fungi include hyphomycetes and sev-
eral other taxa (Table 21.5). Hyphomycetes include dermatophytic (e.g. Microsporum 
sp.) and non-dermatophytic (e.g. Chrysosporium sp.) keratinophilic molds (Gopinath 
et al. 2015).

21.6  L-Asparaginase

L-Asparaginase (L-asparagine amidohydrolase, E.C.3.5.1.1) hydrolyzes 
L-asparagine (essential amino acid) to aspartic acid and ammonia. Since several 
types of tumor cells require L-asparagine for protein synthesis, they are deprived of 
an essential growth factor in the presence of L-asparaginase, thus resulting in star-
vation and death of leukemic cells. Low levels of the non-essential amino acid 
asparagine only affect the viability of abnormal cells as these cells have abnormally 
high requirement for asparagine. This is because normal cells produce enzyme 
asparagine synthetase, which is able to synthesize asparagine, whereas, in cancer 
and tumor cells, enzyme is present in low levels. L-Asparaginase enzyme is being 
used effectively in the treatment of acute lymphoblastic and myelocytic leukemia, 
Hodgkin’s lymphoma, lymphocytic leukemia, and lymphosarcoma treat-
ment (Saxena et al. 2015; Agrawal and Kango 2019). 

Commercially available L-asparaginase from Escherichia coli and Erwinia chry-
santhemi elicits a relatively high rate of immune response including silent hypersen-
sitivity, thrombosis, pancreatitis, and hyperglycemia (Li et al. 2018). Hence, efforts 
are underway to find newer sources of L-asparaginase, and fungal L-asparaginases 
may be a promising alternative due to their eukaryotic origin. Vala et al. (2018) have 
reported a marine-derived Aspergillus niger AKV-MKBU L-asparaginase with anti-
cancer properties. A. terreus L-asparaginase gene encoding a protein of 376 amino 
acids (42.0 kDa) was expressed in E. coli (Saeed et al. 2018). The gold nano-bio-
composite was also prepared by immobilizing fungal L-asparaginase (Aspergillus 
terreus MTCC 1782) onto gold nanoparticles which showed anticancer activity 
against lung cancer cell line A549 (Baskar et  al. 2018). Microbial production of 
L-asparaginase depends on a variety of environmental factors such as temperature, 
pH, oxygen availability, nutrient type and availability, etc. Commercial production 
of enzyme requires complete analysis of various optimum conditions and genetic 
makeup for highest yield. Native microbial strains produce asparaginase either con-
stitutively or after induction by asparagine. Sarquis et  al. (2004) reported 
L-asparaginase production by filamentous fungal species Aspergillus tamarii and 
Aspergillus terreus. Some fungal L-asparaginases are listed in Table 21.6.

Besides being an anticancer agent, L-asparaginase has application in food indus-
try as well. Acrylamide, a potent carcinogen, is formed by Maillard reaction between 
reducing sugars and asparagine present in starchy foodstuff (Agrawal et al. 2018). 
In a report, L-asparaginase from Aspergillus terreus was used for the pretreatment 
of banana slices before frying to mitigate acrylamide formation during frying. The 
soaking and frying conditions were optimized using free and chitosan-immobilized 
fungal L-asparaginase (Aiswarya and Baskar 2017). L-asparaginases sourced from 
fungi with GRAS status are more suitable for application in food industry.
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21.7  Inulinase and Fructosyltransferase (FTase)

Prebiotics have attracted eager interest of people as well as nutraceutical industries 
to process food due to their high therapeutic and nutritional properties (Rawat et al. 
2017; Choukade  and Kango 2019). Prebiotics contain short-chain non-digestible 
carbohydrates (NDC) which selectively nourish healthy gut microbiota and ulti-
mately facilitate better health. Fructooligosacharides consist of 1-kestose (GF2), 
nystose (GF3), and β-fructofuranosyl nystose (GF4) produced from sucrose upon 
action of fructosyltransferase (FTase) from plants, bacteria, yeasts, and fungi (Flores-
Maltos et al. 2014). FOS, a leading prebiotic, has various health-promoting proper-
ties as it is bifidogenic, non-cariogenic, and hypolipidemic and helps in ion 
absorption through gut. Inulinases hydrolyze plant fructan, inulin into inulooliog-
saccharides (endoinulinase) and fructose (exoinulinase) by breaking on glycosidic 
linkages (Kango 2008; Kango and Jain 2011; Rawat et al. 2016).

Fructosyltransferase (FTase; EC 2.4.1.9) is known to hydrolyze sucrose and 
transfer fructosyl group to an acceptor molecule to generate fructooligosaccharides 
(FOS) along with glucose and fructose (Ganaie et al. 2013, 2014). FTase cleaves the 
β-1,2 linkage of sucrose and transfers fructosyl group to an acceptor molecule lead-
ing to the formation of fructooligosaccharides and release of glucose. 
β-Fructofuranosidase (FFase, EC 3.2.1.26) catalyzes both hydrolytic and transfruc-
tosylating reactions; however, the latter is evidenced only with higher sucrose con-
centrations (Rawat et al. 2015a, b).

Bali et  al. (2015) have reviewed microbial production of FOS and mentioned 
fungi such as A. niger, Aspergillus japonicus, A. sydowii, A. foetidus, A. oryzae, 
Aureobasidium pullulans, Penicillium citrinum, P. frequentans, and Fusarium oxys-
porum as the prominent producers. Rawat et al. (2015a, b) have also provided a 
comparative account of fructosyltransferase, inulinase, and sucrase activities in 
some aspergilli and penicillia. Jiang et al. (2016) isolated a novel yeast Aureobasidium 
sp. P6 from a mangrove ecosystem and cloned inulinase gene. It produced inulin 
hydrolyzing enzyme (30.98 ± 0.8 U/ml) that showed transfructosylating activity at 
30.0% sucrose concentration and generated fructooligosaccharides (FOS).

Table 21.6 Production of some fungal L-asparaginases

Fungus Method Yield References
Aspergillus niger SmF, cloned 15.78 U/ml Vala et al. (2018)
Aspergillus terreus SmF, cloned 42.46 U/mg Saeed et al. (2018)
Saccharomyces 
cerevisiae

SmF, cloned – Costa et al. (2016)

Aspergillus terreus SSF 273 U/gds Varalakshmi and Raju (2013)
Penicillium digitatum SmF 363.80 U/ml Shrivastava et al. (2012)
Aspergillus terreus SmF 24.10 U/ml Gurunathan and Sahadevan (2011)
Fusarium equiseti SSF 8.51 U/ml Hosamani and Kaliwal (2011)
Emericella nidulans 1.1 U Jayaramu et al. (2010)
Aspergillus niger SSF 12.52 U/ml Mishra (2006)
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Zhang et al.  (2017b) have used an industrial strain, Aspergillus niger ATCC 
20611, to enhance the production of FOS wherein they have used polyethylene 
glycol (PEG)-mediated protoplast transformation system for strain improvement. 
The transformed A. niger ATCC 20611 displayed a 58% increase in 
β-fructofuranosidase production (507  U/g), compared to the parental strain  
A. niger ATCC 20611 (320  U/g). Production of an extracellular, thermostable 
inulinase was carried out by Aspergillus tubingensis CR16 using wheat bran and 
corn steep liquor (CSL) under solid state fermentation (SSF). The fungus pro-
duced 1358.6  U/g inulinase after parametric optimization which was fivefolds 
higher (Trivedi et al. 2012).

Tanriseven and Aslan (2005) have immobilized commercially available 
Aspergillus aculeatus FTase (Pectinex Ultra SP-L) in Eupergit C with 96% effi-
ciency and maintained the recycling up to 20 days effectively to obtain GF4, GF3, 
GF2, glucose, and fructose. Immobilized enzyme also showed a higher temperature 
optimum at 65  °C.  Heteroexpression of endoinulinase encoding gene from 
Aspergillus ficuum in E. coli with high inulooligosaccharide (IOS) yield of 94.41% 
has been reported by Wang et al. (2016b). Some heterologously expressed FTases 
and inulinases are listed in Table 21.7.

Table 21.7 Cloning and heterologous expression of fungal FTase, FFase, and inulinase

Organism Enzyme
GenBank 
accession no.

Cloning 
host

Expression 
host References

A. niger ATCC 
20611

Inulinase – Escherichia 
coli DH5α

A. niger 
ATCC 20611 
protoplast

Zhang et al. 
(2017b)

A. oryzae FS4 Inulinase bfrAFS4 
(CGMCC no. 
9087)

Escherichia 
coli DH5α

BL21, Pichia 
pastoris

Xu et al.  
(2014)

Aspergillus 
oryzae

FTase EU130944 Escherichia 
coli DH5α

BL21 Wang et al. 
(2016c) 

A. terreus 
NIH2624

FFase ATEG 
04996

XP 
001214174.1

Escherichia 
coli strain 
GB05

K. lactis 
GG799

Spohner  
and 
Czermak  
(2016)

Aspergillus sp. Endoinulinase – Escherichia 
coli

Escherichia 
coli

Raba’atun  
Adawiyah  
et al.  
(2011)

Aspergillus 
awamori

Exoinulinase AJ315793 Escherichia 
coli

Escherichia 
coli

Arand et al.  
(2002)

Aspergillus 
fumigatus Cl1

Endoinulinase AFUA 
5G00530

Escherichia 
coli DH5α

P. pastoris 
GS115

Chen et al.  
(2014)

Aspergillus 
kawachii

Exoinulinase CAC44220 Escherichia 
coli 
TOP10F

P. pastoris 
GS115 and 
X33

Chesini 
et al.  
(2018)

A. oryzae FTase – Escherichia 
coli DH5α

Y. lipolytica 
CGMCC7326

Zhang et al.  
(2016)
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High-yielding strain of Aspergillus oryzae was developed using strains with high 
fructosyltransferase (FTase) activity for intraspecific protoplast fusion via genome 
shuffling. The resulting strain produced 353 U/g FTase activity (Wang et al. 2016c). 
More recently, Wang et al.  (2016d) have cloned endoinulinase in Saccharomyces 
cerevisiae and deleted its sucrase gene, resulting in high-content FOS production 
(90%) from inulin in a single step.

21.8  Future Perspectives and Conclusions

Fungi produce a number of industrial enzymes which find multifarious applications 
in a variety of industrial processes. Owing to their ability to utilize low-value sub-
strates, amenability to manipulation, and ability to produce high enzyme titers, 
fungi are being explored extensively for industrial enzymes. Often, fungal species 
are noticed to elaborate spectra of hydrolases including main and accessory enzymes 
that can be used as consortia for efficient and complete depolymerization of com-
plex substrates. Out of about 260 commercial enzymes, 60% are sourced from about 
25 fungal genera. The enzyme market is projected to grow up to $10.5 billion by 
2024. The rapid growth in enzyme market is indicative of the ever-increasing 
demand of enzymes in various sectors like biofuel, food, detergents, pharmaceuti-
cals, etc. To realize the aim of replacing harmful toxic chemicals in industries, 
enzymes should be able to work under harsh or extreme conditions. This is one 
bottleneck where fungal enzymes lag behind bacterial extremozymes. Development 
of strains expressing robust and multifunctional (chimeric) enzymes using recombi-
nant DNA technology, high-throughput screening of novel isolates, metagenomic 
screening, in silico enzyme engineering, site-directed mutagenesis, and directed 
evolution will pave a way to cater future demands.
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Abstract
Fungi are ubiquitous in their presence almost similar to bacterial distribution. 
With regard to the products and metabolites that have been bioprospected and 
utilized for human welfare, fungi are always the first among the living organisms 
that have benefitted mankind. The exploration and distribution of fungi from the 
epigean environment is well known along with the targeted species of interest 
which have been manipulated for optimizing the production of metabolic by- 
products. However, when it comes to the hypogean or subterranean habitats, lit-
erature on the nature, type, and distribution of fungi is still scarce. Considering 
the benefits that can be offered by fungi from extreme environments as reported 
in literature, it becomes more relevant to explore and document fungal diversity 
from hypogean habitats such as the caves. This niche may provide vistas for 
discovery of products and metabolites hitherto unknown to mycoscience and 
mycotechnology.

Keywords
Caves · Hypogean · Fungi · Diversity · Metabolites · Bioprospection

22.1  Introduction

The biosphere is divided into the epigean (epi-upon, gean-earth) (spaces on the 
surface of the earth) and hypogean (hypo-under, gean-earth) (spaces below the sur-
face of the earth) or subterranean environments. The former is exposed to direct 
light and the latter is in perpetual darkness. One of the striking features of the 
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hypogean environment is its exposure to the amount of light (Romero 2011). 
Hypogean environments can be best described as stable environments with rela-
tively lower temperature, high humidity, low nutrient, and lack of photosynthetic 
process resulting in low organic carbon, a vital component of life (Poulson and 
White 1969). Therefore, chemoautotrophy becomes one of the drivers of ecosystem 
in such cave habitats (Sarbu et al. 1996; Kinkle and Kane 2000).

The hypogean environment constitutes natural (phreatic or artesian and cave) 
and man-made underground structures like tombs and temples (Romero 2011; 
Agrawal et  al. 1988). Caves serve a suitable example of hypogean environment. 
They are buffered habitats having no natural light added to the presence of physical 
obstacles (Kambesis 2007). A “cave” was first described as areas accessible to 
humans and extending beyond the reach of twilight (Gillieson 1996; Hill and Forti 
1997). Caves are mainly classified based on the formations and the nature of rocks 
(Palmer 1991).

Karst region caves mostly have limestone and calcareous rocks as major con-
stituents, while lava tubes are prevalent in basaltic rock. However, the caves formed 
in gypsum, granite, talus, quartzite, ice, and sandstone are usually less extent (Zhou 
et  al.  2007). Caves offer extreme environments for life to grow, and specialized 
microorganisms tend to grow in such niches which are characterized by limited 
organic matter with consistently low temperature, high humidity, and mineral- 
enriched conditions (Schabereiter-Gurtner et al. 2002). The prevailing internal envi-
ronmental conditions of a cave are invariably regulated by the proximate surrounding 
environments and climatic conditions (Banerjee and Joshi 2013). A cave can have 
several biotic zones based on the amount and presence of light as well as other envi-
ronmental conditions, thus making this hypogean habitat a zonal environment 
(Poulson and Lavoie 2000). The entrance zone that is closest to the surface which 
can have photosynthetic activities is dependent on the diurnal variations in light and 
environmental conditions. The twilight zone follows the entrance and is character-
ized by the presence of moderate light and also lesser fluctuations in temperatures 
as compared to surface zone. Photosynthetic organisms like lichens and algae hav-
ing capacity to use low light intensity are present in the twilight zone. The aphotic 
zone marks the end of twilight zone and the beginning of total darkness. This is the 
deepest part of the cave with complete absence of light, stable temperature, little to 
no airflow with high CO2 concentrations, and nearly water-saturated environments 
creating a unique niche (Howarth and Stone 1990). Organisms which can tolerate 
and exploit the hostile conditions of the subterranean cave ecosystem are present 
here, and such habitats can be a good source of extremophilic microorganisms like 
fungi (Ogorek et al. 2017).

Organisms in the subterranean environments can be temporary inhabitants called 
stygoxene or trogloxene, communities with strong hypogean affinities known as 
stygophile or troglophile, and obligatory hypogean communities called stygobite or 
troglobite. The communities belonging to the stygobites and troglobites are special-
ized morphologically and physiologically for underground life. Studies conducted 
on the deep pristine karstic aquifer of the Lez basin of France revealed that out of a 
total of 53 taxa identified, 13 were observed to be stygoxene, 8 to be stygophile, and 
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32 to be stygobite species (Malard and Gibert 1997). About 60% stygobite species 
were reported to constitute the subterranean community and the percentage could 
be higher up to 80% and 100% where the stygobites do not have direct contact with 
the environment of the surface (Gibert and Deharveng 2002). The same researchers 
listed around 6634 stygobite species and found that some crustacean species were 
strictly restricted to the subterranean habitats. These figures still remain underesti-
mated as most of the caves worldwide remain to be explored. The species distribu-
tion and diversity in the borderline of epigean and hypogean environments could 
vary depending upon the immediate external environment of the cave. A compre-
hensive documentation of caves when carried out can provide the worldwide sce-
nario of species’ richness and diversity transition in hypogean-epigean cave 
ecosystems.

An interesting case in biospeleologic environment is the presence of caves with 
overhead openings that permit the penetration of light making the environment sim-
ilar to epigean surroundings. Photosynthesis is possible in such areas increasing or 
modifying the local flora and fauna. In such areas of caves, organisms possessing 
eyes and pigmented morphology are found as in epigean habitat (Romero 2011).

22.2  Biospeleogenesis: Microbial Perspective

The metabolic flexibility of microbes makes them possible to inhabit virtually all 
habitats on the earth which may be hostile for other living organisms. Life in the 
underground habitats like caves is encountered with extreme environments due to 
the lack of nutrient input through primary production by photosynthetic activities, 
and hence, the caves are often oligotrophic. In terms of the physical parameters 
prevalent in such habitats, they are relatively predictable, mild, and invariably con-
stant (Northup and Lavoie 2001). Caves render a microclimatic condition that is 
distinguished not only by constant temperature and relative humidity but also by a 
luminous intensity that varies from the entrance to the back of the cave (Martinez 
and Asencio 2009). The light intensity attenuates as we go further into the cave and 
twilight zone prevails subsequently in the deeper parts. The caves become aphotic 
in the deeper depths characterized by the complete absence of light where the tem-
perature is at or near the Mean Annual Surface Temperature (MAST) and consistent 
with high humidity. Earliest insight into the microbial presence on such habitats was 
provided by Hoeg (1946) from the walls of the Norwegian cave. Further reviews on 
microbes from caves were provided by Caumartin (1963), Dyson and James (1973), 
Rutherford and Huang (1994), and Vanderwolf et al. (2013), primarily focusing on 
fungi, yeast, and slime molds.

Microorganisms prevalent in the deep caves are found to be mostly identical to 
forms present in the surface and are opportunistic in nature as they are active only 
under favorable environmental conditions (Dickson and Kirk 1976; Jones and 
Motyka 1987; James 1994). Some microbes may be nonresidents in caves, and 
external forces like water current, animals, and air normally carry them into the 
caves (Northup and Lavoie 2001). Lately, microbes have grabbed the attention of 
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the geomicrobiologists worldwide. Till date, substantial work has been done on 
microbes from caves and their role in biospeleogenesis. Microorganisms are always 
found to interact with their geological surroundings owing to their ability to gener-
ate energy by consumption of inorganic material (Barton 2006). In the subterranean 
voids where there is no light for primary production by photosynthesis, chemoauto-
trophic microorganisms produce organic matter from reduced compounds like 
hydrogen sulfide and methane that provides energy sources for microbial communi-
ties which in turn becomes the food base for rich and abundant communities of 
invertebrates that inhabit hypogean caves, therefore becoming important compo-
nents from a microbiological perspective (Forti et al. 2002; Kumaresan et al. 2014). 
Geochemistry of caves like the rock fabric and mineralogy may often be the impor-
tant drivers of microbial diversity and community. Very low microbial community 
belonging to the members of Actinobacteria was found to dominate a geochemi-
cally simple cave as compared to the geochemically complex site where more 
diverse bacterial communities representing Alpha-, Beta-, and Gammaproteobacteria 
have been reported (Barton et al. 2007). Modern-day approaches involving culture- 
independent protocols have been used to study the microbial diversity in different 
cave systems around the world. Common bacterial groups such as the Actinobacteria, 
Alpha-, Beta-, and Gammaproteobacteria (Schabereiter-Gurtner et al. 2002; Barton 
et al. 2004; Barton et al. 2007; Zhou et al. 2007), which have been characterized 
using culture-independent molecular techniques applied to study the karstic subter-
ranean habitats, have provided newer evidences for the occurrence of groups such 
as Gemmatimonadetes, Nitrosomonadales, Oceanospirillales, and Rubrobacterales 
in caves. Modern approaches which encompass culture-independent methods and 
phylogenetic analysis using molecular markers have become very handy in descrip-
tion and discovery of novel organisms in caves that are not culturable in defined 
formulations (Northup and Lavoie 2001).

Fungi which form the second largest group in the eukaryotes are ubiquitous and 
are important microflora that are found in various diversified ecological niches com-
prising ecosystems in water and land (Ritz and Young 2004). They are reported 
from lakes and deep sea (Shearer et al. 2007; Nagahama and Nagano 2012) as well 
as caves and rock surfaces (Sterflinger 2000; Gorbushina 2007; Vanderwolf et al. 
2013; Man et al. 2018). Extensive efforts have been put to unfold the fungal diver-
sity in caves through Next Generation Sequencing (NGS) technologies (Man et al. 
2015; Jiang et al. 2017; Zhang et al. 2017). Zhang et al. (2017) have reviewed fungi 
that have been discovered from caves and mines around the world and reported 
more than 1150 fungal species in 550 genera. From among the various fungal taxa 
that have been reported from subterranean environments, species and genera belong-
ing to Ascomycota, Basidiomycota, Zygomycota, Mycetozoa, Oomycota, and others 
such as Amoebozoa, Chytridiomycota, Microsporidiomycota, and Percolozoa have 
been present to the tune of 69.1%, 20%, 6.6%, 2.6%, 1%, and 0.8%, respectively 
(Vanderwolf et  al. 2013). Novel species belonging to oligotrophic fungi such as 
Cephalotrichum was isolated using oligotrophic carbon-free silica gel medium 
(SGM), indicating that fungi can grow on carbon-free media (Jiang et al. 2017). 
Even though fungi are well distributed in cave habitats, their role in mineral 
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precipitation and the process of biospeleogenesis remain scanty. Studies are focused 
more on the role of bacterial mineral precipitation, emphasizing that the caves are 
sites of active mineralization and sediment deposition (Jones 2001).

Chemolithotrophs and chemoautotrophs are dominant microbial biota that are 
found to be inhabiting the deep caves which are devoid of organic matter 
(Cunningham et al. 1995; Northup et al. 1997). Cave environments where organic 
carbon gets transported by water flow and wind support the growth of heterotrophic 
microbes (Northup et al. 1997). Heterotrophic microorganisms prevalent in some 
caves are the resultant effect of the changing microclimatic conditions affected by 
the animals, cave visitors, and dripping water from the surface which contribute to 
the total organic matter input (Groth and Saiz-Jimenez 1999). Microbes in the cave 
ecosystem interact with minerals mobilizing inorganic phosphate, oxidizing meth-
ane, hydrogen, and sulfide and also derive energy by hydrolyzing macromolecules 
from other cave microbial communities (Barton and Jurado 2007). Barton and 
Luiszer (2005) studied the microbial metabolic structure in sulfidic cave, suggesting 
that the sulfuric acid production by the sulfate-reducing and sulfide-oxidizing bac-
teria is the primary component of cavern enlargement in sulfuric acid caves. 
Microbes’ role in the genesis of secondary cave minerals can also be attributed to 
the ability of microorganisms to cause biomineralization through different enzymes 
or by the production of substances that may lead to changes in pH causing precipita-
tion of minerals (Forti 2001). Therefore, there is substantial amount of acidity gen-
erated by the metabolic activities through oxidation of sulfur, iron, and manganese 
by microbes which contribute to the development of wall formations in caves (Jones 
1992; Sarbu et  al. 1994; Provencio and Polyak 2001; Engel et  al. 2004). Many 
microbes are identified which are involved in these cave wall formations and are 
composed of carbonates, sulfur, salpeter, clays, manganese, and iron oxides, col-
lectively described in such cases as biogenic materials (Northup and Lavoie 2001). 
Evidence of biogenic activities due to the occurrence of Bacillus cereus, B. licheni-
formis, and B. mycoides has been studied in the Mawsmai Cave and Krem Phyllut, 
India (Baskar et al. 2009).

Calcium carbonate formations are observed to be the dominant structures in most 
caves of the world, and microbes have been attributed to calcium carbonate precipi-
tation which is controlled by various factors influencing the growth of microbes 
(Banerjee and Joshi 2013). Microorganisms characterized from cave deposits have 
been attributed to precipitation of calcium carbonate (Danielli and Edington 1983). 
Metabolic processes such as photosynthesis, ammonification, denitrification, sul-
fate reduction, and anaerobic sulfide oxidation by bacteria and fungi can lead to 
extracellular calcium carbonate precipitation (Castanier et al. 2000; Riding 2000).

The fact that microbes are associated with carbonates and speleothems has 
already been established through in vitro studies in the laboratory. Bacillus species 
isolated from saline soil was reported to precipitate carbonate (Rivadeneyra et al. 
1993). Microorganisms produce crystals from organic calcium salts and it has been 
shown that bacteria can form calcium carbonate crystals in the laboratory condi-
tions, thereby proving the geomicrobiological processes in stalactite formation 
(Baskar et al. 2006). Organisms such as bacteria, cyanobacteria, microalgae, and 
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fungi which form biofilms or microbial mats are the primary organisms involved in 
such formations. The extracellular polymeric substances produced by microbes can 
bring about adherence of sediments which become not only a critical factor in the 
formation of microbial carbonates but also provide sites for nucleation of carbonate 
minerals (Riding 2000; Banerjee and Joshi 2013).

Investigations carried out in different caves from Meghalaya in India showed that 
biofilm bacteria present in the calcareous speleothem fragments could be cultivated 
on B-4 medium in the laboratory, mimicking the ideal cave conditions and param-
eters. This demonstrated a close association between the bacterial cells as biofilms 
growing in the cave walls and the nature of the polymorphic crystals. In addition, 
the ultrastructural revelations of the polymorphs of crystals suggest that the identi-
fied strains were capable of depositing CaCO3 that varied under different cultural 
conditions. Majority of the calcifying bacteria isolated from the cave environment 
were identified by 16SrRNA-based molecular techniques and were found to belong 
to Bacillus and Lysinibacillus, while a few of these microbes belonged to genera 
Acinetobacter, Kocuria, and Brevibacillus (Banerjee and Joshi 2014).

The microbial sulfur cycling by different sulfur-oxidizing and sulfate-reducing 
microbes has been the major factor in the development of cave minerals and gyp-
sum as well as iron oxides and hydroxides (Hill and Forti 1997). Speleothems in 
gypsum caves are mainly constituted by calcium carbonate (calcite) or calcium sul-
fate (gypsum), and the abundance of these deposits is believed to differ with cli-
matic conditions where gypsum speleothems are found dominant in arid regions 
and humid conditions support carbonate deposition (Calaforra et al. 2007).

Hubbard et  al. (1986) undertook a pioneering work on cave formations and 
reported the contribution of sulfur-oxidizing microbes in cave formation resulted by 
the generation of sulfuric acid in Cesspool Cave, Virginia. They reported the occur-
rence of morphologically distinct sulfur bacteria Beggiatoa, Thiothrix, and 
Achromatium. Engel et al. (2001), while working on the same cave, concluded that 
the chemoautotrophic processes dominate the microbial mat community, while che-
moautotrophic energy production was found to ecologically limit the occurrence of 
higher trophic levels. The sulfur-oxidizing and acid-producing bacteria and their 
metabolic activity bear extensive geological implications in the subterranean 
ecosystems.

The coating and the crusts in caves are due to the iron oxides and hydroxides 
which also are seen to occur in typical stalactites. A wide variety of aqueous and 
terrestrial habitats consist of microbial iron mineral in the form of ferrihydrite, sid-
erite, and magnetites as well as oxides, sulfates, sulfides, silicates, and phosphates 
of iron (Konhauser 1997, 1998). In one of the studies, spherical bodies in stalactites 
of Grand Cayman Island in British West Indies have been reported to contain con-
siderable amounts of iron or manganese (Jones and Motyka 1987). Peck (1986) 
demonstrated the presence of iron oxidizers in cave sediment. In his experiment, he 
reported Gallionella ferruginea showing precipitates of iron hydroxide and iron- 
impregnated sheath formations by Leptothrix sp. in enrichment media containing 
inoculation of mud from cave pools and sumps in Level Crevice Cave near Dubuque, 
Iowa. Soft deposits of manganese compounds present on speleothems or as coatings 
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on walls of caves were found in caves (Gascoine 1982; Rogers and Williams, 1982). 
One of the most common manganese minerals prevalent in caves is Birnessite (Hill 
and Forti 1997). Leptothrix, a manganese oxidizing bacterium studied by Moore 
(1981) in Matt Black Cave, West Virginia, was found to be involved in the deposi-
tion of Birnessite. The fossil remains of precipitated manganese revealed the occur-
rence of rods, strands, spheroid morphologies, and sheets in Grand Cayman Caves 
and were attributed to be biogenic in nature (Jones 1992).

22.3  Fungi in Extreme Habitats

Fungi are important in the functioning of ecosystems. They are cosmopolitan and 
play different roles from saprotrophs/decomposers or parasites to the symbionts. 
Fungi are specialized in adapting to harsh environments due to their ecological plas-
ticity (Selbmann et al. 2013). Fungi have been reported from extreme cold condi-
tions (Gunde-Cimerman et  al. 2003; Zalar et  al. 2008), dry and salty habitats 
(Butinar et al. 2005; Zalar et al. 2007), acidic and basic environments (Ranta 1990; 
Shiomi et al. 2004), deep-sea extreme niches (Nagano and Nagahama 2012), and 
oligotrophic ecosystems (Onofri 1999). Similarly, hypogean caves represent an 
extreme environment where life is hardly possible. Fungi play a critical role in the 
underground ecology like caves by way of contributing to the process of decompo-
sition of organic material and also constituting the fundamental source of food for 
other cave inhabitants (Sustr et al. 2005; Walochnik and Mulec 2009; Bastian et al. 
2010).

A large area of the hypogean environment is partly dark with darkness increasing 
toward the interior which makes the fungi to carry out the role of decomposer or 
parasites that could derive nourishment from dead organic matter, whereas in the 
parasitic mode of nourishment it may grow as an obligate or the true parasite which 
cannot grow in the absence of a suitable host and the facultative parasites which 
exhibit parasitic mode but under certain conditions. A very specific microfungal 
community exists in the underground environment, particularly when there are 
organic matter inputs (Novakova 2009). Inside the cave, fungi grow on organic mat-
ter like bat guano or animals (Mulec 2008; Novakova 2009). The greatest species 
diversity of fungi has been on bat guano when compared to other cave substrates as 
studied by Novakova (2009) in a Slovakian cave. Bat guano can determine the 
mycoflora in caves (Min 1988). Around 50 species of bat guano-loving fungi known 
as guanophilic fungi were characterized from three caves in southwestern Puerto 
Rico. Circinella umbellata was found to dominate the bat guano (Nieves-Rivera 
et al. 2009).

Cadavers of insects also represent a rich source of food for primary and second-
ary saprophytic cavernicolous mycobiota (Gunde-Cimerman et  al. 1998). Many 
entomopathogenic and opportunistic fungi were discovered from the larval as well 
as adult stage of the cave cricket Troglophilus neglectus cadavers (Gunde-Cimerman 
et al. 1998). The frequently isolated fungi belonged to the genus Mucor with the 
prevailing one being a new species Mucor troglophilus, and Beauveria bassiana, a 
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well-known entomopathogen, was the dominating fungus isolated from the adult 
stage (Gunde-Cimerman et al. 1998). Fungal spores might enter the cave with water 
and air currents, animals, and also humans in case of show caves (Chelius et al. 
2009; Griffin et  al. 2014). Speleomycological study and research related to this 
domain is mainly focused on the fungal diversity. Various approaches comprising 
culture-dependent and culture-independent methods have been used worldwide in 
the microbial studies of caves and their mycobiota. Recently, 20 novel species of 
fungi were enumerated and characterized from the karst cave in China by Zhang 
et  al. (2017). They obtained 563 fungal strains which belonged to Ascomycota, 
Basidiomycota, and Mucoromycotina, and 59% of the species reported were enlisted 
as discovered for the first time from Karst caves (Zhang et  al. 2017). Recently, 
Zhang et al. (2018a, b) in their review article reported more than 1150 fungal spe-
cies in 550 genera which were among the ones discovered from caves and mines 
worldwide. Some obligate troglobitic fungi such as Acaulium caviariforme, 
Aspergillus baeticus, and A. thesauricus have been reported by Novakova et  al. 
(2012). Mycologists have discovered many new species till date from different cave 
habitats (Novakova et  al. 2012; Man et  al. 2015; Jiang et  al. 2017; Zhang et  al. 
2017), but the existence and origin of troglobitic fungi still remains unclear. It is 
suggested that the novel species reported from the caves could be travellers from 
other environments and not a true troglobitic fungus (Zhang et  al. 2018a, b). To 
understand the origin of subterranean fauna, adaptive shift hypothesis and climate 
relict hypothesis have been put forward. The climate relict hypothesis explains how 
the epigean species pre-adapted to the hypogean life may take refuge in the under-
ground environment when environment in the surface habitats becomes unfavor-
able, whereas under the adaptive shift hypothesis, a pre-adapted epigean species 
may enter the below-ground habitats to explore the unexplored resources (Belles 
1992; Leys et al. 2003; Juan and Emerson 2010; Ribera et al. 2010). Likewise, the 
origin of hypogean fungi has always been a subject of interest for mycologists. The 
origin of cave fungi has been inferred by making a comparative analysis of the 
divergence time of the suspected troglobitic fungi with the geologic age of the cave 
development by Zhang et al. (2018a, b) who have put an effort to study the evolution 
and origin of cave fungi by molecular clock method calibrated by fossil records. 
The obtained result revealed an interesting observation where the divergence time 
of 20 suspected troglobitic fungi was found to lie between late Miocene and late 
Jurassic, but the caves developed much later in the then middle Pliocene when 
viewed from the perspectives based on the historical geological movement. 
Therefore, the new species of fungi under study may not be true troglobites (Zhang 
et al. 2018a, b). Similar kind of studies can be carried out with the new fungus dis-
covered in caves from other parts of the world in order to have a clear understanding 
on the origin of troglobitic fungi.

The fungal community structure is vulnerable to changes. The movement of ani-
mals into caves from the outside environment is thought to be one factor that affects 
cave mycobiota. Arthropods are associated with the dispersal of fungal spores into 
the cave environment. Adult females of the cave orb weaver spider, Meta ovalis, 
have entomopathogenic fungi on their surfaces and have the potential to disperse 
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fungal spores (conidia) throughout the cave environment (Yoder et al. 2009). The 
microclimate of a cave is also an important factor in determining the mycobiota that 
prevails inside caves. Visitors and tourists leading to anthropogenic contamination 
can lead to changes in the microclimatic conditions of a cave (Hoyos et al. 1998). 
This can be in the form of increase in air temperatures and CO2 concentration result-
ing from visits of tourists/visitors. The visitors can also lead to the organic matter 
input and new microorganisms (Ogorek et al. 2014). Anthropogenic influences on 
the fungal diversity have been studied by Shapiro and Prinjle (2010) in caves in 
Kentucky and Tennessee. Undisturbed habitats support higher fungal diversity 
which decreases in moderately visited sites, and the lowest diversity is observed in 
heavily human trafficked sites (Shapiro and Prinjle 2010).

Fungal diversity in areas of Naracoorte cave was studied using culture-dependent 
and culture-independent methods, and significant variations in fungal distribution as 
well as diversity were observed in areas accessed by tourists and areas which were 
inaccessible to tourists (Adetutu et  al. 2011). Analysis of fungal diversity using 
molecular approaches revealed higher diversity in tourist-accessible areas of the 
caves when compared to culturable methods with regard to Stick-Tomato and 
Alexandra caves which were compared to inaccessible areas and the Strawhaven 
Cave considered as control. However, the differing conclusions derived using differ-
ent methods can be attributed to the biases associated with each method in terms of 
phylogenetic analysis (Adetutu et al. 2011). The environment and the vegetation 
around the cave also influence the air-borne fungal diversity in caves. Air currents 
are an important mode for spreading the inocula, but also depend on seasonal air 
circulation (Ogorek et al. 2014).

More air-borne fungal diversity is reported from air outside cave than its interior 
which may be due to the internal microclimate of the cave as reported in the case 
study of Niedzwiedzia Cave (Ogorek et  al. 2014) and Demanovska Ice Cave 
(Ogorek et al. 2017).

Fungi in hypogean environments are an emerging threat to the cave organism and 
also to the cultural heritage in some show caves. The appearance of white-nose 
syndrome disease that hit the bat population in the USA has been a devastating one 
(Zhang et al. 2014). The white-nose syndrome is described after the snowy-white 
fungus, Geomyces destructans, which grows on the muzzle and even on the wings 
of afflicted hibernating bats. Animals such as flies, ants, spiders, and moths have 
been reported to be the hosts to fungi like Verticillium lamellicola (Greif and Currah 
2007), and the presence of such fungus in the hypogean environments like caves is 
related to the occurrence of arthropod population. Histoplasma capsulatum is a 
pathogenic species commonly found in caves and associated with bat and bird 
guano and was isolated from bats living in the Aguas Buenas Caves, Puerto Rico 
(Zamora 1977).

Fungi are also known for their biodeteriorative properties in other subterranean 
habitats like historical caves and catacombs. Several fungi have been associated 
with the deterioration of Paleolithic paintings affecting the integrity of rock arts and 
mural paintings. One of the priceless heritages and cultures which have been of 
great interest to mankind has been the conservation of Paleolithic paintings in caves 
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(Bastian et al. 2010). Species of Fusarium solani (Dupont et al. 2007), Ochroconis 
lascauxensis and O. anomala (De la Rosa et  al. 2017), Acremonium nepalense 
(Saiz-Jimenez 2012), and Penicillium glandicola (Ogorek et al. 2015) have been 
attached to the occurrence of black stains on the walls of the Lascaux Cave in France 
and Driny Caves in Slovakia.

Fungi are well-known geologic agents, and they were first considered to be the 
agents of carbonate deterioration by Krumbein (1968). Production of various 
organic acids such as acetic, oxalic, citric, formic, gluconic, and tartaric acid has 
been attributed as the major cause for the dissolution of rocks (Braams 1992). The 
hypha of Verticillium lamellicola suspended from the stalactite wall in Lehman 
Caves, USA, was found to show the crystallization of calcite which occurred in the 
terminal drop as reported by Went (1969). Barton and Northup (2007) in their study 
from Hidden Cave, USA, reported a similar observation in a stalactite formation. 
Fungal communities in the speleothemic surfaces from Kartchner Caverns, USA, 
have been reported by Vaugan et al. (2011) who reported Penicillium, Paecilomyces, 
Phialophora, and Aspergillus as the predominantly occurring fungi from the studied 
caverns. In spite of such studies, the fungal role in biospeleogenesis remains poorly 
understood. Further, secondary mineral deposit in caves by prokaryotes has been 
extensively studied in comparison with fungi. Hence, it is essential to study the role 
of fungus in such environment as these members are capable of producing wide 
range of metabolites which could be harnessed for bioprospecting purpose.

22.3.1  Extremophilic Fungi and Advancing Frontiers

Species colonizing unique niches experiencing extreme environmental conditions 
have attracted the attention of researchers as they invariably provide the best 
resources for novel metabolites and compounds (Jensen and Fenical 1996). Extreme 
conditions play a major role in the physiological activity of organisms thriving in 
extreme habitats and offer an environment favorable for the production of mole-
cules of biological interest. Fungi offer huge metabolic potential, and different fungi 
have been the resource base of bioactive metabolites, majority of which are regarded 
as fundamental prototype molecules explored for development and synthesis of new 
drugs (Goncalves et al. 2016). Extreme habitats are possible niches for search of 
novel bioactive compounds which open vistas and newer paradigm for bioprospect-
ing research.

Fungal enzymes and secondary metabolites have already grabbed particular 
attention for biotechnology and pharmaceutical purposes. A vast spectrum of 
enzymes produced by fungi are known to have huge industrial applications. The 
cold active enzymes and their application from psychrophilic and psychrotolerant 
fungi have been reviewed by Hassan et al. (2016). The different enzymes produced 
by psychrophilic fungi are α-amylases, cellulases, glucose oxidases, lipases, phos-
phatases, proteases, and xylanases which have wider applicability in detergent and 
textile, food and alcohol, and paper and pulp industries (Hassan et al. 2016). Deep- 
sea sediments inhabiting fungi have been explored for the production of proteases 
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(Damare et al. 2006). The yeast cells from supraglacial sediments were found to 
produce significant titers of extracellular starch degrading, lipolytic, esterolytic, and 
pectinolytic enzymes (Turchetti et al. 2008). Thermophilic fungi potentially pro-
duce large number of thermostable enzymes like β-glucosidases, cellobiohydro-
lases, and endo-1,4-β-glucanases (Bayer et al. 1998; Baldrian and Valaskova 2008), 
which find a wide use in industry for the conversion of biomass into sugars. 
Furthermore, thermophilic fungi producing biomass-degrading enzymes consis-
tently have superior hydrolytic capacity (Wojtczak et al. 1987). Some of the other 
thermostable enzymes from thermophilic fungi are laccase and phytase. Laccases 
can degrade both phenolic and non-phenolic compounds and find use in the reme-
diation of xenobiotics (Upadhyay et al. 2016), while phytases find use in animal 
feeds, since they increase the availability of phosphorus in the feeds (Maheshwari 
et  al. 2000). Fungi from marine habitats are also great reservoirs of industrially 
important enzymes. They have been isolated from different substrates like the 
decaying mangrove woods and mangrove leaf detritus (Raghukumar et al. 2004; 
D-Souza-Ticlo et al. 2009), marine soil and sediments (Huang et al. 2004; Chi et al. 
2007; Elyas et al. 2010), and sponges (Bonugli-Santos et al. 2010), which are the 
sources of different hydrolytic and oxidative enzymes like chitinase, keratinase, 
inulinase, ligninase, and xylanase (Bonugli-Santos et al. 2015), having widespread 
usage in food beverage, textile, cosmetics, and drug manufacturing industries. High 
salt tolerance, thermostability, cold activity, and barophilicity are novel features 
observed in enzymes produced by marine fungi (Velmurugan and Lee 2012).

The search for natural compounds has taken an upturn after an era dominated by 
chemically synthesized drugs. Fungi are also the prolific producers of natural com-
pounds with bioactivities and thus have huge pharmaceutical potential. In fact, natu-
ral products such as drugs have been mainly produced by microbes. Various active 
metabolites and compounds used as antimicrobials, antivirals, and cytotoxic and 
immunosuppressive drugs comprising about 23,000 active compounds from micro-
organisms constitute about 42% derived from fungi and about 32 % from actinobac-
teria (Demain 2014). Furthermore, the adaptational features and evolutionary 
changes encountered by extremophilic fungi have enabled them to acquire special-
ized defense strategies to survive extremes of pressure, temperature, salinity, desic-
cation, and pH, which have been the result of their capacity to biosynthesize new 
natural products and metabolites with diverse biological activities (Zhang et  al. 
2018a, b). Striking examples of various antibacterial agents are the penicillins pro-
duced by Penicillium species; cephalosporins produced by Cephalosporium acre-
monium; aminoglycosides, tetracyclines and other polyketides produced by 
Actinobacteria; immunosuppressive drugs such as the cyclosporins from 
Tolypocladium species and rapamycin from Streptomyces species; cholesterol- 
lowering agents like mevastatin from Penicillium spp. and lovastatin from 
Aspergillus spp.; and anthelmintics and antiparasitic drugs such as the ivermectins 
from Streptomyces spp. (Cragg and Newman 2013). Recently, Zhang et al. (2018a, 
b) reviewed 314 novel natural compounds from extremophilic fungi which belonged 
to various classes of compounds such as terpenoids/steroids, alkaloids/peptides/
amides, quinones/phenols, esters/lactones, xanthones, polyketides, and other 
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compounds, majority being terpenoids and alkaloids. All these compounds are pro-
duced by fungal strains especially the asexual stages of ascomycetes, e.g., 
Penicillium spp., Aspergillus spp., etc. Moreover, these compounds are found to be 
antibacterial, antifungal, anti-inflammatory, cytotoxic, and antiviral. Some com-
pounds are found to be radical scavenging inhibitors of PTP1B, BRD4, MMP-3, 
and NF-κB and activators of Nrf2 (Zhang et al. 2018a, b).

Other studies on the fungal extrolites include those of Gomes et al. (2018) who 
studied fungal diversity in the Antarctic soil from their bioprospection perspective. 
The crude extracts of fungi like Pseudogymnoascus destructans, Mortierella par-
vispora, M. amoeboidea, Penicillium chrysogenum, and P. tardochrysogenum grown 
in solid state fermentation showed antiparasitic and herbicidal activities. In addi-
tion, Pseudogymnoascus destructans, phylogenetically close to the strains that 
infect bats, exhibited trypanocidal activities and may be a source of bioactive 
metabolites. Similarly, P. destructans responsible for the white-nose syndrome 
prevalent in cave bats could be screened for such molecules which could be consid-
ered for chemotherapeutic purpose. In another study by Godinho et al. (2015), the 
extracts of fungal isolates (Aspergillus sydowii, Penicillium allii-sativi, P. brevicom-
pactum, P. chrysogenum, and P. rubens) from the oligotrophic soils of Antarctica 
showed antiviral, antibacterial, antifungal, antitumor, herbicidal, and antiprotozoal 
activities.

Natural pigments are also gaining interest owing to their use in cosmetics, tex-
tiles, food industry, and other important biological activities. Souza et al. (2016) 
studied pigment production from different strains of cave fungi obtained from the 
collection at the Laboratory of Bioprospecting and Genetics, Brazil. The fungi pro-
duced various kinds of pigments, and the production was influenced by the media 
composition wherein complex media favored more pigment production. Some of 
the pigment compounds identified by the authors were oosporein, orevactaene, and 
dihydrotrichodimerol which have been reported to be phytotoxic (Cole et al. 1974), 
mycotoxic (Kogl & van Wessem 1944), antitumor (Lee et al. 2005; Liu et al. 2005; 
Mao et al. 2010), and antiviral (Shu et al. 1997), besides their use as food colorants 
(Mapari et al. 2010).

The hypogean environment which constitutes an important habitat for fungi is a 
storehouse of fungal biodiversity, boasting a large number of biotechnologically 
important, rare, and novel species of fungi (Fig. 22.1-unpublished data). The hypo-
gean habitat exhibits a wide range of environmental variations that is instrumental 
in creating strain variations ranging from the oligotrophic to the extreme inhospi-
table aphotic type which consequently leads to genetic variations. The habitat, how-
ever, shows predominantly extreme conditions, and the members of the hypogean 
fungi have adapted themselves to environment where the nutritional factors remain 
low beyond which the normal fungi cannot tolerate. Some of the major adaptive 
features exhibited by the members of this group are usually found in environments 
where humidity remains much higher and the temperature mostly remains optimal 
for maximal growth.
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Studies have shown that the extreme environmental conditions play a vital role 
in the physiological activity of the members belonging to fungi which have evolved 
highly specific adaptive features that permit the growth under stress conditions. The 
harsh oligotrophic conditions coupled with no light penetration may account for the 
evolution chiefly with respect to the ability to produce novel metabolites of pro-
found biological significance. The majority of the members of the fungi belonging 
to hypogean region face environmental and nutritional challenges deployed by the 
habitat which are considered to be the most important sources of untapped second-
ary metabolites. However, studies have shown that there has been scanty work done 
on hypogean fungal communities, which is one of the less frequently explored 
members of the kingdom fungi. Furthermore, members of different groups are in 
existence in this habitat, and these groups can be readily recognized if they are cul-
tured in growth media and allowed to grow to harness the fungal pool, which are 

Fig. 22.1 Some representative isolates of fungi from the caves of Meghalaya, India. (Unpublished 
data)
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promising and potential source for the discovery of economically profitable novel 
pharmaceutical substance. So, strategies for the studies for a variety of reasons, 
including the preparation of inventory, taxonomic diversities across habitat, and 
exploitation of the selected species with high potentiality for commercialization of 
the novel chemicals with bioactive properties, have to be carried out. At a time when 
rampant uses of antimicrobial agents are ravaging the normal microflora, under-
standing the indispensable worth of the hypogean fungi is urgent. This is particu-
larly important and it has to be done at the earliest to screen drugs which could 
replace the already resistant groups of antimicrobial agents. The novel chemical 
substance produced by the members of these fungi could be used as a reserve anti-
microbial agent in the near future.

In addition, many of the fungi show the presence of diverse class of enzymes 
which could have evolved to overcome the defense mechanism exhibited by the 
insect host along with the biosynthesis of certain enzymes that make up the central 
part of the cellular processes required for growth. Further, it becomes essential that 
these enzymes must be characterized as the presence of these bioactive molecules 
may be essential for their survival in such a hostile environment. However, with 
gradual advancement in techniques related to microbiology and with the under-
standing of various biological and physiological differences exhibited by these 
fungi, the studies in relation to functional biomolecules should be done without 
much difficulty (Table 22.1).

22.4  Conclusions

Majority of the members of the hypogean fungi are recognized with high medicinal 
value, which are being chiefly studied for metabolites or products for their biologi-
cal activities. Members belonging to this unique habitat belong to a mixed group of 
genera representing a number of taxonomic sections of the kingdom fungi. A large 
number of bioactive metabolites along with economically important enzymes have 
been reported, yet only a certain percentage of these fungi have been accessed as a 
source of novel therapeutically important substances with lesser number of species 
tested for biotechnological significance. Moreover, as the hypogean environment is 
a challenging one and hostile toward the survival and growth of organisms occupy-
ing this habitat, it may serve as a strong selective force for eliciting the novel bio-
synthetic pathways. With more exploration of microbes especially the ones 
belonging to fungal domain, newer molecules of human significance can be expected 
to be available from extreme habitats. This opens up new vistas for deeper explora-
tion and bioprospection of fungi from hypogean environment which could be har-
nessed for untapped source of bio-metabolites awaiting the discovery for use in 
human welfare.
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Table 22.1 Utility metabolites/products recovered from extremophilic fungi

Habitat Fungi
Compounds/products 
recovered Utility Reference

Antarctica 
(oligotrophic 
soil)

Aspergillus, 
Debaryomyces, 
Cladosporium, 
Pseudogymnoascus, 
Penicillium, 
Hypocreales

Aromatic compounds, 
fatty acids, 
triglyceride

Antibacterial, 
antifungal, 
Antitumoral, 
antiprotozoal, 
herbicidal

Godinho 
et al. (2015)

Atacama 
Desert 
(rock- 
associated 
fungus)

Cladosporium 
halotolerans, 
Penicillium 
chrysogenum,  
P. citrinum

α-Linolenic acid, 
ergosterol, 
endoperoxide

Antibacterial, 
antimycobacterial, 
antimalarial

Goncalves 
et al. (2016)

Antarctica 
(soil)

Pseudogymnoascus 
destructans, 
Mortierella 
parvispora, M. 
amoeboidea, 
Penicillium 
chrysogenum, P. 
tardochrysogenum

Not identified Antiparasitic, 
herbicidal

Gomes 
et al. (2018)

Brazilian 
caves

Aspergillus syndowii, 
A. aureolatus, A. 
keveii, Penicillium 
flavigenum, P. 
chermesinum, 
Epicoccum nigrum, 
Lecanicillium 
aphanocladii, 
Fusarium sp.

Oosporein, 
orevactaene, 
dihydrotrichodimerol

Food colorants, 
antitumor, 
mycotoxic, 
phytotoxic

Souza et al. 
(2016)

Sonoran 
Desert 
(endophytes)

Chaetomium 
globosum

Globosumones A-C Moderately 
anticancerous

Bashyal 
et al. (2005)

Deep-sea 
sediment

Aspergillus 
westerdijkiae

Circumdatin K&L, 
5-chlorosclerotiamide, 
10-epi-sclerotiamide, 
aspergillamide B, 
circumdatin F

Non-cytotoxic; 
other activities 
unreported

Peng et al. 
(2013)

Hot spring Malbranchea 
sulfurea

Malbranpyrroles A-F Pharmacophore Yang et al. 
(2009)

Antarctic 
deep-sea 
sediments

Penicillium 
crustosum PRB-2

Penilactones A and B Activities 
unreported

Wu et al. 
(2012)

Antarctic 
soil

Aspergillus 
ochraceopetaliformis

Merosesquiterpenoids Antiviral Wang et al. 
(2016a)

Deep-sea 
sediment

Aspergillus 
versicolor

Alkaloids and 
xanthones

Antimicrobial Wang et al. 
(2016b)

(continued)
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Abstract
Across the globe cancer is emerging as an overriding source of death raising 
enduring consequences all through the life period of patients. Chemotherapeutic 
drugs adopted for cancer therapy have grievous after-effects, and growth of resis-
tance is a major downside for these agents. For decades natural products and 
medicine have been intimately connected through the usage of conventional 
medicines. Mushrooms own substantial antiquity of use in conventional medi-
cine with no or minimal side effects. Mushrooms are considered as superfoods 
due to the presence of bioactive compounds and origin of medical drug and 
nutraceutical development for enhancing longevity of people. Recently there is 
an elevated interest found in people for the secondary metabolites of higher fungi 
in order to explore novel medical substance or lead compounds for cancer treat-
ment. A number of novel fungal metabolites have been extracted from higher 
fungi which are likely to provide drugs with chemopreventive property. The 
researches involved the drug discovery from medicinal fungi mainly implicating 
multifaceted approach. Most of the isolated compounds have exhibited promi-
nent in vitro cytotoxic effects in cancer cell lines from human tissue, and specifi-
cally selected compounds were used for in  vivo experiments. This chapter 
cautiously deals with the review of low-molecular-weight compounds obtained 
from higher fungi with anticancer potential identified so far. In the near future, 
among these novel compounds many are presumed to enter human clinical 
trials.
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23.1  Introduction

Cancer, a collective term for invasive neoplasms, is the foremost reason of mortality 
and morbidity around the world (Joseph et al. 2018). This is a protracted disease that 
religiously trenches the patients along with their family (Kim et al. 2004). As per the 
survey reports of World Health Organization (WHO), if cancer remains untreated, 
especially in lower- and middle-earning countries, millions of people will die of it. 
In 1942, the current era of cancer therapy has begun; from there onwards the che-
motherapeutic agents were utilized enormously as solitary agents, in combination 
(Li et al. 2014) or as an adjuvant to other therapies (Liao et al. 2007). Although 
developing resistance to chemotherapy (Thomas and Coley 2003) and molecular 
targeted therapies (Shervington and Lu 2008) are overly toxic to an ample range of 
normal cells and tissues. The resuming enormity of the cancer problems and the 
defeat of traditional chemotherapy against the foster invasive disease affected the 
considerable drop in the survival rates for the prevalent forms of malignancies 
inclusive of carcinoma of lung, colon, breast, prostate, pancreas, etc., which pointed 
out that modern outlook to the curb of cancer is highly needed. In spite of progress 
made in fundamental scientific knowledge connected with cancer-related clinical 
treatment, morbidity rates of few of the customary cancers proceed to advance 
(Sporn and Suh 2002). Over these years, our perception over cancer has grown 
exceedingly which allows the reconnaissance of advanced molecular pathways as 
well as cancer-related tissue architecture, genes and proteins (Kellof and Sigman 
2000). Cancerous cells mature when normal healthy cells start growing anoma-
lously and become malevolent and it’s not workable for any sort of drug to block 
carcinogenesis and suppress the advancement of cancerous cells without harming 
the normal cells. Recently attention has been focussed on the development of immu-
nopotentiators and biological response modifiers (Mizuno 1999b) or the adjuvant 
utilization of natural bioactive compounds with no or minimal toxicity in conven-
tional chemotherapy that would check carcinostasis and carcinogenesis (Petrova 
et al. 2008). This sort of research is now gaining more attentions.

The substance or chemical compound which is formed in nature and produced by 
living organism is termed a ‘natural product’. Investigation of natural products for 
novel bioactive agents may furnish resolutions for discovering drugs and their evo-
lution (Debbab et al. 2011; Debbab et al. 2012). Historically, natural products or 
chemical substances procured from microorganisms and plants have conventionally 
been a chief source of novel anticancer agents (Harvey 2008; Dias et  al. 2012). 
Later, several compounds or drugs were obtained from natural reserves, which 
include functional chemotherapeutic agents such as mitomycin C, doxorubicin, 
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daunomycin, bleomycin or etoposide, paclitaxel, teniposide, topotecan and the 
vinca alkaloids derived from plant-based natural products (Evidente et al. 2014).

In drug discovery, entertaining the capacity and involvement of natural resources, 
one cannot disregard the therapeutic prospective and input of edible as well as 
medicinally important mushrooms as fungi-derived natural products have been a 
magnificent source of pharmaceutical as well as medicine. On earth out of 14,000 
discrete species of mushrooms, around 700 showed medicinal properties and 7000 
remain undiscovered (Wasser 2011). Mushrooms comprising of enormous and yet 
mainly untapped source new dynamic pharmaceutical products. For centuries 
mushrooms have been used for medicinal purposes and food and recently consid-
ered as superfood, and their intake has useful results on human well-being due to its 
therapeutic properties (Figueiredo and Regis 2017; Zaidman et al. 2005). Further 
present-day scientific researches on medicinally important mushrooms have ampli-
fied rapidly through the last two decades (Zaidman et  al. 2005). A unique term 
‘mycotherapy’ was introduced for the study of bioactive compounds and extracts 
isolated from mushroom as health-stimulating factor as mycotherapy of cancer is 
comparatively new and promising research area (Popovic et al. 2013). Most of the 
mushrooms of basidiomycetes have prevalently established in traditional Chinese 
medicine, and recently focus has been expanded in the isolation and characteriza-
tion of secondary metabolic product from higher basidiomycetes for finding out 
novel drugs or lead compounds. An array of bioactive comixture and composite 
fractions were extracted from edible and medicinal mushrooms with notable value 
regarding anticancer or growth preventive activity (Quang et  al. 2006; Xu et  al. 
2012; Wasser 2014). For present-day medicine, mushroom illustrated an unbound 
resource of bioactive compounds which includes high-molecular-weight (HMW) 
compounds including hetero- and homopolysaccharides, proteins, glycopeptides, 
RNA protein complexes, lipids and an array of complex low-molecular-weight 
(LMW) compound with multiple chemical compositions such as terpenoids, qui-
nones, catechols, cerebrosides, isoflavones, amines, steroids, polyketides, alkaloids 
and non-ribosomal peptides (Ferreira et al. 2010; De Silva et al. 2013).

Our study principally deals with the low-molecular-weight compounds obtained 
from various mushrooms. Low-molecular-weight compounds are the secondary 
metabolites which are not included in the primary metabolic mechanism of the 
fungi, i.e. production of energy and the generation of the elementary unit of nucleic 
acids, cell membranes and proteins (Kozlovskii et al. 2013). The particular second-
ary metabolites emerge as transition of primary metabolic products, and classified 
into four chief metabolic sources: (a) amino acid-origin pathways, comprising non- 
ribosomal proteins; (b) the shikimic acid pathway, producing aromatic compounds; 
(c) the acetate–malonate pathway, leading to polyketides; and (d) the mevalonic 
acid pathway, for the biosynthesis of terpenoids (Lung and Hsieh 2011; Silva et al. 
2012). Among these polyketides and terpenoids were often been described from 
basidiomycota, and polyketides were also predominantly produced from ascomy-
cota (Brakhage 2013). Many such metabolites were being utilized in the medication 
of various health-related issues, including cancer (Paterson 2001). In the present 
chapter, we tried to group all the studies of literature that inspect positive impression 

23 Secondary Metabolites of Mushrooms: A Potential Source for Anticancer…



566

of all mushroom-related compounds on cancer treatment because of their antitu-
mour and anticarcinogenic effects and feasible empathy with chemotherapy man-
agement. This review provides an overview of almost all the reported mushroom 
with their secondary metabolites possessing property of apparently reducing the 
risk of developing cancer with defined molecular mechanistic pathway. However, a 
detailed and clear interpretation of how mushrooms’ bioactive principles might 
influence adjuvant treatments demand additional investigation. Bioactive com-
pounds which are obtained from specific mushrooms with their effectivity towards 
cancer are listed in Table 23.1.

23.2  Mushroom’s Secondary Metabolites with Anticancer 
Property

23.2.1  Antrodia cinnamomea

Antrodia cinnamomea, previously known as Antrodia camphorata, is a scarce 
medicinally valuable mushroom popular for its inexplicable response on a variety of 
health-related issues, largely those relevant to the liver and cancerous growths. 
Antrodia cinnamomea solely observed in the islands of Taiwan usually breed in the 
decayed inner wall of the indigenous, unfamiliar, endangered camphor tree 
Cinnamomum kanehirae. It has been believed to boost body metabolism and 
strength and promote longevity (Levin et al. 2012). Five lanostane- dehydroeburicoic 
acid (Fig.  23.1c), 3β,15a-dihydroxy lanosta-7,9(11), 24-triene-21-oic acid, 
15a- acetyl dehydrosulphurenic acid, sulphurenic acid, dehydrosulphurenic acid and 
three ergostane-type (methyl zhankuic acid A, zhankuic acid A and zhankuic acid 
C) triterpenes were procured from basidiocarp of A. camphorata and examined for 
their in vitro cytotoxicity against colon and breast cancer cell groups. The above- 
mentioned three zhankuic acids, zhankuic acid A, methyl zhankuic acid A and 
zhankuic acid C (Fig.  23.1a), manifested the best cytotoxic outcome with LD50 
value of 22.3–75.0 μM. 3β,15a-Dihydroxy lanosta-7,9 (11), 24-triene-21-oic acid 
and 15a-acetyl dehydrosulphurenic acid were found to be selectively cytotoxic in 
breast cancer MDA-MB-231 model and three colon cancer cell lines (HCT-116, 
HT-29 and SW-480), whereas sulphurenic acid only expressed its cytotoxicity for 
MDA-MB-231. Interestingly, neither of these isolates have toxicity towards normal 
cell lines, i.e. mammary epithelial (MCF10A) and primary foreskin fibroblast 
(HS68) cells (Yeh et al. 2009). Later, ten new triterpenoids, namely, camphoratins 
A−J (Fig. 23.1d), were also obtained from this species, and camphoratins (B–F) 
showed moderate cytotoxicity in KB-VIN and KB human cancer cell lines (Wu 
et  al. 2010). Later Huang et  al. (2012) isolated four new lanostane triterpenes 
(methyl 11α-3,7-dioxo-5α-lanosta-8,24(E)-dien-26-oate, 3,7,11-trioxo-5α-lanosta-
8,24(E)-dien-26-oic acid, methyl 3,7,11,12,15,23-hexaoxo-5α-lanost-8-en-26-oate 
and ethyl 3,7,11,12,15,23-hexaoxo-5α-lanost-8-en-26-oate) and two sterols, named 
as camphosterol A and (14α,22E)-14-hydroxyergosta-7,22-diene-3,6-dione, from a 
concoction of mycelia and mature basidiocarps of A. camphorata. All these six 
compounds were tested for cytotoxicity showing moderate activity against various 
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Table 23.1 Bioactive compounds from mushrooms and their antitumour potential

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Agaricus 
bisporus

490 quinone 
(γ-l-glutaminyl-4-hydroxy-
2,5-benzoquinone)

L1210 leukaemia cells Ferreira et al. 
(2010)

Agaricus blazei Ergosterol Solid tumours Takaku et al. 
(2001) and 
Didukh et al. 
(2004)

Albatrellus 
confluens

Neogrifolin, grifolin Osteosarcoma(U2OS, 
MG63 cell line)

Chen et al. 
(2015)

Amauroderma 
rude

Ergosterol Breast cancer 
(MDA-MB-231, 
SK-BR-3, 
MDA-MB-468, 
MCF-7, 4T1)

Li et al. (2015)

Antrodia 
camphorata/ 
Antrodia 
cinnamomea

Dehydroeburicoic acid, 
15a-acetyl dehydrosulphurenic 
acid, 3β,15a-dihydroxy 
lanosta-7,9 (11), 24-triene-21- 
oic acid, Dehydrosulphurenic 
acid, Sulphurenic acid,
Methyl zhankuic acid A,
Zhankuic acid A
Zhankuic acid C

HT-29, HCT-116, 
SW-480, 
MDA-MB-231

Yeh et al. (2009)

Camphoratins (A–J) KB and KB-VIN cells Wu et al. (2010)

3,7,11-trioxo-5α-lanosta-
8,24(E)-dien-26-oic acid, 
methyl 11α-3,7-dioxo-5α- 
lanosta-8,24(E)-dien-26-oate, 
methyl 
3,7,11,12,15,23-hexaoxo-5α- 
lanost-8-en-26-oate, and ethyl 
3,7,11,12,15,23-hexaoxo-5α- 
lanost-8-en-26-oate, 
(14α,22E)-14-hydroxyergosta- 
7,22-diene-3,6-dione and 
Camphosterol A

Several human cancer 
cell lines

Huang et al. 
(2012)

Anticin K and Anticin C Leukaemia cell lines Du et al. (2012)
Astraeus 
odoratus

Lanostane triterpenes: 
Astraodoric acids A–D
Astraeusins A–L

MCF-7, NCI-H187 
and KB

Arpha et al. 
(2012) and Isaka 
et al. (2016)
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Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Clitocybe 
clavipes

Clavilactones A431 cells Zaidman et al. 
(2005)

Cordyceps 
militaris

Cordycepin 
(3′-deoxyadenosine)

Human leukaemia, 
prostate cancer cells, 
follicular thyroid 
carcinoma, colon 
cancer cells, 
MDA-MB-435, 
Hep3B, NIH3T3

Jeong et al. 
(2011), Lee et al. 
(2013a, b), Chen 
et al. (2010a), 
Lee et al. (2010), 
Lee et al. (2012), 
and Wong et al. 
(2010)

Compound 1–3 PC-3, colon 205 and 
HepG2 cells

Rao et al. (2010)

Cordyceps 
ophioglossoides

Cordycepol A–C
Cordycol

HepG2, MCF-7, HeLa 
and A549

Sun et al. (2013)

Cordyceps 
sinensis

5,8-Epidioxy-24(R)-
methylcholesta-6,22-dien- 
3β-ol (steroids),
5,8-Epidioxy-24(R)-
methylcholesta-6,22-dien-3β- 
D-glucopyranoside,
5,6-Epoxy-24(R)-
methylcholesta-7,22-dien- 
3β-ol

RPMI-8226, K562, 
HL-60, Jurkat, 
WM-1341

Bok et al. (1999)

Daedalea 
dickinsii

Polyporenic acid C Solid tumour cells Zaidman et al. 
(2005)

Flammulina
velutipes

Genistein Human prostate 
carcinoma cells 
(LNCaP; PC-3-M)

Rao et al. (2004)

Human ovarian 
carcinoma cell line 
(SKOV-3)

Chang et al. 
(2004)

Human hepatocellular 
carcinoma cells 
(HepG2)

Choi et al. 
(2000)

Fomitella 
fraxinea

Fomitellic acids A and B 
(steroids)

Gastric cancer cells 
(NUGC)

Zaidman et al. 
(2005)

Fomitopsis 
nigra

Fomitoside-K Oral squamous 
carcinoma cells 
(YD-10B)

Bhattarai et al. 
(2012) and Lee 
et al. (2012)

Ganoderma
applanatum

Ergosterol (steroids) COX-1 and COX-2 
inhibitor

Ferreira et al. 
(2010)Ergosta-4,6,8,22-tetraen-3-one 

(steroids)

(continued)

S. Nandi et al.



569

Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Ganoderma 
hainanense

Ganoderone A
Lucidadiol
Ganodermanontriol
4, 4, 14a-trimethyl-3,7-dioxo- 
5a-chol-8-en-24-oic acid

MCF-7 cells Peng et al. 
(2015)

Ganoderma 
japonicum

Ergosterol (steroids)
Ergosta-4,6,8,22-tetraen-3-one 
(steroids)

COX-1 and Cox-2 
inhibitor

Gan et al. (1998) 
and Ferreira 
et al. (2010)

Ganoderma 
lucidum

Ganoderic acid T (GA-T) Colon tumour cell line 
(HCT-116), SMMC- 
7721, lung cancer cell 
line (95-D), 
xenographed in 
athymic mice

Chen and Zhong 
et al. (2011), 
Tang et al. 
(2006), Chen 
et al. (2010b), 
and Liu et al. 
(2012a)

Ganoderic acid me (GA-Me) HCT-116, breast 
cancer cell line

Zhou et al. 
(2011), Li et al. 
(2012), and Chen 
et al. (2008a)

Ganoderic acid mf (GA-Mf) 
and ganoderic acid S (GA-S)

Human cervical cell 
line-HeLA

Liu and Zhong 
(2010)

Ganoderic acid Mk (GA-Mk) HeLA cell line Liu et al. (2012b)
Ganoderic acid V–Z HTC cell line Ivanova et al. 

(2014)
Ganoderic acid F Human carcinoma 

cells
Kimura et al. 
(2002)

Lucialdehydes A–C Sarcoma 180, sarcoma 
meth-A, LLC and 
T-47D cell lines

Gao et al. (2002)

20-Hydroxylucidenic acid N Mouse skin two-stage 
model

Akihisa et al. 
(2007)

Ganoderic acid A and H MDA-MB-231 cell 
line

Jiang et al. 
(2008)

Lucidenic acids A, B, C, N HL-60, HepG2, Calf Weng et al. 
(2007) and Hsu 
et al. (2008)

Lucidenic acid O and 
lucidenic lactone

DNA polymerase ɑ, 
rat DNA polymerase β

Mizushina et al. 
(1997)

Ganodermanontriol Human breast cancer 
cell lines-MDA-MB 
231 and MCF-7

Jiang et al. 
(2011)

(continued)
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Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Ganoderic acid DM Prostate cancer cells, 
LnCaP, MCF-7, 
MDA-MB-231

Johnson et al. 
(2010), Liu et al. 
(2009), Wu et al. 
(2012), and Liu 
et al. (2012c)

Ganoderiol F Lewis lung carcinoma 
cell

Gao et al. (2006)

Ganoderic acid X (GA-X) Human hepatoma 
HuH-7 cells

Li et al. (2005)

Cerebrosides [(4E,8E)-ND-2′-
hydroxypalmitoyl-1-O-β-D-
glucopyranosyl-9-methyl-4,8 
sphingadienine and 
(4E,8E)-N-D-2′-
hydroxystearoyl-1-O-β-
Dglucopyranosyl- 9-methyl- 
4,8-sphingadienine]

Inhibition of 
replicative DNA 
polymerase

Zaidman et al. 
(2005)

Cerevisterol Mizushina et al. 
(1997)

Lucidumol A and B Inhibition of 
replicative DNA 
polymerase ɑ
Human tumour cell 
lines

Moradali et al. 
(2007)

Ganoderma 
zonatum

Ganoderic acid Y A549, SMMC-7221 Kinge and Mih 
(2011)

Grifola 
frondosa

Ergosterol Human bladder 
tumour

Poucheret et al. 
(2006), Zaidman 
et al. (2005), and 
Yazawa et al. 
(2000)

Ergosta-4,6,8(14),22-tetraen- 
3-one

Gymnopilus 
marginatus

6-(3,4-dihydroxystyryl)-4- 
hydroxy- 2-pyrone (hispidin)

SCL-1, Capan-1 cell 
line

Gonindard et al. 
(1997)

Gymnopilus 
parvisporus

6-(3,4-dihydroxystyryl)-4- 
hydroxy- 2-pyrone (hispidin)

SCL-1, Capan-1 cell 
line

Zaidman et al. 
(2005) and 
Gonindard et al. 
(1997)

Gymnopilus 
patriae

6-(3,4-dihydroxystyryl)-4- 
hydroxy- 2-pyrone (hispidin)

SCL-1, Capan-1 cell 
line

Zaidman et al. 
(2005) and 
Gonindard et al. 
(1997)
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Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Hericium  
erinaceus

Hericenones Human leukaemia  
(K562) and human  
prostate cancer  
(LANCAP) cells

Mizuno 
(1999a)Erinacines

Erinacerins C − L, Hericerins, 
Resorcinols, Ergosterol, 
Erinarols A − J

Friedman (2015)

Hexagonia 
speciosa

Cyclohexanoids—Speciosin B Various tumour cell 
lines

De Silva et al. 
(2013)

Inonotus 
obliquus

Lanosterol, 
3β-hydroxylanosta-8,24-dien- 
21-al, Inotodiol, Trametenolic 
acid, lanosta-8,25-dien- 
3,22,24-triol, β-Sitosterol, 
Ergosterol peroxide, Betulin, 
2,5-dihydroxy-benzaldehyde, 
3,4-dihydroxybenzalacetone

A549, MCF-7 L1210, 
COLO 205 and HL-60 
cancer cell lines

Kim et al. (2011)

Spiroinonotsuoxodiol P388, L1210, HL-60 
and KB cells

Handa et al. 
(2010)Inonotsuoxodiol A

Inonotsudiol A
Inonotsuoxides A and B Epstein–Barr virus 

early antigen 
(EBV-EA)

Nakata et al. 
(2007) and 
Nomura et al. 
(2008)

Inonotus 
hispidus

6-(3,4-dihydroxystyryl)-4- 
hydroxy- 2-pyrone (hispidin)

Human cancerous 
keratinocytes (SCL-1), 
human cancerous 
pancreatic duct cells 
(Capan-1)

Zaidman et al. 
(2005), Berns 
et al. (2000), 
Yoshiji et al. 
(1999), and 
Gonindard et al. 
(1997)

Lampteromyces 
japonicus

Illudin S and M and 
derivatives

Pancreatic, ovarian, 
colorectal carcinoma, 
malignant glioma and 
non-small cell lung 
cancer

Poucheret et al. 
(2006) and 
Zaidman et al. 
(2005)

Lentinus 
crinitus

Panepoxydone (PP) Breast cancer 
(MDA-MB-453, 
MCF-7, 
MDA-MB-468 and 
MDA-MB-231 cell 
lines)

Erkel et al. 
(1996); Erkel 
et al. (2007), 
Arora et al. 
(2014)

(continued)
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Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Lepiota 
americana

5,8-Epidioxy-24(R)-
methylcholesta-6,22-dien- 
3β-ol

Breast cancer Zaidman et al. 
(2005) and Kim 
et al. (2000)

Macrolepiota 
procera

Lepiotaprocerins A − L HL-60, A-549, 
SMMC-7721, MCF-7, 
SW480

Chen et al. 
(2018)

Neonothopanus 
nambi

Nambinones A–C
Nambinone D
1-epi-nambinone B
Aurisin A
Aurisin K

NCI-H187, 
cholangiocarcinoma

Kanokmedhakul 
et al. (2012)

Omphalotus 
illudens

Illudin S and M and 
derivatives

Pancreatic, ovarian, 
colorectal carcinoma, 
malignant glioma and 
non-small-cell lung 
cancer

Poucheret et al. 
(2006) and 
Zaidman et al. 
(2005)

Panus 
conchatus

Panepoxydone Five human cancer cell 
lines

Zaidman et al. 
(2005) and Ding 
et al. (2018)

Panutorulon

Panus rudis Panepoxydone Regulate NF-κB Zaidman et al. 
(2005)

Phellinus 
igniarius

Hispolon Hep3B cell line Huang et al. 
(2011)

Phellinus 
linteus

Hispolon Human epidermoid 
KB cell, human gastric 
cancer cells (SGC- 
7901, MGC-803, 
MKN-45), NB-4 
human leukemia cells, 
breast and bladder 
cancer cells

Chen et al. 
(2006, 2008, 
2013), Lu et al. 
(2009)

Piptoporous 
betulinus/
Fomitopsis 
betulina

(E)-2-(4-hydroxy-3-methyl-2-
butenyl)-hydroquinone, 
Polyporenic acid C

Rectal cancer cells Ferreira et al. 
(2010)

Polyporus 
umbellatus

Ergone
(22E,24R)-ergosta-7,22-dien- 
3β-ol,
5 
α,8α-epidioxy-(22E,24R)-
ergosta-6,22-dien-3β-ol,
Ergosta-6,22-dien-3β,5α,6β- 
triol polyporusterone A–G

HepG2, HEp-2, HeLa 
cells

Zhao et al. 
(2010) and Zhao 
et al. (2011)

Ergosta-4, 6, 8(14), 
22-tetraen-3-one

Human carcinoma 
cells

Lee et al. (2005)
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tumorous cell lines of humans. Furthermore, two new triterpenoids were obtained, 
namely, anticin K and anticin C, along with few known compounds from the same 
fruiting body which were observed to inhibit leukaemia cell lines (Du et al. 2012).

23.2.2  Genus Cordyceps

Species belonging to the genus Cordyceps were found to grow on mature insects, 
insect larvae or fruiting bodies of other mushroom. Cordyceps, natively known as 
caterpillar fungus, is a costlier ascomycete medicinal mushroom which had a giant 
history as exotic and rare medicinal fungi used by the people worldwide. For centu-
ries it has been hugely recognized as cornerstone of Chinese medicine. Despite its 
rarity and overprice, the unparalleled importance of medicinal feasibility for 
Cordyceps species has moulded it an overly valued staple of traditional Chinese 
medicine (Holliday and Cleaver 2008). C. sinensis and C. militaris are the well- 
known species of Cordyceps with huge medicinal value. Apart from these two, a 
new addition is C. ophioglossoides with potential medicinal importance.

Cordyceps militaris is a very well-known medicinally used mushroom. Previous 
reports had provided that pharmacological activity of both natural and cultivated C. 
militaris is comparable. The cultivated products of C. militaris are customarily 
vended in markets of China and Southeast Asia as medicated and healthy food 
material. Rao et  al. (2010) had isolated and purified ten pure biologically active 
compounds from extracts of C. militaris through silica gel column chromatography. 
The compounds 1 and 2 manifested dynamic anti-proliferative property against 
colon 205 and PC-3 cells, whereas compound 3 only showed inhibitory effect 

Table 23.1 (continued)

Mushrooms 
(scientific name) Secondary metabolite type

Cell type/cancer type/
model type References

Poria cocos Poricotriol A HL-60, A549, 
CRL1579, 
NIH:OVCAR-3, 
SK-BR-3, DU145, 
AZ521, PANC-1

Kikuchi et al. 
(2011)

Dehydroebriconic acid
Dehydrotrametenonic acid

Gastric cancer cells Akihisa et al. 
(2004) and 
Mizushina et al. 
(2004)

Sarcodon 
aspratus

5ɑ,8ɑ-epidioxy-22E-ergosta-
6,22-dien-3β-ol
5ɑ,8ɑ-epidioxy-22E-ergosta-
6,9(11),22-trien-3β-ol

HT29 cells Kobori et al. 
(2006)

Tricholoma 
terreum

Terreumols A − D MCF-7, SW480, 
hepatocellular 
carcinoma SMMC-
7721, HL-60 and 
A-549 cells

Yin et al. (2013)
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against liver cancer HepG2 cells. Another active component was obtained from the 
fungus C. militaris, polyadenylation inhibitor cordycepin (3′-deoxyadenosine) (Ito 
et al. 1981). Treating human leukaemia cells and prostate cancer cells with cordyce-
pin (Fig. 23.1f) has notably supressed the proliferation of both the cell types through 
inducing apoptosis by a signalling cascade including mitochondria-mediated cas-
pase pathway (Lee et al. 2013b; Jeong et al. 2011). With cordycepin it has also been 
observed to decrease the cell viability of follicular thyroid carcinoma cells and 

Fig. 23.1 Chemical structure of some important bioactive metabolites obtained from mushroom 
with potent anticancer property. (a) Zhankuic acid C, (b) Panepoxydone, (c) Dehydroeburicoic 
acid, (d) Camphoratin J, (e) Cordycol, (f) Cordycepin, (g) 5,6-Epoxy-24(R)- methylcholesta-7,22- 
dien- 3β-ol, (h) Antcin A, (i) Genistein, (j) Hispidin, (k) Dehydroebriconic acid, (l) Hispolon, (m)- 
Ganoderic acid T, (n) Cerevisterol, (o) Lucialdehyde C, (p) Ganoderic acid Me, (q) Ganoderic acid 
DM, (r) Ganodermanontriol, (s) Ergosta-4,6,8(l4),22-tetraen-3-one (Ergone), (t) Ganoderic acid Y, 
(u) Inotodiol, (v) Inonotsuoxides A, (w) 3,4- dihydroxybenzalacetone
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resulted in apoptosis via calcium-calpain-caspase 7-poly(ADP-ribose) polymerase 
(PARP) pathway (Chen et  al. 2010a, b). This polyadenylation inhibitor has also 
established its anticancer property in human colon cancer cells via arresting the cell 
cycle at G2/M phase through p21WAF1 expression (Lee et al. 2010) and by inhibit-
ing RNA synthesis thereby inducing double strand breaks in DNA of MDA-MB-435 
cells (Lee et al. 2012). Lately Lee et al. (2013a) claimed that cordycepin can also 
sensitize TRAIL-resistant Hep3B human hepatocellular carcinoma cells to tumour 
necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis and 
inhibiting the activation of c-Jun N-terminal kinase (JNK). Wong et al. (2010) con-
firmed that lower dose of cordycepin has reduced length of poly A tail and prolifera-
tion of NIH3T3 fibroblasts whereas at higher doses a marked retardation of cell 
attachment as well as depletion of focal adhesions was seen. Moreover, a strong 
impedetion of mechanistic target of rapamycin (mTOR) and adenosine 
monophosphate- activated protein kinase (AMPK) signalling was also observed on 
treatment with the drug. Furthermore, investigations were also made to check the 
efficacy of cordycepin on the survival rate of cells which are vulnerable to tumour 
necrosis factor (TNF)-α. At subtoxic dose of cordycepin, it has been observed that 
it enhanced sensitivity of cells to TNF-α-induced apoptosis and correlated with 
inhibition of pro-survival component nuclear factor-κB (NF-κB) which is associ-
ated with TNF-α signalling. It has been scrutinized that cordycepin had potentially 
phosphorylated eukaryotic translation initiation factor 2α (eIF2α) and phosphory-
lated eIF2α further imitated the restrictive activity of cordycepin on the 
NF-κBpathway. Downstream molecular events of eukaryotic translation initiation 
factor 2α were identified by examining the importance of mammalian target of 
rapamycin complex 1 (mTORC1). Thus it can be stated that cordycepin has the 
potentiality of sensitizing the cells to TNF-α-mediated apoptosis, partially by induc-
ing the eIF2α- mTORC1 pathway and proceeding in the repression of NF-κB 
(Kadomatsu et al. 2012). The genotoxic efficacy of cordycepin has made it a poten-
tial curative drug for both the prevention as well as treatment of cancer.

Cordyceps sinensis has been well described as a medicinal mushroom in old Chinese 
medical and Tibetan medicinal books. Common people of North Sikkim has 
approved  Cordyceps sinensis for all diseases either as a singly or in combination 
with other herbs (Panda and Swain 2011). 5,8-Epidioxy-24(R)-methylcholesta- 6,22-
dien-3β-ol (Fig. 23.2h) and two more steroids 5,6-epoxy-24(R)-methylcholesta- 7,22-
dien-3β-ol (Fig.  23.1g) and 5,8-epidioxy-24(R)-methylcholesta-6,22-dien-3β-d- 
glucopyranoside were characterized from C. sinensis which prevented the proliferation 
of RPMI-8226, K562, HL-60, Jurkat and WM-1341, tumour cell lines by 10–40% at 
10 μg/mL than its previously identified aglycone (Bok et al. 1999).

The cultured mycelia of Cordyceps ophioglossoides have yielded three unique 
sesquiterpenes, namely, cordycepol A–C and one fumagillol analogue cordycol 
(Fig. 23.1e). All four isolated compounds were experimented for their cytotoxicity 
against MCF-7, HeLa, HepG2 and A549 cell lines. Among these four, cordycepol C 
and cordycol both dose and time dependently restarted the number of viable carci-
noma cells, with comparatively low effect on normal liver LO2 cell line (Sun et al. 
2013).
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23.2.3  Flammulina velutipes

Flammulina velutipes mostly called as golden needle mushroom has traditionally 
being used as oriental medicine in many countries of Asia like Japan, China and 
Korea. Genistein (4′,5,7-trihydroxyisoflavone) is a natural isoflavonoid phytoestro-
gen, which has been isolated from F. velutipes, and showed strong inhibitory effects 
on DNA topoisomerase II activity and protein tyrosine kinase. Protein kinase is a 

Fig. 23.2 Chemical structure of some less studied important low molecular weight compounds 
with anticarcinogenic activity. (a) 490 Quinone (γ-L-glutaminyl-4-hydroxy-2,5-benzoquinone), 
(b) Ergosterol, (c) Astraodoric acid B, (d) Speciosin B, (e) Polyporenic acid C (f) Grifolin, (g) 
Fomitellic acids A, (h) 5,8-Epidioxy-24(R)-methylcholesta-6,22-dien-3β-ol, (i) Lepiotaprocerins 
C, (j) Aurisin A, (k) Iludin S, (l) Iludin M, (m) 5α,8α-epidioxy-22E-ergosta-6,9 (11),22-trien- 
3β-ol, (n) Polyporusterone B, (o) Terreumol A
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key regulator of neoplasia that includes cell proliferation, invasion, angiogenesis 
and metastasis. In human prostate adenocarcinoma LNCaP cells, genistein 
(Fig. 23.1i) was found to upregulate the levels of Cdc2 active kinase, Wee1 and 
p21WAF1/CIP1 which are crucial for significant growth suppression (Rao et al. 2004). It 
also suppressed the proliferation of PC-3-M, a p53-null human prostate carcinoma 
cell (Choi et al. 2000). Human ovarian carcinoma cell line (SKOV-3) growth prolif-
eration was inhibited by treating with genistein, through upregulation of p21WAF1/CIP1 
and the downregulation of PCNA and cyclin B1 protein (Li and Mi 2003). Genistein 
was also found to be active in cells of human hepatocellular carcinoma (HepG2) 
through arresting their proliferation at G2/M phase by modulating Cdc2 kinase 
activity (Chang et al. 2004).

23.2.4  Genus Ganoderma

Ganoderma is admirably considered as a genus of traditionally used remedial 
mushrooms (Baby et al. 2015). Individual bioactive compounds or entire mushroom 
extracts of Ganoderma have been interconnected with the induction of cell cycle 
arrest or cell death of various human cancer cells (Suarez-Arroyo et al. 2017). About 
431 secondary compounds have been reported from the wide range of Ganoderma 
species of which 240 were obtained from G. lucidum and the rest 63, 49, 22, 19, 18, 
16, 16, 15, 14, 13, 10 and 2 secondary metabolites were described from  
G. applanatum/G. lipsiense, G. sinense, amboinense, G. colossum, G. pfeifferi,  
G. resinaceum, G. cochlear, G. concinna, G. australe, G. orbiforme, G. fornicatum 
and G. capense, respectively (Baby et al. 2015). Most of the triterpenes isolated and 
purified from Ganoderma species were recognized to be potential anticancer agents 
(Paterson 2006; Cheng et al. 2010; Wu et al. 2012; De Silva et al. 2012). Major 
phytochemical observations were made on G. lucidum followed by G. neo- 
japonicum, G. zonatum, G. applanatum and G. hainanense.

Ganoderma lucidum ‘the mushroom of immortality’ has been reported to nour-
ish life and provide miraculous health ease (Sanodiya et al. 2009; Batra et al. 2013). 
Ganoderma lucidum has provided a series of lanostane triterpenes which has been 
conventionally administered for centuries throughout Asia as a prospective cancer 
treatment. It has demonstrated promising anticancer efficacy singly or in adjuvant 
with radiotherapy and chemotherapy (Pillai et al. 2010). Chen and Zhong (2011) 
investigated a lanostane-type triterpenoid from G. lucidum as ganoderic acid  
T (GA-T) which came out to be a decent inhibitor of metastasis and tumour inva-
sion. GA-T (Fig. 23.1m) acted in a dose-dependent manner to stimulate cell aggre-
gation, suppress cell migration and inhibit cell adhesion in human colon tumour cell 
lines of HCT-116 p53−/− and p53+/+. GA-T also caused greater cytotoxicity 
towards the highly metastatic lung cancer cells by inducing apoptosis-mediated p53 
expression, G1 cell cycle arrest and mitochondrial dysfunction (Tang et al. 2006). In 
addition, GA-T affluently inhibited metastasis in vivo as well as cancer cell invasion 
in vitro by restraining the nuclear translocation of NF-κB and downregulation of 
matrix metalloproteinase 9 (MMP-9) and inducible nitric oxide synthetase (iNOS) 
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(Chen et al. 2010b). However, the effectiveness of GA-T on hepatic leukaemia fac-
tor (HLF) and SMMC-7721 cell lines is quite similar. All the data signifies that 
GA-T has indifferent cytotoxic potency against various tumour cells (Tang et al. 
2006). GA-T was also further modified on human cervical carcinoma cell lines to 
acquire more potent derivatives with pro-apoptotic and cytotoxic effects, with mini-
mum consequences on non-tumour cell line (Liu et al. 2012a). GA-T observed to 
reveal in vivo antitumour activity in athymic mice by inhibiting the growth of solid 
human tumours (Tang et al. 2006).

Similarly another triterpenoid ganoderic acid Me (GA-Me) was extracted from 
this mushroom which had exceptional cytotoxicity in a concentration-dependent 
manner on human colon carcinoma (HCT-116) cells. GA-Me (Fig. 23.1n) treated 
tumour cells exhibited enhanced expression of antitumour protein p53 as well as 
Bax with significantly no change in Bcl-2, but elevated the ratio for Bax/Bcl-2. 
GA-Me has induced apoptotic process by disrupting the mitochondrial transmem-
brane potential followed by cytochrome c release and increased caspase-3 activity. 
Thus, GA-Me may be recommended as a novel natural apoptosis inducer for human 
colon carcinoma cells by mitochondrial pathway manipulation (Zhou et al. 2011). 
Researchers had explained another GA-Me-mediated apoptotic mechanistic path-
way for breast cancer cells through inhibiting cell proliferation and downregulating 
the expression level of pro-survival proteins c-Myc, Bcl-2, cyclin D1 and the cell- 
cycle regulator protein (Li et al. 2012). Chen et al. (2008a) also investigated the 
influence of ganoderic acid Me on tumour invasion and explained its anti-metastasis 
property by hampering the cell motility and adhesion as well as suppressing the 
gene expression of MMP2 and MMP9. Hence, GA-Me might act as a promising 
apoptotic and anti-metastatic agent. The effectivity of a pair of positional isomer of 
ganoderic acids, namely, ganoderic acid S (GA-S) and ganoderic acid Mf (GA-Mf) 
has been investigated for induction of apoptosis in HeLa cells (Liu and Zhong 
2010). The results revealed that both the isomers of ganoderic acids diminish the 
cell proliferation, and GA-S and GA-Mf induced cell cycle arrest in different phases, 
namely, S and G1, respectively, of human cervical cancer cells. Results obtained 
from flow cytometry including the phase of cell cycle arrest clearly depicted that 
GA-Mf was active in causing apoptosis in comparison to GA-S. Treating HeLa cells 
with each isomer has caused dysfunction of mitochondrial membrane potential fol-
lowed by cytochrome c release from mitochondria, thereby initiating stimulation of 
caspase-3 and caspase-9 with an elevation in the Bax/Bcl-2 ratio. Next ganoderic 
acid Mk obtained from same mycelia of G. lucidum promoted apoptosis by dimin-
ishing the cell proliferation in concentration-dependent manner in HeLa cells (Liu 
et al. 2012b).

Various polyoxygenated ganoderic triterpene acids T, V, W, X, Y and Z with 
lanostane skeleton were obtained and purified from G. lucidum which manifested 
potent cytotoxic activity in vitro towards the hepatoma tissue culture (HTC) cell line 
(Ivanova et al. 2014). The triterpenoid fraction from the mature basidiocarp of G. 
lucidum also contains ganoderic acid F which showed both the anticancer and anti- 
metastatic activity by inhibiting angiogenesis which was produced by tumour 
(Kimura et  al. 2002). From basidiocarps of G. lucidum, three more triterpene 
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aldehydes with lanostane skeleton were derived and named as lucialdehydes A, B 
and C. Lucialdehydes B and C showed dynamic cytotoxicity towards sarcoma 180, 
sarcoma Meth-A, LLC and T-47D cell lines, but lucialdehyde C (Fig.  23.1p) 
revealed the better cytotoxicity towards tested cells (Gao et al. 2002).

Several lanostane-type triterpene acids were characterized from the fruiting bod-
ies of G. lucidum of which 20-hydroxylucidenic acid N repressed the promotion 
process in mouse skin two-stage carcinogenesis (Akihisa et al. 2007). Ganoderic 
acid A and H inhibited the invasion of MDA-MB-231, a highly invasive breast can-
cer cell by hindering the transcription factors AP-1 and NF-κB and consequently 
diminishing the expression of CDK4 as well as suppressing the secretion of uPA 
(urokinase-type plasminogen activator) (Jiang et al. 2008).

Effective anti-invasive effects on hepatoma cells were displayed by the extracts 
of lucidenic acids A, B, C and N [14–17] which were obtained and characterized 
from fruiting bodies of a new strain YK - 02 of G. lucidum (Weng et  al. 2007). 
Further investigations on impact of lucidenic acids (A, B, C and N) on apoptosis 
were made on human leukaemia cells HL-60 and the results clearly depicted that 
lucidenic acid B promoted apoptosis in HL-60 and had promising impact on some 
tumour cell lines (Hsu et al. 2008). Lucidenic acid B was found to work better than 
the other lucidenic acids, exhibiting both apoptotic and anti-invasive activity. It 
restarted the invasion of HepG2 cells via restraining TPA-induced NF-κB and AP-1 
DNA-binding activities further suppressing the expression of matrix metallopro-
teinase 9 (Wang et al. 2008). Other two lucidenic acids (O and lucidenic lactone) 
were found to arrest the effect of rat DNA polymerase β, calf DNA polymerase α 
and human immunodeficiency virus type 1 reverse transcriptase (Mizushina et al. 
1997).

A new ganoderic acid named 3α, 22β-diacetoxy-7α-hydroxy-5α-lanosta-8, 
24E-dien-26-oic acid was extracted from the mycelia of G. lucidum with consider-
able cytotoxicity (Li et al. 2013). Recent studies on Ganoderma were attentive on 
the antlered form of G. lucidum (G. lucidum AF) which possess powerful pharma-
cological effects. Studies revealed that greater amount of triterpenes have been 
found in G. lucidum AF in contrast to normal G. lucidum providing potential antitu-
mour effects (Nonaka et al. 2008; Watanabe et al. 2011).

Ganodermanontriol (GDNT) (Fig. 23.1r) is a biologically active prime Ganoderma 
alcohol which is dominant enough to supress the colony formation (anchorage-inde-
pendent growth) and proliferation (anchorage-dependent growth) of metastatic, 
invasive and therapy-resistant MDA-MB-231 cells. Additionally, GDNT strongly 
inhibited the cell proliferation of MCF-7 cells while minutely preventing the growth 
of non-cancerous mammary epithelial cells MCF- 10A. Interestingly, MDA-MB-231 
cells treated with GDNT suppressed the cell cycle regulatory protein, CDC20 expres-
sion, which usually remains in highly expressed form in pre-cancerous and breast 
cancer cells in contrast to normal mammary epithelial cells (Jiang et  al. 2011). 
Ganoderiol F (ganoderma alcohol) was studied which disclosed the highest in vivo 
antitumour effects against Lewis lung carcinoma cell (LLC)-bearing mice, and 
ganoderiol F has brilliantly prevented the tumour growth causing no evident side 
effects and toxicity (Gao et  al. 2006). More ganoderic alcohols were proven to  
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exert cytotoxic effect in some tumour cell lines which include lucidumol A [(24S)-
24, 25-dihydroxylanost-8-ene-3, 7-dione] and lucidumol B [β, (24S)-lanosta-7, 
9(11)-diene-3β, 24, 25-triol] (Moradali et al. 2007).

Ganoderic acid DM (GA-DM) employed anti-prostate cancer activity via retard-
ing 5α-reductase activity (Johnson et al. 2010) and also showed cytotoxicity to other 
cancer cell line LnCaP (Liu et al. 2009). Wu et al. (2012) explained that GA-DM 
(Fig. 23.1q) showed effective anticancer property in both concentration and time-
dependentmanner in MCF-7 human breast adenocarcinoma cell line by supressing 
cell proliferation, colony formation and inducing G1 phase cell cycle arrest. 
Fascinatingly, this research study disclosed that MDA-MB-231 cells require higher 
dose of triterpenoid extract to conciliate G1 cell cycle arrest which interpreted the 
greater metastatic and proliferative efficiency of these breast cancer cells. Further 
researchers corroborated their analysis by checking the protein expression level of 
the catalytic subunits of the CDK complex including CDK2 and CDK6, as well as 
the phosphorylation of retinoblastoma and expression level of cyclin D1 (Liu et al. 
2012c; Wu et al. 2012).

Two cerebrosides obtained from G. lucidum which has inhibited eukaryotic 
DNA polymerase were (4E,8E)-ND-2′-hydroxypalmitoyl-1-O-β-d-glucopyranosyl-
9-methyl-4,8-sphingadienine and (4E,8E)-N-d-2′-hydroxystearoyl-1-O-β-d- 
glucopyranosyl-9-methyl-4,8-sphingadienine. They selectively prevented the 
activities of replicative DNA polymerases, particularly the α-type, whereas they 
impose moderate inhibition of DNA polymerase δ and lesser effectivity on the 
activity of prokaryotic DNA polymerases, RNA polymerase, deoxyribonuclease I, 
DNA polymerase β, HIV reverse transcriptase, terminal deoxynucleotidyl transfer-
ase and ATPase (Zaidman et al. 2005). Another steroid, cerevisterol (Fig. 23.1o) 
studied to be a cytotoxic steroid, prevented the DNA polymerase α activity 
(Mizushina et al. 1997). Treating human hepatoma HuH-7 cells with ganoderic acid 
X produced cell apoptosis with activation of JNK nitrogen-activated protein kinases 
and Extracellular regulated kinase (ERK) and immediate inhibition of DNA synthe-
sis. The apoptotic molecular mechanism was clarified by showing downregulation 
of Bc1-xL and dysfunction of mitochondrial membrane potential, releasing cyto-
chrome c into the cytosol and activating caspase-3 and degrading chromosomal 
DNA. The ability of the compound ganoderic acid X (GA-X) is an interesting com-
pound, which is unlikely to sensitize cancer cells to apoptosis and prevent topoi-
somerases activity (Li et al. 2005).

Ganoderma neo-japonicum is a polypore mushroom rarely observed breeding on 
decaying Schizostachyum brachycladum (a tropical bamboo). The Malaysian indig-
enous tribes—Temiars and Temuans—utilized the fruiting bodies of G. neo- 
japonicum to cure a variety of ailments including diabetes. The scientific affirmation 
of the medicinal properties of this mushroom has still not been explored substantially. 
Till date, the extracts of the mushroom have been reported to exhibit antioxidative and 
hepatoprotective activity in vivo (Tan et al. 2015). Two lanostanoids (ganoderal A and 
ganodermadiol), four ergosteroids and steroid (2β,3α,9α- trihydroxyergosta-  
7,22-diene) and two drimane sesquiterpenes, cryptoporic acids H and I, were isolated 
and characterized from the basidiocarps of G. neo-japonicum (Gan et  al.  
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1998). Among the four ergosteroids, ergosta-4, 6, 8(14), 22-tetraen- 3-one 
(Fig. 23.1s) acts as a potent cyclooxygenase (COX-1 and COX-2) inhibitor. It has 
been well demonstrated that COX-2, the inductive isoform of cyclooxygenase, is 
usually observed to be highly expressing in various solid tumours (Ferreira et al. 
2010); therefore inhibiting the cyclooxygenase will prevent the tumour formation.

Ganoderma zonatum provided three lanostane-type triterpenoids (lanosta 
7,9(11),24-trien-3-one 15,26-dihydroxy, ganoderic acid Y and lanosta 
7,9(11),24-trien-26-oic,3-hydrox), four steroids ((22E,24R)-ergosta-7,22-dien- 
3β,5α.6β-triol, 5α,8α-epidiory (22E,24R)-ergosta-6,22-dien-3β-ol, ergosta-5,7,22- 
trien- 3β-ol,7 (ergosterol) (Fig. 23.2b) and ergosta-7,22-dien-3β-ol,6) and a benzene 
derivative (dimethyl phthalate). Among them the remarkably oxygenated lanostane- 
type triterpenoid ganoderic acid Y (Fig. 23.1t) exhibited modest cytotoxic effect in 
response to two human tumour cell lines, A549 (lung cancer) and SMMC-7721 
(liver cancer) with LD50 values of 29.9 and 33.5 μM, respectively (Kinge and Mih 
2011).

Phytochemical effects of the extracts of Ganoderma applanatum could be a 
potential raw material for nanotechnological engineering in clinical practice. The 
beneficial extract from the mushroom was utilized in the treatment of African try-
panosomiasis (Manasseh et al. 2012). A novel lanostanoid and six already known 
ergosteroids were extracted and characterized from the basidiocarp of G. applana-
tum (Gan et al. 1998). Out of six, ergosta-4,6,8 (14),22-tetraen-3-one (Fig. 23.1s) 
acts as a potent cyclooxygenase (COX-1 and COX-2) inhibitor, thereby preventing 
tumour formation (Ferreira et al. 2010).

Recently, Peng et al. have isolated 14 lanostane triterpenoids which include 9 
ganoderma acids and 5 ganoderma alcohols, along with 4 known compounds from 
a scarce species Ganoderma hainanense. The study assessed the cytotoxicity for 16 
compounds which include ganoderone A, lucidadiol, 4, 4, 14a-trimethyl-3,7-dioxo- 
5a-chol-8-en-24-oic acid and ganodermanontriol. Among them compounds 10, 12 
and 17 (lucidadiol) showed preventive effect for MCF 7 cells (Peng et al. 2015).

23.2.5  Grifola frondosa

Grifola frondosa is a widely known edible mushroom reported to contain numerous 
medicinal values and potential health benefits. G. frondosa, commonly known as 
hen-of-the-woods, ram’s head, sheep’s head and maitake, is typically found in 
China, northeastern part of Japan and other Asian region and the United States. The 
basidiocarp of G. frondosa has been marketwise and widely consumed worldwide. 
The fruit body and some isolated bioactive substances extracted from G. frondosa 
have been frequently used to treat diabetic, diuretic, gonorrhoea and antipyretic 
activities, calm nerves and mind, treat haemorrhoids and stomach ailments and 
improve spleen (China 1986; Mizuno and Zhuang 1995; Kubo et al. 1994). Many 
lower-molecular-weight compounds like triacylglycerols (1-Oleoyl-2-linoleoyl-3- 
palmitoylglycerol) have been reported for their antitumour as well as immunomod-
ulatory effects. Fruit bodies of G. frondosa are a rich source of secondary metabolites, 
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important among these are ergosta-4, 6, 8(14), 22-tetraen-3-one (Fig. 23.1s) and 
ergosterol (Fig.  23.2b), a type of steroid showing potent anticancer activity. 
Ergosta-4, 6, 8(14), 22-tetraen-3-one and ergosterol, 1-oleoyl-2-linoleoyl-3-palmit-
oylglycerol can inhibit cyclooxygenase (COX) enzyme. In recent studies ergosterol 
established as strong protection against the bladder tumour promotion (Yazawa 
et al. 2000).

23.2.6  Genus Inonotus

Genus Inonotus, proposed in 1879, accommodated polypores with pigmented 
basidiospores and pileate habit (Sharma et al. 2013). In this genus, Inonotus obliquus 
and I. hispidus have been utilized as conventional therapeutics possessing excessive 
nutritional and remedial value, principally in treatment of malignant tumours (Kim 
et al. 2011; Awadh Ali et al. 2003).

A white rot fungus, Inonotus obliquus, broadly scattered in Europe, Asia and 
North American regions is typically utilized as a folk medicine for the treatment of 
cancer. I. obliquus is well familiar to local people of Japan and Russia as kabano-
anatake and chaga, respectively. Kim et al. (2011) have isolated six triterpenoids 
from the sclerotia of I. obliquus (Hymenochaetaceae). The terpenoids were identi-
fied as 3β-hydroxylanosta-8, lanosterol, 24-dien-21-al, inotodiol (Fig. 23.1u), tram-
etenolic acid, lanosta-8,25-dien-3,22,24-triol, ergosterolperoxide, β-sitosterol, 
2,5-dihydroxy-benzaldehyde, betulin and 3,4-dihydroxybenzalacetone. Among 
these novel compounds 3β-hydroxylanosta-8,24-dien-21-al, ergosterol peroxide, 
lanosterol, inotodiol, 2,5-dihydroxy-benzaldehyde, trametenolic acid, betulin and 
3,4-dihydroxybenzalacetone were examined for in vitro cytotoxic activity against 
A549, MCF-7  L1210, COLO 205 and HL-60 cancer cells. Of which 
3β-hydroxylanosta-8,24-dien-21-al and tramentenolic acid exerted moderate cyto-
toxicity against L1210 cells with IC50 value of 62.5 and 34.4 μM, and betulin dis-
played frail cytotoxicity against A549 and HL-60. Additionally, 
3,4-dihydroxybenzalacetone (Fig. 23.1w) manifested powerful cytotoxic effect in 
response to HL-60 and A549 cells. Lately the growth inhibitory effect and molecu-
lar mode of action of some major lanostane triterpenoid like tramentenolic acid, 
lanosterol, inotodiol and 3β-hydroxylanosta-8, 24-dien-21-al were investigated 
against P388 cells in the in vivo carcinogenesis test. Out of all these triterpenoids 
tested, inotodiol solely inhibited the proliferation, amplified DNA fragmentation 
and induced apoptosis via activating caspase-3/7 in P388 cells. About 10 mg/kg of 
inotodiol intraperitoneal administration enhanced the days of survivability of P388- 
bearing mice (Nomura et al. 2008). Next, a unique lanostane-type triterpenoid, spi-
roinonotsuoxodiol, and two other triterpenoids, inonotsuoxodiol A and inonotsudiol 
A, were also elucidated from the sclerotia of this species, and their cytotoxic effect 
was tested in L1210, P388, KB and HL-60 cells with moderate anticancer efficacy 
(Handa et al. 2010). Apart from these triterpenoids inonotsuoxides A (Fig. 23.1v) 
and B along with three known lanostane-type triterpenoids were also reported from 
the sclerotia of I. obliquus. All the compounds except for two were tested for their 
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supressing activity on Epstein–Barr virus early antigen (EBV-EA), as an experiment 
for effective chemopreventive drug (Nakata et al. 2007).

From the mycelium culture broth of shaggy bracket mushroom or Inonotus his-
pidus, 6-(3,4-dihydroxystyryl)-4-hydroxy-2-pyrone (hispidin) bioactive catechols 
were extracted (Awadh Ali et  al. 2003). Hispidin (Fig. 23.1j) interfered with the 
signalling pathway of various cancer cell lines, by inhibiting PKC-β. This protein 
kinase C-β (PKC-β) has a vital role to play in angiogenic development (Zaidman 
et al. 2005; Berns et al. 2000) by hampering the VEGF signal transduction pathway 
(Yoshiji et al. 1999). Hispidin had also markedly showed in vitro cytotoxic effects 
towards epithelial cancer cells like human cancerous pancreatic duct cell line 
(Capan-1) and human cancerous keratinocytes (SCL-1) cell line (Gonindard et al. 
1997).

23.2.7  Lentinus crinitus

Panepoxydone (PP), an epoxy compound isolated from Lentinus crinitus indulged 
in regulating the activity of NF-κB.  Panepoxydone (Fig.  23.1b) restricted the 
NF-κB-mediated signal transduction by preventing the phosphorylation and degra-
dation of IκB and was found to hinder TNF-α-persuaded bracing of NF-κB in a 
promoter–reporter assay using COS-7 cells via inhibiting phosphorylation and deg-
radation of IκB (Erkel et al. 1996). Additionally, panepoxydone-treated MonoMac6 
cells were analysed for DNA microarray and displayed retardation in the expressiv-
ity of 33 NF-κB-dependent pro-inflammatory genes beyond prominent results on 
the interpretation of housekeeping genes (Erkel et al. 2007). PP possesses remark-
able antitumour activity in MCF-7 cells and triple negative breast cancer cell lines, 
namely, MDA-MB-453, MDA-MB-468 and MDA-MB-231. PP-treated aggressive 
breast cancer cells portrayed notable cytotoxicity, suppressed invasion and migra-
tion and enhanced apoptosis along with significant changes in apoptosis-related 
protein. In PP, antitumour property seemed to be connected with its capability to 
prevent IκBα phosphorylation, with cytoplasmic accumulation of NF-κB (Arora 
et al. 2014).

23.2.8  Genus Phellinus

Genus Phellinus or wood inhabiting species belong to the family Hymenochaetaceae, 
among the remedially important mushrooms with cosmopolitan distribution. 
Species under this genus usually causes white rot in various types of woods of 
angiosperms and gymnosperms. However, different species of Phellinus, mycelial 
biomass or hymenophores were of therapeutic importance, which are used as folk 
remedy for dealing several disorders since ages and require vigorous scientific eval-
uation for the betterment of mankind (Azeem et al. 2018).

Phellinus linteus, locally called as ‘Sangwhang’ in Taiwan, is well approved in 
oriental countries like China, Japan and Korea and has been conventionally utilized 
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as edible food and medicine. P. linteus carried various bioactive compounds which 
were familiar to boost health and treat various types of cancers (Park et al. 2009). 
Recently a bioactive polyphenol compound, hispolon (Fig. 23.1l), was being iso-
lated from P. linteus, and reports revealed that hispolon is capable of inducing apop-
tosis in human epidermoid KB cell following mitochondria-mediated apoptotic 
pathway (Chen et al. 2006). The efficiency of hispolon was further examined by 
Chen et al. (2008b) on human gastric cancer cells by investigating the molecular 
mechanism behind the cell death. They reported that hispolon has greater suscepti-
bility towards malignant cells than normal gastric cells and potentiated ROS-
mediated apoptosis in gastric cancer cell lines—SGC-7901, MGC-803 and 
MKN-45. Another report was yielded where hispolon was found to exert its anti- 
proliferative property against NB4 human leukaemia cells (Chen et al. 2013). Lu 
et al. (2009) proclaimed their findings on hispolon as possible inhibitor of both the 
breast and bladder cancer cell growth. The mechanistic pathway involved the ubiq-
uitination and retardation of MDM2 via MDM2-recruited activated ERK1/ ERK2 
on treating cells with hispolon.

Similar bioactive compound, hispolon (Fig. 23.1l), had also been isolated as an 
active phenolic compound from the mushroom Phellinus igniarius which was ear-
lier obtained from P. linteus. Here hispolon shows productive anticancer activity 
against a different cell line, hepatocellular carcinoma Hep3B cells by different-
mechanistic pathway which includes ERK modulation, phosphorylation and cell 
cycle arrest at S phase (Huang et al. 2011).

23.2.9  Polyporus umbellatus

Polyporus umbellatus, one of the major mushrooms under the indexed Chinese 
pharmacopoeia, was widely grown and consumed in North America, Asia and 
Europe. More than 1000 years ago, the medicinal value of P. umbellatus has been 
documented in China and Japan (Zhao et al. 2010). One of the prime secondary 
metabolites in P. umbellatus is steroid. Among other steroids ergosta-4, 6, 8(14), 
22-tetraen-3-one (ergone) is the most important steroid obtained from Polyporus 
umbellatus, which has been reported as a potential anticancer agent (Lee et  al. 
2005). From the previous literature survey, seven polyporusterones that isolated 
from this species have been reported which had dissimilar inhibitive consequences 
on leukaemia 1210 cells (Ohsawa et al. 1992). Zhao et al. (2010) purified and identi-
fied five known steroids, ergosta-6,22-dien-3β,5α,6β-triol, ergone, 5α,8α-epidioxy-
(22E,24R)-ergosta-6,22-dien-3β-ol, (22E,24R)-ergosta-7,22-dien-3β-ol and 
polyporusterone B (Fig. 23.2n) from this mushroom by bioassay-guided approach. 
All the isolated compounds were screened to find its in vitro cytotoxic effect over 
HepG2 cells on time-dependent maner for 72  h. The results manifested that the 
cytotoxic effect of these five compounds was dose-dependent on HepG2 cells, and 
each compound had different ways of inhibitory effect on cancer cells. Among the 
five compounds, ergone represented strong inhibition of the proliferation of HepG2 
cells than other four compounds. The inhibitory activity of the ergone was also 
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compared with the other cancer cell lines HEp-2, HeLa and with normal cell 
HUVEC where the results showed that the inhibitory potentiality of the ergone on 
HeLa, HEp-2 and HepG2 was higher than HUVEC cell lines in a concentration and 
time-dependent manner. More analyses were made on the molecular mechanism 
behind the ergone extracted which was isolated from the sclerotium of P. umbella-
tus, working against human hepatocellular carcinoma HepG2 cells. Results indi-
cated that cell proliferation is supressed due to initiation of apoptosis generated 
from the caspase stimulation and upon arrest at the G2/M phase (Zhao et al. 2011).

23.2.10  Poria cocos

The sclerotia of Poria cocos (belong from Polyporaceae family) have been men-
tioned as poria, and because of their diuretic efficacy, they are used as adjuvants 
(Haranaka et al. 1987; Yasukawa et al. 1996). Six lanostane triterpene acids were 
found from P. cocos, and their toxicity towards various cell lines like leukaemia 
(HL60), melanoma (CRL1579), lung (A549), breast (SK-BR-3), ovary (NIH: 
OVCAR-3), prostate (DU145), stomach (AZ521) and pancreas (PANC-1) was eval-
uated. Of all the poria-derived triterpenes, poricotriol A was observed to enhance 
apoptotic cell death through caspase-independent mitochondrial-mediated pathway 
chiefly by apoptosis-inducing factor (AIF) translocation in A549 cells, whereas 
poricotriol A incorporated both extrinsic and intrinsic pathways to induce cell death 
in HL60 cell line (Kikuchi et al. 2011). Nine lanostane-type triterpene acids were 
synthesized from the sclerotia of Poria cocos, of which only dehydroebriconic acid 
(Fig. 23.1k) could potentially inhibit DNA topoisomerase II activity, whereas mod-
estly hindering the activities of DNA polymerases ɑ, β, γ, δ, κ, ε, η, ι and λ. Lately 
another isolated compound, dehydrotrametenonic acid, exhibited average preven-
tive effectivity against topoisomerase II (IC50  =  37.5 μM). Both dehydrotramet-
enonic acid and dehydroebriconic acid efficiently inhibit the proliferation as well as 
induced G1 phase arrest in the human gastric cancer cells (Akihisa et  al. 2004; 
Mizushina et al. 2004).

23.3  Some Less Studied Mushrooms with Important 
Anticancer Secondary Metabolites

Agaricus bisporus is the most extensively cultivated species of other consumable 
mushrooms worldwide. A dynamic sulfhydryl reagent found from the gill tissue 
area of Agaricus bisporus mushroom termed as 490 quinone (γ-l-glutaminyl-4-
hydroxy- 2,5-benzoquinone) (Fig. 23.2a) has markedly supressed the L1210 murine 
leukaemia DNA polymerase α with little hindrance to DNA polymerase β. Inhibiting 
DNA synthesis by the compound has notably effected its cytotoxicity and increases 
the prospective of γ-l-glutaminyl-4-hydroxybenzene as a potential antitumour 
agent (Ferreira et al. 2010).
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Agaricus blazei or almond mushroom is another well-known medicinal mush-
room under the genus Agaricus which has been traditionally used in Brazil as an 
oriental medicine for the prevention of cancer. Northeastern United States, Canada, 
California, Britain, Hawaii, the Netherlands, Taiwan, Australia and Brazil are some 
of the ideal spots for growth of Agaricus blazei. A phytochemical ergosterol 
(Fig. 23.2b) has been extracted from the lipid fraction of Agaricus blazei which has 
an effective tumour growth retardation effect. Various tests suggested that the ergos-
terol activity as an antitumour agent might be due to its direct inhibitory effects on 
angiogenesis which is induced by solid tumours (Didukh et al. 2004; Takaku et al. 
2001).

Albatrellus confluens, a species of polypore fungus with a beautiful pale orange 
cap, mainly found across various ecosystems of North America and Asia, has shown 
a wide range of pharmacological properties. From the fruiting bodies of this edible 
mushroom, two closely related bioactive phenolic compounds, grifolin (Fig. 23.2f) 
and neogrifolin, were isolated (Hirata and Nakanishi 1950; Vrkoc et al. 1977; Besl 
et al. 1977). Neogrifolin and grifolin both inhibit cancer cell growth proliferation in 
a wide range of cancer cell lines and trigger the induction of apoptosis by the way 
of dysfunction of Akt signalling pathway in the case of osteosarcoma cell lines—
U2OS and MG63 (Jin et  al. 2007). Grifolin mediates mitochondrial-dependent 
apoptosis pathway as well as death receptor signalling pathway for apoptosis induc-
tion in human nasopharyngeal carcinoma cell line CNE1 (Ye et al. 2005).

The extracts of Amauroderma rude had undergone various processes to yield a 
bioactive compound called as ergosterol. Ergosterol (Fig.  23.2b) is observed to 
induce cancer cell death depending on both dose and time parameter. In in vivo 
experiment, treating B16-injected normal mice with ergosterol has prolonged mouse 
survival. Further scientific reports suggested that ergosterol-arbitrated inhibition of 
breast cancer cell viability progresses through apoptosis via upregulating the expres-
sion of tumour suppressor Foxo3 (Li et al. 2015).

Astraeus odoratus is quite famous as superfood in Thailand but is overpriced 
because of the poor natural availability and difficulties in industrial production 
through cultivation procedure (Isaka et al. 2016). Four unique lanostane triterpenes, 
astraodoric acids A–D, were isolated and characterized together with other familiar 
compound astraodorol (artabotryols A), ergosterol, hypaphorine and nicotinic acid 
from A. odoratus. Astraodoric acids A and B went for their in vitro cytotoxic test in 
different human carcinoma cell lines. In the mentioned research, astraodoric acids 
A and B (Fig. 23.2c) exhibited better cytotoxic activity of IC50 34.69 and 18.57 μg/
mL against KB and 19.99 and 48.35 μg/mL against NCI-H187 cell lines (Arpha 
et  al. 2012). Twelve more novel lanostane triterpenoids, named astraeusins A–L 
(1–12), were elucidated from same mushroom and subjected to investigate their 
cytotoxic properties against the cancer cell lines (NCI-H187, MCF-7 and KB) and 
also on non-cancerous Vero cells. Few of them carried a good to moderate antican-
cer potentiality against the tested cell lines (Isaka et al. 2016).

Three benzoquinoid macrolidic fungal bioactive metabolites were synthesized 
from non-toxigenic basidiomycetes of Clitocybe clavipes termed as clavilactones 
(3a, b-quinones and 3c-hydroquinone) and were recognized as efficient inhibitors of 
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protein tyrosine kinases. Naturally synthesis 3a, b-quinones and 3c-hydroquinone 
showed the inhibiting property in kinase assays antagonistic against the epidermal 
growth factor receptor (EGF-R) tyrosine kinases and Ret/ptc1. 3b-Quinone was 
found to be a non-competitive inhibitor of EGF-R compared to poly [Glu (6) Ala (3) 
Tyr] or ATP. 3c-Hydroquinone biasedly restarted the A431 cell growth, which turns 
on the overexpression of active EGF-R, as a defender of IGROV-1 and SKOV-3 
cells, which show low levels of the receptor over them (Zaidman et al. 2005).

Daedalea dickinsii is one of the species of brown-rot fungi belonging to the fam-
ily of Fomitopsidaceae. Polyporenic acid C (Fig. 23.2e) is a lanostane category tri-
terpenoid isolated from Daedalea dickinsii and has been reported to inhibit 
physiological extracellular matrix protein collagenase (MMP-1) by cleaving all 
structurally important α-chains from the indigenous interstitial collagens (Kawagishi 
et al. 1997). It has been examined that the hydroquinone derivative of polyporenic 
acid C is able to inhibit stromelysin (MMP-3); in effect a wide range of protein 
substrates, fibronectin, laminin and gelatin, and the core protein of cartilage proteo-
glycans were degraded. It is also a potential inhibitor of gelatinase (MMP-9) that 
cleaves gelatin and degrades the basement membrane (Zaidman et al. 2005). The 
huge MMPs mediate remodelling of physiological extracellular matrix and are 
involved in controlling tumour cell growth and metastasis.

Fomitella fraxinea offered some medicinally important glycans, steroids and tri-
terpenes, which were used as a transitional medicine. Two very important triterpe-
noid compounds, fomitellic acids A and B, were found from the F. fraxinea 
mushroom’s fruiting body that showed a potential inhibitory effect on the activities 
of mammalian DNA polymerases α and β (Zaidman et al. 2005). Fomitellic acid A 
(Fig. 23.2g) has significant effect on prevention of gastric cancer cell (NUGC) pro-
liferation, with significant LD50 values of 30 and 38 μM (Mizushina et al. 2000).

Fomitopsis betulina (formerly popular as Piptoporus betulinus), a higher basid-
iomycota, generally grows on birch woods in the northern hemisphere; the fungus 
can also be successfully cultured both as fruiting body and as mycelium. F. betulina 
is a traditionally used medicinal mushroom for the treatment of cancer (Pleszczyńska 
et  al. 2017). Hydroquinone (E)-2-(4-hydroxy-3-methyl-2-butenyl)-hydroquinone 
and polyporenic acid C (Fig. 23.2e) have been characterized from this mushroom as 
matrix metalloproteinase (MMPs) inhibitors. F. betulina has been conventionally 
used as a superfood for the treatment of rectal cancer in Czech Republic (Ferreira 
et al. 2010).

Another species from Fomitopsis is also famous for its medicinal importance, i.e. 
Fomitopsis nigra belonging to Polyporaceae family, and produces various active 
components, triterpenoids and triterpene glycoside complexes [1–4]. In this family, 
fomitoside K, which is a novel lanostane triterpene glycoside, has been isolated 
from methanolic extract of Fomitopsis nigra that is able to induce highly significant 
apoptotic effects on the human oral squamous YD-10B carcinoma cells (Lee et al. 
2012). Fomitoside K showed significant apoptosis on various cancer cell lines 
including oral squamous carcinoma cell (KB), cervical cancer cell (HELA), breast 
cancer cell (MCF-7), human osteosarcoma epithelial cells (U2OS) and murine 

23 Secondary Metabolites of Mushrooms: A Potential Source for Anticancer…



588

colon adenocarcinoma cell (C26) via mitochondrial-mediated ROS-dependent sig-
nalling pathway (Lee et al. 2012; Bhattarai et al. 2012).

Genus Gymnopilus is a gilled mushroom which belongs to the Cortinariaceae 
family and has been found around the world. Naturally occurring catechol-type 
compound hispidin [6-(3,4-dihydroxystyryl)-4-hydroxy-2-pyrone] (Fig.  23.1j) is 
isolated from three species of Gymnopilus, namely, Gymnopilus patriae, Gymnopilus 
marginatus and Gymnopilus parvisporus. Gonindard et al. (1997) synthesized his-
pidin isolated from Gymnopilus marginatus exerting effective cytotoxic effect 
between 1 mmol/L and 0.1 μmol/L for the cancerous SCL-1 human keratinocyte 
cell line, cancerous Capan-1 human pancreatic duct cell line and normal MRC-5 
human fibroblasts. Amusingly treating with hispidin has enhanced the apoptosis of 
cancerous cells as rather than normal cells. Hispidin obtained from Gymnopilus 
parvisporus and Gymnopilus patriae emerged as a potent inhibitor of protein kinase 
C β (PKCβ) which has a vital role during angiogenesis via dysfunctioning VEGF 
signal transduction pathway (Zaidman et al. 2005).

Hericium erinaceus is a wild edible mushroom originating in North America, 
Europe and Asia and is consumed for its nutritional and health benefit value. 
Some reports had shown that culinary mushroom, Hericium erinaceus, had 
potential medicinal properties. Many bioactive compounds like erinacines, heri-
cerins, resorcinols, steroids, monoterpenes and diterpenes and aromatic com-
pounds have been isolated which were reported to have diverse biological 
activities including anticarcinogenic activity (Mizuno 1999a). Recently new 
diterpene hericerin and hericerin A have been isolated which exhibited signifi-
cant reduction in the growth of human leukaemia (K562) and human prostate 
cancer (LANCAP) cells (Zhang et al. 2015).

Detailed exploration on the mushroom Hexagonia speciosa (Polyporaceae fam-
ily) leads towards a series of oxygenated cyclohexanoids. Among cyclohexanoids, 
speciosin B (Fig. 23.2d) displayed a prominent cytotoxic effect on a wide range of 
tumour cell lines with LD50 values in the range of 0.23–3.30 μM (De Silva et al. 
2013).

Lampteromyces japonicus is a gilled toxic mushroom originating in China and 
Korea but native to Japan and Eastern Asia. The fruit body contains sesquiterpene 
compounds illudin S and illudin M with potential antitumour and antibacterial prop-
erties. With high toxicity profile, illudin S and illudin M were studied further with 
various derivatives. Of these the most efficacious hemisynthetic derivatives were 
irofulven which showed distinct anticancer activity against solid tumour cells 
(McMorris et al. 1996, 2001; Poucheret et al. 2006) and other several human cancer 
cell lines including ovarian carcinoma, colorectal carcinoma, pancreatic carcinoma, 
malignant glioma and non-small cell lung cancer (Zaidman et al. 2005).

Another edible gilled mushroom belonging from the Agaricaceae family, Lepiota 
americana is a widespread fungus all over the world. The natural resource of sulfa-
tase inhibitor 5, 8-epidioxy 24(R)-methylcholesta-6, 22-dien-3β-ol has been 
extracted from the basidiocarp of Lepiota americana (Zaidman et  al. 2005). 
Sulfation and desulfation are the essential physiological reactions in the metabolism 
of most of the steroid hormones. Sulfatase inhibitor 5, 8-epidioxy 
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24(R)-methylcholesta-6,22-dien-3β-ol is important for modulation of the estrogen 
production for estrogen-dependent breast cancer treatment (Kim et al. 2000).

Macrolepiota procera is also popularly known as ‘parasol mushroom’, as it has 
bigger fruiting body that looks like a parasol. Macrolepiota procera mushroom is 
widespreaded over the temperate regions. Chen et  al. (2018) isolated, elucidated 
and biologically evaluated 12 lanostane triterpenoids from the fruiting bodies of M. 
procera named as lepiotaprocerins A − L, 1–12 (Fig. 23.2i). Screening for the cyto-
toxicity effect of all the compounds was done on five human cancer cell lines 
(A-549, HL-60, SW480, SMMC-7721 and MCF-7). Among them, compounds 1–6 
showed no result in the cytotoxicity assay (IC50 > 40 μM), whereas compounds 7–12 
manifested significant inhibition activity against cancer cells.

Neonothopanus nambi (basidiomycete), a poisonous luminescent mushroom, is 
native of Malaysia, Central America, South America and Australia. Four newly iso-
lated aristolane category sesquiterpenes named as nambinones A–C, sesquiterpene 
nambinone D, 1-epi-nambinone B and aurisin A and a new dimeric sesquiterpene 
aurisin K were obtained from the luminescent mushroom producing two specific 
isolates. Sesquiterpene nambione C, dimer aurisin K and aurisin A (Fig.  23.2j) 
exerted pronounced cytotoxic effects on NCI-H187 cancer cell lines. Additionally, 
aurisin A and K also proved their potential cytotoxicity against the cell lines of 
cholangiocarcinoma (Kanokmedhakul et al. 2012).

Omphalotus illudens commonly named as jack-o’-lantern mushroom is a large 
and poisonous mushroom grown mainly in Eastern North America. Similar to 
Lampteromyces japonicus, O. illudens also produces sesquiterpenoid toxin illudin S 
(Fig.  23.2k) and illudin M (Fig.  23.2l). This toxic sesquiterpenoid had already 
showed its antitumour effect specifically towards tumour cells than normal cells. 
Identical to L. japonicus illudin S and illudin M extracted from O. illudens were 
further tested with most potential derivatives irofulven (McMorris et al. 1996, 2001) 
which exerted strong anticarcinogenic effects on various human cancer cell lines 
(Zaidman et al. 2005) following the similar pathway as DNA and protein alkylating 
agent (Poucheret et al. 2006).

Epoxy compound derivative of quinones, panepoxydone (Fig. 23.1b) has been 
isolated from Panus conchatus and Panus rudis which was earlier been reported 
from Lentinus crinitus. This potential quinone compound was associated with regu-
lating the action of NF-κB, which promotes tumour growth (Zaidman et al. 2005). 
In recent times from the cultures of P. conchatus, a new cadinane sesquiterpenoid 
was obtained and called as panutorulon. This newly obtained cadinane sesquiterpe-
noid was experimented for its disrupting effectivity against isozymes of 
11β-hydroxysteroid dehydrogenases (11β-HSD) and for its significant activity as 
cytotoxic agent on five different human cancer cell lines (Ding et al. 2018).

Pleurotus cornucopiae known as Tamogi dake mushroom with a brilliant yellow 
pileus is observed in the field of Japan (El Bohi et al. 2005). Few low-molecular- 
weight bioactives such as mono- and sesquiterpenoids, ergosterol and fatty acid 
esters were identified in oyster mushrooms (Golak et al. 2018). Mainly four new 
monoterpenoids and a single sesquiterpenoid were extracted from the mycelia of P. 
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cornucopiae which fermented over rice. This sesquiterpenoid has produced its cyto-
toxicity towards HepG2 and HeLa cancer cells (Wang et al. 2013).

Anticancer sterol 5α,8α-epidioxy-22E-ergosta-6,9(11),22-trien-3β-ol 
(9,11-dehydroergosterol peroxide [9(11)- DHEP)] and 5α,8α-epidioxy-22E- 
ergosta-6,22-dien-3β-ol [ergosterol peroxide (EP)] were obtained from Sarcodon 
aspratus. Isolated and purified 9(11)-DHEP seems to be a potential inhibitor of 
HL60 leukaemia cancer cell growth and also a stronger apoptosis inducer than 
5α,8α-epidioxy-22E-ergosta-6,22-dien-3β-ol [ergosterol peroxide (EP)]. Moreover 
5α,8α-epidioxy-22E-ergosta-6,9(11),22-trien-3β-ol (9,11-dehydroergosterol perox-
ide [9(11)-DHEP)] (Fig. 23.2m) had critically restrained the growth of HT29 cancer 
cells, but did not show any kind of effect on WI38 normal human fibroblast cells. 
Examining the anticancer mechanism has revealed that aforementioned isolated ste-
rol upregulates the expression of cyclin-dependent kinase inhibitor 1A, thereby 
causing apoptosis and cell cycle arrest in HT29 cancer cell line (Kobori et al. 2006).

Tricholoma terreum routinely known as dirty tricholoma or grey knight is a grey 
capped, large mushroom belonging to the Tricholomataceae family and has been 
found to be consumed in different countries of Europe and Australia. Four new 
meroterpenoids were extracted from basidiomycete of Tricholoma terreum named 
as terreumols A − D (1–4) (Fig. 23.2o), with a very rare ten-membrane ring struc-
ture system significantly showing cytotoxic effect on five different human cancer 
cell lines counting breast cancer MCF-7, colon cancer SW480, hepatocellular car-
cinoma SMMC-7721, human myeloid leukaemia HL-60 and lung cancer A-549 
cells (Yin et al. 2013).

23.4  Future Perspectives

This summarized data has shown that researchers and several companies have a 
growing interest in the anticancer activity of  different mushroom’s secondary 
metabolites for further investigation and commercialization. Only a few compounds 
have passed initial phases of clinical trials: HMAF from L. japonicus, grifolin and 
neogrifolin from Albatrellus confluens and metabolites isolated from different spe-
cies of Ganoderma are some examples. Mushroom-originated compounds are set to 
create an uprising in therapeutics to repress diverse forms of cancers. However, 
choosing any mushroom compounds as cancer treatment therapeutics influenced by 
various factors needs thorough investigation. Intensive experimentation to over-
come the limitations and preclinical trials on more complex animal models that can 
efficiently mimic the genetic profile and the microenvironment of human tumours 
successively are required in this area to fulfil the growing needs for less toxic, natu-
ral origin, bioactive compounds as potent anticancer therapeutics and drugs 
worldwide.
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23.5  Conclusions

The arch of maintaining or rebuilding a strong health defence mechanism has led 
researchers to search for new natural health benefit substances. As a result of con-
stant hunt for new and efficient health-improving substances, nature, the luxurious 
resource of bioactive compounds, has led to develop new drugs. Nutraceuticals 
originated from nature are intended to play a significant role as therapeutics since 
ancient times. Many evidences supported that some diseases can also be treated and 
cured successfully by use of functional foods or through the consumption of iso-
lated biologically active compounds as nutraceuticals or as daily dietary supple-
ments. Mushroom shows a remarkable potentiality as immune function enhancer. 
Many mushrooms and their active compounds have medicinal benefits that play a 
crucial part in cancer treatment. Under this chapter, we have briefly covered differ-
ent secondary metabolites exerting potential anticancer activity, isolated from edi-
ble as well as non-edible mushrooms. Low-molecular-weight secondary metabolites 
efficiently interfere with tumour initiation and progression by activating several 
mechanisms, like boosting immune functions by enhancing antioxidant capacity, 
preventing cancer by exerting specific cytotoxic effects on tumour cells, interfering 
with tumour angiogenesis developments and regulating different nodes of signalling 
pathways that are involved in tumour-suppressive mechanisms.
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Abstract
Filamentous fungi are ubiquitous microorganisms well known as one of the 
major sources of pharmaceuticals and other biotechnologically useful com-
pounds. The amazing structural diversity of fungal secondary metabolites results 
from years of coevolution that selected unique mechanisms of resistance and 
communication in specific environments or in biotic relationships. Metabolite 
production is controlled by transcriptional regulation, and the production of 
carbon- based compounds is usually restricted to opportune situations. The 
dynamic nature of fungal metabolism consists on a complex in vivo process reg-
ulated by interactions between gene networks, but it can be modulated by gen-
eration of in vitro biotic stress. Both in vivo and in vitro interactions trigger 
activation of cryptic genes leading to changes in the fungal metabolic expression 
such as elicitation of new metabolite production, increase or minimization of the 
biosynthetic pathways, or even inhibition of some metabolic routes. While bio-
synthesis diversification and yield improvement are interesting tools for produc-
ing bioactive compounds, metabolite suppression can be used as a 
biotechnologically useful tool for decreasing toxin production. This review dis-
cusses the production of secondary metabolites by filamentous fungi under dif-
ferent natural biotic stresses caused by algae, bacteria, plants, and other organisms 
and the in vitro mimetization of these interactions leading to cryptic gene 
expression.
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24.1  Introduction

24.1.1  A Molecular Overview of Metabolic Modulation 
in Filamentous Fungi: Importance of Coevolution Process

Filamentous fungi are ubiquitous microorganisms well known for their biotechno-
logical potential such as for lignin degradation (Klein-Marcuschamer et al. 2012), 
and production of proteins (Punt et al. 2002), insecticides, enzymes such as lipases, 
and citric acid (Fang et al. 2012; Aguieiras et al. 2015; Niu et al. 2015), and more 
importantly, as one of the major sources of pharmaceuticals (Liu et al. 2010). The 
discovery of penicillin in 1928, the first antibiotic produced by the filamentous fun-
gus Penicillium notatum, led to important developments in the areas of biology, 
chemistry, and medicine. After penicillin, the mechanisms for production, isolation, 
and identification of metabolites produced by fungal biological systems, as well as 
their application in the treatment of various infections, have been intensely 
researched (Ligon 2004).

Like penicillin, a wide range of fungi-derived pharmaceuticals called secondary 
metabolites of low molecular mass have been discovered, but they usually do not 
play a role in growth. However, these metabolites have a role in survival, communi-
cation, and competition of fungi in different environments (Calvo et al. 2002; Keller 
et al. 2005; Fox and Howlett 2008). The amazing structural diversity of secondary 
metabolites results from years of coevolution that selected unique mechanisms of 
resistance and communication in specific environments or in biotic relationships 
(Vining 1992; Brakhage et al. 2009; Brakhage 2013).

In general, genes involved in the synthesis of secondary metabolites are orga-
nized in clusters (Osbourn 2010). Different experimental strategies for modulating 
secondary metabolites production have been applied in fungi in order to activate 
cryptic genes that encode secondary metabolites (Brakhage 2013). Strategies such 
as nutrient variation (Hewage et al. 2014; Lima et al. 2018a), epigenetic modulation 
(Williams et al. 2008; Lima et al. 2018b), biotic stress (Teles et al. 2012), light inci-
dence (Bayram et al. 2008), and temperature modifications (Nielsen et  al. 2004) 
have been used to elicit secondary metabolite diversification. At molecular level, 
biosynthesis of secondary metabolites is a very complex process regulated by inter-
actions between gene networks (Brakhage 2013). This process is controlled by tran-
scriptional regulation in response to environmental stimulus, and the production of 
carbon-based compounds is usually restricted to opportune situations (Shwab and 
Keller 2008; Yin and Keller 2011).

The expression of some of the genes is determined at the molecular level by 
epigenetic factors such as the level of methylation of the gene promoter region, and 
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by global and specific transcription factor regulators (Davies and Schwinn 2003; 
Keller et al. 2005). The biosynthesis of secondary metabolites usually depends on 
several enzymes coded by different genes in the fungal genome, as indicated by the 
intricate polyketide biosynthetic pathways and by genomic studies (Keller et  al. 
2005; Hertweck 2009).

Coevolution process influenced the development of specific strategies of 
communication and competitiveness between organisms, turning chemical 
responses intrinsic to each organism. Therefore, co-culturing is an important 
strategy for in vitro secondary metabolite production (Brakhage and Schroeckh 
2011). This strategy, in which two or more species are grown in the mixed fer-
mentation, aims to imitate natural fungal habitat, where they coexist with a 
variety of other species, inducing defense mechanisms for environmental adap-
tation and self-survival (Marmann et al. 2014).

This review discusses mechanisms of biotic stress and their implications in the 
secondary metabolites production by filamentous fungi under different co-culturing 
conditions. Figure 24.1 presents a graphical representation of the complex interac-
tions of different biological pathways related to secondary metabolite production. In 
the omics era, discovery of interconnections between genetic complexity, protein 
diversity, and metabolic diversification is related to developments in genomic, tran-
scriptomic, and metabolomic fields (Kroymann 2011). The diversity of secondary 
metabolites is associated with two complexity levels as indicated in Fig. 24.1: the 
systemic level influenced by the genetic background, environmental stimulus in 
response to other microorganisms, or chemical communication and, at the molecu-
lar level, its consequences that lead to activation responses of interactions over gene 
expression at the epigenetic level or enzymatic metabolic pathways (Brakhage and 
Schroeckh 2011).

24.1.2  Biotic Stress Mechanisms

The interspecies relationships may be cooperative, when the species coexist harmo-
niously; antagonistic, when there is competition between them, aiming at survival; 
or even synergistic, leading to some biological activity. Anton de Bary defined sym-
biosis in 1878 as “the living together of dissimilar organisms” (Sapp 1994). In this 
model, symbiosis is classified into three types: commensalism, when one organism 

Fig. 24.1 The complexity behind the interaction of different biological pathways that elicit sec-
ondary metabolite production
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has a benefit and the other one is not affected; mutualism, when there is mutual 
cooperation and both organisms have benefits; and parasitism, when one organism 
benefits at the expense of the other, on a relationship that is indispensable for the 
survival of the one (Dimijian 2000; Tortora et al. 2012).

Another definition of symbiosis was presented by Douglas (2010), as a “long- 
term association between different species from which all participating members 
benefit,” following a line discussed and well-accepted by many biologists. In this 
case, symbiosis is basically considered as a mutualistic relationship.

Starting from the classical definition, mutualistic and commensal interactions 
can be considered cooperative relationships. In the case of parasitism, there is an 
antagonistic interaction, since it does not benefit one of the organisms (Roossinck 
2005). However, the term antagonism came to be used in a more restricted way, as 
a symbiosis in which damage occurs to the organisms (Quispel 1951), leading to a 
new classification for symbiosis types: mutualism, commensalism, and antagonism. 
The latter was divided into mechanisms of competition, amensalism, and parasitism 
(Dighton and White 2016). Antagonistic competition refers to the fight for food and/
or territory by different individuals, while amensalism is a phenomenon in which 
one population prevents the development of another, without obtaining any benefit 
(Andrade-Domínguez et al. 2014); the latter is usually carried out by the release of 
chemical substances, being in this case referred to as antibiosis. This last type of 
relationship led to coining the term antibiotic, which refers to a substance produced 
by one microorganism that can inhibit the development of another (Tortora et al. 
2012). Synergism can be defined as a joint work between two species, in order to 
increase the effect that was produced individually by each one of them. This effect 
may be positive, generating attractive metabolic resources (Minty et al. 2013) or 
negative that may lead to toxin production (Xiong and Huang 2018).

The relationships herein defined are usually present when living organisms such 
as fungi, bacteria, lichens, plants, insects, and others have a contact in nature. 
Fungal relationships with several types of organisms can encompass these different 
interspecific interactions, as represented in Fig. 24.2. This phenomenon also occurs 

Fig. 24.2 Ecological 
relationships established 
between fungi and other 
organisms like plants, 
bacteria, insects, and 
lichens. Effect of each 
interaction is indicated by 
(+) for benefit, (−) not 
beneficial, and (0) for 
neutral. Synergic 
interactions do not have a 
clear association with 
positive/negative effects
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in vitro, aiming at biosynthesis of certain secondary metabolites for industrial 
applications. Successful results are most often related to positive interactions 
(Ghosh et al. 2016).

24.2  Metabolic Modulation in Co-cultures Containing Fungi

24.2.1  Lichens, Naturally Occurring Fungi-Photobiont Biotic 
Interaction

Complex associations between organisms can naturally cause metabolic modula-
tion of certain living forms toward the establishment of ecological relationships, as 
in lichens (Fig. 24.3). Lichens are well-known organisms which have a long evolu-
tionary history between a mycobiont, generally a filamentous fungus from 
Ascomycota phylum, and a photobiont, a green alga or cyanobacteria (Boustie and 

Fig. 24.3 Some different lichen species distributed in nature
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Grube 2005; Stocker-Wörgötter 2008). The mutualistic relationship established 
between the photoautotrophic partner and the fungal partner (Molnár and Farkas 
2010; Divakar et al. 2015) contributes to supply carbohydrates to the mycobiont, 
while the fungus provides essential minerals, protection from UV light, and a broad 
and stable surface for photosynthesis (Eisenreich et  al. 2011; Wang et  al. 2014; 
Grube et al. 2015).

The diversity of fungal species is reflected in the variability of lichen assem-
blages. Around 18,500 lichen species have already been identified and at least 
20,000 species have been estimated to exist (Boustie and Grube 2005; Wang et al. 
2014). Approximately 50% of ascomycetous fungi are able to form lichens, and 
most of the lichens (98%) have ascomycetes as the fungal counterpart, while a 
minor percentage of lichens is composed of basidiomycetes (Stocker-Wörgötter 
2008; Arnold et al. 2009). Lichens have particular thallus morphology, the nonre-
productive tissue, where secondary metabolites are produced. This part of the 
mycobiont supports the photobiont that benefits from the improved superficial area 
for light capture (Wang et al. 2014). The taxonomy is related predominantly to fun-
gal species which is based on secondary metabolite profiles (Frisvad et al. 2008).

Lichens can be found in a wide range of habitats, from rainforests (Aptroot and 
Cáceres 2014) to glacial regions (Seppelt et al. 2010), demonstrating immense abil-
ity to adapt to different environments and the successful establishment of a symbi-
otic relationship. For some time, it was considered that only one fungal species and 
a single photobiont species were associated with a lichen complex. However, recent 
studies demonstrated that more than two partners can be associated (Spribille et al. 
2016). This variability in species combinations led lichens to be a good source of 
metabolites with diverse chemical structures.

Considering that lichens are symbiotic complexes, the production of secondary 
metabolites might be related to communication between the partners, but the spe-
cific roles of these have not been fully elucidated (Wang et al. 2014). Research in 
this area is difficult, since in vitro lichen maintenance is problematic. Despite this, 
at least 1000 lichen-exclusive secondary metabolites are known. Most of the lichen- 
derived metabolites are from shikimate, polymalonate, and mevalonate biosynthetic 
pathways (Stocker-Wörgötter 2008; Shukla et al. 2010), like depsones, depsides, 
dibenzofurans, depsidones, xanthones, and chromones (Melo et al. 2011).

Secondary metabolites from lichens have been studied, and important lichen- 
unique molecules with potential pharmaceutical applications like antimicrobial 
compounds, anti-Alzheimer medicines, analgesic, anti-inflammatory, and antican-
cer activities have been discovered that include usnic acid (1), atranorin (2), and 
parietin (3) (Fig. 24.4) (Kowalski et al. 2011; Bačkorová et al. 2012) (Table 24.1). 
Secondary metabolites constitute at least 30% of lichens dry matter, and these com-
pounds can even precipitate in their external area as reported for atranorin (2) and 
chloroatranorin (4) (Fig.  24.4) (Solhaug et  al. 2009; Manojlović and Ranković 
2012). It is interesting to note that among the metabolites (e.g., atranorin, usnic 
acid) identified in lichens, the bioactive ones are mainly derived from the fungal 
entity probably as a complementary response to the carbohydrate supply from the 
algal entity (Ranković and Kosanić 2015).
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The most studied lichen-derived secondary metabolite is usnic acid (1), a yellow 
pigment vastly described as a lichen-exclusive antimicrobial compound and used in 
commercial products such as toothpaste and deodorants (Cocchietto et  al. 2002; 
Ingólfsdóttir 2002). Other outstanding application of usnic acid (1) consists on col-
ony growth inhibition and biofilm morphology modification, important features in 
hospital environments (Francolini et al. 2004). The mechanism of biofilm reduction 
in medical apparatus was not elucidated yet. Usnic acid (1) is present in different 
species from different lichen genera such as Alectoria (Einarsdóttir et  al. 2010), 
Flavocetraria (Bjerke et  al. 2005), and Usnea (Yamamoto et  al. 1985). Extracts 

Fig. 24.4 Chemical structures of secondary metabolites from lichens
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from F. nivalis and U. florida containing usnic acid (1) were associated with a reduc-
tion in cancer lung cell motility due to inhibition of β-catenin pathway, therefore 
reducing tecidual invasion by cancer cells (Yang et al. 2016). Other important bio-
logical activities indicated for usnic acid (1) are anti-inflammatory (Vijayakumar 
et al. 2000) and analgesic action (Okuyama et al. 1995).

In 2013, Pompilio et al. isolated usnic acid (1) and atranorin (2) from a Chilean 
lichenic species. These compounds biosynthesized from polyketide pathway, dem-
onstrated activity against methicillin-resistant Staphylococcus aureus in biofilm 

Table 24.1 Lichen-exclusive compounds and its potential pharmaceutical activities

Compound Lichen species Origin Activity Reference
Usnic acid (1) Flavocetraria 

nivalis and Usnea 
florida

Romania Lung cancer cell invasion 
reduction

Yang et al. 
(2016)

Atranorin (2) Cladina kalbii Brazil Effective antioxidant in 
SH-SY5Y cell lines 
(neuroblasts)

Melo et al. 
(2011)

Parietin (3) Xanthoria 
parietina

Slovakia Activation of p38 
mitogen-activated protein 
kinase gene expression in 
A2780 (ovarian 
carcinoma) and HT-29 
(colon) cancer cell lines

Bačkorová 
et al. 
(2012)

Chloroatranorin 
(4)

Parmotrema 
saccatilobum

Papua 
New 
Guinea

Analgesic and 
anti-inflammatory

Bugni et al. 
(2009)

Physodic acid (5) Cladonia 
portentosa and 
Pseudevernia 
furfuracea

Not 
indicated

Neurotrophic activity Reddy 
et al. 
(2016)

Salazinic acid (6) Parmelia sulcata Turkey Antimicrobial Candan 
et al. 
(2007)

Biruloquinone (7) Cladonia 
macilenta

China Anti-Alzheimer and 
antioxidant agent in 
β-amyloid-injured PC12 
cells

Luo et al. 
(2013)

Vulpinic acid (8) Cladonia 
amaurocraea and
Hypogymnia 
physodes

Canada Control of Sclerotinia 
sclerotiorum growth

Kowalski 
et al. 
(2011)

Protolichesterinic 
acid (9)

Parmelia 
reticulata

India Antifungal activity over 
Rhizoctonia solani

Goel et al. 
(2011)

Gyrophoric acid 
(10)

Xanthoparmelia 
pokornyi

Turkey Photoprotection of human 
keratinocytes

Varol et al. 
(2016)

Perlatolic acid 
(11)

Cladonia 
portentosa and 
Pseudevernia 
furfuracea

Not 
indicated

Neurotrophic activity and 
increased H3 and H4 
histone acetylation

Reddy 
et al. 
(2016)
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formation related to cystic fibrosis complications. Atranorin (2) was able to act as an 
effective antioxidant in SH-SY5Y cell lines. This metabolite has been detected in a 
number of lichen species, including the Brazilian Cladin kalbii Ahti lichen (Melo 
et al. 2011). The antimicrobial activity of usnic acid (1), atranorin (2), a depside 
compound, against seven bacterial and two Candida species has been reported 
(Yilmaz et al. 2004). Among them, usnic acid (1) proved to be the most active com-
pound, mainly against Bacillus cereus, Streptococcus faecalis, Proteus vulgaris, 
Candida albicans, and Candida glabrata and at lower concentrations. Antifungal 
activity against the important pathogenic fungus Rhizoctonia solani was reported 
for atranorin (2) and for protolichesterinic acid (9) (Fig. 24.4), being comparable to 
the action of a commercial fungicide, hexaconazole (Goel et al. 2011).

Atranorin (2) and usnic acid (1) demonstrated higher antitumor activity (A2780 
and HT-29 cancer cell lines) than other lichenic metabolites like parietin and gyro-
phoric acid (10) (Fig. 24.4) probably as a result of mitochondrial membrane disrup-
tion (Bačkorová et al. 2012). The latter, together with vulpinic acid (8), presented 
photoprotection to human keratinocytes, demonstrating the role of these two mole-
cules in natural protection against UV light in lichens (Varol et al. 2016).

Biruloquinone (7), obtained from the lichen C. macilenta, was reported as an 
efficient acetylcholinesterase inhibitor (60.5%) with possible application in 
Alzheimer’s disease and as an antioxidant agent in P1C2 cells (Luo et al. 2013). 
Neurotrophic activity in the central nervous system was demonstrated for usnic acid 
(1), atranorin (2), physodic acid (5), and perlatolic acid (11) (Fig. 24.4) with no 
cytotoxic effect (Reddy et al. 2016).

Few studies regarding the production of lichen-associated secondary metabo-
lites by cyanobacteria have been reported. In 2013, nosperin (12) (Fig. 24.4), a 
metabolite produced by polyketide pathway, was identified in Peltigera membra-
nacea, originated from the cyanobacterial Nostoc partner (Kampa et  al. 2013). 
Nosperin- mediated microbe-microbe communication was suggested by Kampa 
et al. (2013) and Scherlach and Hertweck (2018). Some studies have been pub-
lished regarding Nostoc hepatotoxins as microcystins (Kaasalainen et  al. 2012; 
Suzuki et al. 2016).

Besides lichen structures build between two organisms (fungus and algae), struc-
tured bacterial communities can associate with lichens turning lichenic populations 
more complex, promoting lichens to holobiont organisms harboring complex micro-
bial communities (Grube and Berg 2010). In a metagenomic study published in 
2015 by Grube et al., 800 bacterial species were identified in association with the 
lung lichen Lobaria pulmonata. The authors suggested that this bacterial commu-
nity contributes to supply essential minerals and resistance to biotic stress and even 
to supplement with B12 vitamin and nitrogen. Molecular approaches revealed that 
a great number of species naturally co-cultured with lichens are Alphaproteobacteria 
(Grube and Berg 2010) and Gammaproteobacteria (Mushegian et al. 2011).

Research on the specific localization and diversity of species of bacterial com-
munities showed that the lichen core preserves well-structured bacterial communi-
ties that vary between organisms and locations possibly related to secondary 
metabolite availability and lichen structure (Mushegian et al. 2011).
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24.2.2  Plants and Fungi Biotic Interaction

In nature, fungi depend on other organisms or on the environment for carbon and 
energy. In general, the relationship between fungi and plants is mutually beneficial. 
At first, it consisted exclusively in the fungi survival in dead plants promoting nutri-
ents reuse (saprophytic fungi). However, some fungi, such as mycorrhizae and 
endophytes, started to interact with live plants over the time. Most keep the role of 
mutual benefit by promoting plant growth and development, while a small portion 
has developed new metabolic pathways and become phytopathogenic (Grayer and 
Kokubun 2001).

The plant-fungi interaction also consists of an innovative source of secondary 
metabolites. This potential needs more attention since the accumulation of phyto-
chemical compounds is important when in vivo chemical synthesis is economically 
unviable. Production of secondary metabolites generally occurs through activation 
of biosynthetic pathways related to plant defense for their survival (Baldi et  al. 
2008; Romão-Dumaresq et al. 2016). In this situation, fungi act as biotic elicitors 
that trigger the biosynthesis of metabolites as a plant response (Baldi et al. 2009).

The biosynthesis of phytoalexins, defense molecules produced specifically as a 
result of biotic stress, provides evidence for the complexity of plant-fungi interac-
tion. Many species of microorganisms show ability to induce phytoalexin formation 
in plants. The term phytoalexins are restricted to antifungal substances that require 
the expression of enzymes involved in its biosynthetic pathway (Grayer and 
Kokubun 2001; Aisyah et al. 2015; Jiao et al. 2018). Isoflavonoids and sesquiter-
penes are examples of classes of compounds that act as phytoalexins, synthesized 
by plants when they are exposed to stressful conditions, such as the attack of patho-
gens and insects (Dixon 2001). These attacks are generally recognized by specific 
receptors located in the plasma membranes of plant cells, thus initiating signal 
transduction network in the cytosol with subsequent activation of the plant defense 
system and phytoalexins biosynthesis (Zhao et al. 2005). Besides that, production of 
toxic radicals, such as nitric oxide and reactive oxygen species (ROS) as a defense 
response to pathogens is also common (Resende et al. 2003).

Another plant defense mechanism is the inhibition of fungal growth by produc-
tion of antimicrobial proteins (Schlumbaum et al. 1986; van Loon et al. 2006). Most 
of these pathogenesis-related proteins are induced by signaling compounds (van 
Loon et al. 2006), in other words, compounds involved in signal transduction sys-
tems biosynthesized by plants. These compounds act as chemical elicitors, and 
enhancement of their biosynthesis influences directly secondary metabolite produc-
tion (Zhao et al. 2005; Giri and Zaheer 2016; Jiao et al. 2018). Plant hormones, such 
as abscisic acid, also modulate expression of these proteins (van Loon et al. 2006).

Sperm-Coating Protein/Tpx-1/Ag5/PR-1/Sc7 (SCP/TAPS) is an important fam-
ily of pathogenesis-related genes (Teixeira et al. 2012). PR-1 proteins are members 
of this family and are expressed by various plants, e.g., tobacco and tomato (van 
Loon et al. 2006). Some PR-1s homologous substances expressed by the parasitic 
fungus Moniliophthora perniciosa were detected by Teixeira et al. (2012) during 
interaction of this fungus with cocoa. In this case, the authors suggested that these 
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substances favor colonization of M. perniciosa by limiting the development of 
microbial competitors.

In this way, plants can also stimulate the production of toxic substances by fungi, 
which are not produced without biotic stress. Among these substances are the so- 
called mycotoxins, whose production guarantees competitive advantages for the 
producer under stressing conditions (Magan and Aldred 2007). Some examples of 
mycotoxins are zearalenone (13), deoxynivalenol (14), 3-acetyl-deoxynivalenol 
(15), and 15-acetyl-deoxynivalenol (16) (Fig. 24.5), produced by phytopathogenic 
species of the genus Fusarium spp., which affects grain fields around the world 
(Kim and Vujanovic 2017).

These different types of substances expressed in response to plant-fungus inter-
action are outlined in Fig. 24.6. In addition to this variety of responses, existence of 
more than 250,000 species of higher plants and 1.5 million fungal species (Grayer 
and Kokubun 2001) shows how plant-fungi interactions can be complex and spe-
cific, considering various possible combinations as well as the influence of abiotic 
factors (Baldi et al. 2009).

As already mentioned, naturally occurring interactions between plants and fungi 
range from beneficial to antagonist. A classical example of antagonistic interaction 
found in nature is the association of the phytopathogenic fungus Botrytis cinerea 
with a variety of cultivated plants and their fruits. This fungus is considered one of 
the most significant pathogens in terms of molecular plant pathology, being reported 
as an infecting agent in more than 200 species (Dean et al. 2012; Fillinger and Elad 
2016). B. cinerea is known to be responsible for gray mold disease of grapevine 
(Dean et al. 2012), the decay of strawberry fruit (Abanda-Nkpwatt et al. 2006), and 
damages in several other cultures. Considering the economic losses promoted by 
this pathogen throughout the world, with a global cost of crop protection estimated 
at the US $ 310 million (Fillinger and Elad 2016), inhibition of this species will be 
very useful. Selective inhibition of B. cinerea growth by volatile substances like 
2-phenylethanol, linalool, and nonanal present in the surface of Fragaria x anan-
assa leaves (strawberry leaves) has already been reported. These compounds also 
increase the population dynamics of some nonpathogenic bacteria isolated from 
strawberry leaves that are generally suppressed by B. cinerea strains (Abanda- 
Nkpwatt et al. 2006).

Fig. 24.5 Chemical structures of some mycotoxins produced by Fusarium species. (Kim and 
Vujanovic 2017)
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B. cinerea has a large number of genes that code endopolygalacturonases (endo-
 PG). The pattern of these genes is differentially expressed, depending on the host 
plant infected (Reignault et al. 2008). Polygalacturonase is the main enzyme respon-
sible for the dissolution of the middle lamella during fruit maturation. Endo-PG 
randomly hydrolyzes the glycosidic bonds in the pectin molecule, leading to fruit 
softening during maturation (Eskin and Shahidi 2013). In 2000, Reignault et  al. 
discussed the role of PGs in the pathogenicity of B. cinerea in apple, highlighting 
the correlation between different isoenzymes of neutral PGs with the smooth rot in 
the fruit.

As regards beneficial plant-fungi interactions, the presence of endophytic fungi 
in plant tissues, without causing apparent damage, is very important and often asso-
ciated with promotion of plant resistance (Spatafora and Bushley 2015). They can 
be isolated by culturing surface-decontaminated plant fragments using standard 
protocols (Silva et  al. 2010). The interaction of endophytic fungi species of 
Clavicipitaceae family with plants is an example of beneficial interaction since 
alkaloids produced by the endophytes protect the plant against insects and other 
herbivores (Marcet-Houben and Gabaldón 2016). The endophytic biodiversity of 
Pachystachys lutea, an ornamental plant, showed correlation with significant reduc-
tion of mycelial growth of the pathogens Colletotrichum sp. and Fusarium oxyspo-
rum, a feature agronomically interesting for diseases control (da Silva et al. 2018). 
Another example was reported by Qin et al. (2017), emphasizing the ability of some 
endophytic and rhizospheric fungi to help in nutrition and tolerance to stressing 
conditions to allow survival of the host plant in habitats under extreme conditions.

Development of co-culture approaches is a popular target nowadays for manipu-
lation of biosynthetic pathways to intensify secondary metabolites production. 
Piriformospora indica is an example of endophytic fungus recognized as a plant 
growth promoter. Discovered by Varma and Franken in 1997, this species boosted 
the production of secondary metabolites based on plant-fungal elicitation (Baldi 
et al. 2009). The mechanism of interaction between P. indica and the plant species 

Fig. 24.6 Expression of different types of substances during plant-fungi interactions resulting in 
different physiological responses such as the production of ROS, secondary metabolites, and pro-
tective proteins
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Arabidopsis thaliana was investigated by Sirrenberg et  al. (2007). In that study, 
indole-3-acetic acid (IAA) (17) (Fig. 24.7), a growth phytohormone, was detected, 
probably as a consequence of induction by compounds present in the plant root 
exudate. This auxin (IAA) promotes differential cell elongation, regulating plant 
growth and development (Zhao 2010) also benefiting P. indica growth in its host 
plant (Sirrenberg et al. 2007).

Baldi et al. (2008) established cell cultures of P. indica and Sebacina vermifera 
with cells of the plant species Linum album, in order to produce podophyllotoxins, 
substances widely used for the anticancer drugs synthesis and previously isolated 
from cell cultures of L. album. The increase of plant biomass in relation to control 
cultures was verified for both co-cultures, indicating raise in absorption of mineral 
nutrients by the plant cells. The successful symbiotic responses and plant cell elici-
tation through fungal interaction resulted in production of podophyllotoxin (18) and 
6-methoxypodophyllotoxin (19) (Fig. 24.7). In that case, the hypersensitive response 
of the plant cells to fungal induction increased phytoalexins production as a defense 
mechanism.

Jiao et al. (2018) emphasized the importance of using nontoxic fungal species as 
elicitors, to ensure the biosafety of products formed. In their study, two GRAS 
(Generally Recognized as Safe) fungal species, Aspergillus niger and Aspergillus 
oryzae, were stabilized together with Isatis tinctoria L. hairy root cultures. This 
plant is of great interest to the pharmaceutical industry, for its proven anti-influenza 
efficacy and its ability to produce bioactive flavonoids. As desired, I. tinctoria flavo-
noids yield was increased in the co-culture experiments, with the superiority of A. 
niger in relation to A. oryzae as the fungal component in the experiment. There was 
an accumulation of the flavonoid aglycones liquiritigenin (20), quercetin (21), 

Fig. 24.7 Chemical structures of some secondary metabolites produced in fungi-plants co- 
cultivation experiments
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isorhamnetin (22), kaempferol (23), and isoliquiritigenin (24) (Fig. 24.7), with the 
prospect of producing these bioactive compounds on an enlarged scale. The produc-
tion of secondary metabolites was attributed to transcriptional activation of genes, 
mainly chalcone isomerase (CHI) and flavonoid 3′-hydroxylase (F3′H), involved in 
the biosynthetic pathway of flavonoids by regulatory systems of plant defense. In 
addition, intensification of production of the signal compounds nitric oxide, sali-
cylic, and jasmonic acid was also observed. On the other hand, there was minimiza-
tion in the yields of three flavonoid glycosides (rutin, neohesperidin, and 
buddleoside), showing another possibility of response as result of the plant-fungus 
interaction.

Several studies successfully addressed fungal species of Aspergillus genus as 
plant metabolites elicitors. Kümmritz et al. (2016) reported increasing oleanolic and 
ursolic acid production in leaves of the medicinal plant Salvia fruticosa, when co- 
cultivated with A. niger under optimized conditions. A. niger also promoted accu-
mulation of flavonoids and glycyrrhetinic acid when cultivated with Glycyrrhiza 
uralensis Fisch adventitious root (Li et al. 2015). The same group reported the per-
formance of A. niger, A. oryzae, and Aspergillus flavus, as gene expression elicitors, 
for the accumulation of signal molecules in Panax ginseng C. A. Mey (Li et  al. 
2016). Aisyah et al. (2015) selected A. oryzae to elicit induction of phytoalexins in 
peanuts, especially because this species does not produce aflatoxins or any other 
reported carcinogenic metabolite. All these studies showed the efficiency of differ-
ent fungal species to increase the in vivo or in vitro production of high-value com-
pounds by plant cultures under biotic stress.

Another filamentous fungus that stands out as a GRAS species is Rhizopus ory-
zae (Denardi-Souza et al. 2018). Aisyah et al. (2013) verified the increase in isofla-
vonoid phytoalexins production by soybean seedlings, as a result of an efficient 
fungal elicitation by R. oryzae. Denardi-Souza et al. (2018) showed that R. oryzae 
also triggers changes in essential nutrients contents during fermentation of agro- 
industrial by-products like soybean bran biomass. Using this substrate, there was 
achieved 58% increase in the yield of omega-3 fatty acid, 65% in proteins produc-
tion, and elevation on the contents of several essential amino acids.

The composition of culture medium modifies the fungal development and, con-
sequently, is another factor able to modulate fungal metabolome (Paranagama et al. 
2007) either in single microorganism cultures or in the co-cultivation of two symbi-
otic organisms (Hajong et  al. 2013). A comparison on the influence of soymilk 
dextrose agar (SDA), potato dextrose agar (PDA), potato dextrose broth (PDB), and 
V-8 agar in the development of soybean pathogens was performed by Xiang et al. 
(2014). SDA was shown to be the most effective medium, based on the radial rates 
of mycelial growth. Growth of Passalora sojina in SDA was significantly faster than 
in V-8 agar, while Colletotrichum truncatum and Fusarium virguliforme developed 
better in SDA than in PDA.

Although co-cultivation of fungi with plants is a promising technique to bring 
about novel biotechnologically useful metabolites, the whole process still needs 
intensive research to understand the role of individual parameters in directing bio-
synthesis. Control of these parameters will allow developing tailored industrial 
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applications in the future based in controlled elicitation. Screening and isolation of 
valuable fungal species and the high cost of large-scale cultivation are also chal-
lenging (Jiao et al. 2018). In addition, as already mentioned, even if production of 
new metabolites or yield enhancement is the major target of plant-fungus co- 
cultivation, the production of metabolites may be also reduced. This is an interesting 
research area since processes able to decrease the biosynthesis of fungal toxins have 
a myriad of industrial applications. In this way, plant-fungi co-culturing proves to 
be a promising area of research, in which there is still much to be explored.

24.2.3  Fungi and Microorganisms in Biotic Interaction

Morphological typification derived from fungus-fungus interaction has been 
observed in vitro in solid media cultures due to survival strategies generated by 
competition between microorganisms for nutrients and space. The constant stress 
for survival leads to biosynthesis of enzymes, secondary metabolites, and distinct 
morphology for overcoming the scarcity of nutritional resources available in the 
natural habitat (Rayner 1988). Fungal defensive metabolites are commonly pro-
duced in response to threats imposed by competitors in order to ensure survival. The 
antagonistic and defense mechanisms exhibited by fungi triggering production of 
defensive metabolites have been used as a valuable tool in the search for bioactive 
compounds (Gloer 1995).

The relationship between morphology of fungal colonies and defense response to 
competitors has been investigated. Interestingly, physical contact is not a requirement 
for microbe-microbe interactions (Falconer et al. 2008), since there are also chemical-
mediated interactions. Some responses demand physical proximity such as contact 
inhibition or colony-overgrowth, but distance inhibition and formation of zone lines, 
with diffusion of secondary metabolites in the medium is equally important (Bertrand 
et al. 2013a). Another well-established long-distance interaction occurs through the 
production of growth-inhibiting volatile compounds (Falconer et al. 2008).

The role of competition between fungi on secondary metabolites production has 
not been adequately understood yet, and furthermore, fungal metabolism has been 
rarely monitored during the interaction period (Chatterjee et al. 2016). However, an 
impressive range of natural products produced by microorganisms, belonging to 
diverse biosynthetic classes, was already detected using co-culturing approach (Jin 
et al. 2016). Although biosynthetic pathways responsible for production of defense 
compounds are not well known, it is clear that fungal interactions led to changes in 
growth, development, and adaptation patterns, in colony morphology and secondary 
metabolites, and proteins synthesis (Sandland et al. 2007; Wei et al. 2013).

Advances in genome sequencing have shown an unexpected genetic potential of 
some sequenced microorganisms for secondary metabolite production and detec-
tion of cryptic genes (Schroeckh et al. 2009; Bertrand et al. 2014a). Among cryptic 
gene activation strategies, biotic stress caused by co-culture is a simple, affordable, 
and straightforward methodology for producing compounds different from those 
isolated from single-microbial cultures (Cueto et  al. 2001; Oh et  al. 2005). 
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Metabolome diversification is a direct effect of this kind of interaction (Oh et al. 
2007; Nuetzmann et  al. 2011), in some cases inhibition of metabolism was also 
observed (Chatterjee et al. 2016).

Figure 24.8 shows some typical examples of fungus-fungus (a), filamentous 
fungus- yeast (b), and fungus-bacterium interactions (c). In Fig. 24.8a, the metabolic 
response observed is overproduction of exudates by the fungal species (on the right) 
in the area closer to the species on the left. Figure 24.8b shows inhibition of sporula-
tion by filamentous species in the contact zone with the yeast. In Fig. 24.8c, pigment 
formation by the filamentous fungus is observed in the center of the plate, as a 
mechanism to allow its growth through the plate, overcoming bacterium 
inhibition.

Under biotic stress, microorganisms can also yield compounds to act as tran-
scriptional regulators and epigenetic modifiers as demonstrated by co-cultivation of 
Aspergillus fumigatus with the bacterial species Streptomyces rapamycinicus. In 
this situation, like in epigenetic modulation, there was the induction of a previously 
silent polyketide synthase pathway in the fungus, which caused the production of 
fumicycline A (25), a prenylated polyketide (Fig. 24.9) (König et al. 2013). In addi-
tion to the expression of silent gene groups, the transfer of gene fragments of full- 
length between microbes (horizontal gene transfer) is also a typical metabolome 
modulation in co-culture (Kurosawa et al. 2008).

Another example is co-cultivation of Aspergillus nidulans with the actinomycete 
Streptomyces hygroscopicus which resulted in specific activation of a cluster of 
cryptic genes that encodes polyketide archetype orsellinic acid biosynthesis 
(Schroeckh et al. 2009). The bacterium S. rapamycinicus, in turn, modifies fungal 
gene expression in a specific way, inducing modifications at the principal histone 
acetyltransferases Saga/Ada complex (Nuetzmann et al. 2011). Dialysis and elec-
tron microscopy experiments have shown that, in some cases, the close physical 
interaction between fungus and bacterium is necessary to provoke specific responses 
(Schroeckh et al. 2009; Nuetzmann et al. 2011; König et al. 2013).

Studies carried out aiming to understand the role of chemicals in microbial inter-
actions suggest that several metabolites secreted by fungi in individual and mixed 
cultures are catabolized by their producers in subsequent growing stages. Other 

Fig. 24.8 Co-culture of filamentous fungi showing interaction with (a) filamentous fungus, (b) 
yeast, and (c) bacterium
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highlights are suppression and elicitation of new metabolites in mixed cultures 
(Chatterjee et  al. 2016), showing how fungal interactions can be extraordinarily 
surprising. The space in which fungi are cultivated as well as nutrient contents are 
reported to interfere substantially in metabolite production (Bertrand et al. 2014b).

Fig. 24.9 Chemical structures of secondary metabolites produced from co-cultivation of fungi 
with microorganisms. (König et al. 2013 (25); Chen et al. 2015 (26–28); Zuck et al. 2011 (29–33); 
Bertrand et al. 2013b (34); Oh et al. 2007 (35–36); Stierle et al. 2017 (37–44); Ebrahim et al. 2016 
(45–48); Shang et al. 2017 (49–51))
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Biotic stress produces different degrees of inhibition between the species, as 
shown in experiments using mixed cultures of Trichoderma harzianum with other 
fungal isolates (Albert et al. 2011); of Fusarium verticillioides with Clonostachys 
rosea, where the synthesis of mycotoxins of fumonisin class by F. verticillioides is 
suppressed by C. rosea (Chatterjee et  al. 2016); and of A. fumigatus with other 
microorganisms in agar plates (Zuck et al. 2011). Species-dependent response was 
described in the fermentation of Aspergillus terreus, a fungal species isolated from 
soil, with two bacteria, Streptomyces lividans and Streptomyces coelicolor, in solid 
medium, where the accumulation of fungal metabolites was not observed. In con-
trast, co-cultures of the same fungus with Bacillus sp. induced the production of two 
new butyrolactone derivatives, isobutyrolactone II (26) and 4-O-desmethyl- 
isobutyrolactone II (27), along with N-anthranilic acid (carboxymethyl) (28). 
Concurrently, there was up to 34 times increase in the accumulation of constitu-
tional fungal metabolites compared to simple cultures of A. terreus (Chen et  al. 
2015). Cofermentation of A. fumigatus with S. peucetius also induced production of 
new metabolites, fumiformamide (29) and N,N’-((1Z,3Z)-1,4-bis(4-methoxyphenyl)
buta-1,3-diene-2,3-diyl) diformamide (30), along with N-formil derivatives (31, 32) 
and BU-4704 (33), an analogue of xanthociline (Zuck et al. 2011).

Bertrand et al. (2013b) compared metabolome fingerprints resulting from simple 
and mixed cultivations of the fungal species Trichophyton rubrum and Bionectria 
ochroleuca on a solid medium. Induction of the biosynthesis of five new compounds 
was observed in the mixed culture, as a result of the biotic stress. Among the metab-
olites, 4″-hydroxysulfone-2,2″-dimetiltielavine P (34) was isolated. Only the non-
sulfonated form was found in the extract obtained when B. ochroleuca was cultivated 
as a single culture in the medium, revealing sulfonation as a specific result of the 
interaction between these fungal species.

Fig. 24.9 (continued)
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Co-culture of the marine fungus Emericella sp. with the bacterium Salinispora 
arenicola induced production of emericellamides A (35) and B (36), compounds 
unknown until then, which exhibited antibacterial activity against S. aureus (Oh et al. 
2007). In the co-cultivation of Penicillium fuscum and Penicillium camemberti/
clavigerum, the production of eight new macrolides was observed, berkeleylactones 
A-H (37–44), as well as the known antibiotic macrolide A26771B, among other 
metabolites. One of the isolated metabolites, berkeleylactone A (37), exhibited anti-
microbial activity against different species of microorganisms (Stierle et al. 2017).

The same pattern of metabolic induction has been observed for endophytic fungi. 
For instance, under biotic stress caused by Bacillus subtilis or S. lividans in solid 
medium, an endophytic isolate of Aspergillus austroafricanus species also revealed 
changes in its secondary metabolism, expressed by increasing up to 29 times the 
production of diphenyl ethers (45–48) as well as production of a new austramide 
(45) (Ebrahim et al. 2016).

The complexity of molecular defenses existing in fungal co-culture was high-
lighted by Shang et al. (2017) by cultivating Chaunopycnis sp. fungal strains in the 
presence of Trichoderma hamatum. The interaction between these species resulted 
in transcriptional activation of a rare class of 2-acetyl-tetrahydropyran, chaunopy-
ran A (49). In addition, the fungus T. hamatum was able to transform and inactivate 
the antifungal compound pyridoxantin (50) to methyl-pyridoxantin (51). Considering 
all these reports, it is noteworthy that the potential of biotic stress caused by co- 
culture in fungal metabolome modulation. The chemical structure of natural prod-
ucts obtained using this strategy (25–51) is shown in Fig. 24.9.

Co-culture also shed light in clinical studies, as in the production of fusaric 
acid due to the interaction between the fungi Sarocladium strictum and Fusarium 
cf. oxysporum, the latter was isolated from nails of onychomycosis patients 
(Bohni et al. 2016).

In addition to the metabolic response to biotic stress resulting from fungus- 
fungus and fungus-bacterium interactions, other types of co-cultures are important 
targets to investigate changes in microbial metabolic profiles. For instance, research 
on anaerobic fungal species Piromyces sp., isolated from goat rumen, in the pres-
ence of methanogens (anaerobic archaea) revealed citrate as one of the main metab-
olites produced by the fungal species. This is not a common metabolic response of 
this type of organism in simple cultures, where the main metabolites produced are 
from formate, lactate, ethanol, acetate, succinate, sugars/amino acids, and 
α-ketoglutarate classes. Such finding suggests the development of a new biosyn-
thetic pathway in the co-culture and suggests that methanogens cause changes in 
anaerobic fungal metabolism (Cheng et al. 2013).

The microbial response in co-culture can be applied in several areas, not only for 
producing new bioactive secondary metabolites. Regarding environmental green 
applications, synergistic effects of yeasts and bacteria in co-culture were observed 
in the bioremediation of petroleum-contaminated soil (Zhang et  al. 2014). On 
another application, co-culture of Trichoderma species with Daedaleopsis confra-
gosa and Phellinus pectinatus, ligninolytic white rotting fungi, revealed a potential 
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application for efficient bio-pulp production in paper and cellulose industries 
(Albert et al. 2011).

In summary, several studies conducted to control undesirable fungal species in 
the environment using other microorganisms or their metabolites support the idea 
that even if the dynamic nature of fungal metabolism is complex, it can be modu-
lated by biotic stress. Current research in this field suggests that interactions between 
microorganisms are responsible for activation of cryptic genes leading to changes 
on fungal metabolome under biotic stress in nature or in vitro co-culture. Different 
organisms show different responses to biotic stress, such as elicitation of new 
metabolite production, increase or minimization of biosynthetic pathways, or even 
inhibition of some metabolic routes. While biosynthesis diversification and yield 
improvement are interesting tools for producing bioactive compounds, metabolite 
suppression can be used as a biotechnologically useful tool for decreasing toxins 
production.

24.3  Future Perspectives

Research on biotic stress caused from different types of interactions between fungal 
species with other organisms is another area for academic and applied research. 
This old natural model is shedding light on the development of new in vitro 
approaches to enhance secondary metabolite expression by fungi. The possibilities 
for metabolic diversification are in progress by investigating bacterial communities 
associated with lichens. This approach is adding up to a new level in terms of under-
standing interaction complexity and starting different models for discovering novel 
molecules. Increasing the knowledge of taxonomic specificity typical of lichenic 
associations will help to understanding the mechanisms and requirements for the 
association between the photobiont and the fungal species. This will result in a bet-
ter knowledge of how to establish successful lichen cultures in the laboratory for the 
production of natural products. This will also help in improving in situ conditions 
for protection and maintenance of natural lichens considering the important role of 
these organisms that are sensitive to climate change and pollution.

It is also of immense interest to understand the mechanisms of infection and 
defense resulting from antagonistic relationships between phytopathogenic fungi 
and the host plants, and how these interactions directly interfere with the biochemi-
cal reactions in individuals at the transcriptional and translational levels. A number 
of new research areas emerged aiming at understanding and discovering effective 
ways to manipulate these interactions in order to ensure food and environmental 
security, besides reduction in agricultural losses, which has worldwide implications 
(George et al. 2016). For this purpose, in vitro biotic stress has been shown promis-
ing as a study alternative.

Considering the power of these interactions in the metabolic modulation in coex-
isting species, biotic stressing strategy is a promising resource for induction of the 
producing of compounds not only for the pharmaceutical industry but also for envi-
ronmental and biotechnological applications. This is the case of ligninolytic 

G. P. de Oliveira et al.



619

enzymes that act in the degradation of agricultural residues, reducing the environ-
mental impact caused by improper disposal of waste and even to be applied in bio-
fuels production. Another point that deserves further investigation is toward the 
understanding of fungal interactions at the transcriptional level, which is extremely 
important to achieve better knowledge in biotic stress research.

24.4  Conclusions

The complex nature of dynamic fungal metabolism is evident either with plants, 
algae, or other microorganisms in all types of in vivo or in vitro co-culture systems. 
Biotic stress mechanisms are intrinsically linked to modulation of fungal metabo-
lome and cryptic genes activation in response to external stimulus, resulting in the 
expression of not previously detected secondary metabolites, or even in the intensi-
fication in the production of those constitutively biosynthesized. Lichens are impor-
tant examples of biotic interactions that bring about natural metabolic modulation. 
The association of photosynthetic and fungal partners promotes the biosynthesis of 
unique secondary metabolites mainly expressed by the fungal entity. Important 
compounds have been identified and biological activities with potential pharmaceu-
tical applications have been described from lichens.

Although the interactions of fungi with other microorganisms and plants are 
common in nature, there is a growing interest in the in vitro mimetization of these 
interactions due to a high potential of fungal metabolic diversification. Thus, many 
studies seek to explore the biotic stress caused by co-culturing microorganisms in 
vitro to activate cryptic genes resulting in the production of compounds with impor-
tant pharmaceutical applications. As emphasized in this review, modulation of fun-
gal metabolome by inducing in vitro biotic stress is a successful tool to trigger 
unique responses and to stimulate important biosynthetic pathways.
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Abstract
Marine fungi are promising sources of bioactive metabolites. The wide array of 
fungal metabolites produced depends on the origin of the marine fungi, as their 
habitats are diverse, including living symbiotically with marine sponges and 
algae, or found in mangrove and bottom sediments. The metabolites discovered 
from marine fungi possess a range of biological activities, including antibacte-
rial, antiviral, and anticancer activity. Some metabolites from these fungi have 
been used in beauty products and cosmetics and form an integral part of anti- 
acne, antiaging, and skin-whitening formulations. Some bioactives with novel 
scaffolds or new biological activities, obtained from this group of fungi, warrant 
further development as cosmeceuticals. The review discussed metabolites 
obtained from marine fungi that may be useful for beauty health products and 
cosmeceuticals.
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25.1  Introduction

Marine fungi are fungal species that predominantly exist in the marine or estuarine 
ecosystem, comprising ecological group with a small number of taxa. They are 
found associated with different sea-dwelling marine organisms like seaweeds, cal-
careous tubes of mollusk, mangroves, seagrass, lichens, and various other verte-
brates and invertebrates (Richards et  al. 2012). Broadly, marine fungi can be 
classified into two distinct groups, obligate and facultative marine fungi. Obligate 
marine fungi are predominantly sporulate and grow in marine habitat and usually 
develop reproductive propagules over plant or animal substrata, while facultative 
marine fungi flourish and grow in freshwater as well as in terrestrial region but are 
able to withstand and flourish in marine habitat, and frequently they have been iso-
lated from various marine substrata (Kohlmeyer and Kohlmeyer 1980, Borse et al. 
2012). Many of these groups possess specialized structures like sheaths and append-
ages on their propagules (spores and conidia), for anchorage on various substrata 
(Kohlmeyer and Kohlmeyer 1980).

Bioactive metabolites produced by these fungi belong to various chemical classes 
and have different biological activities (Saleem et  al. 2007). Many of the fungal 
natural products are derived from either non-ribosomal peptides or polyketides. 
Some compounds belong to mixed polyketide–non-ribosomal peptides, and others 
are derived from other biosynthesis pathways. Over a 1000 metabolites have been 
reported from marine fungi with a range of biological properties and some of these 
are being developed as drug candidates (Deshmukh et al. 2018). Previous studies 
have examined taxonomy, distribution, chemistry, ecological roles, and pharmaco-
logical properties of natural products derived from marine fungi (Bugni and Ireland 
2004). Although numerous compounds have been identified from marine fungi, 
only a few compounds have been explored for their cosmeceutical potentials, with 
very little information available on their biological activities or mode of action 
(Agrawal et al. 2018b). Marine fungi are an important source of new chemical scaf-
folds that can be modified to improve potential cosmeceutical activity. Here we 
review cosmeceutical activity of metabolites produced by marine fungi, which 
includes photo-protective, antiaging, antioxidant, skin-whitening, antimicrobial, 
and moisturizing potential. Novel cosmeceutical molecules isolated from marine 
fungi are depicted in Tables 25.1, 25.2, and 25.3, which are organized based on vari-
ous cosmeceutical activities.
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25.2  Cosmeceutical Application of Compounds from Marine 
Fungi

25.2.1  Photo-Protective Compounds

In last two decades, depletion in the ozone sphere has increased our exposure to 
ultraviolet radiation (UVR), particularly UVB radiation (280–315  nm) (Rozema 
et al. 2005). For most of the sun-dwelling aquatic or terrestrial organisms, UVB 
radiation imparts detrimental effect (Day and Neale 2002) including humans 
(Solomon 2008). Since the UVB exposure cannot be avoided by light-dependent 
organisms, photosynthetic organisms have developed defense mechanism to allevi-
ate the effect of UVB, which includes accumulation of UV-absorbing substances 
like carotenoids, melanins, mycosporines, parietin, scytonemin, usnic acid, and 
various other photo-protective compounds (Dunlap and Yamamoto 1995; Rastogi 
and Incharoensakdi 2013). Natural photo-protective compounds have been investi-
gated from marine and freshwater microorganisms, plants, and animals. Marine 
natural compounds from diverse classes have been reviewed, but photo-protectants 
from marine fungal sources have attracted less attention. Here, we summarize some 
photo-protective compounds reported from marine-derived fungus (Table 25.1).

25.2.1.1  Mycosporine and Mycosporine-Like Amino Acids (MAAs)
Mycosporines and MAAs are water-soluble molecules of low molecular weight 
(generally <400  Da) capable of absorbing UV of between 310 and 365  nm. 
Chemically, mycosporines possess either an aminocycloheximine ring with an 
imino alcohol or an aminocyclohexenone with nitrogen substituents (Oren and 
Gunde-Cimerman 2007). MAAs are derived from mycosporines bearing amino 
acid residues; MAAs contain amino-cyclohexenimine ring associated to an amino 
group, amino alcohol, or amino acid showing absorption between 320 and 360 nm 
(Carreto and Carignan 2011). MAAs have the capability to dissipate UV radiation 
without generating toxic reactive oxygen species (ROS), along with it as photo- 
protective it absorbs a wide range of UV spectrum (Carreto and Carignan 2011; 
Řezanka et al. 2004). Mycosporine–glutamicol–glucoside was detected as the major 
mycosporine in Cladosporium sphaerospermum, C. cladosporioides, the halophilic 
black yeasts Phaeotheca triangularis and Hortaea werneckii, and the halotolerant 
Aureobasidium pullulans, while only black yeasts contain a smaller amount of 
mycosporine–glutaminol–glucoside (Oren and Gunde-Cimerman 2007). 
Basidiomycetous yeast Cryptococcus liquefaciens also accumulates mycosporine–
glutaminol–glucoside and mycosporine–glutamicol–glucoside (Kogej et al. 2006).

25.2.1.2  Carotenoids
Carotenoids, also called tetraterpenoids, are orange, red, and yellow organic pig-
ments that are produced by plants and algae, as by well as by several bacteria, yeast, 
and fungi. Various marine-derived yeasts are known to produce carotenoids. The 
genera Phaffia, Rhodotorula, and Xanthophyllomyces are a rich source of astaxan-
thin (Ambati et  al. 2014). Yeast and bacteria are poor producers of astaxanthin, 
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compared to algae, but they grow faster and have easier cultivation techniques 
(Bumbak et al. 2011; Mata-Gómez et al. 2014). Marine thraustochytrids are also 
good producers of carotenoids. They are widely distributed geographically. 
Thraustochytrids include planktonic and benthic forms living associated with vari-
ous sea ecosystems like sediments of mangroves, estuaries, and marine ecosystem 
(Raghukumar 2002). Thraustochytrid species including Thraustochytrium strains 
ONC-T18 and CHN-1, Thraustochytriidae sp. AS4-A1 (Ulkenia sp.), and 
Aurantiochytrium sp. KH105 are known to be rich sources of carotenoids like of 
β-carotene (1), echinenone (2), phoenicoxanthin (3), astaxanthin (4), zeaxanthin 
(5), and canthaxanthin (6) (Fig. 25.1) [Aasen et al. 2016]. Increasing the level of 

Fig. 25.1 Structures of carotenoids isolated from yeasts and fungi (1–6)

S. Agrawal et al.
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carotenoids can be achieved using metabolic engineering approaches, for example, 
a ninefold increase for astaxanthin was achieved in the case of Aurantiochytrium sp. 
SK4 (Suen et al. 2014). Therefore, to increase the production level of carotenoids, 
genetic tools including CRISPR can be applied to thraustochytrids for optimizing 
the production of carotenoids from these and other marine microbial sources.

25.2.1.3  Other Compounds
A new benzodiazepine alkaloid, circumdatin I (7), together with the already known 
circumdatin C (8) and circumdatin G (9) (Fig. 25.2), possessing UVA protecting 
property, was extracted from Exophiala sp. fungus associated with the marine 
sponge Halichondria panicea collected from Bogil Island, Korea. All compounds 
displayed high UVA protecting activity with the ED50 values of 98, 101, and 105 μM 
better than oxybenzone with ED50 value of 350 μM presently being used as sun-
screen filter (Zhang et al. 2008).

New compounds, 3-benzylidene-2-methylhexahydropyrrolo [1,2-α] pyrazine- 
1,4-dione (10) and 1-(1,3-Benzodioxol-5-yl)-1,2-propanediol (11) (Fig. 25.2), were 
extracted from Annulohypoxylon stygium (Xylariaceae family), the endophytic fun-
gus associated with Bostrychia radicans algae isolated from the region of the Rio 
Escuro mangrove, Sao Paulo State, Brazil. Both compounds exhibited no photo-
toxic potential and have the capability to UVB absorption and were found to be 
photostable (Maciel et al. 2018).

Another novel indole alkaloid, dihydroxyisoechinulin A (12) (Fig. 25.2), was 
extracted from Aspergillus sp. associated with marine red alga Lomentaria catenata 
identified from the region of Golmae village, Ulsan City, Korea. Compound (12) 

Fig. 25.2 Structures of photo-protective compounds isolated from marine fungi (7–14)

25 Marine Fungi as a Potential Source of Future Cosmeceuticals



648

exhibited UVA protecting property with an ED50 value of 130 μM, while oxyben-
zone exhibited UVA protecting activity with an ED50 value of 350 μM (Li et  al. 
2004a).

The diketopiperazine alkaloid, golmaenone (13), and the related alkaloid 
neoechinulin A (14) (Fig.  25.2) were extracted from the marine-derived fungus 
Aspergillus sp. Compounds (13 and 14) displayed a UVA quenching activity with 
ED50 values of 90 and 170 μM, respectively, better active than oxybenzone with the 
ED50 value of 350 μM (Li et al. 2004b).

25.2.2  Antiaging Compounds

Aging is a natural process observed in all living organisms and involves the accu-
mulation of cellular and extracellular damage. Exposure to environmental aggres-
sions and in particular reactive oxygen species produced during cellular metabolism 
generates visible signs of skin aging, primarily because of the dilapidation of the 
extracellular matrix present in the dermis and epidermis of skin (Giacomoni 2008; 
Kirkwood and Holliday 1979). Although aging is not preventable, substances 
applied topically may alter the aging process. Chemicals that help reduce damage 
are considered antiaging products (Giacomoni 2008). Numerous bioactive mole-
cules of marine origin are already being produced at industrial scale with anti- 
wrinkling action, including fatty acids and exopolysaccharides (EPSs). Some of the 
fungal-derived antiaging compounds so far identified are summarized in Table 25.1.

25.2.2.1  Exopolysaccharides
Polysaccharides from microbial resources, especially exopolysaccharides (EPSs), 
are bioactive compounds that can confer anti-wrinkling action. EPSs are high 
molecular weight carbohydrate polymers that are an integral part of different physi-
ological mechanisms, from attachment to intra- and inter-specific communication 
and competition (Poli et al. 2010). EPSs are produced by bacteria, fungi, and micro-
algae. However, for large-scale production, bacteria are considered better than fungi 
and algae (Nwodo et  al. 2012). EPSs have multiple roles and can be used as an 
emulsifier, thickening agent, absorption, and formation of gel (Freitas et al. 2011; 
Suresh Kumar et al. 2007). In recent years, extreme environments such as polar, 
cold seeps, a benthic region of sea hydrothermal vents and hypersaline ecosystems 
are being explored to discover new EPSs (Cambon-Bonavita et al. 2002; Courtois 
et al. 2014; Jouault et al. 2001; Poli et al. 2010).

Exopolysaccharide, EPS2, was extracted from Keissleriella sp. YS 4108, a fun-
gus isolated from marine sediment collected from the Yellow Sea near Shenyang 
Port, China, with antioxidant and free radical scavenging activity (Sun et al. 2004). 
EPS2 blocks the nonsite-specific strand as well Fenton reaction-mediated DNA 
damage at concentrations of 0.1 and 1 mg/mL and significantly inhibited human 
low-density lipoprotein (LDL) induced by copper-mediated oxidation concentration- 
dependent manner.
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The marine fungus Penicillium sp. gxwz 446, which was isolated from the coral 
Echinogorgia flora in South China, led to the identification of two neutral exopoly-
saccharides, GX1–1 and GX2–1. Chemically, GX1–1 primarily consists of glucose 
subunit with a molecular weight of 5.0 kDa. GX1–1 was formed by monomer units 
of (1 → 4)-linked α-d-glucopyranose units as the central portion which was substi-
tuted by α-d-glucopyranose at C2 region repeated at every sixth sugar residues. 
Chemically, GX2–1 was a polymer of mannogalactoglucan with a molecular weight 
of 9.5 kDa. The bonds present in the backbone were composed of (1 → 4)-β-d-
Glcp, (1 → 5)-β-d-Galf, (1 → 3,5)-β-d-Galf, (1 → 6)-α-d-Manp, and (1 → 2, 6)-α-d-
Manp. GX1–1 was found active against RAW264.7 leading to activation of 
macrophage. The sulfated derivatives of GX1–1 showed to enhance the pinocytic 
activity of RAW264.7 cells leading to the production of NO (Sun et al. 2016).

25.2.2.2  Fatty Acids
Fatty acids have a proven role for topical application in cosmetics that aid in the 
repair of soft tissue, providing nourishment to the skin through stimulation of col-
lagen production, wound healing, and anti-inflammatory properties (Ziboh et  al. 
2000). Among the polyunsaturated fatty acids (PUFA), the omega-3 fatty acids 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) offer various health 
beneficial effects (McCusker and Grant-Kels 2010). Wild fish is the main source of 
omega-3 fatty acids for human consumption (Adarme-Vega et al. 2014; Covington 
2004; Hutchings and Reynolds 2004). Increasing demand for DHA and EPA has 
resulted in research into alternative sources to fish oil, including oil plants, algae, 
bacteria, and fungi. Single-cell microorganisms such as yeasts and molds produce 
“single-cell oils” (SCOs) (Wynn and Ratledge 2005) and offer several benefits com-
pared to fish oil. Advantages include a higher growth index for microorganisms and 
oil that naturally includes antioxidants such as carotenoids which partially prevent 
omega-3-fatty acid oxidation (Adarme-Vega et al. 2014). Thraustochytrids, fungi, 
and bacteria are prominent marine microorganisms that have the potential to pro-
duce these fatty acids cost-effectively at commercial scale.

A new fatty acid glucoside, R-3-hydroxyundecanoic acid methylester-3-O-α-l-
rhamnopyranoside (15) (Fig. 25.3) was obtained from an unidentified marine- 
derived fungus associated with mangrove plant Scyphiphora hydrophyllacea 
collected from Hainan Province, China, and exhibited a modest inhibitory effect on 
Staphylococcus aureus and methicillin-resistant S. aureus [Zeng et  al. 2012]. 
Paecilonic acids A (16) and B (17) (Fig. 25.3), two new bicyclic fatty acids, were 
extracted from Paecilomyces variotii, the marine fungus isolated from the jellyfish 
Nemopilema nomurai (Wang et  al. 2016). Similarly, two new antimicrobial fatty 
acid esters, penicilloitins A (18) and B (19) (Fig. 25.3), were obtained from marine- 
derived fungus Penicillium sp. from a tunicate, Didemnum sp., collected from a 
mangrove forest located in Sharm El-Sheikh on the Egyptian Red Sea coast. Both 
the compounds displayed modest antimicrobial activity (Mourshid et al. 2016). It is 
reported that marine yeast species produce higher biomass and high lipids such as 
in a case of Rhodotorula mucilaginosa AMCQ8A (Gupta et  al. 2013; Kot et  al. 
2016), but their potential usage in the area of cosmaceutical is still to be 
investigated.
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25.2.3  Antioxidants

Oxidative damage has been implicated as the major factor in the decline in physio-
logical function that occurs during aging. Antioxidants are the substances that pro-
tect cell membranes damaged by mitigating oxidative stress by quenching the free 
radicals and other reactive oxygen molecules (Wickens 2001). Currently, many syn-
thetic antioxidants such as tertiary butyl hydroquinone, butylated hydroxytoluene, 
butylated hydroxyanisole, and propyl gallate are being used in cosmeceutical prod-
ucts, (Kim 2016). Since synthetic compounds are less preferred due to safety issues 
(Younes and Rinaudo 2015), antioxidants from natural origin have been widely 
investigated for cosmetics. Antioxidants from the marine source include carot-
enoids, mycosporines, MAAs, and other compounds that can be used as cosmeceu-
tical formulation (Oren and Gunde-Cimerman 2007; Vílchez et  al. 2011). 
Antioxidants identified from marine-derived fungi are summarized in Table 25.2.

25.2.3.1  Antioxidants from Mangrove Endophytic Fungi
A chromenopyridine derivative, phochrodine D (20) (Fig. 25.4), was extracted from 
Phomopsis sp. 33, an endophytic fungus associated with the bark of Rhizophora 
stylosa collected from the South China Sea. Compound (20) displayed moderate 
antioxidant activity with an IC50 value of 34.0 μM, while butylated hydroxytoluene 
(BHT), a positive control, exhibited antioxidant activity with an IC50 value of 
25.8 μM (Chen et al. 2018).

An endophytic fungus Pestalotiopsis sp. HQD-6 associated with Rhizophora 
mucronata collected from the South China Sea was the source of fluturan (21) 
(Fig. 25.4), which showed significant radical scavenger activity, with IC50 values of 
34.85 and 9.75 μg/mL, respectively, in DPPH and ABTS assays (Zhou et al. 2018).

Three novel 2,3-diaryl indone derivatives, ascomindone A (22), ascomindone B 
(23), and ascomindone C (24), and two new isobenzofuran derivatives, ascomfuran 

Fig. 25.3 Structures of fatty acid isolated from fungi (15–19)
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(25) and ascomfuran B (26) (Fig.  25.4), were extracted from Ascomycota sp. 
SK2YWS-L, an endophytic fungus residing inside the leaves of the marine man-
grove Kandelia candel, collected from Shankou Mangrove Nature Reserve in 
Guangxi Province, China. Compound (22) exhibited the most potent scavenging 
capacity against DPPH radical with an IC50 value of 18.1 μM, while compounds 
(23, 24, and 25) showed significant activity. In a hydroxyl radical scavenging assay, 
compounds (22–24) exhibited strong activity with the IC50values in the range of 
80–100 μM. In addition, all compound also displayed potent activity in FRAP assay 
(Tan et al. 2016).

Fig. 25.4 Structures of antioxidants from mangrove endophytic fungi (20–36)
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Two isocoumarin derivatives, asperisocoumarin A (27) and asperisocoumarin C 
(28) (Fig. 25.4), were identified from Aspergillus sp. 085242, associated with the 
mangrove plant Acanthus ilicifolius, collected from Guangxi Province, China. 
Compounds (27–28) exhibited antioxidant activity with EC50 values of 125 and 
130 μM, respectively, in DPPH scavenging assay. The positive control Vitamin C 
exhibited antioxidant activity with EC50 values of 35 μM in the same assay (Xiao 
et al. 2016).

Compounds (10R, 14R)-10-hydroxydihydroresorcylide (29), brocaketone A 
(30), and brocaketone D (31) (Fig.  25.4) were purified from Penicillium brocae 
MA-192, an endophytic fungus associated with the mangrove plant Avicennia 
marina, collected from Hainan Island, China. Compounds (29–31) showed poten-
tial DPPH radical scavenging activity with IC50 values of 14.4, 5.9, and 16.3 μg/ml, 
respectively, in comparison to BHT (IC50, 18.5 μg /ml) (Zhang et al. 2015).

Racemic new cyclohexenone and cyclopentenone derivatives, (±)-(4R∗,5S∗,6S∗)-
3-amino-4,5,6-trihydroxy-2-methoxy-5-methyl-2-cyclohexen-1-one (32) and 
(±)-(4S∗,5S∗)-2,4,5-trihydroxy-3-methoxy-4-methoxycarbonyl-5-methyl-2- 
cyclopenten-1-one (33) (Fig. 25.4), were obtained from Alternaria sp. R6 residing 
inside the roots of Myoporum bontioides a semi-mangrove plant collected from 
Guangdong Province, China. Compounds (32) and (33) exhibited good scavenging 
activities in ABTS assay with an EC50 value of 8.19 and 16.09 μM, respectively, 
compared to ascorbic acid (EC50, 17.14 μM) [Wang et al. 2015].

New polyketide, penicitriketo (34) (Fig. 25.4) was extracted from Penicillium 
citrinum, an endophytic fungus associated with the stems of mangrove plant 
Salicornia bigelovii collected from Jiangsu Province, China. Compound (34) exhib-
ited antioxidant activity in DPPH assay with an IC50 value of 85.33 μM. Positive 
control Vitamin E showed antioxidant activity with an IC50 value of 78.08 μM in the 
same assay (Wang et al. 2014).

Compounds 4-hydroxyphenethyl methyl succinate (35), 4-hydroxyphenethyl 
2-(4-hydroxyphenyl) acetate (36), and 4-methylpyrocatechol (37) (Fig. 25.4) were 
purified from the marine fungus Penicillium griseofulvum Y19–07 associated with 
mangrove Lumnitzera racemosa collected from the South China Sea. All the com-
pounds displayed antioxidant activity in DPPH assay with IC50 values of 58.6, 56.2, 
and 7.1 μM, respectively, while positive control vitamin E showed an IC50 value of 
26.5 μM (Wang et al. 2009).

25.2.3.2  Antioxidants from Marine Sponge-Associated Fungi
Compound 7-O-demethylmonocerin (38) (Fig. 25.5) was purified from Setosphaeria 
sp. SCSIO41009 associated with sponge Callyspongia sp., collected from the sea 
near Xuwen County, Guangdong Province, China, and exhibited antioxidant activ-
ity with an IC50 value of 38 μM, in DPPH assay, while positive control ascorbic acid 
exhibited antioxidant activity with an IC50 value of 39 μM (Pang et al. 2018).

Compounds butyrolactone I (39), butyrolactone II (40), 5-[(3,4-dihydro-2,2- 
dimethyl- 2H-1-benzopyran-6-yl)-methyl]-3-hydroxy-4-(4-hydroxyphenyl)-2(5H)-
furanone (41), and aspernolide A (42) (Fig. 25.5) were purified from Aspergillus 
terreus, isolated from the marine sponge Phakellia fusca collected from the Xisha 
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Islands in the South China Sea. All compounds exhibited antioxidant activities with 
IC50 values ranging from 38 to 97 μM, while N-acetyl-l-cysteine exhibited the anti-
oxidant activities with IC50 values 85 μM (Sun et al. 2018).

New furan derivative hypofurans A (43), along with known compounds 
N-isobutyl-2-phenylacetamide (44) and N-(2-methylbutyl)-2-phenylacetamide (45) 
(Fig. 25.5), was extracted from Hypocrea koningii PF04 isolated from the marine 
sponge Phakellia fusca collected from Yongxing Island in the South China Sea. 
Compounds (43–45) showed moderate antioxidant activity with IC50 values of 27.4, 
16.8, and 61.7 μg/mL, respectively, in DPPH assay (Ding et al. 2015). A new sorbi-
cillinoid derivative designated as JBIR-59 (46) and its derivative designated as 
JBIR-124 (47) (Fig. 25.5) were purified from Penicillium citrinum SpI080624G1f01 
associated with marine sponges collected from offshore of Ishigaki Island, Okinawa 
Prefecture, Japan. Compounds (46) and (47) exhibited antioxidant activity with an 
IC50 value of 25 and 30 μM, respectively, while α-tocopherol exhibited antioxidant 
activity, with an IC50 value of 9.0 μM in DPPH assay (Kawahara et al. 2012).

Two polysaccharides JJY-W and JJY-S were extracted from the crude exopoly-
saccharides of marine-derived endogenetic fungus of the sponge (Alternaria sp.) 
and were further purified by ion exchange chromatography. The chemical properties 
of the two polysaccharides were investigated by various chemical and spectroscopic 
methods. The results showed that the molecular weights of JJY-W and JJY-S were 
1.4KD and 1.8KD, respectively. JJY-W was mainly composed of galactose and glu-
cose with a small amount of mannose. JJY-S mainly consisted of mannose and 
glucose with a small amount of galactose. The total sugar content of JJY-W was 
46%, and uronic acid was not detected. The total sugar content of JJY-S was 52%, 

Fig. 25.5 Structures of antioxidants from sponges associated fungi (37–47)

25 Marine Fungi as a Potential Source of Future Cosmeceuticals



654

and uronic acid content was 1.94%. JJY-W had a higher content of protein than JJY-
S. Scavenging capacities of JJY-W and JJY-S on DPPH free radical and hydroxyl 
radical were evaluated. The results showed that two types of polysaccharides exhib-
ited a good antioxidant activity. Moreover, JJY-W showed higher scavenging capac-
ity on DPPH free radical than JJY-S, and JJY-S had higher hydroxyl radical 
scavenging capacity than JJY-W (Chen et al. 2010).

Fig. 25.6 Structures of antioxidants from marine algae-associated fungi (48–68)
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25.2.3.3  Antioxidants from Marine Algae-Associated Fungi
Polyhydroxylated hydroanthraquinone derivatives, 8-hydroxyconiothyrinone B 
(48), 8,11-dihydroxyconiothyrinone B (49), 4R,8-dihydroxyconiothyrinone B (50), 
4S,8-dihydroxyconiothyrinone B (51), and 4S,8-dihydroxy-10-O-methyldendryol 
E (52) (Fig. 25.6), were purified from an endophytic fungus Talaromyces islandicus 
EN-501, associated with the marine red alga Laurencia okamurai collected from 
Qingdao, China. Compounds (48–52) displayed antioxidant activity with an IC50 
value of 12, 31,42, 52, and 30 μM, respectively, in DPPH radical scavenging assay, 
while positive control BHT displayed antioxidant activity with an IC50 value of 
61 μM.  Compounds (48–52) also displayed moderate ABTS radical scavenging 
activity with IC50 values of 8.3, 19, 34, 31, and 24 μM, which was comparable to 
ascorbic acid (IC50, 16 μM) [Li et al. 2017].

A new indolediketopiperazine derivative isovariecolorin I (53) along with known 
congeners including rubrumazine B (54), neoechinulin B (55), neoechinulin C (56), 
alkaloid E-7 (57), didehydroechinulin (58), echinulin (59), dehydroechinulin (60), 
and variecolorin H (61) (Fig. 25.6) was isolated from Eurotium cristatum EN-220, 
associated with the marine alga Sargassum thunbergii collected from the coast of 
Qingdao, China. Compounds (53–61) showed antioxidant activity in DPPH assay 
with IC50 values of 20.6, 28.5, 10.9, 12.1, 10.1, 13.3, 13.8, 6.4, and 18.7 μg/mL, 
while positive control ascorbic acid showed antioxidant activity with IC50 values of 
2.0 μg/mL (Du et al. 2017).

Benzamide derivative, methyl 4-(3,4-dihydroxybenzamido)butanoate (62), along 
with six other phenolic compounds, including 5-O-methylsulochine (63), methyl 
2-(2,6- dimethoxy-4-methylbenzoyl)-3,5-dihydroxybenzoate (64), methyl-2-(2,6- 
dihydroxyl- 4-methylbenzoyl)-3-hydroxy-5-methoxybenzoate (65), physcion (66), 
4-(3,4-dihydroxybenzamido)butanoic acid (67) and (E)-N-(2-hydroxy-2-(4- 
hydroxyphenyl) ethyl)-3-(3-hydroxy-4-methoxyphenyl)acrylamide (68) (Fig. 25.6), 
were extracted from Aspergillus wentii EN-48 associated with marine brown alga 
Sargassum sp. Compounds (62–68) displayed potent antioxidant activity with IC50 
values of 5.2, 24.7, 78.2, 73.6, 99.4, 9.6, and 82.7 μg/mL, respectively, while com-
pounds (62, 63, and 68) possess stronger activity than BHT (IC50 36.9 μg/mL) in 
the DPPH assay [Li et al. 2014].

Production of two new brominated dihydroxyphenylacetic acid derivatives, Me 
2-(6-bromo-3,4-dihydroxyphenyl)acetate (69) and Me 2-(2,5-dibromo-3,4- 
dihydroxyphenyl) acetate (70), and a known compound, 2-(3,4-dihydroxyphenyl)
acetic acid (71) (Fig. 25.7), was induced when NaBr and CaBr2 used during fermen-
tation of Aspergillus sp. isolated from the surface of brown alga Ishige okamurae 
collected at Uljin, Korea. Compounds (69–71) exhibited potent antioxidant activity 
in DPPH assay with IC50 values of 14.2, 12.1, and 11.0 μM, respectively, better than 
the positive control l-ascorbic acid (IC50, 20.0 μM) [Leutou et al. 2013].

Similarly the addition of NaBr during fermentation of Aspergillus ochraceus 
associated with Chondria crassicualis, the marine red alga collected from Yokji 
Island, Korea, resulted in inducing the production of a new halogenated 
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isocoumarin, (R)-(−)-5-bromomellein (72), and three known compounds, (R)-(−)-
mellein (73), clavatol(74), and circumdatin A (75) (Fig. 25.7). Compounds (72–75) 
exhibited mild antioxidant activity with the IC50 values of each compound being 24, 
25, 30, and 32 μM, respectively, in the DPPH assay, while positive control l-ascor-
bic acid exhibited better antioxidant activity with IC50 value of 20.0 μM (Yun et al. 
2013).

Aspergillus ochraceus, associated with marine brown alga Sargassum kjellma-
nianum which was collected from Dalian coastline, China, was the source of benzo-
diazepine analog, 2-hydroxycircumdatin C (76) (Fig.  25.7). Compound (76) 
displayed antioxidant activity with an IC50 value of 9.9 μM in DPPH radical scav-
enging assay, which is 8.9-fold more potent than that of BHT with an IC50 value of 
88.2 μM (Cui et al. 2009).

A new metabolite, N-[2-(4-hydroxyphenyl) acetyl]formamide (77), along with 
known polyketides, 3,4-dihydroxyphenyl acetic acid (78) and 

Fig. 25.7 Structures of antioxidants from marine algae-associated fungi (69–88)
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N-[2-(4- hydroxyphenyl) ethenyl]formamide (79) (Fig. 25.7), was isolated from an 
unidentified marine-derived fungus marine brown alga Ishige okamurae collected at 
Uljin, Gyeongbuk Province, Korea. Compounds (77–79) exhibited good antioxi-
dant activity with IC50 values of 8.4, 11.9, and 0.2 μM, respectively, in DPPH assay 
(Li et al. 2006).

The fungal strain, Pseudallescheria sp., associated with marine brown alga 
Agarum cribrosum collected in the Uljin, Gyeongbuk Province, Korea, was the 
source of Gliotoxin (80) (Fig. 25.7) and showed antioxidant activity with an IC50 
value of 5.2 μM in DPPH assay (Li et al. 2006).

A new metabolite, dihydroxyisoechinulin A (12) (Fig. 25.2), was extracted from 
Aspergillus sp. isolated from the marine red alga Lomentaria catenata collected in 
the Golmae village, Ulsan City, Korea. Compound (12) exhibited antioxidant activ-
ity with an IC50 value of 20 μM in DPPH assay while positive control ascorbic acid 
exhibited the same activity (Li et al. 2004a).

A new diketopiperazine alkaloid, golmaenone (13), and related alkaloid, neoechi-
nulin A (14) (Fig. 25.2), were obtained from the marine-derived fungus Aspergillus 
sp. Compounds (13 and 14) exhibited antioxidant activity with IC50 values of 20 
and 24 μM, respectively, in DPPH assay, while positive control ascorbic acid exhib-
ited antioxidant activity with IC50 value of 20 μM (Li et al. 2004b).

A new compound, epicoccone (81) (Fig. 25.7) was extracted from Epicoccum sp. 
associated with the marine alga Fucus vesiculosus, collected from the North Sea 
cost Tönning, Germany. Compound (81) exhibited potent activity, showing 95% 
activity in DPPH assay at 25 μg/mL. Compound (81) also inhibited the peroxidation 
of linolenic acid with 62% inhibition at 37 μg/mL in the TBARS assay (Abdel- 
Lateff et al. 2003a).

A new xanthone derivative, 2,3,6,8-tetrahydroxy-1-methylxanthone (82); known 
xanthone derivative, 3,6,8-trihydroxy-1-methylxanthone (83); and known com-
pound, 5-(hydroxymethyl)-2-furancarboxylic acid (84) (Fig. 25.7) were purified 
from Wardomyces anomalus, associated with alga Enteromorpha sp. collected from 
Fehmarn Island in the Baltic Sea, Germany. Compounds (82 and 84) showed 94.7 
and 30.7% DPPH radical scavenging activity at 25.0 μg/mL. Compounds (82 and 
84) were also able to inhibit peroxidation of linolenic acid with 17.0 and 2.6%, 
respectively, at 7.4 μg/mL. All compounds (82–84) also displayed 100% TK p56lck 
enzyme inhibition activity at 200 μg/mL (Abdel-Lateff et al. 2003b).

A novel hydroquinone derivatives, 7-isopropenylbicyclo[4.2.0]octa-1,3,5-triene- 
2,5-diol (85), and known metabolites, 2-(1-hydroxy-1-methyl)-2,3- 
dihydrobenzofuran- 5-ol (86), 2,2-dimethylchroman-3,6-diol (87), and 
2-(3-dihydroxy-3-methylbutyl)benzene-1,4-diol (88) (Fig. 25.7), were isolated 
from Acremonium sp., a fungus associated with algal material collected from 
Moraira, Mediterranean Sea, Spain. Compounds (85–88) exhibited 85.5, 85.8, 72.9, 
and 90.2% DPPH radical scavenging effects at 25.0 μg/mL. These compounds also 
inhibit 35.5, 15.9, 9.2, and 16.6% peroxidation of linolenic acid at 37.0 μg/mL 
(Abdel-Lateff et al. 2002).
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25.2.3.4  Antioxidants from Miscellaneous Marine Fungi
Compounds oxisterigmatocystin D (89), oxisterigmatocystin C (90), sterigmatocys-
tine (91), versicolorin B (92), UCT1072M1 (93), averantin (94), methyl-averantin 
(95), averythrin (96), averufanin (97), averufine (98), nidurufin (99) (Fig. 25.8) were 
purified from Aspergillus versicolor isolated from deep-sea sediment in South 

Fig. 25.8 Structures of antioxidants from marine fungi from miscellaneous (89–107)
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China Sea. Compounds (89–99) exhibited antioxidant activity with 0.55, 1.16, 0.65, 
1.03, 0.97, 0.89, 0.86, 0.22, 0.82, 0.94 and 0.62 TEAC (trolox (1.0 μmol/L) equiva-
lent antioxidant capacity) values. The luciferase reporter gene assay revealed that 
compounds (93, 94, 96, and 99) potentially activated the expression of Nrf2- 
regulated gene (Ze-Hong et al. 2018).

A spirocyclic diketopiperazine enantiomer, (+)-variecolortin A (100) (Fig. 25.8) 
was extracted from marine-derived fungus Eurotium sp. SCSIO F452 isolated from 
the South China Sea sediment sample. Compound (100) exhibited good antioxidant 
activity with an IC50 value of 58.4 μM, in DPPH assay, while the positive control 
ascorbic acid showed antioxidant activity with an IC50 value of 45.8 μM (Zhong 
et al. 2018).

Marine-derived fungus Aspergillus carneus collected from the South China Sea 
was the source of a known compound, 3,4-dihydroxy-5-(3-hydroxy-5- 
methylphenoxy)benzoic acid (101) (Fig. 25.8). Compound (101) exhibited potent 
antioxidant activity with an IC50 value of 19.3 μM in DPPH radical scavenging 
assay, while positive control ascorbic acid exhibited antioxidant activity with IC50 
value of 15.3 μM (Xu et al. 2017).

Compounds 6-methylbenzene-1,2,4-triol (102), violaceol-II (103), cordyol C 
(104), and sydowiols B (105), E (106), and D (107) (Fig. 25.8) were purified from 
Aspergillus versicolor SCSIO 41502 isolated from a marine sediment sample col-
lected from the South China Sea. Compounds (102–107) exhibited antioxidant 
activity in DPPH radical scavenging assay with IC50 values of 18.92–52.27 μM 
more potent than l-ascorbic acid (Huang et al. 2017).

The supplementation of metal bromides (NaBr and CaBr2) led to production of 
a new brominated naphthopyranone, 6,9-dibromoflavasperone (108), and three 
known naphtho-γ-pyranone monomers, flavasperone (109), TMC-256A1(110), and 
fonsecin (111), and one naphtho-γ-pyranone dimer, aurasperone B(112) (Fig. 25.9), 
during fermentation of the marine mud flat-derived fungus Aspergillus niger col-
lected at Suncheon Bay, Korea. Compounds (108–112) displayed potent antioxidant 
activity in DPPH assay, with IC50 values of 21, 25, 0.3, 0.02, and 0.01 μM, respec-
tively, and compounds (110, 111, and 112) were more potent than the positive con-
trol, ascorbic acid (IC50, 20.0 μM) (Leutou et al. 2016a).

The microbial transformation of anthranilic acid by the marine mud flat-derived 
fungus Thielavia sp. isolated from the marine mud flat collected at Gomso Bay, 
Korea, produced an antibacterial polycyclic quinazoline alkaloid, thielaviazoline 
(113) (Fig. 25.9). Thielaviazoline displayed in vitro antimicrobial activity against 
methicillin-resistant and multidrug-resistant Staphylococcus aureus (MRSA and 
MDRSA), with minimum inhibitory concentration (MICs) of 6.25 and 12.5 μg/mL, 
respectively. Thielaviazoline also showed potent antioxidant activity DPPH in radi-
cal scavenging assay with an IC50 of 11 μM, which was more active than the positive 
control, l-ascorbic acid (IC50, 20.0 μM) (Leutou et al. 2016b).

The biological transformation of chlorogentisyl alcohol (114) (Fig. 25.9), iso-
lated from the marine-derived fungus Aspergillus sp., associated with marine red 
alga collected in Tongnyeong, Gyengnam Province, Korea, with Chrysosporium 
synchronum associated with brown alga Sargassum ringgoldium collected at Yokji 
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Island of Gyeongnam, Korea, resulted in the isolation of a new glycosidic metabo-
lite, 1-O-(α-d-mannopyranosyl)chlorogentisyl alcohol (115) (Fig. 25.9). 
Compounds (114–115) exhibited potent radical scavenging activity with IC50 values 
of 1.0 and 4.7 μM, respectively, in DPPH assay. Both the compounds exhibited bet-
ter activity than the positive control, l-ascorbic acid with IC50 value of 20.0 μM 
(Yun et al. 2011). Nigrosporanenes A (116) and B (117) (Fig. 25.9), two new cyclo-
hexene derivatives, were extracted from Nigrospora sp. PSU-F11, the sea fan- 
derived fungus. Both the compounds showed poor antioxidant activity with IC50 
values of 0.34 and 0.24 μg/mL, respectively, in a DPPH assay (Rukachaisirikul 
et al. 2010).

25.2.4  Skin-Whitening Products

25.2.4.1  Tyrosinase Inhibitors
Tyrosinase is a copper-containing enzyme, present in microorganisms, animals, and 
plants, and is a key regulator of melanin biosynthesis. Its prime role involves skin 
and hair color determination in organisms. For the past few decades the use of tyros-
inase inhibitors has become an integral component of skin-whitening creams within 
the cosmetic industry, with these inhibitors now being widely used in cosmeceuti-
cals. Natural products are an important source of many tyrosinase inhibitors, but 
only a few of them are used for skin whitening due to safety concerns. Compounds 
like linoleic acid, hinokitiol, kojic acid, arbutin, naturally occurring hydroquinones, 
and catechols are known tyrosinase inhibitors but are also associated with side 
effects (Maeda and Fukuda 1991). It is estimated that the global skin- lightening 

Fig. 25.9 Structures of antioxidants from marine fungi from miscellaneous (108–117)
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products market was valued at around USD 4075 million in 2017, and it is expected 
to reach approximately USD 8895 million by 2024, at a CAGR of slightly above 
6.5% between 2018 and 2024 [https://globenewswire.com/news-rele
ase/2019/01/10/1685903/0/ en/Global-Skin-Lightening-Products-Market-Will-
Reach-USD-8-895-Million-By-2024-Zion-Market-Research.html]. There is a need 
to find new tyrosinase inhibitors with minimal side effects, from marine sources 
including marine fungi. Some of the compounds with anti-tyrosinase inhibitory 
activity are presented in Table 25.3.

Two tetracyclic coumarin derivatives (118 and 119) and three coumarin dimers 
(120–122) (Fig. 25.10) were extracted from coumarin dimerization of natural extracts 
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Fig. 25.10 Structures of skin-whitening compounds from marine fungi (118–129)
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of the marine-derived fungus Eurotium rubrum isolated from Chosei-mura, Chosei-
gun, Chiba Prefecture, Japan. Compounds (118–122) showed tyrosinase inhibitory 
activity (IC50, 1.7, 1.2, 4.9, 1.8, and 2.9 μM, respectively) (Kamauchi et al. 2018).

In response to abiotic stress, elicitation by CuCl2 induced production of two new 
sesquiterpenes, 1β,5α,6α,14-tetraacetoxy-9α-benzoyloxy-7βH-eudesman-2β,11- 
diol (123) and 4α,5α-diacetoxy-9α-benzoyloxy-7βH-eudesman-1β,2β,11,14-tetraol 
(124) (Fig. 25.10), during fermentation of the Pestalotiopsis sp. Z233 associated 
with brown alga Sargassum horneri collected from the seashore in Wenzhou, China. 
Compounds (123 and 124) exhibited tyrosinase inhibitory activity with an IC50 
value of 14.8 μM and 22.3 μM (Wu et al. 2013).

Homothallin II (125) (Fig. 25.10) was extracted from marine-derived fungus 
Trichderma viride. Compound (125) inhibits the mushroom tyrosinase enzyme 
through the binding to a copper active site (Tsuchiya et al. 2008). A new α-pyrone 
derivative, 6-[(E)-hept-1-enyl]-α-pyrone (126) (Fig. 25.10), was obtained from 
Botrytis, isolated from the marine red alga Hyalosiphonia caespitose collected at 
Dadaepo, Busan, Korea. Compound (126) exhibited tyrosinase inhibitory activity 
with IC50 value of 4.5 μM, (Zhang et al. 2007). New myrothenone A (127) (Fig. 
25.10) and a known 6-n-pentyl-α-pyrone (128) were extracted from the algicolous 
marine fungus Myrothecium sp. isolated from marine green alga Enteromorpha 
compressa collected at Baegunpo, Busan, Korea. Compounds (127 and 128) 
showed a tyrosinase inhibitory activity with an IC50 value of 0.8 and 6.6 μM, respec-
tively, which are better active than kojic acid with IC50 value of 7.7 μM, currently 
used as a functional personal-care compound (Li et al. 2005).

Kojic acid (129) (Fig. 25.10) was purified from Alternaria sp. 581B associated 
with marine green alga Ulva pertusa, and its structure was detected by physico-
chemical evidence. Kojic acid showed the significant tyrosinase inhibitory activity 
with IC50 values of 12.0 μM (Li et al. 2003).

25.2.4.2  Marine Fungi for Skin Microbial Infection
Skin ailments result from infections caused by viruses, bacteria, fungi, or parasites. 
The common bacterial pathogens that mostly infect skin are Staphylococcus aureus, 
Staphylococcus epidermidis, and group A β-hemolytic streptococci. 
Propionibacterium acnes or Cutibacterium acnes is an important target for the pre-
vention and medical treatment of acne vulgaris (Agrawal et al. 2018a, b).

There is a growing emergence of resistance to commercially available antibiot-
ics/antimycotics against clinical microbial pathogens; hence there is great need of 
alternative anti-infective agents.

Antibacterials identified from marine-derived fungi are summarized in 
Table 25.3. Four novel stemphol derivatives, pleosporols A–B (130 and 131) and 
pleosporols C–D (mixture of C and D) (132 and 133), together with known stemfo-
lones (mixture of stemfolone B and 14-epi-stemfolone B) (134) (mixture) (Fig. 
25.11), were extracted from Pleospora sp. (PO4) isolated from the gut of marine 
isopod Ligia oceanic collected from Dongsha of Dinghai in Zhoushan, Zhejiang 
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Province of China. Compounds (130–134) exhibited potent antimicrobial activity 
against S. epidermidis CMCC26069 with MIC values of 0.05, 8.0, 2.0, and 1.0 μg/
mL (Xu et al. 2018).

Unusual pyridones, trichodin A (135), along with the known compound pyri-
doxatin (136) (Fig. 25.11), were obtained from marine fungus, Trichoderma sp. 

Fig. 25.11 Structures of antimicrobial compounds against skin microbial infection from marine 
fungi (130–152)

25 Marine Fungi as a Potential Source of Future Cosmeceuticals



664

strain MF106 isolated from the Greenland Seas. Both the compounds showed anti-
bacterial activity with IC50 values of 24 μM and 4 μM, respectively, against S. epi-
dermidis (Wu et al. 2014). New depsidone-based analogs, named spiromastixones F 
(137), G (138), H (139), I (140), J (141) (Fig. 25.11), were extracted from Spiromastix 
sp., a fungus isolated from the deep-sea sediment collected from the South Atlantic 
Ocean. Compounds (137–141) exhibited good antibacterial activity against 
Staphylococcus epidermidis both methicillin-sensitive and methicillin-resistant 
strains (S. epidermidis ATCC 12228, 12–6, 12–8 methicillin-sensitive (MSSE) and 
S. epidermidis 12–8 methicillin-resistant (MRSE) strain) with the MIC values in the 
range of 2–8 μM, while levofloxacin a positive control showed the activity in the 
range of 0.25–4 μM (Niu et al. 2014).

Two nucleoside derivatives Kipukasin H (142) and Kipukasin I (143) (Fig. 25.11) 
were extracted from Aspergillus versicolor derived from Dichotella gemmacea gorgo-
nian collected from the South China Sea. Both compounds showed selective antibac-
terial activity with a MIC value of 12.5 μM against S. epidermidis (Chen et al. 2014).

Compounds 15G256α (144), 15G256β (145), and 15G256π (146) and known 
compounds calcaride A (147), calcaride B (148), and calcaride C (149) (Fig. 25.11) 
were extracted from Calcarisporium sp. KF525, isolated from German Wadden Sea 
water samples. Compounds (144, 145, and 147–149) exhibited antibacterial activ-
ity against S. epidermidis with MIC value of 12.9, 16.9, 68.8, 52.3, and 29.6 μM, 
respectively, while positive control chloramphenicol showed the MIC value of 
4.5 μM against the tested strain. Compound (146) was found active against P. acnes 
14.1 with the MIC value of 4.5 μM. Positive control chloramphenicol showed the 
MIC value of 0.5 against P. acnes (Silber et al. 2013).

Dipeptide cis-cyclo(Leucyl-Tyrosyl) (150) (Fig. 25.11) was isolated from a 
sponge-associated Penicillium sp. and exhibits up to 85% inhibition of biofilm for-
mation of S. epidermidis without interfering with bacterial growth, which was con-
firmed by scanning electron microscopy (Scopel et al. 2013).

Conidiogenones B (151) and conidiogenol (152) (Fig. 25.11) were characterized 
from Penicillium chrysogenum QEN-24S, associated with marine red alga Laurencia 
sp. Compound (151) exhibited potent antibacterial activity against MRSA, 
Pseudomonas fluorescens, P. aeruginosa, and S. epidermidis with MIC value of 8 μg/
mL in each case. Compound (152) exhibited antibacterial activity against P. fluores-
cens and S. epidermidis with MIC value of 16 μg/mL in each case (Gao et al. 2011).

25.3  Conclusions and Future Perspectives

Marine fungi are a unique source of novel bioactive metabolites with cosmeceutical 
properties. The chemical diversity of these molecules includes terpenes, steroids, 
polyketides, peptides, alkaloids, and polysaccharides. Some of these compounds 
possess good photo-protective, skin-whitening, antioxidant, antimicrobial, anti- 
tyrosinase, and antiaging activities. Some also have the potential for use as surfac-
tants, emulsifiers, thickeners, stabilizers, and moisturizers. For example, the 
alkaloids golmaenone and neoechinulin A, extracted from the marine-derived 
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fungus Aspergillus sp., exhibited an ultraviolet-A protecting activity with ED50 val-
ues of 90 and 170 μM, respectively, and possess better activity than oxybenzone 
(ED50, 350 μM), which is currently being used as sunscreen (Li et al. 2004b). Most 
inhibitors have not been investigated for incorporation into topically applied cosme-
ceuticals. In addition, many identified tyrosinase inhibitors are not readily available 
to researchers due to limited supply, and this limits their in vivo evaluation, where 
relatively large amounts are needed for testing. A range of compounds with cosme-
ceutical potential have been identified. However, limited clinical data is currently 
available to substantiate the benefit of these ingredients in cosmetic products.
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