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Abstract
Fungi are an understudied, biotechnologically valuable group of organisms. Due to the immense range of habitats that

fungi inhabit, and the consequent need to compete against a diverse array of other fungi, bacteria, and animals, fungi have

developed numerous survival mechanisms. The unique attributes of fungi thus herald great promise for their application in

biotechnology and industry. Moreover, fungi can be grown with relative ease, making production at scale viable. The

search for fungal biodiversity, and the construction of a living fungi collection, both have incredible economic potential in

locating organisms with novel industrial uses that will lead to novel products. This manuscript reviews fifty ways in which

fungi can potentially be utilized as biotechnology. We provide notes and examples for each potential exploitation and give

examples from our own work and the work of other notable researchers. We also provide a flow chart that can be used to

convince funding bodies of the importance of fungi for biotechnological research and as potential products. Fungi have

provided the world with penicillin, lovastatin, and other globally significant medicines, and they remain an untapped

resource with enormous industrial potential.
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From basic to applied research, prototypes
and products

Fungi have both good and bad facets (Pointing and Hyde

2001). They are essential for nutrient cycling because of

their ability to degrade cellulose and lignin (Pointing et al.

2001). On the other hand, they cause serious human, ani-

mal and plant diseases and have numerous negative aspects

on human life (Hyde et al. 2018a). Fungi are, however, also

relatively understudied, but are an essential, fascinating

and biotechnologically useful group of organisms with an

incredible biotechnological potential for industrial

exploitation. In this paper, we detail 50 ways in which we

can potentially exploit fungi. We provide notes and

examples for all potential exploitations and give examples

from our own work and the work of others. We also pro-

vide a flow chart that can be used to convince funding

bodies just how important fungi are and their potential for

biotechnological research and potential products.

While several of our chapters are dealing with marketed

products that even include blockbuster pharmaceuticals,

such as the beta-lactam antibiotics, the statins and cyclos-

porine, others are dedicated to newly upcoming areas that

still remain to be explored. Other chapters treat relatively

small market segments that may expand in the future. For

example, the consumers around the world now increasingly

prefer natural compounds over synthetic chemicals and

even in the industrial sectors that produce commodity

chemicals, there is now an increased interest in develop-

ment of sustainable biotechnological processes, in order to

obtain new natural products that can eventually replace

traditional synthetics. As compared to other biological

sources, in particular plants, fungi have the great advantage

that they can be grown in large bioreactors at an industrial

scale, and suitable processes for their cost-efficient fer-

mentation have been available for many decades, e.g. for

production of certain organic acids, enzymes and antibi-

otics. As exemplified by the recent studies of the Thai

mycobiota, modern polyphasic taxonomic approaches are

constantly revealing a plethora of new and undescribed

species even in the fairly well-known genera of fungi like

Agaricus (Hyde et al. 2018b). Even the majority of the

known species in the fungal kingdom are virtually untap-

ped with regard to potential applications, also because they

were never cultured and studied for their growth charac-

teristics and physiology. New methods and protocols have

to be developed for this purpose, and this implies that

substantial basic research must be carried out before the

exploitation of the novel organisms can be envisaged.

Although fungi have so many potential uses, research on

their potential applications is in general poorly funded and

much of the research that is being carried out in academia

is fundamental, even in areas that belong to the fields of

biotechnology and applied mycology. For example,

screening fungi for production of antibiotics by antago-

nistic culture testing has often been reported, but is unli-

kely to lead to industrial projects. Often, it will take over a

decade even to bring a given project based on a novel

fungal metabolite into the preclinics, and even this is only

possible by joint, interdisciplinary efforts of biologists,

biotechnologists, pharmacists and chemists. Moreover, the

Big Pharma industry has recently downsized their capaci-

ties for in-house research, meaning that the academic

sector (sometimes supported by smaller companies or

organisations like the Bill and Melinda Gates Foundation

and the Wellcome Trust) has become more and more

involved in the preclinical evaluation of new compounds.

Investing in basic research may seem, at first sight, a

costly affair. However, there are numerous examples of the
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past demonstrating why investing in basic research pays off

in the long run, and even more reasons, why it is today

more important than ever to renew an interest in basic

research on fungi. But how to convince funders, in par-

ticular from the private sector, to invest into researchers

doing basic research on fungi?

There are, no doubt, areas of research, which are of

utmost importance to the entire world, yet are considered

valueless to the pharmaceutical industry. One of these is

the search for novel anti-infectives, as the world is running

out of antibiotics (Hesterkamp 2017; WHO report 2017). It

has long been seen as a tedious process to obtain novel

antibiotics from living organisms.

However, the focus in the past has been on the same

bacterial and fungal genera, such as Streptomyces in the

Actinobacteria and common soil moulds like Aspergillus

and Penicillium in the filamentous fungi (Karwehl and

Stadler 2017). Since almost no novel carbon skeletons have

been discovered from these common soil microbes in the

past 20 years, it makes much more sense to study the

numerous species that are constantly being discovered and

shown to belong to new phylogenetic groups.

In our review, we present fungi, in particular Basid-

iomycota, as a still underexplored, highly promising source

of anti-infectives, immunosuppressants, and other phar-

maceuticals (see Badalyan et al. 2019; Sandargo et al.

2019a) that is nowhere near dried up. We give examples on

recent developments of turning fungal natural products into

commercial drugs and give an overview of the current state

of applied research in this field.

In the past, fungal natural products have also led to some

blockbusters and various developmental candidate com-

pounds for the agrochemical industry (Bills and Gloer

2016). However, the uncontrolled usage of such fungal

pesticides has led to the development of more and more

resistances against these agrochemicals (Lucas et al. 2015).

A more controlled approach of crop protection is therefore

advisable. More basic research is needed to understand

natural processes, and thereby allow for the search of

natural control agents. In the entries dealing with “Strate-

gies against plant disease”, we show the great potential of

fungi as biocontrol agents. We give examples of how

fungal biocontrol agents can help save the Agro sector

tremendous amounts of money, if companies are given the

opportunity to produce cost efficient biocontrol agents. In a

likewise manner, the part on “Enhancing crops and for-

estry” deals with the current research on ectomycorrhiza

and their potential application as natural biofertilizers.

With the new trend to a more sustainable, health-ori-

ented living, and constant reports of hazardous chemicals

found in food and cosmetics, the demand for more eco-

logical, more “natural” alternatives is high. This is again,

where fungi can step in. In the entries on “Food and

beverages from fungi” and “Commodities”, we present

examples of how basic research on fungi has made its way

into the food and beverage, but also the textile and flavour

industry. Finally, in the part on “Saving the planet” we

illustrate the great potential of fungi towards a more sus-

tainable living and how fungi can assist to cope with some

potential future challenges that are threatening human

civilisation. A diagram illustrating all potential beneficial

uses of fungi that are treated herein is given in Fig 1.

Strategies against human disease

The scientific community recently celebrated the 90th

anniversary of Sir Alexander Fleming’s discovery of

penicillin, which marked the starting point of the era of

antibiotic chemotherapy. As outlined by Karwehl and

Stadler (2017), among the numerous antibiotics that were

discovered over the next 50 years, relatively few compound

classes were derived from fungi. The latter include the

cephalosporins (Newton and Abraham 1955), which belong

to the same class as the penicillins, i.e. the beta glucan

antibiotics, as well as fusidic acid (Godtfredsen et al. 1962)

and pleuromutilin (Novak and Shlaes 2010; Sandargo et al.

2019a). Their chemical structures (1–4)1 are depicted in

Fig. 2. Most other commercial antibiotics are actually

derived from Streptomyces species and other actinobacte-

ria, or even from other prokaryotes. For details of the

history of research on antibiotics, we refer to the review by

Mohr et al. (2017), as this does not fall within the scope of

the current paper. As we cannot cover the entire field in this

paper, we will give a brief overview on antibacterials,

antimycotics and biofilm inhibitors and illustrate their

usages with some examples of marketed drugs as well as

other compounds that have recently been discovered.

1. Antibacterial antibiotics

The term “antibiotics” is used in the literature with dif-

ferent definitions. The industry mainly use it for antibac-

terial agents, but the definition that we prefer here, which

was adapted from the original one coined by Waksman

(1947), i.e., an antibiotic is “a chemical substance, pro-

duced by micro-organisms (including fungi), which has the

capacity to inhibit the growth of and even to destroy bac-

teria and other micro-organisms”. The natural functions of

antibiotics can easily be explained, resulting from the high

competition between fungi, bacteria and other organisms in

1 All chemical structures of fungal secondary metabolites presented

in this paper have been numered consecutively in bold typeset in

both, the figures and the corresponding text.
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substrates such as soil, dung and plant debris. If a given

organism has acquired the ability to produce a certain

secondary metabolite by which it can kill the competing

organisms that dwell in the same habitat, it is considered to

possess a selective advantage that ultimately increases its

fitness (Shearer 1995). Therefore it should come as no

surprise that one large experimental study concluded that

the majority of filamentous fungi are able to produce

antibiotic compounds (Bills et al. 2009). Bills and Gloer

(2016) summarized numerous important facts concerning

the current state of the art in research on fungal secondary

metabolites and concentrated heavily on the biochemical

and genetic background of their biosynthesis.

We are currently living in the “post-antibiotic” era,

where both, the numbers and percentages of multi-resistant

bacterial and fungal pathogens against the established

Fig. 1 Diagram showing the potential use of fungi in biotechnology.

The cycle starts with basic biodiversity research, which in turn leads

to cultures placed in the central culture collection. The cultures are

then used for applied research, which in turn leads to products in the

form of the items discussed in the entries of this paper
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antibiotics are drastically increasing, while the number of

new therapeutic agents and developmental candidates has

decreased (Cooper and Shlaes 2011). The reasons for this

development are manifold, but the phenomenon is pri-

marily due to the fact that the majority of pharmaceutical

companies have lost interest in Research and Development

on natural products and/or given up their activities in the

anti-infectives sector. Experts around the world are now

giving warnings about the serious consequences that the

lack of antibiotics—in particular against the multi-resistant

Gram negative human pathogenic bacteria—can have

(Friedman et al. 2016). After two decades of neglect,

efforts of both the private and the academic sector on the

discovery of new antibiotics have substantially increased.

The pipeline for antibacterial antibiotics (Hesterkamp

2017) shows that there are still some compounds under

development, but the majority of those have been opti-

mised from old compounds with known modes of action, e.

g. by chemical modifications. Therefore, it is likely that the

resistant pathogens will easily find a way to cope with the

new products, once they have reached the market. The

aforementioned mutilins, which are derived from fermen-

tation of the basidiomycete Clitopilus passeckerianus and

subsequent semisynthesis, therefore represent the “newest”

compound class that has been registered as an antibacterial

drug. A derivative, retapamulin (5), was launched for use

as a topical antibiotic against skin infections, and several

further derivatives are undergoing clinical trials as sys-

temic antibiotics. In general, basidiomycete cultures are

much more difficult to handle with respect to large scale

production of secondary metabolites, since they grow

rather slowly and often have low yields. For the production

of pleuromutilin, however, Bailey et al. (2016) managed to

increase the yields substantially after the transfer of the

biosynthetic genes into a fast growing heterologous

Aspergillus host, which can more easily be handled in the

production process. This accomplishment can give rise to

some hope that in the future, more of the hitherto neglec-

ted, unique biologically active metabolites of basid-

iomycetes can be made accessible to preclinical

development.

2. Antimycotics and fungicides

Whereas multi-resistant bacterial pathogens are very high

on the agenda of both the press and funding agencies,

relatively little attention is presently being paid to the fact

that the number of resistant pathogenic fungi is also on the

rise. This topic was treated by Hyde et al. (2018a), we refer

to it for the most important ant threatening human patho-

genic fungal organisms. In fact, there are only a handful of

efficient compound classes on the market that are used in

antimycotic chemotherapy, including griseofulvin (6),

which was already discovered by Grove et al. (1952;

Fig. 3). The newest class of antimycotics that were laun-

ched to the market are the echinocandins (e.g., pneumo-

candin B0 (7) (Denning 2002). The biosynthesis of these

highly complex lipopeptides relies on PKS-NRPS hybrid

gene clusters (Chen et al. 2013). They are being produced

biotechnologically by large scale fermentation using dif-

ferent fungi that are not phylogenetically related and sub-

sequent semisynthesis. The knowledge about the molecular

mechanisms of their biosynthesis may in the future lead to

the concise manipulation of the production process that can

be directed towards new natural derivatives. Interestingly,

a comparative genomics study by Yue et al. (2015) has

revealed rather high homologies among the biosynthesis

gene clusters of the producer organisms that belong to three

different classes of Ascomycota, namely Dothideomycetes,

Eurotiomycetes, and Leotiomycetes. Possibly, this has

O
NH

N

S

O

O

O
OH

OH
O

O

O N

S NH
O

NH2
O

OH O

OH

H
OH

O

O

COOH

H

O
H

OH

O

OOH

Pleuromutilin (4)

Fusidic acid (3)

Cephalosporin C (2)
Penicillin V (1)

O
H

OH

O
O

S

N

Retapamulin (5)

Fig. 2 Chemical structures of

fungal metabolites that were

developed to antibacterial drugs

6 Fungal Diversity (2019) 97:1–136

123



been due to horizontal gene transfer during the evolution-

ary history of these organisms.

Recent efforts aimed at the discovery of novel antifungal

agents have resulted in a number of developmental pro-

jects, such as enfumafungin (8) from Hormonema spp.

(Peláez et al. 2000). This compound class may soon yield

the first pharmaceutical drug for use in humans that orig-

inated from a fungal endophyte, over 15 years after their

first discovery. Even the biosynthesis genes encoding for

these unique triterpenoids (Fig. 3) has only recently been

identified (Kuhnert et al. 2018).

The search for novel antimycotics and fungicides has

also resulted in the rediscovery of “old” compounds that

may become more interesting in the future because they

have originally been found in a screening for agrochemical

fungicides and were never evaluated for their effects on

human fungal pathogens or their mode of action. While the

strobilurins, which are a very commercially successful

antifungal agents in agriculture (Sauter et al. 1999), have

been found inefficient or too toxic for application in

humans, many other metabolites with pronounced anti-

fungal effects were apparently never tested on their effi-

cacy against human pathogens. A recent example for such

rediscoveries is favolon (9), which is actually a co-

metabolite of strobilurins produced by the invasive basid-

iomycete Favolaschia calocera (Chepkirui et al. 2016) and

was originally isolated by Anke et al. (1995). Like the

sporothriolodes (10) from the xylarialean fungus Hypoxy-

lon monticulosum (Surup et al. 2014; Fig. 3; now classified

in the new genus Hypomontagnella as H. monticulosa; cf.

Lambert et al. 2019), this metabolite shows very strong

antifungal effects that are not accompanied by prominent

cytotoxicity.

3. Biofilm inhibitors

Scientists are exploring different avenues to combat

infectious diseases caused by both bacterial and fungal

pathogens, for which the inhibition of biofilm formation is

one of the most promising leads. Abraham and Estrela

(2016) reported that fungal metabolites are becoming

increasingly explored for their potential to inhibit the for-

mation of biofilms, e.g. by interfering with quorum sensing,

and some compounds have already been discovered that

can even destroy pre-formed biofilms. A recent example is

coprinuslactone (11) (de Carvalho et al. 2016; Fig 3), a

small molecule derived from the edible mushroom Copri-

nus comatus, which acts against Pseudomonas aeruginosa

biofilms. Other examples include roussoellenic acid (12)

from a Roussoella sp. (Phukhamsakda et al. 2018), which is

active against biofilm formation in Staphylococcus aureus,

as well as microporenic acid A (13) from a Kenyan

basidiomycete (Chepkirui et al. 2018; Fig. 4), which can

not only inhibit biofilm formation in both Staphlococcus

aureus and the human pathogenic yeast, Candida albicans,

but even destroys pre-formed biofilm in C. albicans at

rather low concentrations. These compounds do not have

prominent antimicrobial activities and therefore their

application is unlikely to raise resistance. The biofilm

inhibitors are very promising candidates for use in
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combination therapy with antibiotics. In several studies,

biofilm inhibitors were shown to enhance the activity of the

antibiotics by increasing their ability to penetrate the

biofilms.

These examples illustrate that fungi are under-explored

with respect to novel antibiotics and other therapeutic

agents, and that it is certainly worthwhile to expend more

effort in this area of research with an emphasis on hitherto

neglected species from regions and habitats that have not

yet been studied systematically. Fungi have much to offer

in terms of novel chemistry: due to the advent of revolu-

tionary techniques in genomics, transcriptomics, bioinfor-

matics, analytical chemistry and biotechnological process

development, we can now explore the chemical diversity of

the mycobiota much more concisely than ever before.

Evidence is also accumulating that novel phylogenetic

lineages or hitherto neglected taxonomic and ecological

groups of fungi can now much more easily be recognized

and subjected to the exploitation of their secondary meta-

bolome. However, more public funding is needed to assure

that the substantial know-how that has been acquired over

many decades does not become forgotten, and that the next

generation of researchers will also still be able to work on

novel, hitherto unexplored fungal groups, rather than only

on model organisms.

4. Anti-cancer agents

Cancer is the second leading cause of mortality after car-

diovascular disease, with an estimated 9.6 million cancer-

related deaths in 2018 (GBD 2015). Cancer is a multifac-

torial disease characterized by the loss of growth factors

that control the proliferation and division of cells. These

abnormal malignant cells can evade the tumour suppressor

factors of the human immune system, then develop to

tumours and destroy adjacent tissues (Saeidnia and

Abdollahi 2014). There are several treatments for cancer,

administered according to developmental state of the dis-

ease. Chemotherapy, radiation therapy, surgery and

immunotherapy are all important elements of cancer

treatment. However, while many cytotoxic agents are

known to Science (which could in principle serve as

chemotherapeutic agents), only few of them specifically

target tumour cells and are less toxic to regular, healthy

human tissue (Petrelli et al. 2012; Cai et al. 2013; Zuga-

zagoitia et al. 2016). Targeted therapy, usually the conju-

gated element for cancer treatments, delivers drugs to

genes or proteins that are specific to cancer cells or the

environmental tissues that promotes the growth of cancer

(Padma 2015). Fungi are an importance source for natural

product discovery, albeit most anticancer drugs are

retrieved from plants and bacteria. In this entry, we

describe several promising natural products derived from

fungi and highlight some of the chief compounds that are

currently in the clinical and preclinical developmental

stage (Fig. 5).

Irofulven (14) is a semi-synthetic derivative of illudin S

(15), a natural toxin isolated from Omphalotus illudens

(Jack O’Lantern mushroom; cf. Chin et al. 2006; Movas-

saghi et al. 2006). Irofulven interferes with DNA replica-

tion-complexes and cell division in DNA synthesis. The

abnormal cells in S-phase lead to apoptotic cell death

(Walser and Heinstein 1973; Jaspers et al. 2002). The anti-

tumour activities of irofulven have been evaluated in phase

I and II clinical trials with promising results against a

variety of cancers, including those in the brain and central

nervous system, breast, blood, colon, sarcoma, prostate,

lungs, ovarian and pancreas (Alexandre et al. 2004;

Miyamoto et al. 2018; Topka et al. 2018). Sandargo et al.

(2019a) have recently described the state of the art,

including some exciting new illudin conjugates that show

superior in vitro activities than irufulven and are presently

under early preclinical development.

Aphidicolin (16) is a tetracyclic diterpene with antiviral

and antimitotic properties. The compound was originally

isolated from “Cephalosporium aphidicola” (currently

valid name: Akanthomyces muscarius) and later also

reported from Nigrospora sphaerica (Bucknall et al. 1973;

Starratta and Loschiavo 1974). Aphidicolin competes for

the specific binding site on DNA polymerase α, δ, and ε
enzymes. Its mechanism of action and efficacy have been

intensively tested in clinical trials (Crosetto et al. 2013;

Ayob et al. 2017), but so far it has not become a marketed

drug.

Other anticancer lead compounds derived from fungi

include leptosins F (17) and C (18) isolated from Lep-

toshaeria sp., which showed antitumor activity in mouse

embryos (Yanagihara et al. 2005; Pejin et al. 2013); β-
glucans, the polysaccharides that are naturally found on the

cell walls of fungi (Chan et al. 2009; Bashir and Choi

2017); as well as palmarumycin (Powis et al. 2006) and

spiropreussione A (Chen et al. 2009). The latter

Fig. 4 Chemical structures of fungal metabolites with biofilm

inhibition activities
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compounds, however, have only demonstrated these

activities in vitro, and it is not clear whether they will

eventually reach the late exploratory stage of preclinical

development.

5. Anti-diabetes

Diabetes mellitus, also known simply as diabetes, is a

chronic metabolic disorder (De Silva et al. 2012). People

who suffer from diabetes cannot produce or effectively use

insulin in the body. Due to this insulin imbalance, they

have high amounts of glucose in their blood. There are two

common types of diabetes, i.e. type 1 diabetes (insulin

dependent diabetes mellitus) and type 2 diabetes (nonin-

sulin-dependent diabetes mellitus).

Patients with type 1 diabetes cannot produce insulin, due

to the lack of functions of the insulin-secreting beta cells in

the pancreas (Meier et al. 2005). They must take insulin

continuously every day to stay alive. Type 1 diabetes

mostly affects children and adolescent patients, and it

represents 5–10% of total diabetes cases worldwide.

Patients with type 2 diabetes cannot produce sufficient

insulin or cannot effectively metabolize it. This form of the

disorder commonly affects elderly people and accounts for

90–95% of all diabetes cases (Hameed et al. 2015). People

worldwide suffer from diabetes mellitus and 7% of the

world’s adult population is affected by the disease (Phi-

lippe and Raccah 2009). In 2017, the largest number of

diabetic patients, around 114 million, was recorded in

China. Roughly 73 million diabetic patients were recorded

in India, and 30 million were recorded in the United States.

(https://www.statista.com/statistics/281082/countries-with-

highest-number-ofdiabetics/).

There are many negative consequences for patients if

diabetes remains untreated, such as blindness, kidney

failure, depression, cardiovascular diseases, cancer and

even death (Gerstein et al. 2011; Hansen et al. 2012; Huang

et al. 2018). Retinopathy (damage of the retina, leading to

blindness) and neuropathy (damage of the nervous system)

are some of the most severe complications that have been

attributed to diabetes (De Silva et al. 2012; Sobngwi et al.

2012).

Many Basidiomycota, such as Agaricus bisporus, Cy-

clocybe aegerita, C. cylindracea and Tremella fuciformis

are used as medicine for the treatment or prophylaxis of

type 2 diabetes. These mushrooms help patients avoid high

levels of glucose because they contain the least amount of

digestible carbohydrates in the diet (Poucheret et al. 2006).

Bioactive metabolites, which are isolated from medical

mushrooms and their cultured mycelia, act as biological

antihyperglycemic agents in diabetes treatment (Table 1)

(De Silva et al. 2012). Extracts of Inocutis levis (Hy-

menochaetaceae) have been reported to possess utility as a

remedy for diabetes because they increase insulin resis-

tance, insulin sensitivity and glucose uptake in tissues and

hence help to control blood glucose levels (Ehsanifard
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promising natural products
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et al. 2017). The fruiting bodies of Antrodia cinnamomea

can be used to produce healthy foods and drugs that have

anti-diabetes properties (Huang et al. 2018). Grifola fron-

dosa has been used as medicine for type 2 diabetes, and its

extracts can effect both hyperglycemia (when a high

amount of glucose circulates in the blood) and hyperinsu-

linemia (when a high level of insulin circulates in the

blood) (Poucheret et al. 2006).

Fungal products are sold as remedies for diabetes.

Ophiocordyceps sinensis capsules, SX-Fraction, Reishi-

Max capsules and Tremella are some of the examples of

anti-diabetic products made with medicinal mushrooms (Li

et al. 2004; De Silva et al. 2012) and is claimed to decrease

fasting blood glucose levels in type 2 diabetes. This med-

icine can also be used to reduce blood pressure and body

weight. SX-Fraction is considered a major alternative for

enhancing insulin sensitivity (Preuss et al. 2007). Tremella

is a medicinal product used in Chinese medicine; produced

from Tremella fuciformis (silver ear mushroom/ white jelly

leaf mushroom), it is mainly used for reducing blood glu-

cose and cholesterol levels (Li et al. 2004).

Future investigation is needed to clarify the long-term

effects of taking medicinal mushroom products with other

drugs. It is necessary to justify the use of medicinal

mushroom products as anti-diabetes (De Silva et al. 2012).

6. Improving nerve functioning

Human neurodegenerative diseases, such as Alzheimer’s,

Huntington’s, and Parkinson’s disease, are disrupting

neuronal populations in adults worldwide. The discovery

and development of neuroactive compounds from medici-

nal mushrooms with the potential to improve nerve func-

tioning has been extensively studied. Mushrooms, such as

Antrodia camphorata, Ganoderma spp., Hericium eri-

naceus, Lignosus rhinocerotis and Pleurotus giganteus,

have a long history of use in enhancing the peripheral

nervous system. Nerve growth factors are important for the

survival, maintenance, and regeneration of specific neu-

ronal populations in the adult brain. It has been demon-

strated that neurodegenerative diseases mostly occur

because of the disappearance of nerve growth factors.

Therefore, scientists have been attempting for over

20 years to discover fungi-derived neuroactive components

which are able to cross the blood–brain barrier and induce

the production of nerve growth factors.

Most of the potential neuroactive compounds, which

may aid in the prevention or therapy of neurodegenerative

diseases, have been discovered in Hericium erinaceus. This

medical mushroom is known to produce two unique ter-

penoid classes, namely hericenones and erinacines, from its

fruiting body and mycelia, which can stimulate synthesis of

the nerve growth factor via the TrkA/Erk1/2 pathway. Not

Table 1 Anti-diabetic effects of some medical mushroom species

Mushroom species Common name Bioactive compounds Experimental setup and

observed effects

References

Agaricus bisporus White button

mushroom

Dry fruiting body extract Streptozotocin-injected diabetic

Sprague Dawley

rats (reduced blood glucose

level)

Jeong et al.

(2010)

Yamac et al.

(2010)

Agaricus campestris Field

mushroom

Aqueous fruiting body extract Gray and Flatt

(1998)

Agaricus subrufescens Almond

mushroom

β-Glucans from dried fruiting bodies Kim et al.

(2005)

Inonotus obliquus Chaga

mushroom

Ethyl acetate fraction from dried

fruiting bodies

Alloxan-induced diabetic mice

(reduced blood

glucose level)

Lu et al.

(2010)

Ophiocordyceps sinensis

(“Cordyceps” sinensis)

Caterpillar

fungus

Polysaccharide from Ophiocordyceps

(Cordyceps) mycelia

Streptozotocin- and alloxan-

induced diabetic

mice (reduced blood glucose

level/increased

the blood insulin level)l

Li et al.

(2003)

Li et al.

(2006)

Hericium erinaceus Lion’s mane

mushroom

Methanol extract of the dried fruiting

body

Streptozotocin-induced Wistar

rats (reduced

blood glucose level)

Wang et al.

(2005b)

Tremella mesenterica Yellow brain

mushroom

Fruiting body extract Streptozotocin-induced Wistar

rats (increased

insulin secretion and glucose

metabolism)

Lo et al.

(2006)
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only does H. erinaceus induce nerve growth factors or

nerve regeneration, but it has also been shown to improve

digestive functioning and effect relief from gastritis while

providing immune-support, such as anti-inflammatory and

anti-oxidant activities. Several studies have demonstrated

that hericenones such as hericenone A (19) and erinacines

(erinacine C (20) (Fig. 6) induce the synthesis of nerve

growth factors in vivo and in vitro (Thongbai et al. 2015).

Wittstein et al. (2016) discovered corallocins A–C, a nerve

growth and brain-derived neurotrophic factor inducing

metabolites, from the related Hericium coralloides in cell

based bioassays, while Rupcic et al. (2018) discovered two

new erinacine derivatives from mycelial cultures of H.

erinaceus and H. flagellum. Additional studies have

revealed neuroactive activities in extracts from medicinal

mushrooms that induce nerve growth factors, but the active

principles remain to be identified. For instance, the aqueous

sclerotium extract from the Malaysian medicinal mush-

room, Lignosus rhinocerotis, contained neuroactive com-

pounds that have been demonstrated to stimulate neurite

outgrowth in vitro (Eik et al. 2012). Similarly, aqueous

extracts of fruiting bodies of species referred to as “Gan-

oderma lucidum” (questionable identification because the

report was from Asia where this species does not actually

occur) and G. neo-japonicum were also effective at stim-

ulating neurite outgrowth (Seow et al. 2013). Pleurotus

giganteus was found to contain a high concentration of

uridine, which has also shown nutritional outgrowth stim-

ulatory effects (Phan et al. 2012). These results may give

rise to a more systematic study of the phenomenon in the

future.

The family Hericicaceae comprises other genera and

species, such as Laxitextum incrustatum Mudalungu et al.

(2016) and Dentipellis fragilis (Mitschke 2017), which

were proven to contain compounds of the erinacine type;

these cyathane terpenoids may constitute family-specific

markers. On the other hand, Bai et al. (2015) have reported

cyathane diterpenoids as nerve growth factor enhancers

from cultures of a Cyathus species, and even the cyathanes

from the fruit bodies of the mycorrhizal basidiomycetes of

the genus Sarcodon seem to have similar effects (Cao et al.

2018). It should therefore be worthwhile to study genera

that are known to produce cyathanes, as well as represen-

tatives of other mushroom genera related to Hericium,

including Amylosporus and Wrightoporia, for such phe-

nomena. This examination may lead to the discovery of

additional novel neurotropic compounds. Reliable screen-

ing systems as well as genetic models of human neurode-

generative diseases are now available for in vivo cell

biological analysis of disease progression and intervention.

While the mode of action of the hericenones, corallocins

and erinacines remains to be clarified, a very important

drug that constitutes a mimetic of a fungal metabolite

should be mentioned in this context. Fingolimod (21) is a

product of total synthesis that has been discovered during

the course of a mimetic synthesis program that used as

template myriocin (22), a compound produced by the insect

associated ascomycete Isaria sinclairii (Strader et al. 2011)

(Fig. 6). Fingolimod (sold under the brand Gilenya), is a

potent immunosuppressant that was approved in 2010 by

the U.S. Federal Drug Association as a new treatment for

multiple sclerosis. Fingolimod is phosphorylated in vivo by

sphingosine kinase 2, and the resulting metabolite binds to

the extracellular G protein-coupled receptors, sphingosine

1-phosphates. This prevents the release of lymphocytes

from lymphoid tissue and therefore can suppress the

immune system. Aside from its proven effects against the

symptoms of multiple sclerosis, the compound can also

potentially be used in the therapy of cancer and during

organ transplants. Likewise, additional potential usages for

the erinacines and hericenones may become conceivable

once the biochemical and molecular mechanisms by which

they exert their activities in biological systems have been

elucidated.
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7. Fungi in Traditional Chinese Medicine

Traditional Chinese Medicine (TCM) has been used for

thousands of years, during which time traditional knowl-

edge originating in ancient China has been gradually

developed further and distributed to Japan and other Asian

countries. TCM relies heavily on the use of natural reme-

dies including plants, animals, and even minerals to cure

various diseases. However, in spite of the fact that the term

“herbal medicine” is widely used to describe TCM and

other ethnobotanical approaches for disease therapy, sev-

eral mushrooms are commonly used as important ingredi-

ents. Furthermore, since fungal taxonomy has yet to be

globally harmonized, there is considerable confusion con-

cerning the identity of these important traditional “herbal”

remedies. A compilation of the most important TCM

mushrooms is therefore provided in Table 2, and we will

henceforth refer to the species according to their scientific

names as given in this table, regardless of whether they

have been or are still being referred to by incorrect or

ambiguous names. For instance, we will refer to

“Ganoderma lucidum” as G. lingzhi, regardless of whether

the authors of the respective cited papers had already

adopted the modern taxonomy.

TCM has evolved through a combination of theory and

practical experience of Chinese healers over many cen-

turies. The first recorded use of Chinese medicine was

during the Shang Dynasty in the eleventh century BC

(1100–1001 BC), where even Ganoderma was recorded in

detail and for the first time. However, the first compre-

hensive description of Chinese herbal remedies and their

medicinal value was published in “Shennong Bencaojing

(神农本草经),” during the Han dynasty (206 BC-220 AD).

Later, another very comprehensive account of Chinese

herbology, known as the “Bencao Gangmu (本草纲目)” or

“Compendium of Materia Medica” (Sanodiya et al. 2009)

was compiled by Li Shizhen (1518*1593) during the

Ming Dynasty (1368–1644). In 1987, Chinese scientists

compiled a list of 272 medicinal mushroom species (Ying

et al. 1987). Later, this number increased to 799 species,

500 thereof with antitumor effects (Wu et al. 2013), and we

estimate that about 850 species are presently being used as

Table 2 The correct scientific terminology of some important medicinal mushrooms used in traditional Chinese medicine

Current name Important synonyms/misapplied names Literature

Agaricus subrufescens

(巴西蘑菇: Bā xı̄ mó gū)

Agaricus blazei (ss. Heinemann) (s. auct.); A.

rufotegulis (s. auct.); Agaricus brasiliensis

Kerrigan (2005)

Cordyceps militaris

(虫草花: Chóng cǎo huā)

Clavaria militaris L. (s. auct.); Torrubia militaris

(s. auct.)

Shrestha et al. (2010), Sung et al. (2007), Baroni (2017)

Ganoderma lingzhi

(靈芝: Lı́ng zhı̄)

Ganoderma lucidum (s. auct.); G. sichuanense (s.

auct.)

Cao et al. (2012), Dai et al. (2017)

Ganoderma sinense

(紫芝: Zı̌ zhı̄)

Ganoderma formosanum (s. auct.) Wang et al. (2005a), Thawthong et al. (2017)

Grifola frondosa

(灰树花: Huı̄ shù huā)

Boletus frondosus (s. auct.) Polyporus frondosus

(s. auct.)

Corner (1989), Shen et al. 2017)

Hericium erinaceus

(猴头菇: Hóu tóu gū)

Hydnum erinaceus (s. auct.) Zhou et al. (2011), Thongbai et al. (2015)

Lentinula edodes

(香蕈: xiāng xùn)

Lentinus edodes (s. auct.) Molina et al. (1992), Hibbett and Vilgalys (1993), Garcı́a-

Mena et al. (2007), Vetchinkina et al. (2008)

Lycoperdon pyriforme

(梨形马勃: Lı́ xı́ng mǎ bó, or

马勃属: Mǎ bó shǔ)

Morganella pyriformis (s. auct.) Krüger and Kreisel (2003), Larsson and Jeppson (2008)

Ophiocordyceps sinensis

(冬虫夏草: Dōng chóng xià

cǎo)

Cordyceps sinensis (s. auct.) Shrestha et al. (2010), Zhang et al. (2012)

Trametes versicolor

(雲芝: Yún zhı̄)

Coriolus versicolor (s. auct.); Polyporus versicolor

(s. auct.)

Tomšovský and Homolka (2004), Justo and Hibbett (2011),

Wan (2013)

Wolfiporia cocos

(茯苓: Fú lı́ng)

Poria cocos (s. auct.) Kubo et al. (2006), Dai et al. (2009)

Xylaria nigripes

(黑柄炭角菌: Hēi bı̌ng tàn

jiǎo jūn)

Pseudoxylaria nigripes (s. auct.) Rogers et al. (2005)
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remedies in China. TCM has adopted a more holistic phi-

losophy when compared with Western medicine (Wang

et al. 2017). Chinese medicinal mushrooms have been used

since the beginning of human history as a “protector herb”

in order to maintain and enhance good health.

Whereas the majority of the TCM ingredients are

derived from plants, several macrofungi have been inclu-

ded in the formulas. Some macrofungi are frequently

included in TCM medicine formulas and are also very

commonly sold in the medicinal or local markets (Fig. 7).

The most important species and species groups are com-

piled in Table 2. Notably, some, such as Ganoderma

lingzhi and Wolfiporia cocos, are very expensive, while

others such as Ophiocordyceps sinensis have become rare

in nature (Sung et al. 2007; Zhang et al. 2012; Xiang et al.

2014; Hapuarachchi et al. 2018, 2019).

Ganoderma lingzhi (Lingzhi) contains both complex,

high and low molecular weight natural bioactive com-

pounds, which are mostly triterpenoids (Sandargo et al.

2019a). Bioactive compounds have shown in vitro activi-

ties against cancer cells, although none have been regarded

as effective enough to enter clinical development as an

ethical anticancer drug. Extracts of mycelial cultures and

fruiting bodies of Ophiocordyceps sinensis and Cordyceps

militaris primarily contain cordycepin, a derivative of

nucleoside adenosine, with dimethylguanosine and iso-si-

nensetin, and showed moderate anticancer and antiprolif-

erative effects in vitro (Wong et al. 2010). Several

bioactive compounds derived from mushrooms used in

TCM were identified by bioactivity-guided fractionation.

On the other hand, the potential therapeutic value of these

fungal TCM products for the treatment of various diseases

(e.g. cancer, diabetes, cardiovascular and neurodegenera-

tive diseases) is even supported by clinical studies

(Table 3).

There has been intensive debate over the utility of TCM

for modern healthcare. Many clinical scientists have

doubted the utility of the classical TCM remedies because

of their inaccurate descriptions, as well as the different

philosophies regarding their therapeutic application. In

fact, therapy for diseases in the Western world is mainly

based on the application of single substances that have

strong and selective biological and pharmacological

activities, and must undergo very thorough clinical trials

before they can be applied as therapeutic drugs. TCM, by

contrast, often uses mixtures of preparations made from

several plants, fungi and other organisms, each of which

may contain dozens if not hundreds of different com-

pounds. Therefore TCM does not really fit into the modern

healthcare system (Fu and Yu 2005). However, the

example of artimisinin shows that compounds from TCM

can be very useful as remedies for diseases that have an

unmet medical need. This terpenoid was originally found in

the asteraceous traditional Chinese medicine plant Arte-

misia annua; a semisynthetic derivative, artesunate, is now

on the market as a last generation antimalaria drug (the

inventor received the Nobel Prize for Medicine in 2015).

This example shows that it is worthwhile to study the

ingredients of traditional Chinese medicine plants using

modern drug research methods in order to discover novel

therapeutic agents. Several examples of beneficial com-

pounds from mushrooms have found their way into

exploratory drug research projects (Grothe et al. 2011).

In addition, the recent integration of TCM and modern

medicine has begun to solve multiple worldwide health

problems. Many databases were evaluated to advance sci-

entific formulations, chemical analysis, potential approa-

ches, and other health targets. The World Health

Organization (WHO) has also released a standard series for

developing traditional medicines across the world, includ-

ing medicinal mushrooms (Tang et al. 2018). The discov-

ery of biologically active compounds from medicinal

mushrooms can impact the direction of future medical

development, and also has broad market prospects in North

America, Europe and other developed economies (Lee

et al. 2012; Wang et al. 2017). This may also increase

international exchange, leading to the unprecedented

development of Chinese medicine in the western world

(Zhu 2018).

Fig. 7 Different dried

Ganoderma products sold in a

Traditional Chinese Medicine

pharmacy market, Kunming

Province, China
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Chinese medicines have been utilized within several

alternative medicinal practices to introduce positive chan-

ges in order to provide better contributions for health care

while developing future medicinal products for diseases

and for use in therapy (Lin et al. 2015; Han et al. 2017).

However, there are challenges to the development of TCM

products, due in part to the nature of the therapeutic

potential and the fact that the mechanisms of action are

often unclear. Furthermore, the materials used often do not

meet the requirements of quality control and standardisa-

tion (Wen et al. 2017), and hence they are difficult to

register as prescription drugs. Many materials have not

Table 3 Some important medicinal mushrooms used in traditional Chinese medicine

Fungal species Therapeutic use (diseases) Instructions References

Agaricus

subrufescens

Anticancer, anti-inflammatory, anti-allergic,

hepatoprotective, diabetic, arteriosclerosis and (treat

kidney disease, bowel disease, asthma, diabetes and

high blood sugar levels)

P, S, and T Grothe et al. (2011), Kerrigan (2005), Jeong

et al. (2010), Lee et al. (2012)

Cordyceps

militaris

Anticancer, antioxidant, antibacterial, antifungal,

antiviral, antihypertensive, diabetic, anti-fibrotic, anti-

angiogenesis, and hepatoprotective (treating kidney

disease, lung fibrosis, high blood pressure, high blood

sugar levels, and strengthen sexual function)

B, M, and S Lee et al. (2012), Xiang et al. (2014)

Ganoderma

lingzhi

Immunostimmulatory, anticancer, anti-inflammatory,

antiviral, antioxidant, antibacterial, antifungal, anti-

hypotensive, anti-metastatic effect and diabetic (treat

kidney, liver and lung diseases, asthma or bronchial,

insomnia, neurasthenia, and strengthen sexual function)

B, P, S, SP,

and T

Liu et al. (2002), Richter et al. (2015), Qiao et al.

(2005), Cheng et al. (2010), Teng et al.

(2011, 2012), Lee et al. (2012), Hapuarachchi

et al. (2014)

Ganoderma

sinense

Immunostimmulatory, anticancer, antiviral, anti-

inflammatory, antioxidant, antibacterial and antifungal

(treating liver, chronic coughs, asthma and leukopenia)

B, P, S, SP,

and T

Richter et al. (2015), Teng et al. (2011, 2012),

Jiang et al. (2017)

Grifola frondosa Anticancer, antiviral, anti-inflammatory, anti-

hypotensive, hepatoprotective, and diabetic (treat liver,

therapy of HIV, low blood pressure, and high blood

sugar levels)

S and T Chien et al. (2017), Ma et al. (2015a, b)

Hericium

erinaceus

Anticancer, neuroprotective hemostatic (used to

treatment Alzheimer’s and Parkinson’s disease)

P, S, and T Salmon (2012), Thongbai et al. (2015), Cheng

et al. (2016), Yang et al. (2016), Zhang et al.

(2017a)

Lentinula edodes Anticancer, antiviral, antibacterial, anti-inflammatory,

and antihypertensive (treatment of high blood pressure)

B, M, S, and

T

Lee et al. (2012), Rincão et al. (2012), Lin et al.

(2015)

Lycoperdon

pyriforme

Antibacterial, anti-inflammatory, antitumor, (treatment of

pharyngitis; hemostasis)

M (young

fruiting

body), and

SP

Akatin (2013), Qian et al. (2018)

Ophiocordyceps

sinensis

Anticancer, antiviral, anti-inflammatory, antioxidant,

antibacterial, antifungal, anti-angiogenetic, anti-

proliferative, hypoglycaemic, hypolipidaemic,

renoprotective, hepatoprotective (treat heart, lung and

kidney diseases, high blood sugar levels and strengthen

sexual function)

M, P, S and

T

Akihisa et al. (2009), Jeon et al. (2011), Lee

et al. (2012), Xiang et al. (2014)

Trametes

versicolor

Antitumor, antiviral, anti-inflammatory, antimalarial

activity, diabetic, and hepatitis (treat kidney disease,

diabetes, malaria and HIV)

B, C and T Fu and Yu (2005), Adekunle et al. (2016)

Wolfiporia cocos Immunostimmulatory, antiviral, anti-inflammatory,

antiasthmatic, hepatoprotective, anti-parasitic

(treatment of liver and lung disease, asthma or

bronchial)

C, P and T Wang et al. (2013b), Wei et al. (2016), Zhu et al.

(2018)

Xylaria nigripes Anticancer, antiviral, anti-inflammatory, hypoglycaemic,

hepatoprotective (treating kidney disease,

gynecological diseases, and therapy of insomnia)

B, C and T Fu and Yu (2005), Peng et al. (2015b)

B boiled with herbs, M meals/dishes, S soup, SP spore, P powder, T tablet
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been tested thoroughly to the standards of western medi-

cine and can therefore only be sold as over-the-counter

drugs or even neutraceuticals. Many challenges still stand

in the way towards international collaborative exchange for

opportunities to develop TCM, thereby advancing it at the

global level (Chen et al. 2016). The use of mushrooms is

advantageous when compared with the plants used in

TCM, since mushrooms can be produced biotechnologi-

cally under controlled conditions and with standards,

making them easier to work with than species that have to

be grown and harvested in nature. In conclusion, to achieve

the global acceptance of TCM products, it will be neces-

sary to conduct clinical trials based on high quality stan-

dardised materials.

8. Cardiovascular disease control by fungi

Cardiovascular diseases include diseases of the heart,

vascular diseases of the brain, and diseases of blood vessels

(Mendis et al. 2011). Elevated levels of plasma cholesterol

are responsible for these diseases, as they play a major role

in atherosclerosis, the clogging or hardening of arteries

caused by accumulations of fatty deposits (usually

cholesterol) (Miller 2001). These diseases were responsible

for 17.3 million deaths per year in 2015, and are the leading

source of deaths worldwide (GBD 2015). Inhibition of de

novo synthesis of cholesterol was demonstrated to be an

effective method for reducing plasma cholesterol levels

(Miller 2001). The rate determining step is the reduction of

3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) to

mevalonate by HMG-CoA reductase; hence selective

inhibition of the latter enzyme, can reduce the synthesis of

cholesterol (Brown et al. 1976; Endo et al. 1976). The most

important class of HMG-CoA reductase inhibitors are the

statins (Fig. 8), which are derived from fungal natural

products and contain two types of structures moieties, a

hexahydro-naphthalene system and a β-hydroxylactone
system. The statins are also the best-selling class of phar-

maceutical drugs, with an annual turnover in the range of

US$50 billion. Therefore, the most important compounds

of this type are treated here.

Brown et al. (1978) isolated compactin (22) (also known

as mevastatin and ML-236B) from Penicillium brevicom-

pactum as an antibiotic, but its hypocholesterolemic

activity was later revealed by Endo et al. (1976), who used

the name “ML-236B”. Later another HMG-CoA reductase

inhibitor named mevinolin (23) was isolated from Asper-

gillus terreus by Alberts et al. (1980). The first statin drug

approved by the United States Food and Drug Adminis-

tration was lovastatin (24) in 1987 (Jahromi et al. 2012).

Although lovastatin is produced by several species of

Penicillium (Endo et al. 1976), Monascus species (Miyake

et al. 2006; Sayyad et al. 2007), Doratomyces, Gymnoas-

cus, Hypomyces, Phoma and Trichoderma, the commer-

cialized product is derived from Aspergillus terreus

(Jahromi et al. 2012). Another statin containing a product

called Xuezhikang or “red yeast rice extract”, produced by

the fermentation ofMonascus spp., has been widely used in

China for centuries for treating circulatory disorders. The

low density lipoprotein lowering ability of “red yeast rice

extract” is clinically proven and contains lovastatin (Lu

et al. 2008).

Solid state fermentation, or submerged cultures, can be

used for the production of lovastatin (Ruddiman and

Thomson 2001; Lai et al. 2003; Suryanarayan 2003; Wei

et al. 2007; Jaivel and Marimuthu 2010; Pansuriya and

Singhal 2010; Jahromi et al. 2012), but production is sig-

nificantly higher in the former (Jaivel and Marimuthu 2010;

Jahromi et al. 2012). Sorghum grain, wheat bran, rice and

corn are used as substrates for solid state fermentation (Wei

et al. 2007; Jaivel andMarimuthu 2010; Jahromi et al. 2012).

Basidiomycetes are a good source of nutrient supple-

ment for humans. Certain molecules in mushrooms can

modify cholesterol absorption, metabolism, and also

modulate the gene expression related to cholesterol

homeostasis (Gil-Ramı́rez et al. 2016). Grifola frondosa,

Hypsizigus marmoreus and Pleurotus ostreatus were able

to differentially modulate the gene expression patterns of

mice livers (Gil-Ramı́rez et al. 2016). Of the biologically

active compounds from fungi that can reduce the amounts

of cholesterol in the blood, the most studied are ergosterol

derivatives (Gil-Ramı́rez et al. 2016). The cholesterol-
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Fig. 8 Chemical structures of

statins with cholesterol-

lowering properties
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lowering properties are mainly caused by the structural

similarity with cholesterol (Gil-Ramı́rez et al. 2016). Fur-

ther, the biological activity of β-glucans and chitin may be

due to their binding abilities to cholesterol receptors (Gil-

Ramı́rez et al. 2016).

Francia et al. (1999) recorded 16 species of edible

mushrooms with biological activities against cardiovascu-

lar disease. Species of the genera Auricularia (Fan et al.

1989), Ganoderma (Kabir et al. 1988), Grifola (Kubo and

Namba 1997), Pleurotus (Bobeck et al. 1991) and Tremella

(Cheung 1996) have been reported to contain cholesterol-

lowering compounds. Ophiocordyceps sinensis has also

been shown to reduce total cholesterol levels, which has

been attributed to the fact that it contains polysaccharide

“CS-F30” composed of galactose, glucose and mannose

(Kiho et al. 1996). For instance, low density lipoprotein

cholesterol levels were reported to be reduced by Auricu-

laria auricula-judae (Fan et al. 1989) and Tremella fuci-

formis (Cheung 1996), and triglyceride levels were

reported to be reduced by Grifola frondosa (Kubo and

Namba 1997), Lentinula edodes (Kabir and Kimura 1989)

and Ophiocordyceps sinensis (Kiho et al. 1996).

9. Antiviral agents

Health and mortality-debilitating diseases caused by viru-

ses continue to cause serious global epidemics, especially

in cases where vaccines and antiviral chemotherapies are

insufficient or not available. The current state of virus-

related pandemics is also significantly limiting drug effi-

cacy by the emergence of drug-resistant strains. Hence,

there is an urgent need to identify and develop natural

product-inspired drug leads that could help control viral

infections. A plethora of potentially active natural products

have been isolated from fungi and screened for antiviral

activity, even though none of them has reached the market

yet. This entry focuses on natural products exhibiting

potent activity on selected human pathogenic viruses, such

as the human immunodeficiency virus (HIV), influenza

virus, herpes simplex virus (HSV), hepatitis virus and other

human pathogenic viruses such as enterovirus-71, and

respiratory syncytial virus (RSV).

Human Immunodeficiency Virus (HIV) inhibitory

natural products from fungi

A comprehensive review of the literature identifies three

main targets for anti-HIV drug discovery: virus entry,

reverse transcription and integration.

The entry of HIV involves interactions with proteins and

is a target for the discovery of new viral entry blockers.

Examples of a few discoveries are provided. A bis-indolyl

quinone, hinnuliquinone (25) (Fig. 9) from an unknown

fungus isolated from Quercus coccifera, inhibited wild-

type and clinically-resistant HIV-1 protease. HIV-1 pro-

tease is a key enzyme involved in the replication and

NH

O

OH

O

OH

NH

Hinnuliquinone (25)

O

O

OH

MeO

OH
OH

OH

OMe

O

Integrastatin A (27)

OH

O

N

O
OH

H

O

Stachybosin D (26)

OH

H

N
H

O

O

OH

O

O
O

OH

OH

OH

O

Vanitaracin A (29) 
Stachyflin (28)  

OH

OH

OH

O

O

O OH

OH

Cytosporaquinone B (31)

OH

OH

OH

O

O

H

H

4-hydroxypleurogrisein (30) 

O

OH

O

O

OH

OH

Rhodatin (32)

Fig. 9 Chemical structures of

fungal metabolites that were

reported to possess antiviral

activities

16 Fungal Diversity (2019) 97:1–136

123



maturation of the HIV-1 virus (Singh et al. 2004). Alter-

toxins I–III and V, oxidized perylenes from Alternaria

tenuissima, inhibited HIV-1 replication at micromolar

concentrations (Bashyal et al. 2014). The dimeric tetrahy-

droxanthone, penicillixanthone A from Aspergillus fumi-

gatus displayed strong anti-HIV activity by inhibiting

CCR5-tropic HIV-1 SF162 and CXCR4-tropic HIV NL4-3

(Tan et al. 2017). A marine-derived A. niger produced

malformin C, which exhibited a very strong anti-HIV-1

activity (Zhou et al. 2015a). An endophytic Aspergillus sp.

CPCC 400735 produced three phenalone and cytochalasin

derivatives also showing anti-HIV activity (Pang et al.

2017). Concentricolide from “Daldinia concentrica” (tax-

onomy doubtful since this species does not occur in China

according to the world monograph by Stadler et al. 2014)

inhibited HIV-1 by induction of cytopathic effects (Fang

and Liu 2009). Novel sesquiterpenoids from Paraconio-

thyrium brasiliense showed moderate anti-HIV-1 replica-

tion in C8166 cells (Liu et al. 2010b). The pupukeanane

sesquiterpenoid chloropupukeannolide A from Pestalo-

tiopsis fici showed significant anti-HIV-1 activity (Liu et al.

2010c). The cytochalasan perconiasin J and the meroter-

penoid periconone B from Periconia sp. displayed mod-

erate anti-HIV activity (Liu et al. 2016, 2017b). The

farnesylated isoindolinones stachybotrysams A–C and the

phenylspirodrimane derivatives stachbotrysin A and G

from Stachybotrys chartatum displayed moderate anti-HIV

activity (Zhao et al. 2017a, b).

The three consecutive functions controlled by HIV

reverse transcriptase are: RNA reverse transcription to

DNA, degradation of RNA template by RNase H, and

duplication of the remaining DNA strand. Inhibition of

these processes is important for the discovery of anti-HIV

drugs. Stachybosin D (26) (Fig. 9), a phenylspirodrimane

metabolite from a sponge-derived isolate of Stachybotrys

chartarum, showed inhibitory effects on HIV-1 replication

by targeting reverse transcriptase. It was able to inhibit

NNRTIs-resistant strains and wild-type HIV-1 (Ma et al.

2013).

Integrase is the only protein encoded by HIV-1, aside

from the enzymes protease and reverse transcriptase. Singh

et al. (1998, 2002a, b, 2003a, b, c) described several

compounds with inhibitory activity against integrase from

various fungal species. Accordingly, equisetin and pho-

masetin from Fusarium heterosporum and Phoma sp.,

respectively Singh et al. 1998); integracins (Integrastatin A

(27)) from Cytonaema sp. (Singh et al. 2002a); integras-

tatins (from an unidentified fungus; cf. Singh et al. 2002b);

epiphiobolins C and K from “Neosartorya”; i.e., Asper-

gillus sp.; 8-O-methylanthragallol from Cylindrocarpon

ianthothele; hispidin and caffeic acid from Inonotus

tamaricis; 3-hydroxyterphenyllin from Aspergillus can-

didus (Singh et al. 2003a); naphtho-γ-pyrones from

Fusarium sp. (Singh et al. 2003b); and xanthoviridicatins

from Penicillium chrysogenum (Singh et al. 2003c) all

showed low micromolar inhibition against the cleavage

reaction of HIV integrase. Funalenone from Penicillium sp.

FKI-1463 also had the same effect (Shiomi et al. 2005).

Influenza virus inhibitory natural products from fungi

The H1N1 and H3N2 viruses are among the targets of

natural products of fungal origin with anti-influenza

activity. The terpenoid stachyflin (28), isolated from a

marine-derived isolate of Stachybotrys showed modest

activity against the influenza A virus (H1N1) with an IC50

of 3 9 10−3 µM (Minagawa et al. 2002). The γ-pyrone
isoasteltoxin from Aspergillus ochraceopetaliformis

showed low micromolar activity (IC50 = 0.23 µM) against

both influenza viruses (Wang et al. 2016). Another

Aspergillus sp., strain produced the γ-pyrone derivative

asteltoxin E with IC50 values of 6.2 and 3.5 µM against

H1N1 and H3N2, respectively (Tian et al. 2016). 3β-Hy-
droxysterol from Pestalotiopsis sp. (Sun et al. 2014) and

chermesinone from Nigrospora sp. (Zhang et al. 2016b)

also had moderate inhibitory effects. Aureonitol, a

metabolite of Gliocladium spp. inhibited influenza A and B

virus replication with an EC50 of 100 nM against H3N2 via

suppression of influenza hemagglutination, while signifi-

cantly impairing viral adsorption (Sacramento et al. 2015).

Herpes Simplex virus (HSV) inhibitory natural prod-

ucts from fungi

The impotant human pathogenic viruses HSV-1 and HSV-2

were also subject of sceening programs of fungal

metabolite libraries, even though up to date no drug could

be discovered that would match the activity of the market

standard. Coccoquinone, an anthraquinone from Aspergil-

lus versicolor, demonstrated an IC50 of 3 µM against HSV-

1 (Huang et al. 2017a, b). Five lipopeptides from the

marine-derived fungus Scytalidium sp. showed moderate

anti-HSV-1 and anti-HSV-2 activities in a dose- and time-

dependent pattern (Rowley et al. 2003). The diphenyl ether

glycoside cordyol C from Cordyceps sp. BCC 186 exhib-

ited significant anti-HSV-1 activity with an IC50 value of

1.3 μg/ml (Bunyapaiboonsri et al. 2011).

Hepatitis virus inhibitory natural products from fungi

One novel tricyclic polyketide derived from a collection of

fungal-derived compounds, vanitaracin A (29), was

reported to inhibit viral entry process with an IC50 value of

0.6 µM and good selectivity. It was observed to directly

interact with the HBV entry receptor correlated to hepatitis

D virus and impaired viral bile acid transport pathway.

This compound also inhibited all HBV genotypes (A–D)

(Kaneko et al. 2015). The anthraquinone metabolite, 2′R-1-
hydroxyisorhodoptilonmetrin, showed better anti-hepatitis

B virus activity as compared to the positive drug control,
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lamivudine (Jin et al. 2018). The epipolythiodioxopiper-

azine derivative, 11′-deoxyverticillin A, showed antiviral

activity by decreasing HBV-X replication through inhibi-

tion of Akt activity or depletion of the autophagic genes,

LC3 and p62 (Wu et al. 2015a). Sandargo et al. (2018) and

Narmani et al. (2019) have recently discovered additional

anti-HCV agents like 4-hydroxypleurogrisein (30) from the

nematode trapping basidiomycete Hohenbuehelia grisea

and cytosporaquinone B (31) from an Iranian phy-

topathogen belonging to the genus Cytospora. Recently

Sandargo et al. (2019b) reported the meroterpenoid rho-

datin (32) from cultures of the rare basidiomycete Rhodo-

tus palmatus and also found significant anti-HCV activities

for this compound, which features a new carbon skeleton.

In view of the fact that newly arising viral diseases are

steadily being reported and they can spread more easily due

to gflobalization effects, the search for novel antiviral

agents is as of recently gaining importance. Some of the

natural products pointed out in this entry may potentially

find their way to antiviral drug development in the future.

However, the discovery of new chemical derivatives with

nanomolar activity and high selectivity indices is still

warranted.

10. Immunosuppressive and immunomodulatory
agents from fungi

Immunosuppression is a form of therapy that prevents the

immune system of patients from acting against transplanted

tissues and organs; without the availability of

immunosuppressive drugs, the progresses made in modern

medicine, in particular regarding kidney, heart and liver

transplants, would be unthinkable. Furthermore, immuno-

suppressants are used to control severe manifestations of

allergic and autoimmune related diseases. Many of these

drugs specifically address certain biochemical pathways

that are crucial for the functioning of human defense

against alien organisms, such as pathogens, by selectively

inhibiting the immunocompetent lymphocytes or signal

transduction cascades that regulate the transcription of

cytokines. For this reason, patients treated with immuno-

suppressants often have to be hospitalized and treated in

parallel with antibiotics to prevent infection.

Some of the most important immunosuppressive drugs

are natural products that are being produced biotechno-

logically by fermentation of bacteria and fungi. While

tacrolimus and sirolimus are derived from actinobacteria

and will accordingly not be treated here, cyclosporine (35)

and mycophenolate mofetil (33) are fungal metabolites,

and the present entry is therefore dedicated to these

important molecules (Fig. 10).

Mycophenolic acid (34) (Fig. 10) was the first antibiotic

discovered and isolated in crystalline form from fungi,

contrary to what is written elsewhere in the literature,

where the penicillins are often regarded as the oldest nat-

ural antibiotics. Biogenetically, this compound is a

meroterpenoid, produced by Penicillium species, including

P. brevicompactum and P. roquefortii, and its biosynthesis

has recently been elucidated in the latter species (Del-Cid

et al. 2016). For various reasons, the compound never made
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it into clinical development as an antibacterial or antifungal

agent (Bentley 2000; Bills and Gloer 2016). Ultimately, its

utility as an immunosuppressant became evident, and it is

now the active principle of several marketed drugs, such as

Myfortic® and CellCept®. The compound selectively

inhibits inosine monophosphate dehydrogenase (IMPDH),

an enzyme that is crucial for the biosynthesis of guanosine

nucleotides in mammalian cells. As this enzyme is more

essential in the T- and B-lymphocytes than in other cell

types, and its isoform in the lymphocytes is more sensitive

to mycophenolic acid, the drug has a more potent cytostatic

effect on lymphocytes than on other cell types, and thereby

suppresses the immune system (Allison and Eugui 2000).

Another secondary beneficial effect of mycophenolı́c acid

is the depletion of tetrahydrobiopterin, which is a co-factor

for the inducible nitric oxide synthase (iNOS). Conse-

quently, the administration of mycophenolic acid prevents

damage of tissues mediated by peroxynitrite. The drug is

mainly being used to prevent organ rejection following

transplants, as well as in the therapy of psoriasis (Epinette

et al. 1987) and other immunological disorders.

Cyclosporine A (35) (Fig. 10) was first discovered as a

mildy active antifungal antibiotic by Dreyfuss et al. (1996),

who also gave the first hints as to its immunomodulatory

activity. The compound is a nonribosomally biosynthesized

peptide derived from fermentation of the ascomycete

Tolypocladium inflatum, and its biosynthetic gene cluster

was recently elucidated by Bushley et al. (2013). After

years of intensive research, it was found that this

cyclopeptide has a highly specific biochemical mode of

action as it selectively binds to cyclophilin A. This protein

is an inhibitor of calcineurin, which is responsible for

activation of transcription of the cytokine, interleukine 2. If

interleukine 2 is depleted, the immune response of the

human body will be suppressed and rejection of transplants

can be prevented (Green et al. 1981; Wiesinger and Borel

1980). Therefore, cyclosporine A has become the active

ingredient of blockbuster drugs, such as Sandimmune®,

Neoral® and Restasis®). In addition to organ transplants,

such immunosuppressants can be very useful in the therapy

of other diseases, including allergies and neurodegenera-

tion. An example for the latter indication is the synthetic

drug, fingolimod (Gilenya®; 21 in Fig. 6), which is

described further above in chapter 6.

In this context, it is worthwhile to note that many fungal

metabolites are highly useful in therapy because they show

the opposite activities in biological systems, i.e., they boost

the immune system and therefore increase the resistance

against pathogens or even help to prevent cancer. Striking

examples for such molecules are the β-glucanes and pro-

tein–polysaccharide complexes that are being treated

elsewhere herein.

Strategies against plant disease

Fungi are important agents in combating various fungal

pests and plant diseases found in greenhouses, the field,

and even post-harvest. Fungi also have the potential to be

used against certain animal parasites, such as nematodes. In

this section, we discuss how fungi are being used to control

plant disease, pests, nematodes, and herbicides, as well as

their possible future applications.

11. Biocontrol of plant disease using endophytes

Fungal pathogens are the chief agent of plant disease,

effecting severe agricultural losses worldwide (Hyde et al.

2014; Punja and Raj 2003; Strange and Scott 2005; Hor-

bach et al. 2011). Agrochemicals play a significant role in

plant disease management and ensure sustainable and

productive agriculture systems. However, the intensive use

of chemicals (determined by frequent and high dose of

pesticides) has adverse effects on human health, ecosystem

functioning, and agricultural sustainability (Anderson et al.

2004; Vinale et al. 2008; Suryanarayanan et al. 2016).

Biocontrol is a strategy used to control plant pathogens,

resulting in minimal impact to the environment (De Waard

et al. 1993; Vinale et al. 2008).

Endophytes reside asymptomatically within a plant for

at least part of their life cycle (Carrol 1998; Huang et al.

2009; Sun et al. 2011; Clay et al. 2016). Fungal endophytes

can be broadly classified into two groups, the clavicipita-

ceous (C) and the non-clavicipitaceous (NC). These

endophytes are classified based on evolutionary related-

ness, taxonomy, host plant range and ecological function

(Hyde and Soytong 2008; Rodriguez et al. 2009; O’Hanlon

et al. 2012; Santangelo et al. 2015). Clavicipitaceous

endophytes, including Atkinsonella, Balansia, Balansiop-

sis, Echinodothis, EpichloŠ, Myriogenospora and Para-

epichloŠ species are commonly associated with grasses in

the family Poaceae and rely on their host throughout their

life cycle as mutualist species (Rodriguez et al. 2009;

Purahong and Hyde 2011; O’Hanlon et al. 2012; De Silva

et al. 2016). Non-clavicipitaceous endophytes, such as

Fusarium sp., Colletotrichum sp., Phomopsis sp. and Xy-

laria sp. are found in most terrestrial plants, and might not

inhabit the host plants for their entire life cycle (Rodriguez

et al. 2009; Delaye et al. 2013; De Silva et al. 2016;

Jayawardena et al. 2016).

Endophytes are neutral or beneficial to their plant hosts

(Backman and Sikora 2008). They boost host plant growth,

fitness, stress tolerance, and alter interactions with pests

and pathogens (Oono et al. 2015; Clay et al. 2016).

Endophytes also provide protection against herbivory

(O’Hanlon et al. 2012; Santangelo et al. 2015). More
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importantly, endophytes have potential as an unexplored

source of candidate strains for potential biocontrol appli-

cations (Ek-Ramos et al. 2013; Oono et al. 2015). For

example, endophytic Ampelomyces species parasitize

powdery mildews (Busby et al. 2016). Since powdery

mildews are biotrophs, their antagonists act mainly through

antibiosis and mycoparasitism (Busby et al. 2016).

Biocontrol strategies utilize antagonistic mechanisms to

disrupt the life cycle of pathogens (cf. Fig. 11), leading to

the prevention of infection, reduction in colonization of

host tissues, reductions in sporulation, and affecting the

pathogen’s ability to survive (Punja and Raj 2003; Busby

et al. 2016). The hyperparasitic antagonism may be medi-

ated by factors such as include the as production of lytic

enzymes and/or antibiotics, while other biocontrol agents

may induce the host plant’s defense or just compete with

the pathogen for nutrients and ecological niches (Yan et al.

2015; Busby et al. 2016; Lecomte et al. 2016; Schlegel

et al. 2016).

Mejı́a et al. (2008) studied endophytes within the heal-

thy leaves of Theobroma cacao, as well as their antagonism

against the pathogenic Basidiomycota species Monilioph-

thora perniciosa (witches broom), Moniliophthora roreri

(frosty pod rot) and the oomycete Phytophthora palmivora

(black pod rot). The results showed that two endophytes,

identfied as Colletotrichum gloeosporioides and Clonos-

tachys rosea, respectively, decreased pod loss due to black

pod rot, and reduced sporulating lesions in cacao pods

caused by Moniliophthora roreri.

Endophytic fungi from various host plants have been

shown to be effective biocontrol agents, including Al-

ternaria sp. and Cladosporium sp., isolated from wheat

(Huang et al. 2016), and Alternaria alternata, isolated from

grapevine leaves (Zhang et al. 2017b). The use of antag-

onistic endophytes as biocontrol agents, such as Tricho-

derma and Chaetomium, present an attractive option for

management of certain plant diseases. It is important to

screen potential endophytes through in-vitro experiments

following field experiments under different environment

conditions. In future research using molecular technologies

(e.g., metagenomics), ecological dynamics are essential to

developing commercial biocontrol agents, as these con-

tribute to sustainable agriculture. It is critical to note that

the species isolated as endophytes from a certain host plant

may be pathogenic to other plants. Moreover, a careful risk

assessment that excludes the possibility for the overpro-

duction of mycotoxins is a mandatory prerequisite for

registrations of new biocontrol agents, regardless of whe-

ther the producer organisms are endophytes.

12. Biocontrol of insects using fungi

The loss in productivity due to crop damage from insects

represents a serious threat to the agricultural sector. The

global crop loss due to insects contributed to losses of

almost $470 billion each year (Culliney 2014), with the

global expenditures on pesticides being in the range of $56

billion in 2012. Strikingly, of the $56 billion, only $2–3

billion was spent on biopesticides (Marrone 2014). In the

USA, insecticides contributed to almost 14% of all pesti-

cide expenditures (Sabarwal et al. 2018).

The most common strategy for controlling insect inva-

sions is the use of synthetic chemical pesticides, such as

Chlorpyrifos, Acephate and Bifenthrin (Dai et al. 2019a).

However, insecticidal resistance has become an undeniable

phenomenon, and has led to the disastrous collapse of the

pest control in many countries (Naqqash et al. 2016). There

are also other concerns arising regarding the use of these

synthetic chemicals, namely with food safety, adverse

effects to non-target organisms—especially those

Endophytes were isolated from healthy leaves and pods of 
Theobroma cacao plant

Dual culture assays

Antagonistic activity of endophytes against three 
pathogens; Moniliophthora perniciosa, M. roreri and 

Phytophthora palmivora

Used 3 methods – antibiosis, competition for substrate and 
mycoparasitism 

Greenhouse experiment

Spore suspension of endophytes were inoculated to 
cacao leaves and the percent of fungal colonization 

per leaf assessed plating on culture media

Field trials 

Spore suspension was sprayed to cocoa pods and 
measure the percentage of each pod had been 

colonized by the inoculated fungus

Fig. 11 Methodology used to assess biocontrol activity of endophytes

against pathogens in cocoa plants

20 Fungal Diversity (2019) 97:1–136

123



beneficial antagonists of insects—and the environmental

impact associated with the use of harmful chemical com-

pounds (Sandhu et al. 2017). The drawbacks to conven-

tional insecticides spurred the search for potent and eco-

friendly biocontrol agents.

Biological control agents offer more advantages than

their chemical counterparts, since they are safe for other

non-target organisms and infect only specific species, with

long-term results on target pests (Sanda and Sunusi 2016).

In particular, the entomopathogenic fungi, have the

capacity to reduce or eradicate insect populations. Most

fungi used for the control of insect pests are ascomycetes,

which are usually found in the soil and can cause natural

outbreaks on their own when environmental conditions are

favorable. Some fungal strains have been developed into

commercial products because of their ability to be mass

produced (e.g. Beauveria bassiana, Lecanicillium mus-

carium, Metarhizium anisopliae). These can infect a wide

range of insect hosts. (cf. Fig. 12). Specific fungal strains in

commercial products target insect groups such as Coleop-

tera, Diptera, Hemiptera, Hymenoptera, Lepidoptera and

Orthoptera (Dauda et al. 2018).

Some entomopathogenic fungi can also exist as plant

endophytes in a variety of hosts. They can exhibit dual

functions, acting against insects and plant pathogens, thus

giving protection to plant hosts. Moreover, they can have

additional roles in endophytism, plant disease antagonism,

growth promotion and rhizosphere colonization (Yun et al.

2017; Jaber and Ownley 2018).

Generally, the first mode of action of entomopathogenic

fungi is to produce sticky spores to insure adhesion to the

body of the host. The non-specific adhesion mechanism of

the conidia is due to their hydrophobic properties, which

has protein interactions with the hydrophobic exoskeleton

of the susceptible host. The spores germinate quickly and

initiate penetration of the insect exoskeleton. The fungal

cells multiply in the hemocoel of the host’s body,

increasing the turgor pressure and eventually killing the

insect. The entomopathogen grows in the host’s cadaver to

optimize spore production and dispersal under favorable

environmental conditions (Roy et al. 2006). High numbers

of spores are required to insure infection, with a minimum

of 19108 to 19109 conidia/ml (Inglis et al. 2012).

Entomopathogenic fungi also produce secondary

metabolites that can act as toxins with insecticidal effects.

Proliferating protoplasts produce these compounds to

weaken the host’s defense mechanisms, causing rapid

death (Hussain et al. 2014). The entomopathogens that

produce toxins are more effective at killing the insect hosts

as compared with those strains that do not produce such

metabolites (Kershaw et al. 1999). There are a variety of

active compounds produced by entomopathogenic fungi

that exhibit insecticidal properties, as listed in Table 4.

Beauvericin (36 in Fig. 13) is a well-known active com-

pound produced by entomopathogenic fungi. It plays a key

Fig. 12 Entomopathogens

infecting insect hosts.

a Acrodontium crateriforme,

b Cordyceps militaris,

c Ophiocordyceps nutans
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role in the virulence of fungi that infect arthropods (Rohlfs

and Churchill 2011). It is a cyclic hexadepsipeptide, con-

taining three D-hydroxyisovaleryl and three

N-methylphenylalanyl residues in alternating sequence,

and belongs to the enniatin antibiotic family. It is struc-

turally similar to enniatins; however, it differs in the nature

of its N-methylamino acid (Wang and Xu 2012). It was first

isolated from Beauveria bassiana (Hamill et al. 1969) and

later from Fusarium species (Liuzzi et al. 2017). Beau-

vericin has a strong insecticidal function against a broad

spectrum of insects. Since the target insects are moving

organisms, the entomopathogenic fungi producing beau-

vericin are more effective insecticidal agents than the

direct use of the compound. Beauvericin was first discov-

ered to have insecticidal activity by Hamill et al. (1969).

Other studies proved the efficacy of beauvericin in killing

other insects, such as Calliphora erythrocephala, Lygus

spp. (Leland et al. 2005), Aedes aegyptii (Grove and Pople

1980), Spodoptera frugiperda and Schizaphis graminum

(Ganassi et al. 2002); however, it can also be toxic to bees,

thus posing a threat to other beneficial insects when applied

in the field.

Bassianolide (37) a cyclic depsipeptide from Lecani-

cilium lecanii, exhibits moderate cytotoxicity and an

immunosuppressive effect to insect hosts. It can cause

significant maximum mortality to Plutella xylostella at

0.5 mg/ml concentrations (Keppanan et al. 2018). As in

other groups of fungal cyclopeptides, several variants if

bassianolies are known (Matsuda et al. 2004).

Destruxins (38–40), the cyclic hexadepsipeptide

mycotoxins are produced by Metarhizium anisopliae. They

can kill a variety of insect pests. The purified destruxins

can cause toxic effects on the larval developmental stage of

mosquitoes (Aedes aegyptii) with high mortality rates

(Ravindran et al. 2016). The study of Dong et al. (2016)

also revealed positive correlations between destruxin pro-

duction and blastospore formation, and the producer strain

has the potential to be developed into a mycoinsecticide.

Enniatins (41–44) are only produced by Fusarium

species. They act as ionophores that bind with ammonium

in the transport of ions in the lipid bilayer membrane of the

cell. This ionophoric property of enniatins leads to the

toxic action in the cell through the disturbance of the

normal physiological concentration. Their best studied

derivative, Enniatin B was previously shown to exhibit

insecticidal activity against blowfly (Calliphora erythro-

cephala) and mosquito larvae (Aedes aegypti) (Grove and

Pople 1980).

The successful application of entomopathogenic fungal

strains relies on several factors, such as level of virulence,

production efficiency and level of safety to humans and

other non-target species. Virulence depends on a complex

of factors, such as spore hydrophobicity, which is involved

in the conidial adhesion, germination polarity of the spores

wherein unidirectional spores are more virulent than multi-

Table 4 Some insecticidal compounds produced by entomopathogenic fungi

Entomopathogen Insecticidal compounds References

Beauveria bassiana Bassiacridin

Bassianin

Bassianolide

Beauvericins (36)

Beauverolides

Matsuda et al. (2004), Quesada-Moraga et al.

(2004), Ohshiro et al. (2006), Heneghan et al.

(2011), Fisch et al. (2011), Süssmuth et al. (2011)

Beauveria tenella Beauverolides,

Beauvericins (36)

Bassianolide (37)

Ohshiro et al. (2006), Namatame et al. (1999),

Süssmuth et al. (2011)

Lecanicillium lecanii Helvolic acid Kildgaard et al. (2014), Liang et al. (2016)

Fusarium spp.;“Paecilomyces” (Isaria)

fumosoroseus, Paecilomyces (Isaria)

tenuipes

Beauvericins (36)

Isaria sp. Beauverolides Briggs and Atkins (1966), Isogai et al. (1978),

Elsworth and Grove (1980), Grove (1980)

Metarhizium anisopliae Destruxins (38–40) Wang et al. (2012), Yoshida et al. (2014)
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directional ones, presence of hydrolytic enzymes to breach

the host’s defense wall, and sensitivity to abiotic factors

like temperature and humidity. Moreover, ento-

mopathogenic fungi should only be considered for com-

mercialization if they demonstrate high production

efficiency, wherein the strains have minimum requirements

for growth and can be grown and mass produced in solid

substrate (Hussain et al. 2014), thus reducing production

costs.

Certain techniques should be considered in order to

increase the effectiveness of mycoinsecticides. Since insect

larvae usually embed themselves into plant tissues or soil

and do not feed on crops (Hall 1998), they do not typically

stay in a specific location and therefore are very difficult to

target. Spray application can be inefficient at this stage and

depositing mycoinsectides over a field or crop may not be

effective. Therefore, granular formulations which coat dry

spores onto bran or grains, or the drying and fragmentation

of mycelium to hold spores in starch, can both be effective

methods to treat insects in the field (Hall 1998). Adding the

granular substances to mycoinsecticides increases the

accuracy and efficiency of the spray.

Several tactics have been identified by Lacey and Kaya

(2007) to increase the effectiveness of mycoinsecticides.

Preventive applications could be inefficient because the

residues are not long-lasting, and therefore they should be

applied only when the target pest is seen. Mycoinsecticides

should be applied before the pest population reaches peak

numbers, and therefore early application is essential.

Timing is also important: identifying the life cycle of the

host, which has a higher probability of being in contact

with the spores, could also increase the effectiveness of the

mycoinsecticide. For example, Beauveria bassiana is more

efficient in infecting active nymphs than winged adults.

Moreover, mycoinsecticides should not be applied during
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droughts because the environmental conditions are not

favorable for the germination of the spores.

Approximately 750 fungal species have been identified

as insect pathogens; however, in 1998 only 12 species were

utilized as mycoinsecticides in insect sprays (Wraight and

Carruthers 1998). By 2007 the number of mycoinsecticides

had increased to about 110 commercially available prod-

ucts in the market (de Faria and Wraight 2007). The

number has continued to increase, with almost 2700

arthropod pesticides introduced worldwide (Cock et al.

2010), in which about 230 species of biological control

agents have been marketed and available for commercial

use (van Lenteren 2012). The demand and commercial

application of microbial pesticides have increased

tremendously. Of 82 microbial biopesticides registered in

Brazil, nearly 46% are mycoinsecticides (Mascarin et al.

2018). Fungal biopesticides contributed to a large portion

of this increased demand and popularity in pest manage-

ment in the past two decades (Jaronski and Mascarin 2017).

Several products have already disappeared from the inter-

national marketplace because they were not commerically

successful, but a substantial number of fungal species have

been exploited (Kabaluk et al. 2010; Lacey et al. 2015)

(Fig. 12).

De Faria and Wraight (2007) and Mascarin et al. (2018)

listed representatives of mycoinsecticides derived from

Beauveria, Isaria, Lecanicillium, and Metarhizium species

found in the market. Most developed mycoinsecticdes were

made for European and American markets, whereas only a

few were aimed at the African and Asian markets

(Table 5).

There have been continual obstacles and challenges to

the development and commercialization of fungal biolog-

ical control agents for use in controlling insect populations,

ranging from gaps in understanding the basic biological

knowledge to their potential socio-economic impact.

Problems regarding the effectiveness of insecticides are

linked to economic production. The increase in pest-re-

sistance to chemical formulas has led to drastic environ-

mental problems. New chemical insecticides are not being

developed quickly enough, and therefore there is room for

microbial insecticides, which are growing at the rapid pace

of 10–25% per year (Starnes et al. 1993), within the mar-

ket. Enhancing the virulence of potential fungal species is

essential for mycoinsecticides to develop and reach their

market potential.

The future of mycoinsecticides is promising, with con-

tinued research to increase pathogenic virulence of ento-

mopathogenic fungi in order to achieve commercial

success with genetic and physiological engineering. Fur-

ther studies should be conducted to determine the fungal

traits responsible for the effectiveness of mycoinsecticides,

enhancement of their virulence, and development of eco-

friendly and effective pest management strategies.

13. Biocontrol of nematodes and fungal
nematicides

Plant-parasitic nematodes are parasites which cause severe

damage to many economically important crops such as

tomatoes, potatoes and wheat. For example, around US $80

billion of yield losses are caused annually by damage from

plant root–knot nematodes, such as M. javanica and M.

incognita (Li et al. 2007). Nematicidal chemicals that were

once rather effective, such as methyl bromide, have ulti-

mately been banned because they are broad-spectrum

biocides that kill all life in the soil and contribute to the

depletion of the ozone layer, thereby causing grave prob-

lems to the environment. Therefore, in recent years there

have been great efforts in both academia and industry to

find ecologically viable alternatives.

Nematophagous fungi are capable of controlling plant

parasitic nematodes through antagonistic behaviour (Zaki

and Siddiqui 1996). There are more than 700 species of

nematophagous fungi, which are found in fungal taxa

including Mucoromycota, Basidiomycota, Ascomycota and

Chytridiomycota (Li et al. 2005; Degenkolb and Vilcinskas

2016). These nematophagous fungi are categorized into

four groups according to their mode of parasitism: nema-

tode-trapping (otherwise known as predacious); nematode

egg and female parasites; endoparasitic; and toxin-pro-

ducing fungi (Li et al. 2005; Degenkolb and Vilcinskas

2016). Nematode–trapping fungi form specific trapping

structures on hypha, such as adhesive knobs, constricting

rings and adhesive networks; these three trapping devices

can be categorized further into seven types: simple adhe-

sive branches, unstalked adhesive knobs, stalked adhesive

knobs, non-constricting rings, constricting rings, two

dimensional networks and three-dimensional networks

(Rubner 1996).

The constricting ring trap is the most sophisticated

morphological adaptation, which can be found in fungi that

are no accommodated in the genus Drechslerella (Baral

et al. 2018). When a nematode enters the ring, the three

cells swell, forming three sphaerical structures that trap and

immobilize the nematode (Jansson and Lopez-Llorca

2004). Endoparasitic fungi attack nematodes orally or by

penetration of spores or zoospores through the cuticles of

the nematode host (Moosavi et al. 2011). After infection,

the hyphae develop inside the nematode and digests its

content. For example, the spores of Catenaria anguillulae

are ingested by sedentary nematodes such as Heterodera

spp. The spores germinate in the esophagus and the

mycelia then digest the nematodes; 10–12 h after the

infection, zoosporangia develop to release new zoospores
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Table 5 Representative mycoinsecticides in the market (de Faria and Wraight 2007; Mascarin et al. 2018)

Fungal species Marketed

trade name

Country registered Pests targeted Manufacturer

Metarhizium

anisopliae

Arizium Brazil Mahanarva fimbriolata, Notozulia (Zulia)

entreriana

TecniControl

BioMetha GR

Plus

Brazil M. fimbriolata, Notozulia sp., Deois sp. Biotech

Bioninsect Brazil M. fimbriolata, N. entreriana, D. flavopicta Koppert do Brasil

GR-INN Brazil M. fimbriolata, N. entreriana, D. flavopicta Agrivalle

Metamax

Lı́quido

Brazil M. fimbriolata Bio Soja

Metapremium Brazil M. fimbriolata, N. entreriana, D. flavopicta Biopremium

Metarfito Brazil M. fimbriolata, N. entreriana Fitoagro Controle

Biológico

Metarhizium

JCO WP

Brazil M. fimbriolata, N. entreriana, D. flavopicta JCO

Metarhizium

Oligos

Brazil M. fimbriolata, N. entreriana, D. flavopicta Oligos Biotecnologia

Metarhizium

Probio

Brazil M. fimbriolata, N. entreriana, D. flavopicta Probio

MethaControl Brazil M. fimbriolata, N. entreriana, D. flavopicta Simbiose

Methamax EC Brazil M. fimbriolata Novozymes

Metie Brazil N. entreriana Ballagro

Opala Brazil M. fimbriolata, N. entreriana Lab. Biocontrole

Farroupilha

Real

Metarhizium

Kenya, South Africa,

Ethiopia, Ghana

Mealybugs, thrips, whiteflies Real IPM (Kenya)

Metarhizium

brunneum

Met52 EC USA Whiteflies, thrips, weevils Novozymes Biologicals

(USA)

Met52

Granular

USA, Europe Weevils, thrips Novozymes Biologicals

(USA)

Bio1020 Netherlands Weevils Novozymes Biologicals

France

Beauveria

bassiana

Adral Colombia Aphids Bio-Crop (Colombia)

Agrivalle

AUIN

Brazil Bemisia tabaci, Cosmopolites sordidus, Dalbulus

maidis, Tetranychus urticae

Agrivalle

Ballvéria Brazil B. tabaci Ballagro

Bassicore SC Colombia Whiteflies Core Biotechnology

(Colombia)

BeauveControl Brazil B. tabaci, D. maidis, T. urticae Simbiose

Beauveria

JCO

Brazil B. tabaci, C. sordidus, D. maidis, T. urticae JCO

BioExpert Colombia Whiteflies, thrips Live Systems

Technology

(Colombia)

Bioveria WP Brazil B. tabaci, C. sordidus, D. maidis, T. urticae Bioenergia do Brasil SA

Bovemax EC Brazil H. hampei, Diaphorina citri, Hedypathes

betulinus

Novozymes

Boveril WP Brazil B. tabaci, Hypothenemus hampei, Gonipterus

scutellatus, T. urticae

Koppert do Brasil

Broadband South Africa Whiteflies, thrips BASF South Africa

Cadete SC Colombia Whiteflies, thrips Mycros Internacional

(Colombia)

Ecobass Brazil B. tabaci, C. sordidus, D. maidis, T. urticae Toyobo do Brasil

Fungal Diversity (2019) 97:1–136 25

123



(Mankau 1980). The motile zoospores are adapted by

having positive tropisms toward nematodes (Kumar et al.

2017). Nematode egg parasitic fungi play a key role in

infecting the eggs of nematodes on two levels. Some fungi

directly infect the nematode eggs by penetrating the egg-

shell, while others indirectly affect the content of eggs,

such as larvae or embryos (Jansson and Lopez-Llorca

2004). Recent studies found that Ijuhya vitellina forms

hyphae from the infected egg shells of the cereal cyst

nematode Heterodera filipjevi to develop into microscle-

rotia (Ashrafi et al. 2017a). Monocillium gamsii and M.

bulbillosum are two nematode-associated fungi parasitic to

eggs of H. filipjevi (Ashrafi et al. 2017b). The first record of

dark septate endophytes with nematicidal effects was

reported from the new genus Polyphilus, represented by

two new species (Ashrafi et al. 2018). Actually Polyphilus

spp. have been isolated from nematode eggs as well as

from healthy plant material.

Several studies related to nematode parasitic fungi that

are specific to economically important crops have been

conducted (Table 7). Cochliobolus sativus (on wheat and

barley), Dendriphiopsis spp. (on tomato plants) and

Drechmeria coniospora are some controlling agents for

root knot disease caused by nematodes on wide variety of

crops, especially tomatoes (Jansson et al. 1985). A com-

bination of Trichoderma species and nematode-trapping

fungi was most effective in controlling plant-parasitic

nematodes through egg parasitism (Szabo 2014). More-

over, there are some fungi which are capable of controlling

nematode diseases in animals (Zhang et al. 2007). For

example, animals infected by plant-parasitic nematodes are

fed with fungal mycelium containing chlamydospores of

nematode trapping fungi, e.g. Duddingtonia flagrans

(Zhang et al. 2007). When fed to the animals. these spores

produce traps in the faeces and surrounding grasses to

capture newly hatched nematode juveniles (Zhang et al.

2007). Purpureocillium lilacinum is capable of controlling

root–knot nematodes such as M. javanica and M. incognita

on tomato, eggplant and other vegetable crops (Moosavi

2014). Some studies have reported the antagonistic beha-

viour of Arthrobotrys dactyloides against root knot nema-

todes on tomato plants, but other experiments with

Metacordyceps chlamydosporia did not significantly

reduce nematode population (Nordbring-Hertz et al. 2011).

Cochliobolus sativus was also reported to be an effective

biological control agent in controlling nematodes in Bots-

wana (Mubyana-John and Wright 2011). Table 6 is a

synopsis of nematode parasitic fungi, and the unique

trapping mechanisms of nematode-trapping fungi. The

combination of Purpureocillium lilacinum (previously

referred to as “Paecilomyces lilacinus”) and Dactylella

lysipaga was experimentally proved to be antagonistic to

Table 5 continued

Fungal species Marketed

trade name

Country registered Pests targeted Manufacturer

Granada Brazil B. tabaci, C. sordidus, D. maidis, T. urticae Lab. Biocontrole

Farroupilha

Isaria

fumosorosea

Challenger Brazil Diaphorina citri Koppert do Brasil

Isaria javanica PFR-97 20%

WDG

USA, Mexico Whiteflies, aphids, thrips, mealybugs, Certis, Inc. (USA)

PreFeRal WG Europe Whiteflies Biobest (Belgium)

Isaria spp. Nofly USA Whiteflies, aphids, thrips, psyllids, Novozymes Biologicals

(USA)

Pae-Sin Mexico Whiteflies Agrobiológicos del

Noroeste –

Successor SC Colombia Whiteflies, aphids, thrips Live Systems

Technology

(Colombia)

Lecanicillium

muscarium

Mycotal Europe, Japan Whiteflies, thrips Koppert Biological

Systems

Lecanicillium

spp.

Verzam Honduras, El Salvador,

Nicaragua, Jamaica

Whiteflies, aphids, thrips Escuela Agrı́cola

Panamericana

Vercani WP Colombia Whiteflies Natural Control

(Colombia)

Lecafol Uruguay Whiteflies Lage y Cı́a. S.A.,

Uruguay
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the root–knot nematode Meloidogyne javanica as well as

the cereal cyst nematodes Heterodera avenae and

Radopholus similis on tomato barley and banana plants

(Zhang et al. 2014a, b). In another study, the combination

of Purpureocillium lilacinum and Monacrosporium lysi-

pagum was shown to be antagonistic to Meloidogyne

javanica, the cereal cyst nematode (Zhang et al. 2014a, b).

Few studies conducted thus far have proven the efficiacy

of nematode parasitic fungi; however, individually these

fungi do not possess all the desirable characters required to

serve as high potential nematode control agents. Thus

combinations of nematophagous fungi can be more effec-

tive, as these combinations are capable of being parasitic in

all stages of the nematode life cycle. Therefore, it is nec-

essary to develop new techniques to facilitate research on

nematode parasitic fungi, especially for tracing high

potential strains in the environment. More studies are

needed to improve and introduce more efficient strategies

to produce biological control agents without harming non-

targeted nematode species.

Liquid fermentation and solid fermentation are two

methods of mass producing nematophagous fungi. Solid

culturing is preferable for fungi that cannot produce spores

in liquids (Zhang et al. 2014a, b). However, liquid cultur-

ing is widely used for the mass production of the spores

and mycelium of targeted fungi (Zhang et al. 2014a, b). In

fact, the combination of these two methods enhances the

effectiveness of the mass production of fungi, as the liquid

method can be used for producing mycelia and the solid

method for producing conidia. The formulation of the

fungal production is important in its commercialization as a

bio control agent. Formulations are powders, wet-

table powders, emulsions, oil solutions, granular formula-

tions, blending agents and microcapsules (Liu and Li

2004). Microencapsulation is a new method of commer-

cializing bio control fungi (Patel et al. 2011). The latter

researchers developed a novel capsule system using Hir-

sutella rhossiliensis. Jin and Custis (2011) also introduced

a modified method for microencapsulation of Trichoderma

conidia using sugar, which was then developed as a

sprayable formulation.

Toxin-producing fungi secrete nematicidal metabolites

to attack and immobilise nematodes before the develop-

ment of hyphae inside the nematode (Degenkolb and Vil-

cinskas 2016). For example, Purpureocillium lilacinum

produces acetic acid to immobilize juvenile parasitic

nematodes (Djian et al. 1991). According to previous

studies, more than 270 toxin-producing fungi have been

recorded, including 230 nematicidal toxic compounds

(Zhang et al. 2011a; Li et al. 2007). Recent examples

include the report on the new genus and species Pseu-

dobambusicola thailandica, which can control nematodes

using its secondary metabolites, such as monocerin and

deoxyphomalone (Rupcic et al. 2018). Linoleic acid is one

of the nematicidal compounds that can be isolated from

many fungi, including Arthrobotrys species, in which the

production of this compound increases with the number of

traps (Anke et al. 1995). Pleurotus pulmonarius and

Table 6 Taxonomy of nematode parasitic fungi, their trapping mechanisms and parasitic nematodes.. Source Zhang et al. (2014a, b)

Nematophagous fungal group Phyla Fungal name Trapping structures

Nematode-trapping Zoophagomycota Stylopage

Cystopage

Adhesive hyphae

Adhesive hyphae

Ascomycota Arthrobotrys/Orbilia

Dactylellina/Orbilia

Adhesive networks

Drechslerella/Orbilia

Gamsylella/Orbilia

Adhesive knobs and/or non constricting rings

Constricting rings

Basidiomycota Hohenbuehelia Adhesive branches or unstalked knobs

Adhesive “hour-glass” knobs

Endoparasitic Chytridiomycota

Blastocladiomycota

Myzocytiopsis

Haptoglossa

Catenaria

Zoospores

“Gun cells”, injection

Ascomycota Harposporium/Podocrella

Meria

Haptocillium/Cordyceps

Zoospores

Ingested conidia

Adhesive conidia

Hirsutella Adhesive conidia

Basidiomycota Nematoctonus/Hohenbuehelia Adhesive “hour-glass” knobs

Toxin-producing Basidiomycota Coprinus

Pleurotus

(Omphalotus)

Toxic droplets

Toxin, spiny structures
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Hericium coralloides are two basidiomycetes that exhibit

strong nematicidal effect against Caenorhabditis elegans.

p-Anisaldehyde (46) and other aromatic metabolites, as

well as fatty acids, were identified as active principles

(Stadler et al. 1994) (Fig. 14).

Metabolites with moderate nematicidal activity have

been recently reported from a Sanghuangporus sp. col-

lected in Kenya. In addition to 3, 14′-bihispidinyl and

hispidin and the new dcerivative phelligridin L (49), with

moderate effects on Caenorhabditis elegans (Chepkirui

et al. 2018). Ophiotine (45), a depsipeptide from a species

of the Phaeosphariaceae isolated from nemtatode eggs, was

reported to have a moderate nematicidal effect on Het-

erodera filipjevi (Helaly et al. 2018a). Chaetomium glo-

bosum produces flavipin, which inhibits egg hatching and

juvenile mobility of the root-knot nematode (Meloidogyne

incognita) and the hatching of soybean cysts (Heterodera

glycines) (Nitao et al. 2002). Chaetoglobosin A and its

derivate 19-O-acetylchaetoglobosin A are two other

recently demonstrated chemical compounds isolated from

Ijuhya vitellina, a parasitite of the eggs of Heterodera fil-

ipjevi (Ashrafi et al. 2017a, b). However, the most impor-

tant fungal nematicides found to date are (a) PF-1022A, a

precursor of the semisynthetic drug emodepside (48),

which is used in veterinary medicine (Jeschke et al. 2005);

and (b) the cyclopeptide omphalotin A (47) from cultures

of the basidiomycete genus Omphalotus, which was also

developed as a nematicide against Meloidogyne, but did

not yet make it to the market because of unfavourable costs

of goods (Sandargo et al. 2019a).

Many studies have shown the parasitic efficiency of

nematode parasitic fungi, but it is necessary to develop

IPM strategies to optimize the ability nematophagous fungi

to colonize plant roots. High virulence strains and

Fig. 14 Chemical structures of

fungal metabolites with

nematicidal activity
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formulations are important for the development of more

efficient commercial products. The utilization of the sec-

ondary metabolites of fungi as nematicides is not satis-

factory at the commercial level as there are few

bionematicides available in the market. On the other hand,

integrated nematode management strategies can be imple-

mented to improve the effectiveness of nematicidal action

and minimize the use of chemical nematicides to the soil.

Future bio products should be targeted not only for one

species of nematode, but to disease complexes in concert

with other pathogens like fungi, bacteria and viruses.

14. Biocontrol of weeds and herbicides
from fungi

Weeds are plants that grow in a location where their

presence has become undesirable due to their adverse

effects on the ecosystem or human activities (Norris 1992;

Kent 1994; Gadermaier et al. 2014). This is mainly due to

Table 7 Commercial biological nematicides based on nematophagous fungi.. Source Zhang et al. (2014a, b), updated by using the current

taxonomy

Products Fungi Modes of action Nematode targets References

Bicon Purpureocillium

lilacinum

Egg and female

parasitism

Unspecified Poinar and Georgis (1994)

Miexianning Purpureocillium

lilacinum

Egg and female

parasitism

Root-knot nematodes parasitizing

tobacco

Shuhua et al. (2002), Zhou and Mo (2002)

Nemout Unspecified NTFa Trapping Meloidogyne javanica Al-Hazmi et al. (1982), Ibrahim (1994),

Williams et al. (1999)

Paecil/Bioact Purpureocillium

lilacinum

Egg and female

parasitism

Unspecified Holland et al. (1999)

Royal 350 Arthrobotrys

irregularis

Trapping Meloidogyne spp. Cayrol et al. (1978)

Xianchongbike Metacordyceps

chlamydosporia

Egg and female

parasitism

Root-knot nematodes

Parasitizing tobacco, peanut,

soybean and watermelon

Zhou and Mo (2002)

Fig. 15 Mechanism of actions

implemented by antagonistic

fungal species for management

of rust diseased plants
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the fact that when a plant is introduced to a new environ-

ment without the influence of their natural enemies they

can grow without any obstruction and harm the native

population by taking the form of a weed (Kendrick 1992).

Thus, weeds can cause problems not only to the crop yield

and quality, but also to the nature by invading native

environment and its species composition. In order to ensure

the balance of ecosystems, global crop production and food

security; weed management is an important factor to be

considered (Bjawa 2014).

During the early 1990s weed management was domi-

nated by mechanical methods (Sommer 1996). The

importance of mechanical weed control has become limited

as it causes soil erosion and nutrient losses (Zimdahl 1993).

Thus, chemical herbicides became the viable alternative.

However, due to continuous use of the same herbicide with

the same mode of action, herbicide resistance increased

and for the last 20 years no chemical has been manufac-

tured with a different mode of action than the previous

products (Duke 2012). Researchers also identified the

herbicidal toxic impact on non-target soil organisms which

play an important role in degrading and decomposing

organic matter (Subhani et al. 2015; Zain et al. 2013).

Therefore, the need for biological weed control as well as

development of bio-herbicides has become important.

Biological control of weeds (see the diagram in Fig. 15

for an example) is an effective and efficient alternative

control method (Senthilkumar 2007). Biological weed

control is used against invading plant species that pose a

threat to endangered ecosystems and is designed to reduce

the competition for nutrients and space by weeds. The aim

of biological control of weeds is to decrease, suppress or

kill the weed population using host specific insect herbi-

vores or plant pathogens such as fungi, bacteria and viruses

(Bailey et al. 2010).

The initial concept for using fungal pathogens in weed

control was observed by a farmer in 1890 in the USA with

the thistle population controlled by a rust fungus (Wilson

1969). A similar situation was recorded by Morris (1991)

who observed that the Australian gall-forming rust fungus

Uromycladium tepperianum helps to reduce the infestation

of Acacia saligna at over 50 localities in South Africa.

Until 1970 biocontrol of weeds was not considered as a

solution or alternative to the massive use of chemical

herbicides (Pointing and Hyde 2001).

Biological control refers to the planned introduction of

an exotic bio control agent for permanent establishment for

long term control in an area where weeds are problematic

to the natural habitat (Evans 1998; Eilenberg et al. 2001).

Fair examples for using fungi in biocontrol of weed are the

successful use of the European rust fungus Phragmidium

violaceum to control European blackberry (Rubus sp.) in

Chile, or the use of Puccinia chondrillina to control

Chondrilla juncea (rush skeleton weed) in Australia, which

is considered as the most remarkable successes ever

achieved with biocontrol (Kendrick 1992). These rust fungi

are obligate biotrophs and cannot mass produce spores (or

even grow) in an artificial medium. Therefore, small

amounts of natural inoculum were introduced to the area

and the weed control was obtained by natural spore pro-

duction and dispersal (Cullen et al. 1973; Cullen and

Delfosse 1985; Kendrick 1992; Espiau et al. 1998).

Inocula of plant pathogens, applied to weeds in a similar

manner to synthetic herbicides are called bioherbicides.

When fungi are involved, they are referred to as mycoher-

bicides (Boyetchko et al. 1996). These pathogens usually

occur naturally on weeds in localities where they need to be

controlled, but not in sufficient amounts. Therefore, fungal

inocula are mass produced and sprayed on to the weeds.

These mycoherbicide products must undergo a government-

regulated registration process similar to chemical herbicides

before they are released for public use (Evans 1998).

Mycoherbicide studies began in the 1940s in several

countries with the aim to spread indigenous pathogenic

fungal species on target weeds as a controlmeasure (Pointing

and Hyde 2001). In 1949, an attempt to control prickly pear

cactus using Fusarium oxysporum was unsuccessful (Julien

and Griffiths 1998). Kendrick (1992) mentioned another few

examples where mass produced fungal propagules are

applied as a mycoherbicides. A Colletotrichum gloeospori-

oides spore suspension was used to control northern joint

vetch (Aeschynomene virginica) in rice and soybean fields in

the USA. This was the first practical use of a fungus as a

mycoherbicide that was later commercialised as “Collego”.

Another example was water hyacinth, considered to be the

worst aquatic weed in the world, but could be controlled by

Acremonium zonatum and Cercospora rodmanii. However,

during the 1950s, spores of Alternaria cuscutacidae were

mass produced and applied to a dodder (Cuscuta sp.) (Wilson

1969, Julien and Griffiths. 1998). In 1963 China developed a

mycoherbicide for dodder, using Colletotrichum gloeospo-

rioides cf. cuscutae (Colletotrichum cuscutae) (Auld 1997;

Kendrick 1992).

In the 5th edition of “A world catalogue of agents and

their target weeds” by Winston et al. (2014), seven fungal

species are mentioned that were developed as mycoherbi-

cides and some of these are available as commercial

products. According to Walker and Connick (1983) and

Auld (1993) dew and temperature are the most important

factors for primary infection of pathogen in order to obtain

a successful disease development on the target weed. Some

researchers have insisted that it is important to consider the

time for secondary infection; which lead to a successive

distribution of disease in the field (Boyette et al. (1979).

According to Hasan and Ayres (1990) and El Morsy

(2004), Stagnospora species on Calystegia sepium required
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only 3 weeks for control and Alternaria alternata on water

hyacinth took 2 months.

Finding a new active fungal isolate for mycoherbicide

production is not an easy task. There are a few important

factors that need to be considered before mass production

(O’Connell and Zoschke 1996). Mass availability of pro-

duct, scientific testing for laboratory and field conditions,

registration and commercializing procedures are necessary

(Evans 1998). Within the past three decades research for

improving this technology has increased. Even though the

target weeds and phyto-pathogenic species identifications

are still ongoing, interesting discoveries have surfaced

overtime. According to Gan et al. (2013), the number of

candidate genes found from the genomes of Colletotrichum

gloeosporioides and Colletotrichum orbiculare, which

were predicted to be involved in pathogenesis, showed the

potential to be explotied as mycoherbcides. The discovery

of genes in these two organisms related to the production of

Indole acetic acid (IAA), a component of some of the well

established herbicides, (see also chapter 21) showed that

these can be converted to mycoherbicides (Gan et al.

2013). Some Phoma species were also considered as a

successful candidate for the biocontrol of weeds. The

ability of Phoma macrostoma to inhibit the growth of dicot

plants was studied (Bailey et al. 2011, 2013; Smith et al.

2015). This fungus was used to control broadleaf weeds in

turf systems in Canada and the USA. A registered com-

mercial product of Phoma macrostoma is also available in

Canada and USA (Evans et al. 2013).

The secondary metabolites produced by some fungi

have been shown to have herbicidal activity. Castro de

Souza et al. (2016) found several Diaporthe spp. from the

Brazilian Pampa biome that have the ability to produce

secondary metabolites with herbicidal activity. The genus

Diaporthe is very rich in secondary metabolites, as recently

summarised by Chepkirui and Stadler (2017).

Biological control may take several years to take effect

and the effectiveness is influenced by a number of factors,

such as climatic conditions, geographical region and

management practices (Pointing and Hyde 2001). Among

these, high initial cost, limited number of natural enemies

and uncontrollable dissemination of biological control

agents after its release in nature are considered as disad-

vantages (El-Sayed 2005). Biological control is particularly

useful in areas where other conventional control methods

are inappropriate, uneconomic or unachievable (Reznik

1996).

Different fungal species act as a promising source for

the production of various compounds that can be used as

potential herbicides. Since many of these toxins play a key

role in the development of plant diseases (Pointing and

Hyde 2001); the potential of these chemicals as herbicides

can also be explored. When it comes to controlling weeds,

herbicide-resistant weeds can be a challenge for conven-

tional control methods. Therefore, there is a potential to

find compounds that can act as models for developing

herbicides with new modes of action (Castro de Souza

et al. 2016). Through in depth studies on the potential of

fungi and their products, more environmentally friendly

herbicides can be produced for sustainable and eco-friendly

control of weeds.

15. Fungal antagonists used in post-harvest
disease control

There are a myriad of post-harvest applications for fungal

antagonistic agents however there are several challenges

during the commercialization of these biocontrol strains. At

present only two commercial products available as post-

harvest antagonistic agents with a small market share.

Biosave (based on the bacterium Pseudomonas syringae)

has been used in the USA to control diseases of sweet

potato and potato diseases. “Shemer” (based on the yeast

Metschnikowia fructicola) has been applied in Israel

commercially to control post-harvest rots of sweet potato

and carrot (Droby et al. 2009). Large-scale feasibility tests

are warranted before the antagonistic strains are to be

applied to fresh commodities. For the successful imple-

mentation of biocontrol strategies, the combination of

commercial settings, industrial support, and quality control

mechanisms to build up the confidence of farmers are all

critical factors in the field. Some examples of potential

fungi that can be used in post-harvest applications are

provided below.

Saccharomycetes: Candida is a genus that comprises

some commonly used antagonistic yeasts that can reduce

post-harvest decay of several fresh commodities. For

example, Candida guilliermondii has been used to control

gray mold caused by Botrytis cinerea in nectarines and

peach (Tian et al. 2002) and C. incommunis is effective

against Aspergillus carbonarius and A. niger (which pro-

duce ochratoxin A) in grape berries (Bleve et al. 2006). The

volatile organic compounds of C. intermedia reduce

Botrytis fruit rot in strawberries (Huang et al. 2011).

Candida oleophila has controlled banana crown rot caused

by Colletotrichum musae, Fusarium moniliforme and fun-

gal complexes (Lassois et al. 2008). Droby et al. (2009)

applied Candida saitoana solely against Penicillium digi-

tatum and Botrytis cinerea on the post-harvest rots affect-

ing pome and citrus fruits. Candida membranifaciens has

reduced post-harvest anthracnose disease caused by Col-

letotrichum gloeosporioides in mangos (Kefialew and

Ayalew 2008). In vitro application of Pichia anomala (also

known as Wickerhamomyces anomalus) has controlled

post-harvest decay of apples (Santos et al. 2004) and bunch

rot of table grapes (Parafati et al. 2015). In addition, the
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in vivo application of Pichia anomala has reduced crown

rot disease in banana (Lassois et al. 2008). Saccharomyces

boulardii can induce phytoalexin formation on sorghum

and soybean (Stangarlin et al. 2010). Saccharomyces

cerevisiae inhibited the activity of Botrytis cinerea (in

grapes) by producing volatile compounds (Parafati et al.

2015). In vitro application of Metschnikowia pulcherrima

against post-harvest rot of grapes (Bleve et al. 2006, Par-

afati et al. 2015) was also notably successful.

Other Ascomycota: Aureobasidium pullulans has been

used to control bunch rot in table grapes caused by Botrytis

cinerea (Parafati et al. 2015). In addition, post-harvest rot

of table grapes caused by Monilinia laxa (Schena et al.

2003) were also controlled successfully by this fungus.

Penicillium frequentans has been shown to effectively

inhibit the growth of Monilinia sp., which causes brown rot

in peaches (Guijarro et al. 2007).

Basidiomycota: Cryptococcus magnus can inhibit the

mycelial growth of Colletotrichum gloeosporioides

in vitro, and controlled post-harvest anthracnose in papaya

(de Capdeville et al. 2007). An aqueous extracts from the

basidiomes of Lentinula edodes has controlled the growth

of Puccinia recondita f. sp. tritici (Fiori-Tutida et al. 2007).

In addition, the in vivo application of Pycnoporus san-

guineus has controlled the angular leaf spot in beans caused

by Pseudocercospora griseola (Viecelli et al. 2009).

Aqueous extracts of the basidiomes of Agaricus sub-

rufescens have also shown an antagonism against Puccinia

recondita f. sp. tritici. (Fiori-Tutida et al. 2007). However,

these basidiomycetes and their extracts have not been

proven to be effective in field trials, and the development

of methods for effective mass production to attain favor-

able costs of goods will constitute a serious problem.

16. Biocontrol of rusts and smuts by antagonistic
fungi

Rust fungi (Uredinales) are one of the largest groups in the

Basidiomycota, comprising about 5000–6000 species

found on a wide range of hosts, including ferns, gym-

nosperms, and mono- and dicotyledonous angiosperms

(Alexopoulos et al. 1996). Diseases such as coffee leaf rust,

Hemileia vastatrix, wheat stem rust, Puccinia graminis,

Melampsora leaf rusts of Salicaceae (Populus and Salix)

and Cronartium stem rusts of hard pines are causing

enormous losses and often making it necessary to replace

susceptible crops entirely with non-host species (Littlefield

1981).

Smuts primarily affect grasses viz corn (maize), wheat,

sugarcane, barley, oats, forage grasses and sorghum

(Feldbrügge et al. 2013). A smut is characterized by spores

that accumulate in soot-like masses called sori, which are

formed within blisters in seeds, leaves, stems, flower parts,

and bulbs (Laurie et al. 2012). The sori usually break up

into a black powder that is readily dispersed by the wind.

Many smut fungi enter embryos or seedling plants, then

develop systemically, and appear externally only when the

plants are nearing maturity (Liu et al. 2017a). Currently,

the most widely used control method for sugarcane smut

disease is the breeding of resistant cultivars (Shen 2002;

Wada 2003; Croft et al. 2008; Lwin et al. 2012; Shen et al.

2014). However, its development is constrained by long

breeding processes, high costs, and the availability of smut-

resistant parental lines. Disease attributed to smut fungi

could also be controlled by soaking seed canes with

chemical fungicides (Olufolaji 1993; Bhuiyan et al. 2012).

Another approach is using plant or fungal extracts that

inhibit smut pathogen germination and growth (Lal et al.

2009). A large number of fungi have been identified as

hyperparasites of rust and smut fungi, which are being used

as biocontrol agents worldwide (Gowdu and Balasubra-

manian 1988; Kranz 1981; Feldbrügge et al. 2013).

Various studies support the ability of certain fungi to

control the growth of smuts and rusts. The mechanisms

through which biocontrol agents act are antibiosis, secre-

tion of metabolites that are toxic, lytic enzymes, parasitism

and competition for nutrients. Figure 3 shows the different

mechanisms of antagonistic fungal species action. Bio-

logical approaches are gaining popularity, including the use

of microbial antagonists (Eckert and Ogawa 1988). Cla-

dosporium species co-exist with rust sori, and some are

believed to be invariably hyperparasites of Uredinales

(Moricca et al. 1999). Cladosporium uredinicola is a

common necrotrophic hyperparasite that can destroy rust

hyphae and causes coagulation and disintegration of the

cell cytoplasm of Puccinia cestri (Spegazzini 1912), Puc-

cinia (Ellis 1976), Cronartium quercuum (Morgan-Jones

and McKemy 1990), Puccinia violae (Traquair et al. 1984)

and Puccinia horiana (Srivastava et al. 1985). Moreover,

C. uredinophilum was also reported to colonize and destroy

Uredo cyclotrauma propagules in Paraguay (Spegazzini

1912). Steyaert (1930) also described C. hemileiae as an

effective hyperparasite of coffee rust fungus, Hemileia

vastatrix, in Zaire (Democratic Republic of Congo). Powell

(1971) reported that C. gallicola in galls of Cronartium

comandrae on Pinus contorta var. latifolia is parasitic on

aeciospores. Hyphae of C. gallicola penetrate into the

aeciospores of pine gall rust, Endocronartium harknessii

(Sutton 1973). Tsuneda and Hiratsuka (1979) investigated

C. gallicola and found that it parasitized E. harknessii by

both simple contact—disintegrating the cell walls of the

spores—and by actual penetration of the spore walls, with

or without the formation of appressoria, causing the

coagulation and disappearance of the host cytoplasm.
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Hulea (1939) and Rayss (1943) documented a similar

phenomenon where C. aecidiicola, a common hyperpara-

site of rusts in Europe and in the Mediterranean area,

parasitized E. harknessii on Pinus spp. in California (Byler

et al. 1972). Keener (1954) stated that this hyperparasite

also drastically parasitized aecia of Puccinia conspicua in

Arizona and urediniospores of Melampsora medusae under

storage conditions (Sharma and Heather 1980). Moreover,

Srivastava et al. (1985) also documented that Puccinia

horiana was often regulated by Cladosporium sphaeros-

permum and C. tenuissimum. They were also detected from

aeciospores of the two-needle pine stem rust Cronartium

flaccidum (Moricca et al. 1999). Other groups of fungi

aside from Cladosporium were also reported to act as

biocontrol agents. The entomopathogenic and mycopara-

sitic fungus Lecanicillium lecanii is also known to attack

coffee leaf rust, Hemileia vastatrix (Jackson et al. 1997).

Not many commercial biofungicides for rust and smuts

based on antagonistic fungi are currently available. Mah-

mud and Hossain (2016) showed that the BAU-biofungi-

cide (2%) (Trichoderma based preparation) significantly

affected the mycelial growth of Ustilaginoidea virens in an

in-vitro test, but this observation remains to be confirmed

in greenhouse and field trials.

Kranz (1981) documented more than 80 species of fungi

from over 50 genera reported as hyperparasites of rusts.

However, this number might be an overestimate due to

some taxa being synonyms. Even though this large number

of antagonistic fungi on rusts and smuts has been reported,

few commercially, improved biofungicides are available

for practical application. As in other applications of bio-

control agents (see the above chapters), product formula-

tion is the most critical step of the entire development

process (Janisiewicz and Jeffers 1997). The next few years

will likely see the increased application of biocontrol

agents in agriculture, with particular emphasis on the use of

mixtures of antagonists on the same plant organ. This

approach may lead to a wider spectrum of activity of the

biological treatment or an increase in either the efficacy or

consistency of the biological treatment. Furthermore, col-

laborative work of academic, federal and private sector

scientists is necessary to develop more effective and con-

sistent biofungicides.

Enhancing crops and forestry

In this section, we report on the ways in which fungi are

being used or may be used in the future in enhancing plant

development within agriculture, forestry and horticulture.

17. Biofertilizers

Biofertilizers are produced from organic matter or agro-

industrial wastes, which act as substrate for propagation of

inoculum of selected microorganisms (Kaewchai et al.

2009). There are two approaches to developing potential

biofertilziers: either the application of a single superior

species with multifunctions, or groups of microorganisms

(consortia) beneficial to plants (Vassilev et al. 2015).

Biofertilizers have been used in agriculture, horticulture,

landscape restoration, and soil remediation since the late

1980s (Hart and Trevors 2005). The long-term use of

biofertilizers is economical and also eco-friendly to plant,

animal and human health, and biofertilizers are renewable

and low-cost resources which are accessible to marginal

and small farmers (Dubey and Maheshwari 2008; Pal et al.

2015). Thus, the use of biofertilizers is recommended over

chemical fertilizers. Details regarding biofertilizers such as

term, role, types and advantages have been described by

Kaewchai et al. (2009), Pal et al. (2015), Vassilev et al.

(2015) and Itelima et al. (2018).

Several studies have applied fungal inocula as biofer-

tilizers in greenhouse and/or field trials (Grigera et al.

2007; Rahi et al. 2009; Goetten et al. 2016; Zhang et al.

2016a; Wang et al. 2018c). Mycorrhizal fungi are widely

used in agriculture, as they form root symbiotic relation-

ships and provide many benefits to plants, such as

improved plant growth and development, increased nutri-

ent uptake and enhanced plant tolerance to disease (Whipps

2004; Liu and Chen 2007; El-Shaikh and Mohammed

2009; Smith et al. 2010; Hernández-Montiel et al. 2013;

Goetten et al. 2016; Janoušková et al. 2017). Strains of the

genera, such as Alternaria, Aspergillus, Chaetomium,

Fusarium, Penicillium, Serendipita (Piriformospora),

Phoma, and Trichoderma have been reported as plant

growth promoting fungi (Soytong et al. 2001; Muhammad

et al. 2009; Salas-Marina et al. 2011; Varma et al. 2012;

Bitas et al. 2015; Murali and Amruthesh 2015; Zhang et al.

2016a; Zhou et al. 2018). Examples of the use of fungal

inocula treatments on plants are provided in Table 8. These

potential plant growth-promoting fungi can be further

researched and developed as potent fungal biofertilizers.

Numerous commercial fungal biofertilizer products

have been manufactured globally and are available on the

market today. There are various formulation types, such as

granules, wettable powder, pellets and liquids, which

comprise one or multiple fungal inocula. Aspergillus,

Chaetomium, Penicillium and Trichoderma species have

been used in biofertilizer products. For example,

Ketomium® has been developed and improved from strains

of Chaetomium spp. in pellet and powder form. The pro-

duct was used in greenhouse and field trials of tomato,
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corn, rice, pepper, citrus, durian, bird of paradise and

carnation plants in Thailand (Soytong et al. 2001). Plants

treated with Ketomium® showed better plant growth and

higher yield than non-treated control plants. In addition,

Ketomium® had the ability to control Phytophthora sp.,

causing citrus root rot in the field. Other examples of

fungal biofertilizer products are given in Table 8.

Biofertilizers increase the uptake of nutrients from the

soil or atmosphere, and produce bioactive compounds,

enzymes and hormones which stimulate plant growth and

enhance root growth (Chi et al. 2010; Abdel-Fattah et al.

2013; Pal et al. 2015). Fungal biofertilizers are able to

solubilize and mobilize unavailable organic and inorganic

forms of phosphorus into soluble forms, making them

available to plants. For example, Aspergillus niger was

mixed with Bacillus megaterium to form phosphate solu-

bilizing microorganisms. These microorganisms were

applied as biofertilizers in India (Pal et al. 2015). Arbus-

cular mycorrhizae have been used as phosphate mobilizing

biofertilizers (Zhang et al. 2018). Biofertilizers play an

important role in the recycling of plant nutrients and in

enhancing the rate of compost degradation (Pal et al. 2015).

Some biofertilizers act as antagonists and suppress the

incidence of soil borne plant pathogens while helping in the

biocontrol of plant diseases (Thamer et al. 2011; Pal et al.

2015).

Table 8 Examples for the use of fungal (and oomycete) inocula treated on plants

Fungal inoculum Treated plant Result References

Arbuscular mycorrhiza Zea mays Active during the reproductive growth stages and may

benefit high productivity of maize crops by facilitating P

uptake

Grigera et al. (2007)

Arbuscular mycorrhiza Citrullus lanatus Reduced replant problems through effective modification

of the soil microbota structure, and by increasing the soil

enzyme activities

Zhao et al. (2010)

Arbuscular mycorrhiza

(Rhizophagus clarus and

Claroideoglomus etunicatum)

Woody plant

seedlings of

various plants

- Increased root colonization of all woody plant seedlings

- Increased plant height and stem diameter of L. divaricata,

C. robustum and C. fissilis

- Increased shoot biomass growth of L. divaricata, C.

robustum, G. gardneriana and C. fissilis

- Increased shoot phosphorus of C. robustum, S.

terebinthifolius and G. gardneriana

Goetten et al. (2016)

Aspergillus niger (CS-1) Wheat Promoted plant growth by increasing the fresh and dry

mass of wheat per plant in pot experiments

Wang et al. (2018c)

Discosia sp. (HKUCC 6626) Zea mays, Pisum

sativum, Cicer

arietinum

Increased root length, shoot length and dry matter in the

test plants over the uninoculated control under the

controlled environment

Rahi et al. (2009)

Endophytic strains of Fusarium

tricinctum (RSF-4L) and

Alternaria alternata (RSF-6L)

Rice plants Enhanced growth attributes, including increased root-shoot

lengths, chlorophyll contents, and biomass

Khan et al. (2015a)

Penicillium sp., Trichoderma sp.,

(Pythium sp. (Oomycete)

Pearl millet seeds - Penicillium sp. at 5% (w/w) concentration recorded

highest seed germination of 92% and 1701.9 seedling

vigor

- Penicillium sp. at 5% (w/w) and Pythium sp. at 10% (w/

w) showed maximum disease protection of 67% and 61%

respectively against downy mildew disease of pearl millet

- Penicillium sp. and Trichoderma sp. recorded highest

disease protection of 71% and 66%, respectively under

greenhouse conditions

Murali et al. (2012)

Purpureocillium lilacinum Tomato seeds Increased of the percentage of tomato seed germination

from 71 to 85% after 48 h

Cavello et al. (2015)

Trichoderma longibrachiatum Wheat seeds Increased wheat seedling height and root length, compared

to the NaCl stress treatment

Zhang et al. (2016a)
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Fungal derived stimulants, or elicitors, are fungi or

fungal compounds that enhance the production of sec-

ondary metabolites, or elicit growth or immune response in

a target plant species upon application. Plant responses

include the upregulation of genes involved in plant defense,

as well as the increased production of antimicrobial com-

pounds, lignin, secondary metabolites, and certain proteins

(Vassilev et al. 2015). Potential uses for such elicitors

include the enhanced production of commercially valuable

compounds/metabolites, or the artificial enhancement of

plant defenses when pathogens are detected (Radman et al.

2003). A novel approach for the use of elicitors is to

incorporate them with immobilized stimulants, such as

with arbuscular mycorrhizal inoculum. Additionally, plant-

derived elicitors, which enhance the growth and develop-

ment of beneficial fungi such as arbuscular mycorrhizae,

also show promise in advancing this field of study

(Akiyama et al. 2005; Besserer et al. 2006). Elicitors have a

high potential for enhancing plant productivity and

improving plant defenses against pathogens, and given that

elicitors can be used in combination with other types of

biofertilizers, they hold much potential for wide scale

application in the future.

Fungal biofertilizers are applied on a very small scale in

agriculture as compared to chemical fertilizers due to their

limited shelf life and slower rate of effect. Olivian et al.

(2004) reported using sterilized peat as solid support for

Fusarium oxysporum inoculation, storing this admixture at

room temperature without loss of activity. Growth and

formulations based on recycling agro-industrial wastes can

be expected to employ nitrogen-fixing and other microor-

ganisms with different characteristics, such as biocontrol,

P-solubilization, lignocellulolytic activity. For example,

combinations between Trichoderma spp. and P-solubilizing

fungi can be cultured based on agroindustrial-wastes,

leading to mineralization of the matrix/substrate by the

combined enzyme actions. We could apply immobilization

of fungal cells together with enhanced biotechnology and

in combination with elicitors. Immobilized cell technolo-

gies permit the use of two and more microorganisms,

which result in highly effective synergies benefiting all the

organisms involved, including the plants (Vassilev et al.

2015). In order to effectively implement the use and gain

the full benefits of biofertilizers, an integrated approach

engaging a variety of mechanisms should be considered.

Such an approach could be tailored to suit specific industry

needs and target defined outcomes, such as improved

growth, upregulation of key metabolites, or enhanced plant

defenses.

18. Arbuscular mycorrhizae as biofertilizers

Ectomycorrhizal association describes a structure that

results from a mutualistic symbiosis between the roots of

higher plants and root-inhabiting fungi. Within this sym-

biotic relationship, the role of the fungi is to help the host

plants take up water and nutrients, receiving plant-derived

carbohydrates from photosynthesis in return. About 6000

plant species in 145 genera and 26 families (approximately

5600 angiosperms and 285 gymnosperms) have been esti-

mated to possess ectomycorrhizal symbiotic fungal part-

ners (Brundrett 2009; Tedersoo et al. 2010).

Ectomycorrhizal association helps both the fungi and their

host plants to overcome environmental stresses caused by

low nutrients, drought, disease, extreme temperatures and

heavy metal contamination (Smith and Read 2008; Courty

et al. 2010; Kipfer et al. 2012; Heilmann-Clausen et al.

2014). Moreover, ectomycorrhizae can improve soil

structure and nutrients; protect the plants against root

pathogens; promote plant growth by producing phytohor-

mones; and increase the photosynthetic rate of the plants

(Splivallo et al. 2009; Ramachela and Theron 2010; Makita

et al. 2012). Ectomycorrhizae are dominated by members

of the Basidiomycota, some Ascomycota, and, rarely,

Mucoromycota (Taylor and Alexander 2005; Rinaldi et al.

2008; Tedersoo et al. 2010). Generally, ectomycorrhizae

produce reproductive fruiting bodies appearing above- or

below-ground that are essential to the food webs of forest

ecosystems and their spore dispersal (Rinaldi et al. 2008;

Wilson et al. 2011).

Plant seedling regeneration and restoration are of pivotal

interest to forestry, but the survival of seedlings is often

poor both in nurseries and natural plantation areas, espe-

cially in mine spoils, polluted areas, and other treeless

areas. Therefore, the main purpose for the application of

ectomycorrhizae is to improve the survival and growth of

seedlings. The potential advantages of ectomycorrhizal

association in nurseries are not only the positive growth

responses of the seedlings, but also a reduction of fertil-

ization costs in an environmentally friendly manner. The

role of ectomycorrhizae in forest establishment and

recovery has been well-established. Numerous studies on

the ectomycorrhizae inoculation of seedlings have shown

increases in plant growth and productivity, the viability of

seedlings, and seedling establishment on a forest restora-

tion programs (Teste et al. 2009; Dalong et al. 2011;

Brearley et al. 2016; Velmala et al. 2018). Ectomycor-

rhizae are particularly important for the growth of eco-

nomically important trees, including species of beech

(Fagus), dipterocarps (Dipterocarpus and Shorea), euca-

lyptus (Eucalyptus), oak (Quercus and Castanopsis), pine
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(Pinus) and spruce (Picea) (Tennakoon et al. 2005; Flykt

et al. 2008; Dalong et al. 2011; Kayama and Yamanaka

2016). Cenocococum, Pisolithus, Laccaria, Rhizopogon,

Russula, Scleroderma and Thelephora species have been

shown to increase the rate of survival and growth of

eucalyptus, pine and oak seedlings in both plantation and

reforestation programs (Fig. 16) (Chen et al. 2006; Jha

et al. 2008; Cram and Dumroese 2012; Kipfer et al. 2012;

Zong et al. 2015).

Generally, three main types of ectomycorrhizal inocu-

lants—soil, fruiting body/spore and vegetative mycelium—

have been used in nurseries. Forest soil was used as a source

of indigenous ectomycorrhizal fungi in an inoculation

experiment mixed with planting substrates (Kaewgrajang

et al. 2013; Dulmer et al. 2014; Restrep-Liano et al. 2014;

Livne-Luzon et al. 2017). This method is still used in many

parts of the world, particularly in developing countries.

However, the use of forest soil inoculants has the major

disadvantage that the ectomycorrhizal composition is

unknown. Moreover, it requires large amounts of soil and

hence risks introducing plant pathogens and weeds exits.

Fruiting bodies/spores of various ectomycorrhizae are easily

obtained from natural forests and can be easily applied to

plant seedlings as inoculants. The variety of application

methods include mixing with sand, clay, or vermiculite

carrier before being added to planting substrate or soil, sus-

pension in water and drenching or irrigating, spraying, and

encapsulation or coating onto seeds. Ectomycorrhizae that

are “gasteromycetes” (puffball fungi) with conspicuous

basidomes are better sources than the gilled fungi if large

numbers of spores are required, as they are easier to collect

and use. For instance, species of the genera Pisolithus, Rhi-

zopogon and Scleroderma produce a large quantity of spores,

and the approximate spore concentration in a seedling

inoculation may range from 105–107 spores/ml (Chen et al.

2006; Bruns et al. 2009; Rai and Varma 2011; Aggangan

et al. 2013). Most previous studies resulted in accept-

able levels of ectomycorrhizal association, improved seed-

ling growth of pines in the nursery, and improved outplanting

success following inoculation with Pisolithus and Rhizo-

pogon spores (Bruns et al. 2009; Dalong et al. 2011).

There are of course limitations to fruiting body/spore

inoculants: only those ectomycorrhizal species able to

produce large numbers of fruiting bodies and spores can be

used, and there may be a concern about the compatibility

and efficiency of ectomycorrhizae to the plant species to be

cultivated. As an alternative, vegetative mycelial inocu-

lants obtained from pure cultures of ectomycorrhizae may

be prepared from a pure culture using different methods, e.

g. using mycelial suspensions and substrate carriers such as

forest litter, cereal grains, peat moss, vermiculite, and

alginate-beads (de Oliveira et al. 2006; Rossi et al. 2007;

Lee et al. 2008a, b; Restrep-Liano et al. 2014; Kayama and

Yamanaka 2016; Kumla et al. 2016). This inoculant type

Fig. 16 Arbuscular mycorrhizae

inoculum production. a Pot

culture of sorghum and maize,

b on-farm inoculum production

using leaf litter compost and

agricultural wastes; c In vitro

production with root organ

culture; d newly produced

Funneliformis mosseae spores

attached to Ri T-DNA

transformed carrot roots
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has proven to be the most suitable method because of their

efficiency in promoting plant growth by selected fungal

isolates. However, optimal conditions, including nutrition,

temperature and substrate carrier, must always be estab-

lished empirically for large-scale production.

Several commercial ectomycorrhizal products have been

developed. For instance, the commercial mycelial inocu-

lants of MycoRhiz®, Ectomycorrhiza Spawn®, Somycel

PV and Mycobead® are available. BioGrow Blend®,

MycoApply®-Ecto, Ectovit® and Mycor Tree® Ecto-In-

jectable are commercially available products with ecto-

mycorrhizae spores. The commercial products produced by

mixing endomycorhizae and ectomycorrhizae spores are

MycoApply®-Endo/Ecto, BioOrganicTM Mycorrhizal

Landscape Inoculant and Mycoke® Pro ARBOR·WP. In

order to apply ectomycorrhizae in forestry, it is necessary

to select ectomycorrhizal isolates of high compatibility and

efficiency in the colonization of the target plant species.

Inoculant types, as well as inoculation protocols and skills

in nursery practices, lead to the success of an inoculation

program under the proper environmental conditions in the

plantation site.

The potential for arbuscular mycorrhizae to increase

crop yields has been known for decades, but there are few

published studies demonstrating the effectiveness of the

large-scale inoculation of globally important crops, espe-

cially in the tropics where population growth is high (Ro-

driguez and Sanders 2015). Therefore, researchers need to

study large-scale arbuscular mycorrhizae application to

crops in the tropics where phosphate bioavailability is low

and the application of arbuscular mycorrhizae has the

strongest potential to increase food production and reduce

the need to apply phosphate fertilizers (Ceballos et al.

2013). Manufacturers should ensure their arbuscular myc-

orrhizae products are free from other microorganisms and

ensure product quality and sufficient weight for cheap

transport. Farmers should have easy access to arbuscular

mycorrhizae products, correctly apply them to the crops,

and know how to produce on-farm arbuscular mycorrhizae

inoculum for sustainable agriculture.

19. Application of ectomycorrhizal fungi
in forestry

Ectomycorrhizal association describes a structure that

results from a mutualistic symbiosis between the roots of

higher plants and root-inhabiting fungi. Within this sym-

biotic relationship, the role of the fungi is to help the host

plants take up water and nutrients, receiving plant-derived

carbohydrates from photosynthesis in return. About 6000

plant species in 145 genera and 26 families (approximately

5600 angiosperms and 285 gymnosperms) have been esti-

mated to possess ectomycorrhizal symbiotic fungal

partners (Brundrett 2009; Tedersoo et al. 2010). Ectomy-

corrhizal association helps both the fungi and their host

plants to overcome environmental stresses caused by low

nutrients, drought, disease, extreme temperatures and

heavy metal contamination (Smith and Read 2008; Courty

et al. 2010; Kipfer et al. 2012; Heilmann-Clausen et al.

2014). Moreover, ectomycorrhizae can improve soil

structure and nutrients; protect the plants against root

pathogens; promote plant growth by producing phytohor-

mones; and increase the photosynthetic rate of the plants

(Splivallo et al. 2009; Ramachela and Theron 2010; Makita

et al. 2012). Ectomycorrhizae are dominated by members

of the Basidiomycota, some Ascomycota, and, rarely,

Mucoromycota (Taylor and Alexander 2005; Rinaldi et al.

2008; Tedersoo et al. 2010). Generally, ectomycorrhizae

produce reproductive fruiting bodies appearing above- or

below-ground that are essential to the food webs of forest

ecosystems and their spore dispersal (Rinaldi et al. 2008;

Wilson et al. 2011).

Plant seedling regeneration and restoration are of pivotal

interest to forestry, but the survival of seedlings is often

poor both in nurseries and natural plantation areas, espe-

cially in mine spoils, polluted areas, and other treeless

areas. Therefore, the main purpose for the application of

ectomycorrhizae is to improve the survival and growth of

seedlings. The potential advantages of ectomycorrhizal

association in nurseries are not only the positive growth

responses of the seedlings, but also a reduction of fertil-

ization costs in an environmentally friendly manner. The

role of ectomycorrhizae in forest establishment and

recovery has been well-established. Numerous studies on

the ectomycorrhizae inoculation of seedlings have shown

increases in plant growth and productivity, the viability of

seedlings, and seedling establishment on a forest restora-

tion programs (Teste et al. 2009; Dalong et al. 2011;

Brearley et al. 2016; Velmala et al. 2018). Ectomycor-

rhizae are particularly important for the growth of eco-

nomically important trees, including species of beech

(Fagus), dipterocarps (Dipterocarpus and Shorea), euca-

lyptus (Eucalyptus), oak (Quercus and Castanopsis), pine

(Pinus) and spruce (Picea) (Tennakoon et al. 2005; Flykt

et al. 2008; Dalong et al. 2011; Kayama and Yamanaka

2016). Cenocococum, Pisolithus, Laccaria, Rhizopogon,

Russula, Scleroderma and Thelephora species have been

shown to increase the rate of survival and growth of

eucalyptus, pine and oak seedlings in both plantation and

reforestation programs (Fig. 17) (Chen et al. 2006; Jha

et al. 2008; Cram and Dumroese 2012; Kipfer et al. 2012;

Zong et al. 2015).

Generally, three main types of ectomycorrhizal inocu-

lants—soil, fruiting body/spore and vegetative mycelium—

have been used in nurseries (Fig. 18a). Forest soil was used

as a source of indigenous ectomycorrhizal fungi in an
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inoculation experiment mixed with planting substrates

(Kaewgrajang et al. 2013; Dulmer et al. 2014; Restrep-

Liano et al. 2014; Livne-Luzon et al. 2017). This method is

still used in many parts of the world, particularly in

developing countries. However, the use of forest soil

inoculants has the major disadvantage that the

ectomycorrhizal composition is unknown. Moreover, it

requires large amounts of soil and hence risks introducing

plant pathogens and weeds exits. Fruiting bodies/spores of

various ectomycorrhizae are easily obtained from natural

forests and can be easily applied to plant seedlings as

inoculants. The variety of application methods include

mixing with sand, clay, or vermiculite carrier before being

added to planting substrate or soil, suspension in water and

drenching or irrigating, spraying, and encapsulation or

coating onto seeds. Ectomycorrhizae that are “gas-

teromycetes” (puffball fungi) with conspicuous basidomes

are better sources than the gilled fungi if large numbers of

spores are required, as they are easier to collect and use.

For instance, species of the genera Pisolithus, Rhizopogon

and Scleroderma produce a large quantity of spores, and

the approximate spore concentration in a seedling inocu-

lation may range from 105–107 spores/ml (Chen et al.

2006; Bruns et al. 2009; Rai and Varma 2011; Aggangan

et al. 2013). Most previous studies resulted in accept-

able levels of ectomycorrhizal association, improved

seedling growth of pines in the nursery, and improved

outplanting success following inoculation with Pisolithus

and Rhizopogon spores (Bruns et al. 2009; Dalong et al.

2011).

There are of course limitations to fruiting body/spore

inoculants: only those ectomycorrhizal species able to

produce large numbers of fruiting bodies and spores can be

used, and there may be a concern about the compatibility

and efficiency of ectomycorrhizae to the plant species to be

cultivated. As an alternative, vegetative mycelial inocu-

lants obtained from pure cultures of ectomycorrhizae may

be prepared from a pure culture using different methods, e.

Fig. 17 Application of

Pisolithus albus in eucalyptus

(Eucalyptus camaldulensis)

seedlings after 3 months of

inoculation (a). T1 Pisolithus

inoculation experiment. T2

Nutrient solution experiment.

T3 Uninoculated experiment.

Ectomycorrhizal root tip of

Pisolithus albus (b). Cross
section of ectomycorrhizal root

tip of E. camaldulensis showed

mantle sheath (M) and Hartig

net (arrowed). Scale bar

B = 1 mm, C = 20 μm

Fig. 18 Inoculant types of ectomycorrhizae (Pisolithus orientalis).

a Soil inoculant, b spore suspension inoculant, c, d vegetative

mycelial inoculants
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g. using mycelial suspensions and substrate carriers such as

forest litter, cereal grains, peat moss, vermiculite, and

alginate-beads (de Oliveira et al. 2006; Rossi et al. 2007;

Lee et al. 2008a, b; Restrep-Liano et al. 2014; Kayama and

Yamanaka 2016; Kumla et al. 2016). This inoculant type

has proven to be the most suitable method because of their

efficiency in promoting plant growth by selected fungal

isolates. However, optimal conditions, including nutrition,

temperature and substrate carrier, must always be estab-

lished empirically for large-scale production.

Several commercial ectomycorrhizal products have been

developed In order to apply ectomycorrhizae in forestry, it

is necessary to select ectomycorrhizal isolates of high

compatibility and efficiency in the colonization of the

target plant species. Inoculant types, as well as inoculation

protocols and skills in nursery practices, lead to the success

of an inoculation program under the proper environmental

conditions in the plantation site.

20. Use of orchid mycorrhizae and endophytes
in biotechnology

Orchidaceae is one of the largest families of flowering

plants with over 700 genera and 25,000 species (Dearnaley

2007; Sathiyadash et al. 2012). Orchids are found in a wide

range of habitats and may grow autotrophically or

heterotrophically (Sathiyadash et al. 2012; Tan et al. 2014;

Fochi et al. 2017). Orchids are economically very impor-

tant and their sales represent around 8% of the world

floriculture trade. The economically most important genera

are Cymbidium, Dendrobium, and Phalaenopsis (Dearna-

ley 2007, 2016; Chugh et al. 2009; Emsa-art et al. 2018).

Some orchids, such as Gastrodia (Griesbach 2002; Dear-

naley 2007), Dendrobium officinale and D. nobile are used

as natural medicines (Li et al. 2009). Furthermore, the

economically most important orchid products are the fla-

vours derived from some species of the genus Vanilla,

which are grown at a large scale and used in food and

drinks (Dearnaley 2007; Gonzalez-Chavez et al. 2018).

Most orchids rely on mycorrhizal fungi for survival, as

they are essential for seed germination and early plant

growth (Sathiyadash et al. 2012; Fochi et al. 2017). Dif-

ferent fungal symbiotic mycorrhizae have been recorded

from orchids (Table 9). Orchid associated non-mycorrhizal

endophytic fungi have been investigated via healthy plant

organs including leaves, roots and stems (Ma et al. 2015a),

whereas mycorrhizal fungi are generally isolated from root

tissues (Tan et al. 2014; Ma et al. 2015a, b). Non-mycor-

rhizal endophytic fungi represent over 110 genera,

including Sordariomycetes (Neonectria, Trichoderma, Ni-

grospora, Pestalotiopsis) and Dothideomycetes (Cer-

cospora, Lasiodiplodia, Phyllosticta) (Ma et al. 2015a, b).

Dark septate endophytes isolated from Dendrobium and

Leptodontidium sp. enhanced seedling development of

Dendrobium nobile by forming peloton-like structures in

the cortical cells of the orchid (Hou and Guo 2009; Ma

et al. 2015a, b). Fusarium species promoted seed germi-

nation of Cypripedium and Platanthera orchids (Ma et al.

2015a, b). The endophyte Umbelopsis nana isolated from

Cymbidium spp., promoted growth of Cymbidium hybri-

dum (Ma et al. 2015a, b).

Many epiphytic and terrestrial orchids produce minute

seeds with minimal nutrient reserves, and lack nutrients for

seed germination and development in the early growth

stage (Cameron et al. 2006, Sathiyadash et al. 2012; Tan

et al. 2014). After germination, orchid seeds produce a

protocorm (a preseedling stage/ early stage of the plant)

that lacks chlorophyll (Leake 2004; Sathiyadash et al.

2012; Fochi et al. 2017). Protocorms grow in complete

dependence on fungal symbionts for nutrients and organic

carbon supply (Cameron et al. 2006; Dearnaley 2007).

Orchid seedlings develop photosynthetic leaves later and

then mature roots are colonized by mycorrhizal fungi

(Cameron et al. 2006; Smith and Read 2008; Fochi et al.

2017). The protocorm and mature roots cells are colonized

by intracellular fungal coils (pelotons) (Fig. 19) (Dearnaley

2007; Dearnaley et al. 2016; Fochi et al. 2017).

Orchid mycorrhizal associations are useful in the flori-

culture trade, as they stimulate seed germination and

Table 9 Fungal symbionts associated with different orchid species

Fungal symbionts

(Basidiomycota)

Orchid species Locality References

Rhizoctonia Gastrochilus acaulis, Nervilia prainiana and Polystchya

concreta

India Senthilkumar (2003) Sathiyadash et al.

(2012)

Ceratobasidium Zeuxine strateumatica India Kumar and Kaushik (2004)

Tulasnella Amerorchis rotundifolia

Dactylorhiza majalis

Neuwiedia veratrifolia

Worldwide Zelmer et al. (1996)

Kristiansen et al. (2001)

Kristiansen et al. (2004)
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propagate orchids (Tan et al. 2014). A brief methodology

for the inoculation of mycorrhizal fungus (Tulasnella sp.)

to orchids according to Nontachaiyapoom et al. (2010) and

Tan et al. (2014) is represented in a flow chart (Fig. 20). A

Tulasnella sp. isolated from roots of Dendrobium nobile

facilitates significantly higher seed germination of D. of-

ficinale than that of the control (without inoculation of

Tulasnella sp.) (Tan et al. 2014). In addition, Tulasnella sp.

Fig. 19 a, b Mycelial coils

(pelotons, seen as brown areas)

in the root section of

Cymbidium lowianum collected

from the orchid nursery at

Queen Sirikit Botanical Garden

in Chiang Mai, Thailand, in

November 2008

Seed germination and 
protocorm development are 

assessed.

Small sections of root are placed on the potato dextrose agar 
(PDA), and hyphal tips of fungi are transferred to fresh PDA.

PDA agar plugs with fungi are 
inoculated to oat meal agar 

with nylon clothes.

Axenic seeds are sown onto plant 
tissue culture media. After 60 days, 

seedlings are transferred to fresh 
media.

Identification of pelotons from orchid roots –
using microscope

Surface sterilization of root
- 70% (v/v) ethanol, 2.5% (v/v) 

2 months old seedlings and agar 
plugs with fungi are grown on PDA.

Seedlings are transferred to sterile 
cylindrical glass bottle after 10 

d

Axenic orchid seeds are sown on 
the surface of nylon clothes and 
placed in tissue culture chamber.

Fresh weight and dry weight
are assessed after 7 weeks.

BA

Fig. 20 Scheme illustrating the

methodology of orchid seed

propagation using mycorrhizal fungi

(in-vitro conditions)

(Nontachaiyapoom et al. 2010; Tan

et al. 2014). a Effect of mycorrhizal

fungi on germination of orchid seeds.

b Effect of mycorrhizal fungi on

growth of orchid seedlings
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promotes seed development up to stage 5 (Table 10), while

the control without the fungus developed only to stage 2

(Table 10) (Tan et al. 2014). However, fungi isolated from

orchid plant roots do not always exhibit functional sym-

biotic associations with the orchid plant (Dearnaley 2007).

Microscopic observations of orchid root sections might be

useful to confirm the presence of intracellular fungal

mycelium (Nontachaiyapoom et al. 2010; Emsa-art et al.

2018). Furthermore, it is important to evaluate seedling

growth of mycorrhizal inoculated orchids under natural

conditions (Tan et al. 2014).

Orchid mycorrhizal fungi are also important for con-

trolling disease in floriculture trade (Yoder et al. 2000;

Emsa-art et al. 2018). Inoculation of orchid mycorrhizal

fungi may enhance plant immunity against pathogenic

diseases (Wu et al. 2011; Emsa-art et al. 2018). For

example, soft rot disease is one of the most devastating

diseases caused by Dickeya spp., which kills orchids or

causes spots/scars on leaves and flowers (Liau et al. 2003;

Emsa-art et al. 2018). One recent study showed that soft rot

development in mycorrhizal fungi inoculated orchids was

significantly reduced compared to that of non-mycorrhizal

fungi inoculated orchids in greenhouse conditions. Pha-

laenopsis is a popular potted plant species that was used for

the study by Emsa-art et al. (2018). A brief overview of the

methodology of inoculation of mycorrhizal fungi (Tulas-

nella deliquescens) to Phalaenopsis to control pathogenic

Dickeya is presented in Fig. 21.

Several commercial products containing mycorrhizal

inoculants exist. These inoculants are available for sale in

liquid and powder form for easy and effective usage. Most

of these products are organic fertilizers inoculated with

mycorrhizae spores and with vitamins, minerals, and

nutrients to help bolster the fertility and biological activity

of the soil (see Table 11). Mycorrhizal fungi are useful in

orchid conservation (Tan et al. 2014). Orchids are a highly

diverse plant family and many species may face extinction

threats (Reiter et al. 2016) because of habitat loss and over-

exploitation of attractive species (Dearnaley 2007). With

this decline of orchid diversity, it is now an urgent

requirement to encourage research on the reintroduction of

endangered species to natural habitats (Reiter et al. 2016).

21. Growth promoting hormones from fungi

Fungi live in diverse habitats and have adapted to eco-

logical niches, including plant systems. Plants and fungi

have established complex mutualistic relationships, and

wild plants are almost always colonized by endophytic,

parasitic and mycorrhizal fungi (Rodriguez et al. 2009;

Patkar and Naqvi 2017). Fungi produce a variety of

bioactive compounds that play an important role in the

physiological activities of the host plant, influencing the

growth of the hosts. This can even lead to an increased

tolerance to abiotic and biotic stresses of the plants (Pineda

et al. 2010). Many studies have shown that fungi enhance

plant growth through the solubilization of insoluble min-

erals in soil and secretion of plant growth regulators (Bilal

et al. 2018; Chanclud and Morel 2016; Júnior et al. 2017;

Khan et al. 2012). Growth promotion by plant growth

regulators or phytohormones production, are signal mole-

cules acting as chemical messengers and play a funda-

mental role in plants. Plant growth hormones produced by

symbiotic fungi may greatly influence processes including

Plantlets of Phalaenopsis sp. and Tulasnella 
deliquescens, fungal mycorrhizal isolates were 

selected for the experiment.

Fungal inoculum preparation - coconut dust was soaked in 
tap water overnight and dried. PDA pieces containing the 

fungal mycelium were placed on coconut dust.

Plantlets of Phalaenopsis were aseptically placed on 
coconut dust and incubated at 25oC for 30 days. Randomly 

selected root samples were checked the presence of 
pelotons.

Plantlets were potted to small plastic pots 
containing sphagnum moss.  

Bacterial suspension was applied and 
checked for development soft rot areas 

on leaves. 

Fig. 21 Scheme illustrating the methodology for the inoculation of

mycorrhizal fungi, Tulasnella deliquescens to the orchid Phalaenop-

sis to control pathogenic bacteria (Emsa-art et al. 2018)

Table 10 Different stages of orchid seed germination (Tan et al.

2014)

Stage Description

0 No germination, viable embryo

1 Enlarged embryo, production of rhizoid(s) (=germination)

2 Continued embryo enlargement, rupture of testa, further

production of rhizoids

3 Appearance of protomeristem

4 Emergence of first leaf

5 Elongation of first leaf

Fungal Diversity (2019) 97:1–136 41

123



seed germination, root initiation, stem and leaf growth,

phototropism, flowering and fruit growth (Khan et al.

2015b; Petracek et al. 2003). On the other hand, many

fungal pathogens produce phytohormones during host

invasion and colonization, which are mainly involved in

plant defense response (Kazan and Lyons 2014; Spence

et al. 2015).

The use of plant growth hormones in agriculture and

horticulture has been growing significantly. One of the best

studied plant growth regulators is indole-3-acetic acid

(IAA), a principal auxin involved in apical dominance, root

initiation, cell division and cell enlargement (Benjamins

and Scheres 2008; Vessey 2003). Several fungal strains

belonging to various families of Ascomycota, Basidiomy-

cota and Mucoromycota have been reported to produce

IAA (Chandra et al. 2018; Hasan 2002; Waqas et al. 2012).

Recently, Numponsak et al. (2018) reported that the IAA

containing crude extract of a strain of Colletotrichum

fructicola increased coleoptile elongation of rice, corn and

rye, in a similar manner as the commercial IAA standard.

Moreover, when the spore suspension of C. fructicola was

applied in rice seedlings, it accelerated the growth of

seedlings and enhanced their biomass and chlorophyll

content (Fig. 22).

Gibberellins were first discovered in the culture filtrate

of the pathogen “Gibberella” (now classified in Fusarium)

fujikuroi, which causes disease in rice plants (Hedden and

Sponsel 2015). This hormone is used to accelerate the

processes of seed germination, stem elongation, leaf

expansion, flower initiation and fruit development (Yam-

aguchi 2008). Gibberellic acid can induce bolting and

flowering in rosette species and rescue dwarf mutants of

maize and peas (Hedden and Sponsel 2015).

Cytokinins (CKs) were reportedly found in pathogenic

fungi such as Leptosphaeria maculans, Magnaporthe ory-

zae, and in mycorrhizal fungi (Crafts and Miller 1974;

Chanclud et al. 2016; Trdá et al. 2017). This hormone plays

a significant role in plant physiological processes including

apical dominance, cell division, leaf senescence, chloro-

plast biogenesis, vascular and shoot differentiation, pro-

grammed cell-death and anthocyanin production (Fahad

et al. 2014).

Abscisic acid (ABA) is another important plant growth

hormone, which was discovered as secondary metabolite of

Fig. 22 Influence of a spore suspention of Colletotrichum fructicola

CMU-A109 on the growth of rice seedlings after 10 days (right)

against the untreated control (left). Bar 2 cm

Table 11 Different products containing mycorrhizal fungi

Product Mycorrhizae Advantages Use for

Soluble Mycorrhizaea Seven strains of endo-mycorrhizae

fungi and five strains ecto-

mycorrhizae fungi

Enhance seed germination and transplants growth

and new root development

Deep root feeding,

transplanting plants,

shrubs and nurseries

Soluble root growth

enhancer

(Oregonism XL)b

Six strains of endotrophic and six

strains of ectotrophic mycorrhizae

species

Enhance nutrient and water uptake, encourage

vigorous root systems and help plants resist

stress and disease

Effective in soil and

hydroponics, fruits and

flowering plants

MycoStim (soil

inoculant)a
Eight strains of mycorrhizae and two

species of Trichoderma

Enhance growth and nutrient uptake, stress

resistance, improve plant quality, yields and

vigor

Flowers and vegetables

Root rally with

mycorrhizaec
Bio-nutrients and inoculated with

mycorrhizae spores

Improve stress tolerance, encourage root growth

and increase water and nutrient absorption

Trees, shrubs, flowers,

fruits and vegetables.

Natural biological

inoculant (soluble

powder)d

Nine mycorrhizal species, 15

beneficial bacteria and two species

of Trichoderma

Improve nutrient and water uptake for enhanced

plant performance

Flowers and vegetables

ahttps://www.planetnatural.com/product/soluble-mycorrhizae/
bhttps://www.planetnatural.com/product/roots-organics-oregonism-xl/
chttps://www.planetnatural.com/product/root-rally/
dhttps://www.planetnatural.com/product/myco-madness/
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various fungi, including species of Aspergillus, Botrytis,

Cercospora, Penicillium and Rhizopus (Shi et al. 2017).

Abscisic acid plays a significant role in plant responses and

adaptations to various environmental stresses, thus

increasing crop yields (Devinar et al. 2013; Narusaka et al.

2003). Moreover, some fungi are able to produce ethylene

(ET), salicylic acid (SA) and jasmonic acid (JA) hormones

that regulate plant defense against pathogens as well as

plant growth and development. Trichoderma species have

been reported to simultaneously induce the ET, SA and JA

pathways following pathogen attacks in Arabidopsis

thaliana, grape, tomato and melon (Jogaiah et al. 2018).

The production of plant hormones by fungi depends on

their growth conditions, such as temperature, pH, incuba-

tion period, growth dynamics and internal physiology

(Bilal et al. 2018; Khan et al. 2012). Optimization using

statistical approach is necessary to improve yield for pro-

duction of phytohormones and other bioactive metabolites

in the industry level (Albermann et al. 2013). Although

plant growth regulators are widely found in plants, fungi

and bacteria, they are being produced by chemical syn-

thesis at the commercial scale. The high cost and low

productivity of the proceesses available to access micro-

bial-derived plant hormones limit their extensive applica-

tion and thus restrict the development of the industry (Shi

et al. 2017). Currently, ABA is produced with high yielding

strains of B. cinerea and has been available commercially

since 2009 (Rademacher 2015). Furthermore, in case of

GAs production, Fusarium (Giberella) fujikuroi produces

relatively high titers and therefore it is the principally

utilized strain for industrial production. The possibility of

the chemical synthesis of GAs was studied, and it was

found that the compounds were too complex and the pro-

cess too expensive to be a commercially viable alternative

(Mander 2003). In order to increase the GAs titer, the

mutagenesis of Fusarium fujikuroi and the use of cell

immobilization together with extractive fermentation

techniques were successfully applied in the production of

GAs (Eleazar et al. 2000; Lale et al. 2006). In general, 60%

to 90% of the total applied fertilizer was lost and the

remaining 10% to 40% were taken up by plants. Only

Trichoderma spp. and mycorrhizal fungi are commercially

produced and applied in crop production.

Crop production not only faces the challenges of climate

change and the diseases that affect them, but also increases

in food demands due to the burgeoning global population.

Biotic and abiotic stresses are also important limitations on

global crop productivity. Hence plant hormones are playing

an increasingly significant sole in the horticulture and

agricultural field. However, the low efficiency of fungal

fermentation processes continues to preclude the cost

reductions necessary for industrial-scale production. Thus,

the study of fungal genome sequencing may help to shed

light on the presence of the hormonal biosynthesis path-

ways. The molecular biology and transcriptomic analyses

of fungal-derived plant hormones may provide more details

related to the effects of phytohormones on plants, and

ultimately effect the increased productivity of these

hormones.

22. Mitigating abiotic stress in plants:
the endophyte method

Abiotic stresses such as drought, salinity, extreme tem-

peratures and oxidative stresses adversely affect plant

growth and productivity (Fahad et al. 2017). Many of these

stresses, either individually or in combinations, take a

heavy toll on agricultural productivity in most parts of the

semi-arid tropics (McCartney and Lefsrud 2018). In recent

decades, the effects of such abiotic stresses have been

further exacerbated by unprecedented changes in climate

(Fedoroff et al. 2010). Conventional crop improvement

approaches to render plants tolerant to abiotic stresses and

resilient to climate change have been met with limited

success, primarily due to the combination of the stressors

and the multitude of plant traits involved in determining

tolerance. A more recent and exciting approach has

emerged from the use of endophytic fungi to alter plant

responses and adaptation to abiotic stresses.

Endophytic fungi coexist with plants without causing

any apparent disease symptoms. Several studies have

demonstrated the role of endophytic fungi in enhancing

plant fitness, within both, normal and stressful environ-

ments (Abdelaziz et al. 2017). The rationale for an endo-

phyte-based adaptation rests on the fact that the endophytes

adapt to environmental adversities faster than their host

plants, and often are also able to collaterally share such

adaptations with their respective host plants (Surya-

narayanan et al. 2017). Careful exploitation of endophytic

fungi could offer a strategic approach to alleviate stress

effects in non-host plants, such as crop species (Rodriguez

et al. 2008). Here, we briefly review studies that have

explored the use of endophytes in modulating plant

responses to abiotic stresses and discuss how these could

potentially be used to mitigate abiotic stressors in crop

plants.

Abiotic stresses such as drought, salinity, extreme tem-

peratures and oxidative stresses adversely affect plant

growth and productivity (Fahad et al. 2017). Many of these

stresses, either individually or in combinations, take a

heavy toll on agricultural productivity in most parts of the

semi-arid tropics (McCartney and Lefsrud 2018). In recent

decades, the effects of such abiotic stresses have been

further exacerbated by unprecedented changes in climate

(Fedoroff et al. 2010). Conventional crop improvement

approaches to render plants tolerant to abiotic stresses and
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resilient to climate change have been met with limited

success, primarily due to the combination of the stressors

and the multitude of plant traits involved in determining

tolerance. A more recent and exciting approach has

emerged from the use of endophytic fungi to alter plant

responses and adaptation to abiotic stresses.

Scores of studies have examined the role of endophytes

in enabling plant adaptation to abiotic stresses. One of the

most extensively studied fungi is Piriformospora, a root

endophyte, isolated from woody shrubs of the Thar Desert,

India (Varma et al. 1999). Recently, following a taxonomic

revision, the fungus has been renamed Serendipita indica

(Weiß et al. 2016). The fungus readily colonizes a wide

array of plants and imparts tolerance to abiotic stresses

such as drought, salinity, osmotic and heavy metals (Hos-

seini et al. 2017). Aside from conferring adaptation to

abiotic stresses, S. indica colonization of soybean plants

was shown to improve plant growth and also nutrient

acquisition (Bajaj et al. 2018). Under salinity stress, maize

plants colonised by S. indica produced higher biomass and

maintained higher shoot potassium ion content compared

to un-inoculated plants (Yun et al. 2018). Using rice as a

model system, studies have shown that endophytic fungi

from salt-adapted plants enhance growth and yield of salt

sensitive rice varieties under salinity stress when compared

to plants not colonized by such fungi (Redman et al. 2011;

Yuan et al. 2016). Sangamesh et al. (2017) demonstrated

the ability of endophytes isolated from plants adapted to

deserts to not only successfully colonize non-host plants

such as rice, but also to impart thermo-tolerance to them

under laboratory conditions. In a meta-analysis conducted

on 94 strains of endophytes and 42 host plants, Rho et al.

(2018) reported that, overall, endophyte colonization led to

effective mitigation of drought and salinity stress as well as

nitrogen deficiency. The study also showed the ability of

endophytes to readily colonize and establish plant–endo-

phyte relationships. The existing evidences suggest that

endophytes from stress-adapted plants could be transferred

across plants of varied phylogenetic affiliations.

The immediate physiological and molecular basis of

plant-endophyte interactions, including how endophytes

from plants adapted to extreme habitats are able to confer

resistance to non-host plants, are only beginning to be

addressed. A cyclophilin A-like protein (PiCypA) obtained

from Serendipita indica has been implicated in the ability

of the fungus to impart salinity tolerance. Transgenic

tobacco plants overexpressing PiCypA exhibited higher salt

stress tolerance compared to wild type plants (Trivedi et al.

2013). A salt responsive gene, PiHOG1 from S. indica, was

shown to impart osmotic and salt stress tolerance to rice

plants when compared to mutants in-vitro. Treatment of S.

indica knock down, KD-PiHOG1 resulted in decreased

colonization and reduced tolerance to salt stress (Jogawat

et al. 2016). Arabidopsis plants inoculated with S. indica

exhibited ion homeostasis under salt stress. These plants

had higher transcript levels of high affinity potassium

transporters, HKT1 and inward rectifying K? channels,

KAT1 and KAT2, compared to plants without the fungus

(Abdelaziz et al. 2017). Under both normal and low

phosphorous conditions, S. indica activated signaling,

transport, metabolic and developmental programs in roots

of Arabidopsis (Bakshi et al. 2017). The fungus was also

shown to cause global reprogramming of host metabolic

compounds and metabolic pathways in Chinese cabbage

(Hua et al. 2017).

It is evident from existing studies that endophytes offer a

promising option to mitigate abiotic stresses in crop plants.

The single most important advantage of this approach is

that it offers a non-genetic-invasive method to alter plant

phenotype, when compared to conventional and molecular

breeding approaches (Gopal and Gupta 2016); furthermore,

it is rapid and cost-effective. Several initiatives have been

launched to harness the power of endophytes, including

BioEnsure, a product approved for use by the US Food and

Drug Administration, and Rootonic, a mixture of S. indica

biomass and magnesium sulphate (Jones 2013; Shrivastava

and Varma 2014). The product Bioensure was able to

stabilize yields of maize under drought, increase seed

germination under freezing stress several-fold, and

improve the water use efficiency of plants (Jones 2013).

Rootonic treatment to seeds provided multifarious benefits

to the plants, under both normal and stressful conditions

(Shrivastava and Varma 2014). Rapid methods of deploy-

ment of select endophytes, either through seed priming or

through foliar or floral dip methods, could offer a quick and

safe agronomic strategy to mitigate abiotic stress in plants

(Fig. 23). This approach also resonates in its application to

major crop plants that may have lost many of their native

endophytes during the process of domestication. For these

plants, the endophyte-enrichment approach could in fact be

a process of returning to their roots (Oyserman et al. 2018).

Food and beverages from fungi

Food and beverages from fungi is a multi-million dollar

business, and in particular in Asia, much of the develop-

ment has concentrated on mushrooms because of their

nutritious qualities and medicinal importance. In this sec-

tion, we discuss the rapid development of the mushroom

industry in Asia, outline the mushrooms used in Traditional

Chinese Medicine, highlight one of the most revered

medicinal mushrooms (Agaricus subrufescens), and intro-

duce various food products from fungi.
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23. Growing mushrooms in composts

Some mushrooms require a composting process for

industrial production, as in Agaricus species. The methods

for growing Agaricus species differ from those used in

growing many other mushrooms, which are grown in

sawdust mixtures in bags. Agaricus is a secondary

decomposer. The preparation of the substrate for growing

Agaricus species is a process known as composting. Within

this process, bacteria and other fungi break down the raw

materials in the compost mixture, which allows Agaricus

species to grow on the fermented substrate (Llarena-

Hernández et al. 2011). The first formal mention of

mushroom cultivation based on the composting method

was in 1650 in Paris. However, cultivated mushrooms were

reported to be different in appearance to those harvested

from the field and not as good to eat. In 1707, a French

botanist reported that mushrooms were produced from

horse manure covered by soil. The first record of com-

mercial cultivation was in 1780 by a French gardener,

while mushroom growing was introduced to North Amer-

ica after the Civil War (Beyer 2003). In 1800, the first

cultivation of Agaricus in caves was achieved in Paris.

Fig. 23 A schematic illustration

of the events depicting the use

of endophytic fungus in

mitigating abiotic (salinity)

stress in crop plants. Clock-

wise: A saline adapted plant,

Prosopis juliflora (1); isolation

of endophytes (2); evaluation of

endophytic fungus for salinity

tolerance (3); priming seeds of

non-host, salt sensitive paddy,

with saline tolerant endophyte

(4); growth of endophyte-

enriched and non-enriched

seedlings under saline stress (5);

growth of enriched and non-

enriched paddy plants under

saline stress (6); trans-

generational effect of paddy

plants under saline stress (7).

The model could be followed

for other abiotic stresses as well

(all photographs: School of

Ecology and Conservation,

University of Agricultural

Sciences, GKVK, Bangalore)
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In Europe and Brazil, the basic raw material used in

composting is wheat straw. hay, corncobs, oat, barley,

sugarcane bagasse, rye grass, rice straw, several other

grasses or spent mushroom waste can act as alternative

substrates (Royse and Chalupa 2009; Stamets and Chilton

1983; Mendonça et al. 2005; Llarena-Hernández et al.

2011, 2014; Grimm and Wösten 2018). Supplements such

as soybean meal and cereal bran mixed with minerals or

vitamins are added for cultivation of Agaricus and Pleu-

rotus mushrooms (Carrasco et al. 2018). There are nor-

mally two phases in composting. Phase I is called

composting, which involves mixing the piled-up ingredi-

ents. Supplements are added to the watered stack and this is

incubated for 3–15 days. The temperature inside the

compost stack can reach 70–80 °C, and thermophilic

microbes in the compost utilize carbohydrates and free

ammonia. After fermentation, the compost is pasteurized at

60 °C. Phase II is called conditioning, at which point the

temperature is maintained at 45–60 °C for the culturing of

good microbes, and to decrease the ammonium level of the

compost (Mendonça et al. 2005; Stamets and Chilton 1983;

Grimm and Wösten 2018).

In Asia composting has been modified as wheat straw

and horse manure are not readily available. Chopped rice

straw is used as the main substrate. The rice straw is sup-

plemented with rice bran, urea, ammonium phosphate,

calcium sulfate to increase nutrients. Gypsum and calcium

carbonate are added for buffering the pH. The process

occurs outdoors. For pasteurization, the compost is heated

to 55–60 °C for 3–6 h with steam (Royal project’s method,

unpublished data). When the compost is generally used and

inoculated with spawn. After the mycelium runs through

the compost the casing is covered to stimulate fruit-body

production (Llarena-Hernández et al. 2013). Different

mixtures are used for casing inclduding soil: wood, char-

coal: calcitic lime (Zied et al. 2010), soil: sand mixed with

peat (Mendonça et al. 2005) limestone: peat: thin sand

(Llarena-Hernández et al. 2014) after casing. Then, the

mycelium grows within the casing layer in about 15–

20 days depending on environmental factors, Agaricus

requires around 20–30 days (Mendonça et al. 2005).

Methods of cultivation have been developed that use

local agricultural waste as the main substrate, instead of

wheat or rice straw. Specific media need to be established

for the production of fruit-bodies depending on the species

of mushroom.

Mushrooms grown in compost

Agaricus bisporus (Button mushroom)

The first white cultivar of Agaricus bisporus was found

in 1926 by Lewis Downing, an American farmer, who

passed it on to a spawn company. Four year later, the

spawn had been spread worldwide. This cultivar named

“smooth white” is one of parents of the hybrid strain most

cultivated in the world. The basic cultivation method for

A. bisporus was established and developed by Sinden and

Hauser (1950, 1953). Agaricus bisporus can be grown on

standard compost based on wheat straw and horse manure,

as well as other agricultural waste (Colak 2004; Carrasco

et al. 2018). Peat, sand, peat and lime (1:1:1); farm yard

manure and soil (1:1); tea production waste mixed with

peat; and protein-rich supplements (soybean, black beans

and cowpeas) can be used as a casing layer (Gülser and

Pekşen 2003; Coello-Castillo et al. 2009; Gupta et al. 2018)

Agaricus bisporus can also be cultivated using autoclaved

non-composted substrates (Till 1962; Colmenares-Cruz

et al. 2017).

Other Agaricus species

Agaricus flocculosipes was first reported by Zhao et al.

(2012) and is currently only known to be found in Thai-

land, Mayotte Island and China. Thongklang et al. (2014a)

reported the first successful cultivation of A. flocculosipes

in Thailand on wheat straw and horse manure compost. The

primordia of Thai A. flocculosipes occurred at day 32 after

casing, and the strain produced a few fruiting bodies

(Fig. 24). Agaricus subtilipes (Fig. 24) was described in

Thailand by Thongklang et al. (2016). Cultivation of

A. subtilipes was successful on wheat compost with fruiting

bodies produced 45 days after casing. Although A. floccu-

losipes and A. subtilipes produced fruiting bodies, the

yields were low and the fruiting period was shorter when

compared to Thai strain of A. subrufescens (Fig. 24). These

Thai Agaricus species are candidates for domestication and

cultivation and have potential medicinal use. But first the

optimal conditions for growing these mushrooms must be

established, and any bioactive compounds investigated. In

addition, the optimal conditions for fruiting must be

established for increasing yield production. Hyde et al.

(2018b) reported that 93% of Agaricus species found in

northern Thailand were new to science and, as many are

edible, they have high potential for domestication.

Pleurotus ostreatus (oyster mushroom)

This mushroom is cultivated worldwide, grows easily in

various substrates, and has important nutritional and

medicinal properties. The oyster mushroom is a primary

decomposer and can degrade many components of plant

material, including hemicellulose, lignin and more (Grimm

and Wösten 2018). The mushroom is produced on rubber

sawdust, rubber sawdust mixed with different supplements

of rice straw, rice husks or corncobs in Thailand via bag

cultivation (Thongklang and Luangharn 2016). Vieira and

de Andrade (2016) reported that compost was used to

cultivated P. ostreatus in Brazil. Different substrates,
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including decumbens grass, sugarcane straw, brizantha

grass, wheat straw, and sugarcane bagasse, supplemented

with and without wheat bran as the primary substrates,

were studied and brizantha grass was found to be the

optimal substrate for cultivating P. ostreatus. Supple-

menting the compost with wheat bran improved yield in all

substrates tested. In addition, the conditioning of compost

after 7 days for all substrates showed higher yield and

biological efficiency for P. ostreatus. The composts sup-

plemented with 20–40% composted or 20% raw two-phase

olive mill waste were reported as potential substrates for

Pleurotus cultivation (Zervakis et al. 2013). In addition,

semi-compost made from wheat straw and sunflower husks

(2:3) can be used to grow Pleurotus sp. The substrate was

fermented by aerobic fermentation for 36 h at 65 °C fol-

lowed by cooling to 25 °C over 24 h (Myronycheva et al.

2017).

Other genera

Thongbai et al. (2017) used a rice straw based compost to

cultivate Lepista sordida. Rice straw mixed ammonium

phosphate, calcium carbonate, calcium sulfate, rice bran

and urea were used as main substrates. The mycelium of

L. sordida was inoculated into the pasteurized compost,

which was later covered with a casing layer mixture of

15% sand with humus. Lepista sordida produced fruiting

bodies after 31 days at 25 °C with 95–97% humidity after

casing (Fig. 24). Macrolepiota dolichaula is a wild edible

mushroom that is widely consumed in China, India and

northern Thailand. This mushroom also can grow well in

rice straw based compost. Mushroom production occurred

at 41 days with four flushes at 25 °C with 92% relative

humidity (Fig. 24, Rizal et al. 2016).

Mushrooms have long been used for consumption,

medicinal purposes and functional foods; however, the

recognition that they are nutritionally a very healthy food

group that contains important sources of biologically active

compounds of medicinal value is more recent. Mushrooms

have become a hot issue, especially in Asia. Sustainable

success of mushroom growing depends on research and

development to establish new ideas and methods for

improving cultivation. Agricultural waste can be used as

substrate for growing mushrooms, resulting in lower cost

as well as the productive utilization of waste.

At present, most domesticated mushroom species are

international species or variants, and few local strains are

grown. The price of those mushrooms is quite low and

there is little potential for export. Therefore, developing

novel species or strains for local cultivation has become

important. New wild species or strains of mushrooms will

provide high value products with nutritional and medicinal

potential. However, the successful development of a newly

cultivated mushroom depends on economical and biologi-

cal factors, the ease of production and acceptance in the

market. After establishing edibility and cultivability, the

best conditions for growth must be established. Best cul-

tivation techniques include finding the optimal growth

media, pH, temperature, C source, N source, C:N ratio, as

well as the best spawn, compost and casing.

Fig. 24 Wild Thai mushrooms

cultivated in compost media.

a A. subrufescens (Thongklang

et al. 2014a). b Agaricus

flocculosipes (Thongklang et al.

2014a), c Lepista sordida

(Thongbai et al. 2017),

d A. subtilipes (Thongklang

et al. 2016), e Macrolepiota

dolichaula (Rizal et al. 2016)
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24. Growing mushrooms in bags

Wood-inhabiting mushrooms can be cultivated in any type

of lignocellulosic material, such as straw, sawdust or rice

hulls (Victor and Olatomiwa 2013). Pathmashini et al.

(2008) showed that the cultivation of the oyster mushroom

(Pleurotus ostreatus) on various sawdust types produces

different fruiting yields. Sawdust is the most commonly

used material for the cultivation of oyster mushrooms and

is the preferred medium for commercial production (Oei

2005). Maximum biological efficiency of oyster mushroom

cultivation is gained from growth on the sawdust of rubber

trees (Pathmashini et al. 2008). It has also been shown that

softwood sawdust such as coconut, cashew, mango and

rubber are more suitable than hardwood sawdust (Custodio

and Cristopher 2004). The availability of raw materials

such as sawdust, rice straw, sugarcane wastes are key

factors in the choice of agricultural waste for growing

mushrooms (Pathmashini et al. 2008). The most commonly

and easily cultivated mushrooms in South East Asian

countries are oyster mushrooms (Pleurotus), ear mush-

rooms (Auricularia), and straw mushrooms (Volvariella),

Lentinula edodes (shiitake), as well as Lentinus (e.g.

Lentinus squarrosulus), Ganoderma, Macrolepiota and

“Agrocybe” (i.e., Cyclocybe) spp. (Kwon and Thatithat-

goon 2004).

Different types of sawdust are used as the growing

medium in tropical areas, depending on the characteristics

of the area and the trees available. Rubber tree sawdust is

the most popular (Kwon and Thatithatgoon 2004; Klomk-

lung et al. 2012; Nguyen 2004), followed by Acacia

auriculiformis (Tapingkae 2005), Mangifera indica (Tong

and Rajendra 1992) and Tamarindus indica. For every 1 kg

saw dust bag, additions are made of 10 g of calcium car-

bonate, 50 g of ricebran, 10 g of pumice, 10 ml of

molasses, 10 g of flour and 10 g of brewer’s waste. These

components are then mixed with water to obtain a water

content of 65–70%. Each 800 g of substrate is then tightly

packed in a 25.8 cm polypropylene bag and capped with a

plastic ring or bottle neck, leaving space to later inoculate

with mycelium (Kwon and Thatithatgoon 2004; Stamets

2000; Klomklung et al. 2012; Yamamaka 1997). Each

sawdust bag is sealed with a cotton wool plug, covered

with newspaper, and tied with a rubber band. The sawdust

bags are sterilized at 121 °C for 15 min or at 90–100 °C for

3 h. After the temperature drops to 25 °C, the bags are

inoculated with spawn (Fig. 25c) that comprises 10% of the

weight of the sawdust bag. Sawdust bags are kept at room

temperature (25 °C) at 70–80% humidity to produce

fruiting bodies (Klomklung et al. 2012).

When new wild mushrooms are introduced to the mar-

ket, it is important to conduct fruiting tests. Depending on

the type of mushroom, a choice can be made between

compost or sawdust media. As a rule of thumb, for wood-

inhabiting mushrooms (e.g. Lentinula, Auricularia) it is

better to use sawdust media in bags (Fig. 25a, b), while for

soil-inhabiting mushrooms (e.g. Agaricus, Macrolepiota) it

is better to use straw compost.

For wood-inhabiting mushrooms, protocols adapted

from Klomklung et al. (2012) are followed. The surface of

sawdust growing bags is inoculated with spawn. The bags

are kept in a dark incubation room at the optimum tem-

perature and relative humidity of the particular mushroom.

Bags are opened when the mycelium has completely col-

onized the substrate. The surface of the substrate is scraped

slightly with a sterile teaspoon to remove the thin whitish

Fig. 25 a Auricularia thailandica growing on sawdust substrate bags; b Auricularia cornea white variety growing on sawdust substrate bags;

c mushroom spawn bottles
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mycelia. The substrate bags are then placed on a shelf and

covered with black cloth to allow appropriate ventilation.

They are maintained in a growing house at 80–85% relative

humidity, and sprayed daily with water until pin heads

appear and eventually develop into fruiting bodies. The

fruiting bodies are manually harvested, counted and

weighed (Klomklung et al. 2012).

25. Growing mushrooms in the field

With the increase in consumer awareness and subsequent

demand for cultivated mushrooms, there now exists a need

for alternative, cost-effective strategies of mushroom cul-

tivation. The global mushroom industry is forecast to grow

from a value of about $35 billion USD in 2015 to nearly

$60 billion USD in 2021, thus clarifying the need for a

diverse range of production styles in order to develop the

industry in a sustainable manner (Research and Markets

2018). Alternatives to more traditional high-volume pro-

duction techniques include the inoculation of logs, culti-

vation in forest understories, and use of managed forests, as

well as field-grown mushrooms.

Field-grown mushrooms offer an effective use of space,

allowing for the production of mushrooms in agricultural

fields, alongside crops, or between cropping cycles

(Fig. 26). Offering additional income to farmers, this

practice has become popular with rural development pro-

grams (Zhang et al. 2014a, b; Brum and Brum 2017).

Additionally, field cultivation allows for improved soil

systems in agricultural fields due the increased rates of

nutrient cycling and provision of organic matter into the

soils (Phan and Sabaratnam 2012; Zhang et al. 2012).

In this section, we outline some of the basic principles

and considerations for field cultivation while listing some

Table 12 Examples of mushroom species suitable for field cultivation, including soil characteristics, substrates, and climatic requirements for the

listed species

Species Soil type Soil

pH

Substrate Temperature

(°C)
Humidity

(%)

References

Coprinus comatus Sandy 7 Cottonseed meal 16–22 85–95 Chen (2000)

Dictyophora

indusiata

Loam 6.5–7 Bamboo litter, straw,

sawdust

22–30 60–65 Chen (2000)a

Ganoderma sp. Sandy 4.2–

5.3

Sawdust 23–34 80–90 Mayzumi et al. (1997), Cha and

Yoo (1997)

Lentinula edodes Clay loam 4.5–6 Sawdust, wheat/rice

bran

5–20 80–90 a

Morchella spp. Sandy loam 7–7.5 Sawdust, wheat bran,

humus

\ 20 50–70 Liu et al. (2018a)a

Oudemansiella

radicata

Clay loam 6.5–

7.2

Wood chips/corn cobs 20–30 60–80 Hao et al. (2016)

Phlebopus

portentosus

Clay loam,

humus

4–6 Sawdust 27–37 55–80 Ji et al. (2011), Kumla et al.

(2011, 2015)a

Polyporus umbellatus Sandy loam,

humus

5.5–7 Leaves, humus, 18–24 60–80 Bandara et al. (2015)a

Stropharia

rugosoannulata

Humus rich

sandy

5–6 Wood chips/rice straw 22–28 70–75 a

Volvariella volvacea Clay 7.5–8 Rice straw 22–40 90 a

aRows include unpublished findings/data

Fig. 26 Field preparation for cultivation of Stropharia rugosoannulata in Honghe County, China
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of the key species that can be successfully cultivated in a

field environment (Table 12). We will limit our discussion

to the cultivation of mushrooms in agricultural fields and

soils, not the broader practices of outdoor cultivation using

bags or inoculated logs.

There are a range of mushrooms that can be cultivated

outdoors, and appropriate species can be selected according

to local growing conditions (Table 12). For example, Co-

prinus comatus or Stropharia rugosoannulata can be

grown during the autumn and winter months when tem-

peratures are milder, and Volvariella volvacea should be

grown during the warmer summer months. Consideration

for soil pH, texture and health is also critical. The pH and

texture will partially determine which species of mushroom

will be grown, and also the degree of irrigation required to

maintain desired soil water levels (Table 12). Soil health is

crucial to the final product, as many species of fungi can

hyperaccumulate heavy metals (Cocchi et al. 2006; Tur-

kekul et al. 2004).

After the selection of an appropriate growing area, a few

basic steps are required for the preparation of the field and

subsequent cultivation. After light tilling of the field,

compost is applied, followed by the application of the

fungal material (spawn or colonized bags), this is then

covered in compost and a final layer of soil over that (a

mulch of straw or shade cloth could further protect against

desiccation and drying out) (Fig. 26).

There are a wide range of applications for the field

cultivation of mushrooms, but most relate to the intensifi-

cation of land use systems, generation of additional sources

of income, and appeal to low income groups that cannot

afford the costs of establishing grow houses. This method

of production has become popular in many parts of Asia

where climates are suitable and smallholder farmers need

alternative sources of income. For example, in Cambodia,

farmers have adopted the practice of spreading spawn

produced from Lentinus or Volvariella species over rice

straw waste in the paddies (with supplemented watering).

This provides an additional harvest of mushrooms from the

paddies during the off season. Another program run in

Honghe County, Yunnan Province, China, assists local

farmers with the cultivation of Stropharia rugosoannulata

in their fields; this is a seasonal mushroom crop produced

mostly in autumn and spring when the temperatures are

suitable (Fig. 27, Table 12).

The nature of growing mushrooms outdoors means that

the mushroom crop is subject to ambient environmental

conditions, with no climate controls in place, for example,

temperature and humidity fluctuate with no real mecha-

nisms in place to control these parameters. In addition to

climatic variability, outdoor cultivation exposes the

mushrooms to non-sterile conditions, allowing easy access

for secondary infection by slime molds, predatory fungi,

and insects (Table 12).

Field cultivation of mushrooms is applicable to a wide

range of habitats and conditions, depending on the desired

species to be grown. By offering novel and exciting

alternatives to plant-based agriculture, and providing

additional income to farmers, field cultivation of mush-

rooms is becoming popular in programs aimed at improv-

ing the livelihoods of smallholder farmers and for

incorporation into projects looking to diversify the agri-

cultural output of a unit of land. However, growing

mushrooms outdoors is not without challenges and requires

careful species selection and training of practitioners

before any such programs can commence.

26. Modern mushroom production:
an automated factory process

Limited harvests during unproductive seasons and the risk

of mushroom poisoning prevent wild mushrooms from

entering the food market value chain in a major way.

Domestication and industry production has therefore

Fig. 27 Stropharia

rugosoannulata emerging from

soil substrate mix and mature

crop shown. Shade cloth is

pulled back to reveal harvest
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become essential for incorporating mushrooms into dietary

diversity and nutritional security. The global production

has increased from 30.2 million tons in 2010 to 48 million

in 2017 (FAO). As a leading producer, China increased

from 22.6 million tons in 2010 to 38.4 million in 2017,

accounting for 75% of global production (CIRI 2017). Of

the 16,000 known mushroom species (Hawksworth 2012),

about 7000 species have varying degrees of edibility, more

than 3000 species are major edible mushrooms, and 700 are

regarded as safe medicinal mushrooms (Chang and Wasser

2017).

Global demand for mushrooms has rapidly increased

and thus large-scale growers have been established, with

year-round marketing dominating commercial mushroom

production. In China, there are six groups of mushrooms

each with a production capacity of over one million tons

per year (Zhang et al. 2015): 8.2 million tons for Auricu-

laria species; 7.7 million tons for Lentinula edodes (Shi-

itake mushroom); 5.9 million tons for Pleurotus species;

3.4 million tons for Agaricus bisporus; 2.6 million tons for

Flammulina spp.; and 1.4 million tons for Pleurotus

eryngii. The growth of the commercial mushroom industry

depends on productivity, efficiency, and competitiveness

within the entire market value chain. Most of the more

recently domesticated species can recycle waste substrates

Fig. 28 Different mushroom species cultivated worldwide. a, b Hy-

menopellis sp., c, e Pleurotus sp. (Oyster mushrooms), f Ganoderma
sp. (Lingzhi). Photo credit: T. Luangharn

Fig. 29 Equipment for manufacturers for mushroom cultivation. a Substrate media mixer, b mushroom bag filling machine, c transporter and

conveyors carry out substrate bags, d steam sterilization machine, e inoculation, f auto-transportation, g incubation. Photo credit: F. Huang
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and therefore suit smallholders in agroecosystems (Dai

et al. 2010b) (Fig. 28).

In the last decade, there have been remarkable advances

in mushroom growing technology. Not only have strains

been improved, but the whole mushroom production pro-

cess has changed from manual to automated systems. The

mixing of substrates, filling of bags, growing of liquid

spawn, inoculation of bags, moving of bags, temperature

and humidity control, and packing are all automated pro-

cesses (Fig. 29).

Reliable substrate sources and machinery are two of the

factors that determine the scale of operation and produc-

tivity. Substrates can be harvested from nearby forests

through sustainable forest management, from recycled

agricultural residue, sugarcane factories, livestock feed and

waste, and the mulberry industry (Fig. 29) (Zhou et al.

2012). Although mushrooms can be cultivated using dif-

ferent methods, such as sawdust bags, bottles, shelves, and

logs (see preceding chapters) there is an increasing demand

for the establishment of modern mushroom facilities,

which provides a range of 1*10 million bags annually

with well-equipped enclosed cooling and sterilized build-

ings. This enables proper growing conditions to be main-

tained. The most suitable conditions for mushroom

production must be establish and are temperature, humid-

ity, uniform ventilation, substrate moisture levels and or

light to promote the formation of fruit bodies. For example,

blue light-emitting diodes impact the quality of Lentinus

sajor-caju (Huang et al. 2017a). However, maintaining and

running such growing houses requires high volumes of

electricity and water, making the production process costly

and having a large impact on the release of greenhouse

gases. Future trends should focus on the use of renewable

energy sources.

The development of new technologies, such as photo-

voltaics for heating and cooling, artificial intelligent and

technology for controlling the environment to optimize

temperatures and moisture and even light formula by LED,

will maximize the production season, enhance the pro-

ductivity and quality of mushrooms, and reduce energy

costs (Fig. 30). Artificial intelligence or automation

includes substrate bag filling, inoculation, cultivation,

scanning and picking up contaminated bags, and robots for

packing and transportation. Both small- and large-scale

production lines should embrace integrated systems, for

example incorporating the use of recycled materials, such

as agricultural waste, or making use of a sustainable supply

Fig. 30 Mushroom industry zone with controlled environment for rural employment and rural development
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of woody substrates from managed plantations, coupled

with the integration of renewable energies.

Edible mushrooms have been cultivated for many cen-

turies, and it is expected that their production will increase

further due to market demand. The improvement and

development of modern technologies, such as computer-

ized control systems to control environmental parameters,

automated harvesting, techniques for the production of

mushrooms in a non-composted substrate, and new meth-

ods for substrate sterilization and spawn preparation, will

increase the productivity of mushrooms (Sánchez 2004).

However, the modern automated factory processes for

mushroom production require a significant initial invest-

ment of fixed assets. Typically, this large capital outlay of

fixed assets requires a recovery period of at least 5 years

(Li and Hu 2014). It is unreasonable for farmers in low-

and middle-income countries to own automated equipment,

since the upfront capital investment required for these

items is economically unsustainable, even in the long term

(Higgins et al. 2017). A more viable, long-term solution is

the granting of funds to farmers via either public or pri-

vately funded organizations (Zied and Pardo-Giménez

2017).

27. New edible mushrooms

Due to their culinary, nutritional, and health benefits, the

global market for mushrooms continues to grow, from US

$34.1 billion in 2015 to US$69.3 billion by the end of 2024

(Valverde et al. 2015; Bal 2018). Mushrooms also show

potential for use in waste management, as discussed else-

where. However, mushrooms have life cycles very differ-

ent from those of green plants. The choice of mushroom

species for cultivation depends both on the growth media

available and on market considerations (Beetz and Greer

1999; Rosmiza et al. 2016; Sánchez 2004). Oyster mush-

rooms, which grow on many substrates, are easiest (Patil

et al. 1989). Shiitake mushrooms have already garnered

considerable consumer demand (Teng 2008). To date, only

two mycorrhizal mushrooms, morels (Morchella spp.) and

truffles (Tuber spp.), have been commercially cultivated

(Selosse et al. 2017).

Several new species of wild edible mushrooms have

been successfully domesticated over the last few years,

especially in tropical areas (Klomklung et al. 2012;

Thongklang et al. 2014a, b, 2016; Rizal et al. 2016; Ban-

dara et al. 2017) (Fig. 31A). Luangharn et al. (2017),

Thongbai et al. (2017) and Klomklung et al. (2012) have

shown that it is possible to domesticate local strains of

Pleurotus giganteus that can grow at temperatures

Fig. 31 A Auricularia thailandica; B Hybrid from Thai and French

strains of Agaricus subrufescens; C White Auricularia cornea;

D Lepista sordida; E Agaricus flocculosipes; F Agaricus subtilipes;

G Fruiting bodies of Macrolepiota dolichaula strain MFLUCC-13-

0579. a different stages of fruiting body development, b pileus with

annulus, c squamules on pileus, d and e bud stages of fruiting bodies;

f mature fruiting bodies. a = 25 cm, b = 10 cm, c, d, e, f = 5 cm
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consistent with Thai farm production. A new hybrid

developed from Thai and French strains of Agaricus sub-

rufescens was developed successfully between INRA,

France and Mae Fah Luang University, which fructifies in

tropical climates (Thongklang et al. 2014b, Fig. 31B). For

the first time, a new white strain of Auricularia cornea was

successfully domesticated at the Kunming Institute of

Botany, Chinese Academy of Sciences (Fig. 31C). In

Thailand, strains of Auricularia thailandica (Fig. 35),

Lepista sordida (Fig. 31D), Agaricus flocculosipes

(Fig. 31E), A. subtilipes (Fig. 31F) and Macrolepiota

dolichaula (Fig. 31G) have successfully been cultivated.

Mushrooms are not only used in traditional medicines, but

are known to contain various bioactive components which

can be used in cosmetics (Kwon and Thatithatgoon 2004;

Hyde et al. 2010) and in medicine (De Silva 2013; Wisi-

trassameewong et al. 2012b). People in most parts of the

world enjoy eating mushrooms, and therefore there is

enormous potential for introducing new tropical mush-

rooms to the global market.

The number of fungi worldwide is estimated to be

between 2.2 to 3.8 million, but only 120,000 species have

been described, so it appears that about 92%of fungi have yet

to be described (Hawksworth and Lücking 2017). Over the

past 5 years, numerous new fungi have been described,

especially within tropical areas (Ariyawansa et al. 2015; Liu

et al. 2015; Li et al. 2016; Hyde et al. 2016; Tibpromma et al.

2017, 2018; Hyde et al. 2017; Wanasinghe et al. 2018). One

recent paper published by Hyde et al. (2018a, b, c) showed

that up to 96% of fungi in northern Thailand may be new to

science. On the other hand, the State of the World’s Fungi

report 2018 (Willis 2018) states that about 350 species of

edible fungi are collected and eaten worldwide annually, but

this figure should be higher. To address this knowledge gap,

the Center of Excellence in Fungal Research in Mae Fah

LuangUniversity and the Soil Biology group of theKunming

Institute of Botany are working on updating the global list of

edible andmedicinal fungi. There aremany reasons for being

optimistic about the future of wild edible fungi: they help

maintain the health of forests and are a valuable source of

nutrition and income.

28. Agaricus subrufescens

Agaricus subrufescens is an important medicinal mush-

room (Wisitrassameewong et al. 2012a; De Silva et al.

2013), which belongs to section Arvenses (subgenus

Flavoagaricus) of Agaricus. The main synonyms of A.

subrufescens are A. blazei sensu Heinemann (misapplied),

A. brasiliensis (illegitimate), and A. rufotegulis. This spe-

cies has a broad climatic and geographical distribution

range in Asia, Europe, Oceania and Africa (Thongklang

et al. 2016). Agaricus subrufescens was discovered in

America in the late nineteenth century and later in Sao

Paolo, Brazil; it was called Piedade mushroom. One

mushroom (named A. blazei Murrill) was introduced in

Asia in 1965 by T. Furomoto, who sent it to Japan for

medicinal investigation but turned out to be conspecific

with A. subrufescens (Kerrigan 2005). The common name

for A. subrufescens is the almond mushroom. In addition,

other common names are Himematsutake in Japan, Cogu-

melo do Sol in Brazil, and Royal Sun Agaricus in several

other countries (Wisitrassameewong et al. 2012a, b). The

main characters of A. subrufescens are a reddish-brown cap

covered with silk-like fibres, a two-layered and floccose

annulus, the odour of almond, yellow staining, and a pos-

itive Schäffer’s reaction (Thongklang et al. 2014b).

Agaricus subrufescens has been commercially cultivated

in Brazil, Japan, China, Korea and Taiwan (Kerrigan 2005;

Gregori et al. 2008). In Brazil, the mushroom is a partic-

ularly important export mushroom with a higher price than

other commercial mushrooms (Souza Dias et al. 2004).

Button mushroom compost is normally used to cultivate

A. subrufescens commercial strains. Other forms of agri-

cultural waste are also used as alternative substrates to

grow this mushroom. González Matute et al. (2011) pro-

duced A. subrufescens based on spent oyster mushroom

substrate mixed with sunflower seed hulls, vermicompost

and supplements. Wild strains of A. subrufescens have been

studied for cultivation. Zied et al. (2011) reported the

success of wheat straw with chicken manure and black

peat?soil (4:1) as casing to cultivate a Brazilian/French

A. subrufescens strain and their hybrids. Thongklang et al.

(2014b) isolated a wild Thai A. subrufescens strain and

successfully cultivated it in wheat straw/horse manure

based compost at 25 °C and 95% humidity (Fig. 26a).

Thongklang et al. (2014b) reported that samples from

Brazil, France and Thailand are interfertile. Hybrid strains

of Thai 9 Brazilian and Thai 9 French showed higher

yields than Thai parental strains.

Themushroom is both nutritious andmedicinal. Zied et al.

(2017) evaluated the chemical composition of A. sub-

rufescens, and reported that the stipe of the mushroom con-

tained 69.56% of total carbohydrates, 63.89% of available

carbohydrates, and an energy value of 363.97 kcal 100 g−1

DM). The pilei comprised 33.96% protein, 7.75% nitrogen,

8.24 and 2.44% ash and crude fat. Medicinal benefits have

also been reported for this mushroom, for example in cancer

care, as antitumor agents, and in cholesterol reduction

(Wisitrassameewong et al. 2012a, b; De Silva et al. 2013;

Stadler and Hoffmeister 2015). Agaricus subrufescens pro-

duces several bioactive compounds, such as lectin, riboglu-

can, glucomannan, agaritine and blazien, all of which were

shown to reduce tumor growth. In addition, spiro triter-

penoids of the blazeispirol type are produced in mycelial

cultures of this mushroom (Hirotani et al.
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1999, 2000, 2001, 2002). Extracts were found to be highly

selective antagonists of Liver X receptors (LXR) alpha

(Grothe et al. 2011). Thongklang et al. (2017) reported that

Thai–Brazilian and Thai–French hybrid strains produce

higher yields of blazeispirol A in culture than their Thai

parental strain. However, blazeispirols have never been

found in the basidiomes of A. subrufescens (Thongklang

et al. 2017). This is important, as if strains could be found

with blazeispirols in the basidiomes, then eating the mush-

room would have important medicinal benefits.

Mushrooms have been used as food and health products

for millions years for their perceived medicinal properties.

Agaricus subrufescens is widely cultivated in Brazil (Souza

Dias et al. 2004;Mendonça et al. 2005), and themushroom is

exported from Brazil to various countries such as Australia,

Bolivia, Germany, Korea, India, Japan, South Africa, Thai-

land, and the USA (Mendonça et al. 2005). The mushroom

normally requires compost for cultivation (Thawthong et al.

2014). Agaricus subrufescens is consumed worldwide in

fresh, dried and powder form from mycelium/fruiting bod-

ies. Fresh mushrooms have been consumed as food because

of their potential medicinal property and pleasant almond

flavour. Moreover, dried or powdered mycelium/fruiting

bodies are used as nutrient supplements. In Japan, 100,000–

300,000 kg of dried almond mushrooms is produced every

year (Takaku et al. 2001).

The mushrooms have been used as complementary and

alternative medicine for cancer care. Private companies

such as King Agaricus 100, Sen-Sei-Ro Gold, and ABMK

sell products from A. subrufescens, and these products are

currently being used by around 500,000 people for cancer

treatment and prophylaxis (Hyodo et al. 2005).

29. Using fungi to enhance food value

For thousands of years, human societies have been utilizing

fungi as food sources (Chang 1980; Moon and Lo 2014;

Siddiq et al. 2018). In particular, edible mushrooms are

ideal for vegetarians, because they are excellent sources of

protein (typically 20–30% crude proteins as a percentage of

dry matter), have a low-fat content, are free of cholesterol,

and contain most of the amino acids essential to human and

animal nutrition (Kaur et al. 2018). Fungal taxa are utilized

in the food industry taking advantage of their metabolism

and metabolites (Gilbert and Robinson 1957; Moore and

Chiu 2001; Adrio and Demain 2003; Ghorai et al. 2009). In

particular, fungal species are used in the production of

fermented foods and beverages in many traditional and

indigenous cultures around the world (Abe et al. 2008;

Dupont et al. 2016). For instance, the yeast Saccharomyces

cerevisae is the oldest and best known fungal species used

for wine and bread making, in drug production, as bio-

control agents, in enzyme biotechnology, as well as for

research and development (Ghorai et al. 2009; Sharma

et al. 2018). A brief description of some of the most

important fermented food industries is provided below.

Mold-ripened cheese

Cheese is a solid or semi-solid protein food product man-

ufactured from milk. Fungal species are important for the

manufacture and ripening of two types of cheese, the

Camembert and Blue-veined varieties (Fox et al. 2017).

The name “blue-veined cheese” derives from the blue–

green mold growing throughout the product (Martı́n and

Coton 2016). There are various kinds of blue-veined cheese

products, viz. Roquefort, Gorgonzola, Stilton, Danish Blue,

and Blue Cheshire. Most Blue cheese is produced from

unpasteurized milk, and Penicillium roqueforti is added to

the cheese prior to storage at controlled temperature and

humidity. Penicillium roqueforti grows throughout the

cheese and produces proteolytic and lipolytic enzymes (viz.

proteases, lipase and beta-ketoacid decarboxylase) and

methyl ketones, particularly 2-heptanone, as the major

flavour and odour compounds (Kinsella et al. 1976; Dupont

et al. 2016; Ropars et al. 2017). Penicillium roqueforti

grows at a low oxygen tension and low pH values, while

having the ability to use both pentoses and hexoses as

substrate. These characteristics make the fungus ideally

suited for the industrial Roquefort-type cheese production

(Babel 1953; Kinsella et al. 1976, Garcı́a-Estrada and

Martı́n 2016). Camembert cheese is rather different from

blue-veined cheese, as it characterized by a white mold

growth on the surface and a soft texture. Penicillium can-

didum and P. camemberti are used for the camembert

cheese production (Bourdichon et al. 2012).

Fermented products

Soy sauce (Shoyu) and Miso

Soy sauce is one of world’s oldest flavor ingredients;

made from fermented soybeans/wheat. It is a dark brown

liquid that is stable at ambient temperature and does not

require refrigeration during storage due to its low water

activity and high salt content. Soy sauce has been used in

cooking for over 1000 years, in particular in China, Japan,

Korea and other Asian countries (Luh 1995; Hong et al.

2015; Liu 2017). The soy sauce production process com-

prises three major steps, which are Koji production, brine

fermentation and refining. In the first step, soaked, cooked,

mashed soy beans are mixed with an equal amount of

roasted, lightly crushed wheat, and inoculated with 0.1–

0.2% starter mold (Aspergillus oryzae or A. sojae) in

wooden trays. The fermented mixture (Koji) then under-

goes brine fermentation using the lactic acid bacterium,

Pediococcus halophiIus, and yeasts including Zygosac-

charomyces rouxii and Candida species (Liu 2017). The

final step of soy sauce fermentation (refining), includes

pressing, filtration, pasteurization and packaging. The

Fungal Diversity (2019) 97:1–136 55

123



fermented soybean paste is called miso, has a similar

aroma and flavor to soy sauce.

Indonesian tempeh

Tempeh is a mould-fermented product prepared from

fermented soy beans and is consumed mostly in Indonesia

(Babu et al. 2009). Tempeh possesses some unique char-

acteristics, including its flavor, sliceable meat-like texture,

and nutritional properties (Astuti et al. 2000; Nout and

Kiers 2005). Rhizopus oligosporus is the dominant fungal

species used in the soy bean fermentation process. Initially,

husk-free, soaked and pressed soybeans are inoculated with

R. oligosporus and fermented for 1–2 days. During the

fermentation process, the white mycelia of R. oligosporus

invade and cover the substrate mass to bind the soy bean

(Shurtleff and Aoyagi 1979; Steinkraus 1995; Nout and

Kiers 2005; Babu et al. 2009; Shah and Patel 2017).

Tempeh provides many health benefits, in particular for

heart diseases, strokes, osteoporosis, cancer and digestive

disorders, loss of excess weight), as it contains essential

fatty acids, numerous vitamins, fiber and minerals.

Quorn

Quorn is made from myco-proteins, which are produced by

a fermentation process using the filamentous fungus

Fusarium venenatum (Finnigan et al. 2017; Kozubal et al.

2019). Quorn mycoprotein strains were previously

misidentified as Fusarium graminearum, but were later

found to represent F. venenatum (Wheelock 1993; Trinci

1994; Wiebe 2004; Finnigan et al. 2017). With a low fat

content and being free of cholesterol, quorn provides an

alternative protein option that is meat-free and nutritious

(Garodia et al. 2017). In addition, it is high in dietary fibre,

which has been found to lower blood cholesterol (Denny

et al. 2008; Ruxton and McMillan 2010; Garodia et al.

2017; Kozubal et al. 2019). The production process of

Quorn is similar to that of beer, requiring less wheat and

water for production, as well as resulting in lower carbon

emissions, compared with meat sourced proteins (Finnigan

2011). During the production process, mycoprotein is

mixed with vegetable flavorings and a small amount of egg

albumen. To obtain its characteristic texture, a series of

steaming, chilling and freezing processes are used to obtain

the meat-like texture of Quorn products (Wiebe 2004;

Finnigan 2011). Initially, Quorn products originated in the

UK, but currently are available worldwide (Apostolidis and

McLeay 2016).

Rennet

Rennet is used by food companies for the milk clotting

process within cheese production (Ogel 2018). Calf rennet

was traditionally used for cheese-making worldwide

(Thakur et al. 1990; Mamo and Balasubramanian 2018).

Subsequently, the global increase in cheese production,

along with a decrease in animal rennet production, raised

the price of traditional rennet. Therefore, food researchers

tried to find alternatives for the milk clotting process within

cheese production (Moschopoulou 2017; Ogel 2018). As a

consequence, microbial rennet was produced using Rhi-

zomucor miehei and R. pusilus (Thakur et al. 1990; Silveira

et al. 2005; De Lima et al. 2008). Microbial rennet is

cheaper than the rennet produced by animals, and the best

option for vegetarians.

Other than those fermented food products, there are

many commercial food industries in the world. Some food

products which use fungal species are listed in Table 13.

30. Food colouring from filamentous fungi

Synthetic colorants are widely used in food production to

enhance the appearance of food colors. Although synthetic

colorants are stable and inexpensive, the demand for these

products has decreased due to their potential or perceived

harmful effects on human health (Bateman et al. 2004).

Today, many synthetic colorants have been replaced with

safer natural colorants. Pigments from plants are often used

as food colorants (Shamina et al. 2007; Ambati et al. 2014;

Leong et al. 2018; Upadhyay 2018). Although these pig-

ments can generate various colors, production processes

are limited due to plant growth needs. Filamentous fungi

can be grown in fermenters, and are also being investigated

as important sources of pigments (Table 14, Fig. 32). Some

examples are given below.

Red mold rice, also known as red yeast rice, is an Asian

traditional fermentation product of steamed rice fermented

with filamentous fungi belonging to the genus Monascus

(Fig. 33). Red mold rice has been widely used in East

Asian countries with a very long history as both food

coloring and medicine. The red colour from red mold rice

is used in a variety of Chinese, Korean and Japanese foods,

such as fermented bean curd, preserved dry fish, pork stew,

roast duck, and roast pork (Chen et al. 2015). Red mold

rice is also used as substrate for the production of “Hong

Qu glutinous rice wine,” which gives it a bright-red colour

and fine sweet flavor (Liu et al. 2018b; Park et al. 2016).

After the optimization of biotechnological production

processes, some species can easily produce pigments at a

large scale in bioreactors, relying on relatively short fer-

mentation times, and resulting in acceptable costs-of-

goods. For example, the optimization of red pigment pro-

duction in a submerged culture by Monascus ruber in

complex culture media resulted in the development of a

medium containing 10 g/l glucose, 5 g/l corn steep liquor

and 7.6 g/l monosodium glutamate, generating the highest

amount of red pigment at 20.7 U (Hamano and Kilikian

2006).
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Red mold rice also generates orange pigment. Pigment

production is partially associated with cell growth and a

dissolved oxygen concentration of between 0.894 and

1.388 mg O2/l at 30 °C. Limiting conditions of dissolved

oxygen decreases the production of orange pigments

(Vendruscolo et al. 2017). An induced mutation of M.

purpureus led to production of yellow pigments, which can

be added to Chinese fresh noodles, providing a yellow

shade with no discoloration (Yongsmith et al. 2013).

Klinsupa et al. (2016) investigated fusing intraspecific

protoplasts of a yellow mutant of Monascus spp. with a

white prototroph, and a strain with high yellow pigment

production was produced. Another mutant strain of M.

ruber 10910, generated through UV mutagenesis,

improved the production of extracellular hydrophilic yel-

low pigment tenfold (Wu et al. 2015b).

Unfortunately, the mycotoxin citrinin is often found in

red mold rice, and has a negative impact on health. This

mycotoxin has been investigated as nephrotoxic and hep-

atotoxic to human cells (Bilgrami et al. 1988). The regu-

lation of citrinin concentration in commercial red mold rice

occurs in many countries, such as Commission Regulation

(EU), Taiwan, US FAD, and Japan (Le Bloc’h et al. 2015;

European Commission 2014). Therefore, the production of

red mold rice with low citrinin is important to increasing its

value and safety. Pengnoi et al. (2017) evaluated the effects

of various purple rice varieties on the production of citrinin

and red pigments by M. purpureus CMU002U (UV-mutant

strain). The lowest value of citrinin concentration

(132 ppb) was found in the Na variety, which passed the

standards of Japan, Taiwan, and the European Union. The

highest red pigment yield was obtained from the fermented

Doi Muser variety. These results demonstrate that fer-

mented purple rice has a high potential to be developed as a

safe food colorant.

Table 13 Fungal species used in

the food and beverage industries
Application Product Fungal species

Beverages Beer, Rum, Wine Saccharomyces cerevisae

Sake Aspergillus oryzae

Cheeses Roquefort, Blue cheese Penicillium roqueforti

Camembert, Brie, soft ripened Penicillium camemberti

Oriental food fermentations Ang-kak Monascus purpureus

Doenjang Aspergillus oryzae

Hamanatto Aspergillus oryzae

Miso Aspergillus oryzae, A. sojae

Ontjom Neurospora intermedia

Rennet Rhizomucor miehei

Rhizomucor pusilus

Shoyu (soy sauce) Aspergillus oryzae, A. sojae

Tempeh (Indonesian) Rhizopus oligosporus

Quorn Fusarium venenatum

Table 14 Examples of pigments produced by filamentous fungi

Color Pigments Fungal producers References

Blue Sanguinone A Mycena sanguinolenta Peters and Spiteller (2007)

Green Xylindein Chlorociboria aeruginosa Saikawa et al. (2000)

Orange Monascorubrin

Rubropunctatin

Monascus sp. Vendruscolo et al. (2017)

β-Carotene Mucor circinelloides Neurospora intermedia Torres et al. (2016)

Red Rubropunctamine

Monascorubramine

Monascus sp. Hamano and Kilikian (2006), Dikshit and Tallapragada (2013)

Lycopene Blakeslea trispora Feofilova et al. (2006)

Yellow Ankaflavin

Monascin

Monascus sp. Yongsmith et al. (2013), Klinsupa et al. (2016)
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β-Carotene (50; orange pigment) is a precursor to

vitamin A, and of great importance for healthy skin, the

immune system and vision, and is abundant in plants and

fruits, such as carrots, pumpkin and sweet potatoes. This

pigment is often added to various foods and drinks for its

coloring effect and antioxidant activity (Hameed et al.

2017). The filamentous fungi Blakeslea trispora, Fusarium

sporotrichioides, Mucor circinelloides, Neurospora crassa

and Phycomyces blakesleeanus are all excellent producers

of β-carotene (Torres et al. 2016). The pigment production

by Neurospora intermedia was successfully manipulated

by varying several factors. The formation of β-carotene
was strongly influenced by light, carbon, pH, and the co-

factor zine ion. The highest pigmentation (1.19±0.08 mg

carotenoids/g dry weight biomass) was achieved in a

bubble column reactor (Gmose et al. 2018). Goksungur

et al. (2002) investigated the effect of the pretreatment of

molasses, nitrogen sources, natural oils, fatty acids,

antioxidant, and precursors on β-carotene production by B.

trispora. The maximum β-carotene concentration

(790.0 mg/dm3) was obtained in culture grown in molasses

solution supplemented with linoleic acid (30.74 g/dm3),

kerosene (27.79 g/dm3) and antioxidant (10.22 g/dm3).

Thakur and Azmi (2013) investigated the different strate-

gies for the extraction of β-carotene from Mucor azy-

gosporus (strain MTCC 414). Various combinations of cell

disruption and extraction methods were employed. The

disruption of cells by sonication, followed by extraction

with hexane and ethyl acetate (1:1, v/v), gave a maximum

yield of β-carotene (985 µg/ml). Zhang et al. (2016d)

investigated a mutant strain of M. circinelloides for β-
carotene production. The deletion in two mutants (MU206

and MU218) of the crgA gene, a well-known repressor of

carotenoid biosynthesis, resulted in increased β-carotene
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Fig. 32 Chemical structures of

pigments from filamentous
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production. One strain derived from MU218 was able to

accumulate up to 4 mg/g of β-carotene.
Lycopene (51; red pigment) is the strong natural

antioxidant among carotenoids often found in tomatoes.

Unlike β-carotene, it is not converted to vitamin A and

remains in the blood plasma (Feofilova et al. 2006). The

filamentous fungus Blakeslea trispora is a potential pro-

ducer of lycopene. Enhanced lycopene production in B.

trispora was achieved when treated with nitrogen ion

implantation and N-methyl-N′-nitro-N-nitrosoguanidine.
Mutant I5 with nitrogen ion implantation had a maximum

lycopene yield of 28.8 mg/g, which was 64% higher than

the parent strain (Wang et al. 2013a). Shi et al. (2012)

improved the lycopene production of B. trispora by adding

isopentenyl alcohol, dimethyl allyl alcohol, geraniol, and

mevalonic acid to the medium in optimal concentrations.

The highest lycopene production in mated cultures was

578 mg/l, achieved by adding 42 mg geraniol/l to the

medium after 48 h of growth. The optimization of lycopene

production by B. trispora in bath culture was based on

response surface methodology. The highest yield was

observed at 50 mg/l, by the addition of 2-methyl imidazole

in a substrate supplemented with crude soybean oil

(Pegklidou et al. 2008).

Many other species of filamentous fungi have the

potential to produce various types of natural pigments for

use in food coloring. However, to make these compounds

commercially viable, much work on bioprocess technology

and toxicity studies remains necessary before these pig-

ments can be launched as products globally. Interestingly,

the molecular background of biosynthesis of some fungal

pigments, including the azaphilones from Monascus spp.

(54–59; Mapari et al. 2010; Balakrishnan et al. 2013), has

been elucidated, which may allow for a more straightfor-

ward and concise optimization of the production processes.

Aside from the above examples of fungal metabolites

that are actually amenable to biotechnological production,

there are many other pigments that have been described

over the past century. A comprehensive overview of this

topic is not possible, and therefore we refer to the reviews

by Gill and Steglich (1987) and the updates by Gill

(1994, 2003). Many fungal pigments have been shown to

be heterogeneous mixtures of polymers, complexes of

organic compounds with metal ions, or have been proven to

be extremely unstable and can therefore not serve as a basis

for the development of commercial colorants. The same

holds true of stable compounds, which have so far only

been encountered in ectomycorrhizal mushrooms that

cannot be subjected to sustainable biotechnological pro-

duction. In fact, some very interesting pigments have been

discovered from saprotrophic fungi that have rather rare

colors, such as the green pigment xylindein (52 in Fig. 32;

Table 14, Saikawa et al. 2000) from Chlorociboria

aeruginosa, or the blue pigment sanguinone A (53) from

fruiting bodies of the mushroom Mycena sanguinolenta

(Peters and Spiteller 2007). Since such green and blue

pigments are especially in demand as natural food coloring

agents, further research on these aspects may prove

rewarding. Recently even over 1000 years old stromata of

the ascomycete Hypoxylon fragiforme have yielded novel

pigments such as rutilin C (60) (Surup et al. 2018), which

can be isolated from freshly collected stromata in sub-

stantial amounts..

31. Food flavouring

Bio-flavors that are of natural origin are preferable and in

higher demand when compared with chemically synthe-

sized products, even though they often constitute the same

compound, because of the phobias of consumers to syn-

thetic food ingredients (Christen and López-Munguı́a 1994;

Bluemke and Schrader 2001; Vandamme 2003; Ravasio

et al. 2014). Plant extracts have previously been used as a

main source of flavor and fragrance compounds (Carroll

et al. 2016). Microbial fermentation can also be used to

produce flavors and aromas (Kim 2005), such as aldehydes,

esters, methyl ketones and terpenoids (Gupta et al. 2015;

Carroll et al. 2016).

Fig. 33 a Red mold rice

produced by Monascus

purpureus. b Monascus

purpureus strain CMU002
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Microbial cultures and their enzymes produce flavors

naturally, as secondary metabolites of fermentation.

Enzymes also act as biocatalysts in wide range of food

flavor productions (Christen and López-Munguı́a 1994).

These flavors are mostly used as food additives. The first

synthetic flavor and fragrance compounds in the food

industry were vanillin in 1874 and coumarin in 1868

(Gupta et al. 2015). Vanillin synthesis from ferulic acid

uses a bioconversion process with two steps using two

filamentous fungi (Lesage-Meessen et al. 1996). Ferulic

acid is converted to vanillin acid using Aspergillus niger

and reduced to vanillin using Pycnoporus cinnabarinus

(Lesage-Meessen et al. 1996; Poornima and Preetha 2017).

Both filamentous fungi and yeasts play a significant role

in producing flavoring compounds (Bluemke and Schrader

2001). In the wine industry, mixed fermentation of

Lachancea thermotolerans and Saccharomyces cerevisiae

are used to enhance the level of 2-phenylethanol, which has

a rose-like odor (Ravasio et al. 2014). Saccharomyces

cerevisiae and the filamentous basidiomycete Tyromyces

chioneus are used for the production of grape wine and

wine off flavors (Poornima and Preetha 2017). Off flavors

are defined as “a flavor that is not natural or up to standard

owing to deterioration or contamination” (Nijssen 1991;

Christoph et al. 1999).

During amino acid catabolism in yeasts, isoamyl alcohol

(banana flavor) and 2-phenylethanol (floral-rose flavor) are

produced as natural flavors (Ravasio et al. 2014). Through

the esterification of the lipase enzyme, banana, green apple

and pineapple flavors are synthesized. Rhizomucor miehei

is mainly used to obtain immobilized lipase (commercially

available enzyme) in solvent free systems. This lipase was

initially produced to be used in the food industry (Güvenç

et al. 2002; Radzi et al. 2011; Goulet et al. 2012; Poornima

and Preetha 2017). Through the lyophilisation of the cul-

ture fluid of Pleurotus sapidus (edible mushroom), the

sesquiterpene (?)-valencene is deoxygenated into (?)-

nootkatone (citrus-type odor), which is an industrial flavor

component (Krügener et al. 2010).

The main biotechnological techniques for food flavoring

with microorganisms are de novo synthesis (fermentation)

and biotransformation (bioconversion) (Krings and Berger

1998; Kim 2005). In de novo synthesis, simple, inexpen-

sive substrates are used as starter media without adding

precursors of the products. Many primary metabolites and

mixtures of (small amounts of) many aroma compounds

are normally produced in the media (Krings and Berger

1998). During biotransformation, precursors of the prod-

ucts are added to the cultivation media in large amounts,

leading to production of a single major component (Kim

2005). Flavor active substances are considered to be

volatile organic compounds, such as higher alcohols,

esters, fatty acids derivatives and terpenes (Bluemke and

Schrader 2001; Ravasio et al. 2014).

There are many commercialized enzymes for the

biotechnological production of food flavor compounds, and

a high concentration of aroma compounds. Enzymes are

mainly used in food flavor synthesis because of the great

reaction speed of catalytic activity in enzymes (Kim 2005).

The contributions of fungi to flavor and aroma compound

production are provided in Table 15.

Fungi produce a wide range of metabolites that can be

used in the food industry (Vandamme 2003; Carrau et al.

2015). Microbial flavor phenotypes should be designed

with the integration of natural yeast diversity, sensory

analysis practices, and evolutionary engineering in mind

(Carrau et al. 2015). Research should be implemented to

better understand the molecular modifications of salivary

composition, and receptor proteins and fats, which are

stimulating and sensing odorants and tastes (Hofmann et al.

2018).

32. What is mushroom stock? Products,
processes and flavours

Mushroom stock is a seasoning or food additive comprised

of various mushroom flavours. In China, mushroom stocks

are probably used more than anywhere else in the world.

Mushroom stock products can be made from various spe-

cies, including Agaricus bisporus (Guo et al. 2011), Ter-

mitomyces albuminosus (Zhou and Liu 2011) Tuber

magnatum (Fantozzi et al. 2015) and many others. Mush-

room stock products can mainly be divided into five types:

condensed mushroom extracts, mushroom powders,

mushroom sauces, preserved fried mushrooms, and instant

mushroom soups. Mushroom extracts and powder are often

used as a seasoning or ingredients in hot pot, while

mushroom sauce and preserved fried mushrooms are

commonly used as additives to rice, noodles and bread.

Several studies were carried out on processing technol-

ogy, raw material ratio, nutrient composition and flavour

components of mushroom stocks. Mushroom stock powder

or liquids are made from various odorous mushrooms

species. Normally, gas chromatography coupled with mass

spectrometry (Largent et al. 1990; Rapior et al.2002; Du

et al. 2014) and electronic nose technology (Fujioka et al.

2013; Zhou et al. 2015b) is usually used for the detection of

volatile organic compounds (VOC) within mushrooms.

Small hydrosoluble molecules, such as amino acids and

nucleotides (Ribeiro et al. 2008; Wang et al. 2009), as well

as volatile aroma substances, such as C8 derivatives, sulfur-

containing compounds, terpenes and other VOCs, are

mainly associated with mushroom aroma (Rapior et al.

1996, 1997a, b, c, 2002; Liu et al. 2016; Palazzolo et al.

2017). These numerous potential combinations bring
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intense and elegant flavour to the mushroom, e.g. an

almond-like aroma from Agaricus subrufescens (Kerrigan

2005) and a maple syrup-like odour in Lactarius fragilis

var. rubidus (Wood et al. 2012). These unique combina-

tions can alleviate the potent smell of any meat, poultry, or

seafood dish and are perfect choices for vegetarian and

vegan dishes.

The rationale why mushroom stocks can be attractive

ingredients foir many consumers is based not only on their

flavour profile but also on a broad spectrum of their

bioactive compounds (De Silva et al. 2013; Greeshma et al.

2018). These bioactive compounds may include unsatu-

rated fatty acids (Günç et al. 2013), free amino acids

(Ribeiro et al. 2008), volatile components (Politowicz et al.

2018), sulfur-sensory active compounds (Kupcová et al.

2018), antioxidant components like phenolics (Sevindik

et al. 2018), antiproliferative and antitumor molecules like

polysaccharides (Pandya et al. 2018; Morel et al. 2018),

anti-lung cancer peptides (Prateep et al. 2017), and various

neuroactive compounds (Thongbai et al. 2015; Sabaratnam

and Phan 2017), depending on the mushrooms used to

make the stock.

33. Fungi used in making tea

Tea is one of the most popular beverages in the world. Tea

contains relatively high amounts of chemical substances,

such as caffeine and vitamins, which can accelerate the

oxidation of fat. Therefore, almost all teas have a slimming

and weight loss effect. Fermentation is the key factor in the

tea manufacturing process. The fermentation of tea leaves

alters their chemistry, affecting the organoleptic qualities

of the tea. Fermentation affects the smell of the tea and

typically mellows its taste, reducing astringency and bit-

terness while improving mouthfeel and aftertaste. The

microbes may also produce metabolites with health bene-

fits. According to different degrees of fermentation, tea can

be divided into green tea (non-fermented), oolong tea

(semi-fermented), black tea (fully fermented by oxidizing

enzymes) and dark tea (post-fermented by microbes).

Unlike other teas, dark teas, such as Pu-erh tea and Ceylon

tea, are microbially fermented teas.

Fungi play an important role in the post-fermentation

process of dark teas. Fungi can change some sensory

properties in the post-fermentative process, as well as

influence the contents of polyphenols, catechins, gallic

acid, and caffeine. Additionally, fungi can improve the

ripping speed, success rate, and quality stability of the tea

(Chen et al. 2008; Hou et al. 2010). Aspergillus and

Blastobotrys spp. have been reported to be effective in

enhancing the nutrition of Pu-erh tea through fermentation

(Zhao and Zhou 2005; Zhao et al. 2006; Abe et al. 2008).

Some Aspergillus species, e.g. A. aureolatus, A. egyptia-

cus, A. japonicus, A. niger, A. penicillodes, A. restrictus, A.

Table 15 Contribution of fungi or fungal enzymes to volatile organic compound production

Fungi Volatile organic compounds References

Aspergillus niger

Aureobasidium pullulans

Penicillium sp.

Methyl ketones

(creamy type odor)

Armstrong and Brown (1994)

Hagedorn and Kaphammer (1994)

Krings and Berger (1998)

Aspergillus niger

Phanerochaete chrysosporium

Pycnoporus cinnabarinus

Vanillin

(vanilla odor)

Ramachandra and Ravishankar (2000)

Poornima and Preetha (2017)

Beauveria bassiana Raspberry ketone

(berry type odor)

Gupta et al. (2015)

Diutina rugosa (reported as “Candida”) (−)-Menthol

(mint flavor)

Gupta et al. (2015)

Ischnoderma benzoinum Benzaldehyde

(bitter almond flavor)

4-Methoxybenzaldehyde

(coumarin-like odor)

Fabre et al. (1996)

Gupta et al. (2015)

Krings and Berger (1998)

Kluyveromyces sp. Phenylethanol

(rosary-like odor)

Gupta et al. (2015)

Pithomyces sp. Nor-patchoulenol (woody type odor) Gupta et al. (2015)

Yarrowia lipolytica γ-Decalactone

(peach flavor)

Gupta et al. (2015)

Zygosaccharomyces rouxii Furaneol (caramelly type odor) Hecquet et al. (1996)

Krings and Berger (1998)
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wentii var. fumeus and Penicillium spp., Rhizopus spp. and

yeasts were isolated during Pu-erh tea processing (Chen

et al. 1985, 2006). In addition to these fungal isolates,

Zhang et al. (2016c) reported two new species, A. mar-

vanovae and Candida mogii, from a solid-state fermenta-

tion of Pu-erh tea. Most fungal isolates can convert the tea

polyphenols to bioactive theabrownins via a 4-day shaking

fermentation in flasks at 40 °C, 250 rpm (Zhang et al.

2016c).

Tea bushes grow only in tropical and subtropical cli-

mates. The time to pick tea leaves is related to the local

temperature and humidity. For example, the picking period

of Pu-erh tea is from the end of February to the end of

November, and the best time for picking fresh leaves is half

an hour after sunrise. Enzymatic inactivation is performed

for freshly recovered leaves. After rolling and sun-drying,

pile fermentation, the most important step, is carried out.

Finally, the process of Pu-erh compressed tea (cake tea) is

completed after a series of drying and compression steps.

Water availability, temperature, and their interactions are

important for mycelial growth. Chen et al. (1985) simu-

lated the pile fermentation process of Pu-erh tea in the

laboratory. During this process, Aspergillus niger, Peni-

cillium spp. and Rhizopus spp. began to multiply at the

beginning of fermentation. The maximum fungal quantity

occurred in the first and second turning periods and then

gradually decreased (Chen et al. 1985). Aspergillus niger is

the predominant species in the whole pile fermentation,

comprising about 80% of the mass of microorganisms

(Chen et al. 1985; Liu et al. 1986); later, A. glaucus, a low-

temperature xerophilous species, begins to grow. Next,

yeasts take a dominant position in the middle of pile fer-

mentation (Zhao et al. 2015). The mass reproduction of

molds and yeasts further suppresses the growth of bacteria

(Liu 2009). The enzymatic activities of polyphenol oxi-

dase, peroxidase and ascorbic acid oxidase are positively

correlated with the growth status of fungi (Chen et al.

1985; Zhou et al. 2004; Zhao et al. 2015). High amounts of

phenolic substrates, catechins and the oxidising enzymes

can be released when the cellulolytic enzymes produced by

fungi increase the maceration of plant tissues. Fungi are

also involved in the transformation of components of Pu-

erh tea within the pile fermentation process. Wang et al.

(2008) proposed that fungi can convert theophylline into

caffeine. In addition, fungal metabolites are an important

part of Pu-erh tea, for example in dimethoxy-4-methyl

benzene, the specific metabolite of A. niger (Gong et al.

1993). However, toxic microbial metabolites were also

detected from Pu-erh tea samples, such as Andrastin A,

Emodin and Malformin C (Zhang et al. 2016c).

The commercially available tea also contains many

fungal populations. Abe et al. (2008) found that Aspergillus

niger and Blastobotrys adeninivorans exists in the final Pu-

erh tea products. This is due to the influence of production

environments and unstable fermentation processes, which

are difficult to control and regulate. However, on the basis

of traditional post-fermentation, through inoculating spe-

cial preponderant fungal agents, not only can this suppress

harmful microbes, but also can shorten the fermentation

time and ensure the stability of product quality (Fig. 34).

34. Wine, beer and spirits

Brewing was invented about 8000 years ago, and became

widely used as early as 5000 years ago (Corran 1975). At

present, alcoholic beverages have become an integral part

of numerous people’s daily lives (Hornsey 2003, 2012).

The three major well-known alcohol beverages are wine,

beer and spirits, with beer being the most common and

popular worldwide. These alcoholic beverages can be

divided into many categories and subcategories based on

their characters and fermentation processes. In the meta-

bolic processes of brewing alcoholic beverages, the most

important biological agents belong to the genus Saccha-

romyces. Some traditional beers have used the genera

Candida, Dekkera, Saccharomycopsis and Schizosaccha-

romyces (Van Oevelen et al. 1977; Verachtert and Dawoud

1990) in production. Yeast has been used in the ethanol

formation and the process to finish brewing wine, beer and

spirits worldwide (Cambell 1996; Arora 2003; Kurtzman

et al. 2011; Blomqvist 2011).

Wine

Wine seems to be the most easy to produce among the three

beverages due to the fact that wine can be naturally fer-

mented by sugar from ripe fruits and ambient yeasts. In the

fermentation process, yeasts (natural or commercially

cultured yeasts) use sugar from fruits, and release alcohol

and carbon dioxide. Winemakers filtrate the large particles

in the wine and bottle the wine or allow for additional

aging (Fig. 35). However, the winemaking process can be

complicated in cases of premium, healthy and specialty

wine, e.g. types of grape fruits, oak-aging or steel tank,

pumpovers or punch downs (Mosedale et al. 1999; Fischer

et al. 2000; Zoecklein 2002a, b; Sacchi et al. 2005;

Downey et al. 2006; Hicks 2011; Casassa and Sari 2014;

Guerrini et al. 2017).

Beer

Beer is the most common alcoholic beverage, with the

largest market share and consumption worldwide (Fig. 36).

Goldammer (2008) reported that beer in the United States

provides over $91.6 billion U.S dollars annually in retail

sales. The global market share of beer consumption has

grown rapidly over the past decade worldwide. However,

some reports state that people will tend to drink less beer in

the near future due to a combination of factors, such as
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drinking-age population, GDP of countries and health

concerns (IWSR, Economist.com 2017). Beer is mostly

made from barley and other cereal grains, e.g. corn, rice,

wheat. The brewing process is mainly about transforming

carbohydrates from these grains into sugar. The primary

product from grains is a sugary liquid called as “wort”.

Yeasts and wort will be fermented to produce alcohol and

fizzy beers. This beverage was classified into two major

categories, i.e. the “top-” (Saccharomyces cerevisiae) and

the “bottom-” (S. pastorianus) fermenting types (Arora

2003). The top-fermenting type (or “ale”) mostly produces

darker beers, while the bottom-fermenting type (or “lager”)

produces lighter beers. Some other different characteristics

of ale and lager are shown in Table 16. Recently, hybrid

and other specialty beers that have new flavors added or

generated from the hybrid yeasts have been established and

accommodated into the third category. For example, lager

yeasts are cold-tolerant strains, but they have higher etha-

nol sensitivity than ale yeasts (warm-tolerant strains).

Hybrid strains of regular S. cerevisiae9a cold-tolerant

Saccharomyces species have been used to brew ale at lager

(cool) temperatures (Magalhães et al. 2017). Some hybrids

of yeast strains useful in the fermentation environment

were produced, e.g. by Le Jeune et al. (2007), Gibson and

Liti (2015), Krogerus et al. (2017). Presently, Saccha-

romyces contains hundreds of varieties and strains, which

need to be studied further to understand the different

expression of numerous genes for improving production in

the brewing industry. In addition, many flavours have been

recommended to add in the beer brewing process, including

dried mushrooms. Many kinds of fungi have been tested

and will be used in brewing in the near future (Okamura

et al. 2001; Okamura-Matsui et al. 2003; Leskošek-Čuka-

lović et al. 2010; Moon and Lo 2014).

Spirits

Hard alcohol or spirits have higher alcoholic content than

beers and wines. Although yeasts can only survive at up to

15% alcohol by volume (Nguyen et al. 2009), a secondary

process, “distilling,” has been used to provide much

stronger beverages than beers and wines. Brewers take

advantage of the different boiling points of alcohol and

other materials in the mixture to obtain spirits. Heating

mixtures separates the alcohol as distilled liquids, while

leaving water, grain particles and others in the boiling

Fig. 35 Pictures of the

winemaking process by Jamie

Goode (reproduced with kind

permission by the publisher

Jamie Goode, wineanorak.com)

Fig. 34 Pu-erh compressed tea (cake tea) molded into a Table orna-

ment. The compressed tea shown at the front is broken for use
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vessel. The liquids distilled are cooled in a condenser and

often be re-boiled to ensure their purity (Forbes 1970;

Lembeck 1983; Birch and Lindley 1985; Thomas and

Shipman 2016). The raw materials result in a variety of

flavours and aromas in the spirits, but the aging processes

and periods are also important (Christoph and Bauer-

Christoph 2007; Rosso et al. 2009; Robert 2010). The

variety of spirits is showed in Table 17; however, there are

many sub-categories within each type of spirit as well.

The brewed alcoholic beverage industry has grown

rapidly over recent decades, and it is increasingly pro-

ducing competitive products heightened by consumer

requirements worldwide. Creating unique experiences for

beer consumers is one of the most important goals of

alcoholic beverage manufactories. Brewers have estab-

lished numerous new techniques and processes for

improving the flavours, colours, and nutrients in wines,

beers, and spirits. Numerous new materials and processes

in brewing that can affect flavours and aromas are being

developed, and there will likely be hundreds of different

kinds of alcoholic beverages in the future. The develop-

ment of biotechnology and new discoveries will be the

most important tools to reach the goals of future brewing.

35. Functional foods and nutraceuticals

The average age of the global population is increasing, and

society is becoming more aware of the potential side

effects of prescription medicines, and therefore are seeking

alternative therapeutics (Ekor 2014; Rowe et al. 2016;

WHO 2004a, b, 2015). Various new nutritional concepts,

such as functional foods and nutraceuticals have been

developed over recent decades. By definition, functional

foods are conventional or everyday foods consumed as part

of the normal daily diet, targeting the enhancement of the

well-being and quality of life and thus reducing the risk of

Fig. 36 Global market share of beer consumption in 2016 by regions

(reprduced with kind permission from Kirin Holdings Company,

Limited)

Table 16 The major differences between ales and lagers

Beers

types

Brewing

process

Types of yeast

(Saccharomyces)

Fermentation

temperature

Brewing

times

Colour Example

Ale Top-fermenting S. cerevisiae Warm (15.5 to

25.5 °C)
7 days Brown to dark Goose Island

Bourbon County Stout

Samuel Smith’s Taddy

Porter

Sierra Nevada

Three Floyds Dark Lord

Lagers Bottom-

fermenting

S. pastorianus Cool (7.2 to 12.8 °C) Several

months

Blight gold or

yellow

Carlsberg

Corona

Dunkel

Heineken

Kirin

Miller

Pilsner Urquell

Schwarzbier

Singha

Tsingtao
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disease (El Sohaimy 2012). The term “nutraceuticals” is

defined as food constituents that provide medical or health

benefits, including the prevention and treatment of disease

(Kalra 2003). Nutraceuticals can be food in the form of

extracts, single, pure natural compounds, or nutrients that

have been turned into a pharmaceutical formulation (e.g.

pills or tablets), and they can be applied as dietary sup-

plements or as part of a specific diet (Giavasis 2014; Reis

et al. 2017). Therefore, the role of functional foods is

mainly related to reducing the risk of disease, while

nutraceuticals are usually consumed to promote well-being

through the prevention or treatment of diseases and disor-

ders (Bagchi et al. 2014).

Fungi, and especially edible mushrooms, are well

known for their nutritional value and health-promoting

properties. Mushrooms are ideal dietary supplements

because they are relatively rich in proteins, contain almost

no fat, and possess a variety of fibers and vitamins (Val-

verde et al. 2015). Many studies have been conducted to

prove the benefits of functional foods and nutraceuticals

derived from fungi in various pathological complications,

such as diabetes, atherosclerosis, cardiovascular diseases,

cancer, infection, renal, and gastrointestinal and neuro-

logical disorders (Banik et al. 2015).

Polysaccharides such as beta-glucanes are one of the

most widely studied and recognized groups of bioactive

molecules derived from mushrooms. For instance, the

glucanes from Lentinula edodes (shiitake, Fig. 37) were

successfully used as a partial replacement of wheat flour

in baked foods to produce a low calorie, fiber-rich,

functional food (Guillamón et al. 2010). Among all

studied mushrooms species, L. edodes is also known to

have antibacterial activities against both Gram-positive

and Gram-negative bacteria (Alves et al. 2012a, b). In

another study, the beta glucane lentinan (65, Fig. 38) of L.

edodes was added to noodles as a partial wheat flour

replacement, and it was claimed that their anti-oxidant

and hypocholesterolemic effects in vitro would improve

the quality of the noodles (Kalač 2013). Extracts from

Ganoderma glucans, on the other hand, have been

reported to act as free radical scavengers, thereby pre-

venting lipid peroxidation, and to stimulate interferon

synthesis in human blood cells after consumption

(Kozarski et al. 2011).

In other studies, glucans from various edible mushrooms

including Agaricus bisporus, Auricularia auricula-judae,

and the Asian “Flammulina velutipes” (Enokitake: current

name: F. filiformis; cf. Wang et al. 2018a), were shown to

possess notable antioxidant capacities and free radical

scavenging potential in vitro, and hence were proposed as

natural antioxidants in food applications. Other snack foods

enriched with a powder from extracts of the Chestnut

Mushroom (Cyclocybe aegerita) as a partial starch

replacement exhibited a low glycemic response after con-

sumption, which was correlated to the dietary fiber content

(Brennan et al. 2012). Agaricus subrufescens (synonyms:

A. blazei; A. brasiliensis) is another mushroom which has

been suggested as a safe immunostimulant and for ame-

liorating obesity or diabetes (Yamanaka et al. 2013).

Lastly, Japanese researchers managed to produce a func-

tional cheese-like food containing Schizophyllum com-

mune. The final product contains a beta-glucan, which was

claimed to have a significant antithrombotic function

(Okamura-Matsui et al. 2001).

The term “mushroom nutraceuticals” was coined by

Chang and Buswell (1996) to describe those compounds

that have considerable potential as dietary supplements and

are used for the enhancement of health and prevention of

Table 17 Differences of major types of spirits

Spirits Raw materials Mashing Fermentation Distilling Aging Most % ABV

Brandy Grapes and fruits etc. ✓ ✓ ✓ (distilled

wine)

In oak 40% (80 proof)

Gin Vodka?juniper berries ✓ ✓ ✓ 9 40–47% (80–94

proof)

Liqueur Spirits?sugar?flavor (fruit, cream,

herbs, spices, flowers or nuts)

✓ ✓ ✓ 9/✓ 15–55%

Rum Sugarcane or Molasses ✓ ✓ ✓ 9 (light rum)

✔in oak barrels (other rums)

40% (80 proof), up to

75% (150 proof)

Tequila Juices from blue Agave plant ✓ ✓ ✓ (distilled

Agave)

9 (white/silver tequila)

✓ in oak barrels (gold

tequila-blended)

40–50% (80–100

proof)

Vodka Grains, rye, corn, wheat, potatoes etc. ✓ ✓ ✓ 9 40–50% (80–100

proof)

Whisky Grains (corn, rye, wheat, barley, etc.) ✓ ✓ ✓ (distilled

beer)

✓ in charred oak, or used

whiskey or wine barrels

40–50% (80–100

proof)

Summarized from Graham (https://www.thespruceeats.com/quick-guide-to-distilled-spirits-760713)
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Fig. 37 Lentinula edodes

(shiitake)
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nlentinan (65), Lentinula edodes
 (Eaele et al.2015)

Didanosine (61), Sythetic 
compound (based on the 
Coryceps spp compound)  
(Alapi EM and Fischer J 2006)

Fig. 38 Examples of

biologically active compounds

from fungi used in functional

foods and nutraceuticals. 61:
Synthetic compound inspired

from cordycepin (Alapi and

Fischer 2006); 62: Triterpenoid
from Ganoderma sp. (Sato et al.

1986); 63: Main active principle

of “Phellinus” (i.e.

Tropicoporus) linteus (Shao

et al. 2015); 64: Blazeispirols
(triterpenoid from cultures of

Agaricus subrufescens

(Thongklang et al. 2017); 65:
Lentinan, a beta-glucane from

Lentinula edodes (Ina et al.

2013)
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various human diseases (Taofiq et al. 2016). The important

edible mushrooms with remarkable nutraceuticals proper-

ties include the species of Auricularia, Grifola, Hericium,

Lactarius, Pisolithus, Pleurotus and Tremella. Some stud-

ies suggest mushrooms as inhibitors of mycotoxin pro-

duction (Reverberi et al. 2005). The bioactive glycoprotein

(SX-fraction) extracted from Grifola frondosa, or maitake

mushrooms, have been investigated in animal and clinical

trials. It is particularly encouraging that the glycemic

control of several diabetic patients under oral medications

was significantly improved with a SX-fraction regimen that

may primarily target or act on the insulin signal transduc-

tion pathway, overcoming insulin resistance (IR and IRS-1)

(Konno et al. 2013). Other formulations exist on the mar-

ket, such as a new product for dementia, particularly Alz-

heimer’s disease, based on a proprietary standardized

extract that contains hericenones (e.g. 64) and amyloban

(both from H. erinaceus) (Thongbai et al. 2015). The

popular culinary oyster mushroom Pleurotus ostreatus and

other species of this genus synthesize bioactive pleuran,

which is another potential candidate for the development of

nutraceuticals (Giavasis and Biliaderis 2006; Zhang et al.

2001). Some examples of biologically active compounds

from fungi used in functional foods and nutraceuticals are

given in Fig. 38.

Today, it is very easy to find functional foods and

nutraceuticals derived from mushrooms in the market.

Many of these products can even be purchased via the

Internet. However, it must be kept in mind that these

studies do often not rely on standardized material and that

the “health claims” derived from them are often not sub-

stantially justified, e.g. because the studies were conducted

with rodents or even only in vitro (cell-based or enzyme

based assays), and were never validated by treatment on

humans in a similar manner as the clinical trials that are

mandatory in development of ethical drugs. Serious dis-

eases should therefore not be treated be self-medication

and patients should by all means seek advice from a

medical doctor. Among the various side effects reported for

patients that have used such preparations from TCM

mushrooms as self-medications, pancytopenia (i.e. a

decrease in the number of all blood cells) has recently been

frequently recorded (Yoon et al. 2011; Jung et al. 2013).

Even though the symptoms disappeared after the con-

sumption of the mushroom product stopped, these cases

should give a warning to everybody who uses mushroom

nutraceuticals not to overdose them.

36. Harvesting the untapped probiotic potential
of fungi

Gastrointestinal disorders and diseases constitute a major

cause of morbidity and mortality worldwide (Kaplan 2015;

Kirk et al. 2015; Peery et al. 2015). Diseases of the gas-

trointestinal tract may or may not be contagious. In the case

of non-communicable gastrointestinal tract diseases, there

is no transmissible organism involved. These include

inflammatory bowel disease, irritable bowel syndrome,

colon cancer, Crohn’s disease and colitis. In the case of

communicable gastrointestinal tract diseases, the aetiolog-

ical agent is an infectious organism. Sufferers may exhibit

one or several of a broad array of gastrointestinal tract

disturbances and perturbations, including flatulence,

abdominal pain, vomiting, nausea, gastrointestinal tract

bleeding, constipation, and diarrhoea (Wadsworth et al.

2011).

Several gastrointestinal tract disorders are becoming

increasingly difficult to treat due to ambiguous overall

symptomatology or increased resistance of pathogens to

administered pharmaceutical drugs, mainly antibiotics

(Prestinaci et al. 2015). Given these issues, there is a

critical need for therapeutics that will complement/replace

existing strategies. In that light, probiotics present an

attractive option. The Food and Agriculture Organization

of the United Nations and the World Health Organization

along with the International Scientific Association for

Probiotics and Prebiotics define probiotics as “live

microorganisms, which when administered in adequate

amounts, confer a health benefit on the host” (FAO/WHO

2001; Hill et al. 2014).

Probiotics can be delivered as dietary supplements (e.g.

capsules, tablets, and powder) or food ingredients (e.g.

yogurts and kefirs) (Szajewska et al. 2016). The health

benefits of probiotics include strengthening of the gut

mucosal barrier followed by gut pathogen colonization

resistance, replenishing of beneficial gut microbes after

diarrhetic episodes, and enhancing overall health of the

digestive tract (Hill et al. 2014). Probiotics have been used

to a limited extent for the treatment/prevention of gas-

troenteritis, inflammatory bowel disease, irritable bowel

syndrome, colorectal cancer, and colitis (Brown and

Valiere 2004; Hill et al. 2014).

Most probiotics currently in use are limited to bacterial

strains with members of the genera Bacillus, Bifidobac-

terium, Enterococcus, Lactobacillus, Propionibacterium

and Streptococcus being the most common (Ouwehand

et al. 2002; Brown and Valiere 2004; Szajewska et al.

2016). A notable exception is the yeast Saccharomyces

boulardii, which was initially isolated to combat cholera-

associated diarrhoea, and is now being used to treat diar-

rhoea of varying aetiology (McFarland and Bernasconi

1993). The health benefits of S. boulardii have been well-

documented in several randomized clinical trials

(Table 18). Nonetheless, the probiotic potential of various

other fungal species is also well known. For instance,

members of the genera Kluyveromyces and Yarrowia are
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promising candidates due to their strong activity against

bacterial pathogens and their ability to tolerate the inhos-

pitable environment of the gut (Kumura et al. 2004; Chen

et al. 2010). However, this avenue of research remains

largely unexplored (Huseyin et al. 2017).

A largely untapped source of potential fungal probiotics

is the human gut mycobiome, the collection of fungi

residing in the gut. Members of the genera Candida and

Saccharomyces are consistently prevalent across studies,

but Cladosporium, Malassezia and Penicillium seem to be

also abundant depending on the population under study

(Hoffmann et al. 2013; Rodriguez et al. 2015; Nash et al.

2017). Future research should focus on identifying and

precisely characterizing appropriate fungal probiotic

strains. Outcomes of each probiotic fungal strain should be

determined explicitly and optimal doses defined according

to age group and disease state. Research efforts should also

expand to examine the use of fungal probiotics in the

aquaculture and animal husbandry industries.

Saving the planet

Waste is a common and major global problem. Anthro-

pogenic activities result in the generation of millions of

tons of plastic waste each year. Extensive agricultural

practices have also contributed to the generation of enor-

mous quantities of waste, which are being disposed of in

non-cost-effective and environmentally unfriendly ways.

There are various ways in which fungi can help decrease

waste and reduce pollution. There is therefore an urgent

need to tap into the power of fungal organisms and devise

smart strategies regarding how they can reduce the nega-

tive effects that pollutants have on the environment. The

section below outlines how fungi contribute to the health of

our planet and have the ability to curb a number of envi-

ronmental problems, most notably pollution. Examples are

given as to how agricultural waste (which was previously

disposed of or burnt, resulting in air pollution) can be

converted into useful substrates on which to grow edible

mushrooms at an industrial scale. Mycologists have also

conducted research on resilient fungal microorganisms and

explored their ability to degrade plastics, textile effluents,

and hydrocarbons, all of which are polluting our environ-

ment at an alarming rate.

37. Agricultural waste disposal

Agricultural waste, the residue from planting until harvest,

generally contains a mixture of plant waste, animal/insect

waste, and toxic residues from the chemicals used as pes-

ticides, insecticides, and herbicides. Asia is one of the

world’s most agriculture-intensive areas: from 2010 to

2016, 46.9% of emissions in Asia came from crop residue,

compared to 28.2% and 16.2% from America and Europe,

respectively. According to the FAOSTAT2 emissions

database, 90.6% of rice produced within Asia generated

more than a hundred million tons of residual material. This

agricultural waste accounted for over 50% of the nitrous

oxide generated from the decomposition of crop residue on

cultivated soils, one of the main contributors of the

greenhouse gas effect and a cause of global warming. In

the Sacramento Valley of California, rice and wheat straw

are also major contributors of generated agricultural waste,

with 1.5 tons of rice straw waste produced annually (Zhang

et al. 2002). In Thailand, the main crops are sugarcane,

cereal, rice, cassava and oil palm, and these contribute 80%

of the total solid waste generated from crop cultivation.

A number of processes have been developed or pro-

posed for agricultural waste management (such as com-

posting, which is a sustainable process), while the common

practice of burning the rice straw, husk, stalks, corn cobs,

stubble and grasses is considered a cheap and easy means

for the disposal of excess residues (Obi et al. 2016; Walia

et al. 1999). Unfortunately, burning agricultural waste

generates many poisonous and harmful oxides and hydro-

carbonates into the atmosphere (Shaban and Omaima

Table 18 Fungal probiotics and their health benefits

Fungi Health benefits References

Saccharomyces

boulardii

Considerable reduction of duration of diarrhoea-RCT Szajewska et al. (2016) and references

thereinRisk reduction of antibiotic-associated diarrhoea-RCT

Risk reduction of diarrhoea associated with Clostridium difficile in

children-RCT

Reduction of diarrhoea associated with Helicobacter pylori infection-

RCT

Amelioration of abdominal pain in IBS sufferers-RCT

Saccharomyces

cerevisiae

Absorption of mycotoxins Moslehi-Jenabian et al. (2010)

RCT randomized clinical trials

2 http://www.fao.org/faostat/en/?#data/GA.
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2010), which in turn increases air pollution and causes

respiratory problems, which then impact the economy

through higher medical costs and employee absences.

Therefore, there is an increasing demand for sustainable

processes that utilize agricultural waste in more eco-

friendly ways.

Biological processes are considered both natural and

sustainable, and are also important in carbon recycling.

Fungi are some of the most effective decomposers in an

ecosystem and are extremely efficient in the degradation of

plant-based agricultural waste such as rice straw, wheat

straw, maize stoves and sugarcane residue (Dinis et al.

2009). Mushroom cultivation using agricultural waste, e.g.

wheat, rice, paddy straw, rice bran, coffee straw, tea leaves,

cotton straw sawdust, provide profitable agri-business

opportunities for small farmers and offers an eco-friendly

alternative to disposing of waste, which is normally burnt

(Zhang et al. 2002). Various commercial mushrooms are

cultivated worldwide, and agricultural residues are used as

cheap and renewable substrates, and a selection is given in

Table 19.

Agricultural waste consists of large quantities of ligno-

cellulosic waste, and is composed of approximately 60–

70% fermentable sugars and 20–30% aromatic compounds.

Lignocellulosic waste is a renewable and important source

for biomass/ethanol production (Kim and Dale 2004).

Wheat straw, corn stover, sugarcane bagasse, and rice

straw are the most common substrates for biofuel produc-

tion, and filamentous fungi are key components of the

fermentation process. Pichia stipites (strain NRRL

Y-7124) is used in the fermentation process to produce

ethanol from wheat straw and rice straw (Moniruzzaman

1995), and Fusarium oxysporum, Neurospora crassa, and

Paecilomyces sp. are typically used to ferment cellulose

directly to ethanol (Szczodrak and Fiedurek 1996).

Therefore, various fungi have the potential to produce

lignocellulosic enzymes and play important roles in eco-

agricultural waste practice. White-rot fungi can also be

used to pre-treat the agricultural waste to enhance the

enzymatic saccharification process due to the selective

removal of lignin (Miyauchi et al. 2018; Rouches et al.

2018; Zhou et al. 2015b, 2018). The screening of the

secreted enzymes from fungi can also be used to enhance

the saccharification of agricultural waste by commercial

enzyme cocktails, and this approach has led to the dis-

covery of new activities such as lytic polysaccharide oxi-

dases which open up the lignocellulose structures to

facilitate further access of cellulolytic enzymes (Berrin

et al. 2012; Couturier et al. (2012, 2018). Alternatively,

fungi can be used to transform compounds in agricultural

waste into higher value commercial molecules such as

vanillin (Taira et al. 2018) and cannolo (Odinot et al.

2017).

In most countries, some waste, such as cereal residue, is

universal, whereas other forms of agricultural waste are

more region-specific. In the French region of Provence, for

example, lavender is grown on a large scale for the pro-

duction of essential oils. Globally, these oils are among

those most commonly used for industrial purposes,

including in perfumes, pharmaceuticals and cosmetics.

Table 19 Agricultural waste use as substrate for mushroom cultivation

Fungal taxa Agricultural waste References

Agaricus

bisporus

Button

mushroom

Wheat straw Kamthan and Tiwari

(2017)

Ganoderma

sp.

Chinese

mushroom

Sawdust Shashitha et al. (2016)

Lentinula

edodes

Shiitake

mushroom

Bracts of pineapple crown, sugarcane bagasse, sugarcane leaves, wheat straw, corn-

cobs, oak-wood sawdust

Salmones et al. (1999)

Philippoussis et al.

(2007)

Pleurotus

eryngii

King oyster

mushroom

Supplementation of wheat bran with wood chips. Barley straw and sugar beet pulp with

rice bran

Jeznabadi et al. (2016)

Pleurotus

djamor

Pink oyster

mushroom

Supplementation of wheat bran with sugarcane bagasse Hasan et al. (2015)

Pleurotus

ostreatus

Oyster

mushroom

Paddy straw, rice straw wheat straw, date-palm leaves empty fruit bunch, olive cake,

tomato tuff, banana leaves, pine needles, sugarcane bagasse

Alananbeh et al.

(2014)

Ananbeh and

Almomany

(2005, 2008)

Ali et al. (2010)

Marlina et al. (2015)

Rezania et al. (2017)

Yang et al. (2013a)
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After steam distillation, the residual straw is considered to

be agricultural waste, though it can also be used as a source

of terpene derivatives (e.g. τ-cadinol, β-caryophyllene),
lactones (e.g. coumarin, herniarin), and phenolic com-

pounds of industrial interest, including rosmarinic acid

(through fungal treatments) (Lesage-Meessen et al. 2018).

Fungal-derived enzymes represent over 60% of the world

market in industrial enzymes. Lavender residues, like most

agricultural waste residues, are both suitable catalysts for

the secretion of a wide panel of lignocellulose-acting

enzymes, such as cellulases, laccases and xylanases, and

therefore can provide a local and cheap source of

degradative and transforming biocatalysts. Even plant

pathogens like Phyllosticta capitalensis produce arabinase,

cellulase, laccase, pectinase and xylanase, especially when

cultivated on lavender residues. The initial growth of P.

capitalensis on lavender waste was higher in comparison to

its growth on other agricultural waste materials, such as

miscanthus, rice straw, rice husk, sorghum, and wheat

straw, suggesting further stimulation of growth by a com-

pound remaining within the lavender residue (Wikee et al.

2017). This opens up further avenues to investigate the

presence of microbial growth enhancers within agricultural

waste for utilization in biotechnology. Therefore, the aims

of this present review are to reveal the capacity of fungi for

agricultural waste management and to explore the varieties

of fungi and their lignocellulolytic production, taking full

advantage of various agricultural waste products as

substrate.

38. Mycoremediation: Fungi to the rescue

Man-made activities have resulted in extreme environ-

mental pollution, and therefore environmentally friendly

remediation techniques are more necessary than ever before

(Rhodes 2013). Fungi, the most vigorous decomposers

found in nature, are a potential solution to this problem

(Singh 2006). Bioremediation with fungi, known as

mycoremediation, is an innovative biotechnological

approach which uses live fungi to clean up contamination

through total mineralization using enzymes, or through the

total removal of the contaminant via absorption (Stamets

2005). Pollutants released into the environment due to man-

made activities pose a significant threat to the sustainability

of the environment and to human health. The burning of

wood and fossil fuels, as well as coal mining and oil drilling

all release recalcitrant pollutants such as polycyclic aro-

matic hydrocarbons (PAH), which are not easy to remove

once they have been released. In addition, pesticides that

leak into natural waterways and industrial effluents con-

taining heavy metals, that have been released into the

environment without proper treatment can be effectively

removed if fungi are utilized as a remediation tool.

The vegetative part of the fungi, called mycelium, has

the ability to exude powerful extracellular enzymes and

acids that are able to decompose many organic substrates,

including lignin and cellulose (Pointing et al. 2001; Bucher

et al. 2004). With a simple screening procedure, the most

suitable fungal species for the target pollutant can be

identified (Matsubara et al. 2006). Many species of fungi,

such as Aspergillus niger, A. terreus, Cladosporium oxys-

porum, Fusarium ventricosum, Rhizopus oryzae, Tricho-

derma harzianum as well as the model white rot fungus,

Phanerochaete chrysosporium, have been tested for their

ability to degrade pesticides (Bhalerao and Puranik 2007;

León-Santiesteban et al. 2016). Polychlorinated biphenyls,

which are highly toxic chemicals previously used in many

industries and one of the more persistent organopollutants,

can be degraded by non-ligninolytic enzymes from fungi

such as Fusarium solani, Penicillium chrysogenum and

Scedosporium apiospermum (Tigini et al. 2009).

Different species of basidomycete white rot fungi are

best suited for mycoremediation, as their extracellular

lignin modifying enzymes have low substrate specificity

(Lang et al. 1995). Not only do they target lignin, but they

also are capable of targeting many organic pollutants that

are similar in structure to lignin, like DDT, lindane,

chlorodane and PCBs (Arisoy 1998; Pointing 2001; Man-

sur et al. 2017). Enzymes like lignin peroxidases (LiP),

manganese peroxidases (MnP) and laccases (LAC) secre-

ted by white rot fungi are excellent at degrading

organopollutants held together by hydrocarbon bonds

(Kües 2015). White rot fungi such as Lentinus subnudus,

Phlebia acanthocystis and Pleurotus ostreatus, and many

others have been successfully used separately as well as in

mixtures to treat sites contaminated with pesticides and

herbicides (Kamei et al. 2011; Nyakundi et al. 2011; Xiao

et al. 2011). Since white rot fungi grow by hyphal exten-

sion, they can better reach the pollutants in contaminated

sites, unlike other organisms with a low colonizing

capacity (Reddy and Mathew 2001). Furthermore, the lig-

nin degrading enzymes used by white rot fungi are extra-

cellular (Novotný et al. 2004). These fungi can tolerate

high concentrations of the pollutant, as the pollutant does

not need to be internalized in order to start the degradation

process.

Lamar and White (2001) recommend a four-step strat-

egy for the practical implementation of fungi for the

mycoremediation of contaminated sites. The steps include

laboratory scale experiments to establish preparation

methods; on-site pilot testing to understand sound technical

and engineering techniques; and the production of inocu-

lum fortified with nutrients to ensure growth and finally

full-scale application (Fig. 39).

Because of their tolerance to extreme pH conditions,

temperatures, and nutrient availability, fungal species such
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as Aspergillus sp. and Sterigmatomyces halophilus have

been tested for their ability to absorb heavy metals from

contaminated sites (Bano et al. 2018). The cell walls of

these fungi have excellent metal binding capabilities, and

can absorb contaminants which then can be physically

removed by harvesting the fungus (Baldrian 2003). The

utilization of the biosurfactants of fungal species has been a

success for the removal of heavy metals such as Fe, Zn and

Pb (Igiri et al. 2018). For example, an anionic biosurfactant

from Candida sphaerica was tested on cleaning soil col-

lected from an automotive battery industry, and the heavy

metal removal success rate was 95%, 90% and 79% for Fe,

Zn and Pb, respectively (Luna et al. 2016).

The textile industry is one of the primary contributors to

environmental pollution. Untreated textile effluents, inef-

ficiency in the dyeing process, and the poor handling of

spent dye stuff effluents are the main causes of surrounding

natural water and land contamination, both of which

adversely affect plant, human and animal life. Textile dyes,

such as azo dyes (acid red) or anthraquinonic dyes (basic

blue) are highly toxic and mutagenic in nature (Delclos

et al. 1984). Biological treatment of these harmful pollu-

tants through microbial decolourization and degradation

have attracted attention as the conventional treatment

methods produce hazardous by-products and are not very

cost effective. Trichoderma harzianum (Singh and Singh

2011) has been successfully bench tested for the decon-

tamination of various textile dyes.

Apart from the absorbance process, enzymatic degra-

dation of waste is another feasible approach that can be

used for the removal of slow-degrading waste. Various

types of cellulose-based urban solid waste are primarily

disposed of via incineration. One study conducted by

Espinosa-Valdemar et al. (2011) used Pleurotus ostreatus

(Oyster mushroom) to reduce the mass and volume of used

disposable diapers via cellulose degrading enzymes secre-

ted by the fungi, which simultaneously produced a patho-

gen-free, high-protein food source in the form of a

mushroom fruiting body that could be used for human

consumption or as a food supplement for animals.

Fig. 39 The process of

mycoremediation
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Other conventional strategies for the decontamination of

polluted sites, such as the use of chemicals or through

incineration, are comparatively less effective than

mycoremediation. The washing and extracting used in the

chemical method only shifts the contaminant from one

place to another (Valentı́n et al. 2013); likewise, inciner-

ation can be highly energy intensive, not cost effective, and

has the potential to cause harm through the formation of

dioxides (Shibamoto et al. 2007).

There are ongoing studies to test whether edible mush-

rooms could be used first for mycoremediation and then for

human consumption. In one study, for example, Pleurotus

pulmonarius was successfully tested for cleaning crude oil

(Olusola and Anslem 2010); in another study, Agaricus

bisporus and Lactarius piperatus were successfully used

for the biosorption of Cd2? under laboratory conditions

(Nagy et al. 2013). However, these mycoremediation pro-

cesses remain impractical due to the fact that the absorp-

tion of pollutants, such as heavy metals might render the

edible part of the mushrooms highly contaminated (Kul-

shreshtha et al. 2014). However, if means of utilizing

mushrooms with anti-mutagenic and anti-genotoxic abili-

ties could be developed (Mendez-Espinoza et al. 2013),

then it would be possible to simultaneously reduce the

toxicity of the pollutants, clean the lands deemed unfit for

agriculture, and produce crops or animal feed.

Some fungi not being able to grow in the presence of the

natural microbiota of the contaminated site and the need to

have precise understanding the nutrient requirements of the

fungus for it to thrive in the contaminated site might be

some small setbacks for this technology. In comparison to

the alternative methods, these problems are negligible. And

they can be readily solved with improved in-situ and ex-

situ trails.

The lack of more comprehensive information about

degradation mechanisms and the enzymes involved in the

pollutant degradation by different fungal species hinders

the possible use of them in mycoremediation in a more

specific manner. More in depth studies should be done to

recognize the oxidative enzymes, organic acids and

chelators excreted by fungi during the mineralization and

degradation process. Another way to increase efficiency of

mycoremediation is using large scale studies to verify the

results of the bench scale studies that would provide

insights in to efficient use of the existing species of fungi

and identifying new species suitable for bioremediation.

More resilient fungal species adapted to harsh environ-

mental conditions should be tested for their adaptability as

bioremediaters as they are more physiologically active. For

example in some areas of the world, the soil is high in salt

concentration due to inefficient drainage and this makes the

ecosystems in these areas very simple and fragile. To make

these areas more agriculturally feasible, halophilic or

halotolerant fungi can be used use to clean up the soil of

the excessive salt. Up until now most of the studies done

regarding halophilic fungi only focus on the characteriza-

tion. Fungi such as Aspergillus penicillioides, Gymnascella

marismortui, Cladosporium cladosporioides and Penicil-

lium westlingii are well characterized as halophilic but their

potential use as soil mycoremediators should be done with

more focused studies specifically designed to check their

salt remediation ability (Zhang and Wei 2017).

By studying the genes related to enzyme degradation,

mineralization, absorbance and adaptability to extreme

environmental conditions, transgenic fungi can be pro-

duced with superior mycoremediation capabilities. How-

ever, since the remediation capacity of naturally occurring

fungi is still very much understudied, isolating and

screening suitable fungi from their natural habitats should

carried out in order to reclaim polluted sites and to sustain

a better environment for future generations.

39. Mycofumigation using the genus Muscodor

Mycofumigation is the use of antimicrobial volatiles pro-

duced by fungi for the control of other organisms (Stinson

et al. 2003). The prototypes of the mycofumigant agents

belong to strains of the genus Muscodor, on which most of

the activities in research and development in this area have

so far been focused. Muscodor species are endophytes that

belong to the order Xylariales (Ezra et al. 2004; González

et al. 2009; Kudalkar et al. 2012; Suwannarach et al.

2013a; Wijayawardene et al. 2018; Chen et al. 2019), but

the taxonomic and phylogenetic position of the genus

remains unsettled (Daranagama et al. 2018; Wendt et al.

2018). Muscodor cultures do not sporulate, their sexual

state is as yet unknown, and their most salient common

feature is their ability to produce volatile organic com-

pounds. All strains of this genus can inhibit and kill other

fungi, including human and plant pathogenic species, as

well as bacteria and insects, through the production of a

mixture of volatile organic compounds. These mixtures are

primarily composed of various small molecular weight

alcohols, organic acids, esters, ketones, and several aro-

matic hydrocarbons as determined by gas chromatography-

mass spectrometry. The mixture of VOCs produced from

Muscodor species has been reported to be antimicrobial

volatiles (for a selection see compounds 66–72 in Fig. 40;

for original literature see, Atmosukarto et al. 2005;

Kudalkar et al. 2012; Mercier and Jiménez 2004; Mitchell

et al. 2008; Ramin et al. 2005; Siri-Udom et al. 2017;

Suwannarach et al. 2013a, 2015a, 2017; Worapong et al.

2001; Zhang et al. 2010b). Studies by Alpha et al. (2015)

and Hutchings et al. (2017) suggested that VOC produced

by Muscodor may act in the bacterial DNA damage

through inducing DNA alkylation and DNA methylation
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processes; however, the active ingredients yet remain to be

identified. If such biological activities would also be

observed in eukaryotes, including mammalian cells, this

might constitute a future challenge for the registration of

products based on the respective strains because of their

mutagenic potential.

The most advanced project of this kind has focused on

Muscodor albus (strain 620), originally isolated from

Cinnamomum zeylanicum. This strain was shown to be an

effective biofumigant capable of controlling lemon decay

caused by Penicillium digitatum; lemon sour rot caused by

Geotrichum citri-aurantii; apple decay caused by Penicil-

lium expansum and Botrytis cinerea; as well as peach

brown rot caused by Monilinia fructicola (Mercier and

Jiménez 2004; Mercier and Smilanick 2005). The strain

also can control grain smut fungi (Goates and Mercier

2009) and act as an insecticide against potato tuber moths

(Lacey and Neven 2006). Another strain, Muscodor

suthepensis (Fig. 41a), isolated from Cinnamomum bejol-

ghota in Thailand, has potential application as a biofumi-

gant for controlling blue mold (Penicillium digitatum)

decay of the tangerine fruit (Fig. 42a) (Suwannarach et al.

2015a, b).

Muscodor inoculum also has the potential to replace

methyl bromide (a toxic chemical fumigant and pesticide)

fumigation in controlling soil-borne plant diseases. Mus-

codor albus (strain MFC2), isolated from Myristica

fragrans, has the potential to control kale root rot disease

caused by Pythium ultimum (Worapong and Strobel 2009).

Muscodor albus (strain 620) and M. roseus (isolated from

Grevillea pteridifolia) showed the ability to control disease

severity caused by a variety of fungal and oomycete plant

pathogens, e.g. Aphanomyces cochlioides, Rhizoctonia

solani, Pythium ultimum and Verticillium dahliae (Stinson

et al. 2003; Mercier and Jiménez 2009). Muscodor roseus

also has nematicidal and nematostatic application against

four plant-parasitic nematode species (Meloidogyne chit-

woodi, M. hapla, Paratrichodorus allius, and P. penetrans)

found on economically important vegetable crops (Riga

et al. 2008). Muscodor cinnamomi (Fig. 41b) completely

controlled damping-off symptoms on plant seedlings and

Rhizoctonia-root rot in tomato plants, (Fig. 42c) (Suwan-

narach et al. 2012, 2015b). Muscodor heveae isolated from

rubber trees (Hevea brasiliensis) is effective at controlling

white root rot disease in rubber trees caused by Rigido-

porus microporus (Siri-Udom et al. 2017).

The application of Muscodor in the control of soil-borne

disease might be of concern due to the phytotoxic activity

which depends on the mixture of volatile organic com-

pounds and type of plant (Suwannarach et al. 2012; Siri-

Udom et al. 2017). Suwannarach et al. (2017) suggested

that M. cinnamomi could be used in fumigation with an

active culture of a biological control agent to reduce the

number of microorganisms present on eggshell surfaces

O

O

3-Methylbutyl acetate (66)

OH

2-Methylbutan-1-ol (67)

OH

3-Methylbutan-1-ol (68)

O

2-Methylfuran (69)

O

Tetrahydrofuran (70)

O

2-Butanone (71)

OH

O

2-Methylpropanoic cid (72)

Fig. 40 Bioactive compounds

reported from Muscodor species

Fig. 41 Colonies of Muscodor

suthepensis (a) and M.

cinnamomi (b) on potato

dextrose agar at 25° C after

12 days. Scale bar = 1 cm
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without producing adverse effects on egg quality

(Fig. 42b). Muscodor mycofumigants, through the use of

the cereal grain inoculum, are being developed to control

fruit decay and soil-borne diseases (Mercier and Smilanick

2005; Suwannarach et al. 2015a, b). Currently, the WAG

BAG® Waste Kit, produced by M. albus, is a commercially

available product for human waste disposal for application

in aeronautics and by the military, which is regarded as

non-toxic, biodegradable, and therefore environmentally

friendly (Phillips et al. 2010).

Several other endophytic fungi, e.g. Gliocladium spp.

Hypoxylon spp., Nodulisporium spp., Phomopsis spp., and

Oxyporus latemarginatus, have been reported to produce

volatile compounds that control fruit decay (Lee et al.

2009a; Park et al. 2010; Tomsheck et al. 2010; Singh et al.

2011; Suwannarach et al. 2013b). However, the identifi-

cation of volatiles is often tentative, because no matching

factors for GC/MS analytics have been given, and further

effort on the characterization of the active principles are

needed (cf. Helaly et al. 2018b). One way to safely identify

the active components and assess their risk would be

through total synthesis and subsequent biological testing in

a manner similar to that in Wang et al. (2018b).

40. Biomass to biofuel: Unmasking the potential
of lesser-known fungi

The conversion of lignocellulosic biomass (grasses, sea-

weeds, woody plants) to biofuel involves three phases: pre-

treatment, saccharification, and fermentation (Himmel

et al. 2007). Lignocellulosic biomass is primarily made up

of lignin, cellulose, and hemicellulose. Lignin, which

imparts structural rigidity and integrity to plants, is a

heterogeneous phenolic polymer with a variety of ether and

carbon-carbon linkages. The delignification of biomass is

necessary to expose the cellulose and hemicellulose poly-

mers for their subsequent enzymatic hydrolysis into

monomeric sugars (saccharification). Lignin’s recalcitrance

to depolymerization has prevented the cost-effective con-

version of lignocellulosic biomass to sugars, and in some

ways has undermined the viability of biorefinery opera-

tions. While the ability of a few white-rot fungi (basid-

iomycetes) to delignify lignocellulosic biomass has been

explored in pre-treatment strategies (Tian et al. 2012;

López-Abelairas et al. 2013), and cellulases and hemicel-

lulases of Trichoderma reesei and Aspergillus niger (fila-

mentous ascomycetes) have been extensively utilized for

saccharification (de Souza et al. 2011; Keshavarz and

Khalesi 2016), the emphasis on selected fungi has left the

full potential of this vast kingdom largely untapped. By

drawing attention to examples of less-studied fungi from

unusual ecological niches, we highlight the payoffs from

such initiatives to broaden the biocatalyst arsenal and to

increase the prospects for new pre-treatment and sacchar-

ification enzyme cocktails and methods (Fig. 43).

The harsh physicochemical pre-treatment of lignocel-

lulosic biomass often involves milling, as well as treatment

with acid or alkali at high temperatures (Himmel et al.

2007; Wilson 2009; Wi et al. 2015). An alternative pre-

treatment entails the use of ionic liquids (e.g., 1-ethyl-3-

methylimidazolium acetate) to dissolve the lignocellulosic

biomass and decrease lignin interference (Swatloski et al.

2002; Dadi et al. 2006; Wahlström and Suurnäkki 2015).

Thus, ionic liquids afford a one-pot pre-treatment with

saccharification (Shi et al. 2013), and are expected to

increase the yield of sugars for fermentation. However,

because ionic liquids inhibit the cellulolytic enzymes (El-

gharbawy et al. 2016), ionic liquid-tolerant saccharification

enzymes are necessary. Indeed, ionic liquid-tolerant

endoglucanases, cellobiosidases, and β-glucosidases (the

cellulolytic trio) from thermophilic/halophilic bacteria and

archaea have been identified (Datta et al. 2010; Zhang et al.

2011b; Ilmberger et al. 2012; Park et al. 2012; Gladden

Fig. 42 Mycofumigation by Muscodor species. a Control of blue

mold decay of tangerine fruit at 15 days of storage after 24 h

fumigation by Muscodor suthepensis. b Eggs and microorganism on

eggshell surfaces at 3 days of storage after 24 h fumigation with

M. cinnamomi. c Control of tomato root rot disease by M. cinnamomi

at 4 months after planting. T1 infected control experiment, T2

Muscodor experiment, T3 M. cinnamomi?R. solani experiment, T4

non-infected control experiment
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et al. 2014). For ionic liquid-tolerant hemi-cellulolytic

enzymes, we directed our bio-prospecting efforts to mar-

ine-derived endophytic fungi, which have gainfully lever-

aged millions of years of co-evolution with marine plants/

algae to dominate the host microbiome and create a pow-

erful catalytic repertoire that permits them to function as

primary degraders of lignocellulosic biomass. We demon-

strated that a mesophilic Trichoderma harzianum—isolated

as an endosymbiont of the brown seaweed Sargassum

wightii—produces ionic liquid-tolerant β-xylosidase, an

enzyme needed for hemicellulose breakdown (Sengupta

et al. 2017). Considering the structural difference in the

xylans of brown seaweed and red/green algae growing in

salt-rich habitats (Kloareg and Quatrano 1988), targeted

bio-prospecting of associated endophytes should uncover

ionic liquid-tolerant enzymes for lignocellulosic biomass

deconstruction and saccharification.

The biological pretreatment of lignocellulosic biomass

with white-rot fungi has been investigated owing to the fact

that these organisms secrete lignin-degrading peroxidases

and laccases (López-Abelairas et al. 2013; Yang et al.

2013b). While generic wood-rot basidiomycetes are useful

in this regard, the idea that endophytic fungi (ascomycetes)

isolated from a specific plant/tree might be evolutionarily

fine-tuned for the deconstruction of its host biomass is

supported by recent studies. For example, Ulocladium sp.

and Hormonema sp., which are laccase-producing endo-

phytes isolated from eucalyptus trees, were superior

delignification agents relative to Trametes sp., an estab-

lished laccase producer (Martı́n-Sampedro et al. 2015). In

another example, Pestalotiopsis sp. was isolated from a

mangrove (Arfi et al. 2013), and wood chips from Rhi-

zophora stylosa mangrove trees were used to support the

growth of this fungus. A proteomic analysis of this

Pestalotiopsis sp. secretome revealed that 40% and 15%

corresponded to glycosyl hydrolases and lignolytic

enzymes, respectively. Endophytes isolated from such

targeted bioprospecting are excellent tools for the decon-

struction of their plant hosts, especially when used in

conjunction with typical pretreatment methods that can

now be performed at lower alkali/acid levels or tempera-

tures. Second-generation variants, in which the aforemen-

tioned endophytes are genetically manipulated to

overexpress specific enzymes (e.g., laccases) relative to the

parental strain, will be worth developing. Transcriptome

analysis of endophytic fungi capable of surviving as

saprotrophs in abscised plant organs (Reddy et al. 2016;

Guerreiro et al. 2018) would help to identify candidate cell

wall polysaccharide-degrading enzymes that merit up-reg-

ulation in fungi that will be customized as pre-treatment

agents. It would be instructive to investigate whether dif-

ferent genera of endophytic fungi exhibiting a biphasic life

Fig. 43 Novel roles for fungi in

biofuel production. Adapted in

part with permission from

Ribeiro et al. (2016)
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style have conserved a specific suite of enzymes for bio-

mass degradation, as was discovered in the case of basid-

iomycetous fungi (Peng et al. 2018; López et al. 2018).

Pre-treatment with dilute acid at high temperature

releases organic acids, phenolic derivatives and furalde-

hydes (furfural and 5-hydroxymethylfurfural) (Palmqvist

and Hahn-Hägerdal 2000). The furaldehydes cause DNA

damage, inactivate glycolytic enzymes, and inhibit down-

stream saccharification and fermentation, thus reducing the

efficiency of biomass utilization (Caspeta et al. 2015).

Although these inhibitors could be removed by washing

and alkali treatment, or by ion exchange (Almeida et al.

2009), such methods are expensive, inefficient, and, sig-

nificantly, wash away fermentable sugars. Under these

conditions, the use of microbes which can metabolize such

inhibitors offers a bioabatement strategy (Suryanarayanan

et al. 2017).

Because furaldehydes are the most abundant and com-

mon volatile organic compounds released during biomass

burning, we postulated that fungi in forests experiencing

episodic fires can tolerate furfural and 5-hydroxymethyl-

furfural. Indeed, these two furaldehydes could be utilized

by both endophytic and litter fungi from these forests,

including those belonging to different taxonomic orders

(Govinda Rajulu et al. 2014). These findings are consistent

with those demonstrating the ability of Coniochaeta lig-

niaria (López et al. 2004), A. niger and T. reesei (Rumbold

et al. 2009), and Amorphotheca resinae ZN1 (Zhang et al.

2010a) to use furfural or 5-hydroxymethylfurfural for

growth. Using any of these fungi as bioabatement agents,

however, will require construction of sugar-transport

mutants that will minimize utilization of sugars and max-

imize consumption of furaldehydes.

Some of the currently used saccharification enzymes

from Trichoderma reesei and Aspergillus niger exhibit low

activity under industrial conditions (Druzhinina and

Kubicek 2017), motivating the search for alternatives that

are better suited for a specific biomass. Upon identification

of an abundant biomass (in a given locale) for use as the

main feedstock for biofuel production, the resident endo-

phytes should be isolated and characterized for their

delignification and saccharification capabilities. For

example, Talaromyces borbonicus, a new species found in

the naturally degrading biomass of Arundo donax (a tall

cane), was sequenced and found to use 4% of its genome to

code for 396 enzymes, all of which were linked to the

breakdown, modification, or synthesis of glycosidic bonds

(Varriale et al. 2018). In addition to A. donax deconstruc-

tion, this new palette of catalysts (once validated) will add

to a growing inventory of saccharification enzymes. It is

also useful to explore newer classes of enzymes, as

exemplified by the fungal lytic polysaccharide mono-oxy-

genases, which revealed a novel oxidative (rather than

hydrolytic) route to polysaccharide degradation (Couturier

et al. 2018). These lytic polysaccharide mono-oxygenases

(together with expansins and swollenins, which help loosen

the cellulose microfibrils) are grouped under non-hy-

drolytic cellulose active proteins that collectively enhance

the activity of cellulases in biomass hydrolysis (Ekwe et al.

2013). In light of these early successes with fungal non-

hydrolytic cellulose active proteins (Moncalro and Filho

2017; Santos et al. 2017), it is essential to screen different

ecological groups of fungi for superior variants.

New lessons have emerged from studying fungi not

deemed model platforms for biofuel production. For

instance, the anaerobic gut fungi of herbivores (e.g., goats,

horses), which extract nutrients from seemingly

intractable foliage, have many biomass-degrading enzymes

that permit the utilization of a broad range of substrates

(Solomon et al. 2016; Haitjema et al. 2017). Importantly,

the synergy among carbohydrases in Neocallimastigota

members (e.g., Piromyces, Neocallimastix) is the basis for

the superior biomass-degradation capabilities of the her-

bivore gut. In another parallel, the fungus-cultivating ter-

mite symbiosis complex exemplifies a remarkable

cooperation among different microbes for lignocellulosic

biomass utilization (Li et al. 2017). Within a colony, young

termites use their gut microbiome to degrade lignocellu-

losic biomass, most notably the typically refractory lignin

side-chains, and use their lignocellulosic biomass remnant-

rich faeces to build a fungal comb. The fungal microbiome

in the comb cleaves lignocellulosic biomass polysaccha-

rides and utilizes only xylose. The oligosaccharides in the

comb sustain the older termites, which forage and transport

plant material to the colony. This step-wise anaerobic and

aerobic tandem deconstruction of lignocellulosic biomass

occurs first within the gut of young termites and then in the

fungal comb. This accounts for the comparatively faster

pace with which termites degrade woody biomass when

compared with herbivores.

While enzymes in model fungi (e.g., Trichoderma) have

fostered advances for biofuel production, the two instances

described above (Solomon et al. 2016; Li et al. 2017)

demonstrate that lignocellulosic biomass deconstruction

efficiency is due to synergy rather the catalytic arsenal per

se; therefore, mimicking such consortia for industrial

applications will be profitable. Thus, it would be worth-

while to screen the biomass-degrading ability of consortia

of specific plant litter fungi at defined intervals during

deconstruction, as different fungal species may contribute

to different stages in the sequential breakdown (Vořı́šková

and Baldrian 2013). Indeed, such a temporal orchestration

of biomass degrading enzymes has also been reported for a

bacterial consortium growing on sugarcane bagasse

(Jiménez et al. 2018).
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Fungi are the primary degraders of plant biomass. Due

to the complex structure of plant biomass and the long-

standing interaction of fungi with plants (Lange et al.

2018), fungi have evolved a wide variety of biomass-de-

construction enzymes. However, since only a few fungal

species have thus far been harnessed for their lignocellu-

lolytic potential, it is essential to mine aerobic and anaer-

obic fungi from less-explored habitats [e.g., biogas plants

(Young et al. 2018)]. Also, while the production of bio-

mass-degrading enzymes by fungi is tightly controlled, the

regulatory mechanisms are not highly conserved, as might

be expected based on the diversity of ecological niches and

lifestyles exhibited by fungi (Benocci et al. 2017). Thus, it

is important to conduct omics studies on fungi from dif-

ferent habitats with varying lifestyles (saprobic, symbiotic

and parasitic) in order to develop superior enzyme cock-

tails, or tailor pre-treatment agents. The finding that a

single base pair difference among Trichoderma species

could affect the expression and catalytic performance of

biomass-degrading enzymes (Horta et al. 2018) affirms the

need for a firm understanding of the underlying mecha-

nisms for controlling gene expression.

41. Packed-bed bioreactor for mycomaterial
production

Solid-state bioreactor systems have generally been con-

sidered the lesser alternative to liquid culture bioreactors

for scaled generation and extraction of target proteins from

bacteria and yeasts. Liquid culture allows for more efficient

dissipation of heat, homogenization of cultures, and

incremental addition of feedstock. While liquid culture

provides a high degree of functionality for product

extraction, they are largely limited to the production of

discrete hyphal pellets or tissue sheets, making solid-state-

fermentation bioreactors optimal for applications leverag-

ing the three-dimensional structure of mycelium or modi-

fying a solid substrate. Numerous solid-state bioreactor

designs have been implemented in industry, but the details

of their development and application are seldom reported

due to their proprietary nature (Mitchell et al. 2010).

For 10 years, Ecovative Design (Green Island, NY,

USA) has been manufacturing mushroom composite

materials which harness the structure of mushroom myce-

lium to produce products for protective packaging, furni-

ture componentry, and other goods. These products utilize

the structure of mycelium—a tenacious combination of cell

wall chitin–glucan matrices and filamentous inter-cellular

crosslinking—to bind discrete lignocellulosic particles into

mycelium composites of defined geometry (Islam et al.

2018) with sufficient compressive and flexural strength to

withstand use in a variety of high stress applications. Ini-

tially, these mycelium products were manufactured in a

Type I (Mitchell et al. 2010) passively aerated molded tray

incubation system, wherein the maximum dimensionality

was governed by the limitations of passive metabolic heat

and gas diffusion. Since 2016, Ecovative has invested in

the development of an actively aerated solid-state biore-

actor system designed to enable gas-exchange and heat-

dissipation within large masses of mycelium composite

through forced aeration with conditioned air. The adoption

of this large, solid-state bioreactor (coined the Bulk Bin

Reactor; see Fig. 44) has enabled the production of large

geometry structural products that were impossible to pro-

duce with tray-based passively aerated systems. In addi-

tion, the necessary asepsis required for the production of

this material has been greatly reduced compared to the

former tray-based system. The 0.7 m3 blocks produced by

the Bulk Bin Reactor system can be cut using a horizontal

band saw mill into billets as thin as 3 cm thick, yielding

multiple units from a single bin, and opening a variety of

product opportunities for affordable flat stock panels. This

represents the first report of the development and applica-

tion of a Type II solid-state bioreactor system for mycelium

material production, including a summary account of

engineering and biological considerations.

The physical system consists primarily of an air pre-

treatment system and a vessel including air distribution

(Mueller 2018). Pre-treatment of the air is critical for

controlling temperature, humidity, and gas concentrations.

Air is introduced to the system through a coarse particulate

filter for protection of the blower. Critically, the blower is

capable of providing air at a range of pressures which

enables not only passage through the loose substrate prior

to growth, but passage through the myceliated material at

the end of the process cycle when pressures are highest.

From the blower, the air is cooled to a programmable

temperature via an intercooler or fan ventilator. This allows

the system to run in an environment with fluctuating

external temperatures, and also controls for the variable

amount of heat added by the fan, which may change

depending on load. Temperature controlled air can then be

split into a plurality of flows for the support of multiple

vessels. Here, flow (vol/vol/min) is also measured within

each vessel to ensure that the desired flow rate is achieved.

Air at temperature next enters a humidification chamber

wherein it is bubbled through a column of water. The

humidification chamber is designed with a depth and size

such that it can provide sufficient moisture into the air to

fully saturate it. Additionally, as the process of evaporating

water into the air stream requires heat, a heater is imple-

mented to add the energy required to continually humidify

the air, even at very high flow rates. By varying this energy

input, it is possible to control with precision the humidity

level during steady state operation. The humidification

chamber (and all parts of the airflow pretreatment system)
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must be designed to handle the pressures which will be

sustained at the end of the process when inter-particle

colonization has reduced porosity.

The pre-treated air can be connected to a variety of

vessel designs, from custom-molded shapes to generic

blocks for later processing into panels. Design of the vessel

depends on the nature of the substrate being used, partic-

ularly on its porosity, and on other variables such as the

metabolic heat generated with the given combination of

process parameters. In large vessels, an array of nozzles is

used, each providing equal flow for the generation of uni-

form materials. The nozzles used are specially designed in

order to provide uniform back pressure against free flow,

therefore maintaining even flow rates through each nozzle

and minimizing effects of random porosity variations in the

material. The cross-sectional area of the nozzle and

expansion area is selected such that even with partial

blockage, the remaining cross-sectional area is still greater

than the cross-sectional area of the flow restriction zone.

This minimizes flow variation between nozzles caused by

the random orientation of the chips.

It is important to note here that if PD_S?PD_G exceeds

the force of gravity on the substrate, the growing material

will lift, opening low resistance air-flow channels that will

bypass the material and increase gas-exchange hetero-

geneity. This is colloquially termed “burping”, and whether

it occurs in operation is a combined function of the porosity

of the substrate; the density of inter-particle colonization;

the air flow rate required; and the density of the substrate—

all of which combine to dictate the burping back-pressure.

One critical dimension of the vessel is its height. If

aeration is introduced on a single side, for example on the

bottom of a rectangular open top vessel, and if the vessel is

sufficiently large in its length and width dimensions that

heat loss through the walls cannot be considered for the

central material, then its core is essentially a one dimen-

sional thermodynamic and fluid dynamic system. In such a

system, with heat being generated by each successive unit

layer of material, the delta between the temperature of the

material at the bottom of the vessel (Tbot) and at the top

(Ttop) will be directly correlated with the height of the

vessel. By the same logic, it is true that there will always be

a temperature difference between the bottom and top of the

vessel, so long as the material is generating heat and being

cooled by aeration. It is important that the air flow rate,

metabolic conditions, energy availability of the substrate,

organism selected for growth, and height of the vessel all

be selected in concert in order to ensure that the

Fig. 44 a The bulk bin reactor

system showing the air

pretreatment system for air

distribution and conditioning,

and a bin incubation unit with a

growing mycelium-

lignocellulose composite block;

b example of a bulk bin reactor

system mycelium-lignocellulose

block, after extraction from the

bin incubation unit and prior to

post-processing; c light

micrograph of epoxy thin

section of mycelium-wood

composite, showing a two-

dimensional section of the inter-

particle hyphal matrix; d panels

cut from a bulk bin reactor

system mycelium-lignocellulose

block during post-processing,

showing examples of a sealed

surface (top), an applied

laminate (middle), and an

unfinished surface (bottom)
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temperature delta between top and bottom is small enough

that final properties of the top and bottom of the material

are within the desired specifications.

A primary consideration for substrate and nutrition

selection is the minimization of systemic sensitivity to

contaminant organisms. The choice of a suitable primary

substrate, composing the bulk of the raw material, is key to

achieving stable and productive operation. Attributes to

consider include density, porosity, nutritional availability,

phytochemical composition, and cleanliness. From a

holistic perspective, substrate composition—including

spawn type, spawn rate, substrate species, supplemental

nutrition, and temporal staging of supplemental nutritional

inputs (i.e. pre- or post-priority effect)—is critical to the

exclusion of contaminant organisms and to achieving a

mechanically relevant stage of myceliation without strict

aseptic control (Winiski 2015).

Strain selection involves a number of considerations,

including ecological and metabolic habit, growth rate,

hyphal morphology, and temperature sensitivity. Critically,

the selected strain should have metabolic access to the

recalcitrant lignocellulose in the base substrate while

demonstrating growth rates that allow for exclusion of

competitor species (Winiski 2015). Additionally, the

selected strain should result in an inter-particle hyphal

morphology that produces the desired mechanical proper-

ties. The organism selected must also be able to grow at a

range of temperatures, but with generally similar growth

rates at the range between Tbot and Ttop, thus enabling a

uniform product.

One particular consideration in the production of

mycelium materials with actively aerated static bioreactor

systems involves the inherent conflict between the selec-

tion for inter-particle hyphal growth for material properties,

and the resultant effect on inter-particle porosity and back-

pressure. Within this context, the morphology of inter-

particle growth governs air flow through the particle mass,

ultimately affecting oxygen availability, heat dissipation,

and thereby material heterogeneity, as a result of air

channeling during inter-particle densification. For this

reason, it is critical to understand the specific dynamics

among the inter-particle hyphal network, mechanical

properties, and system dynamics, in order to negotiate and

optimize system operation and product properties. In this

effort, simple and accessible techniques are employed for

direct observation of inter-particle hyphal morphology by

epoxy embedment and thin-sectioning, utilizing adapta-

tions of well-established methodologies (Richardson et al.

1960). Open source image analysis software (Barry et al.

2015; Puspoki et al. 2016) is leveraged to perform quan-

titative analysis of the inter-particle hyphal matrix via light

micrographs of the epoxy thin section (Fig. 44c). These

methods and software applications provide accessible tools

for extracting large quantities of morphological data with

high sampling frequency (thousands of data-points on a

scale of minutes), where manual measurement would be

prohibitively laborious, and from which inter-particle

morphological features such as hyphal length and area

density, node density, inter-particle porosity, cell or strand

thickness, and network orientation coherency and aniso-

tropy can be related to system operation, environmental

conditions, and material properties.

The described bulk bin reactor system is being leveraged

to efficiently produce solid blocks of mycelium composite

material (Table 20, mCore Panels and Blocks 2018), which

is post-processed to panels of varying geometries using a

horizontal band saw mill for applications including

acoustic panels and wetland rafts, with further applications

potentially envisaged for packaging, temporary signage

and constructions, and insulation cores for doors. This

material is manufactured within a 10-day processing time

in 0.7 m3 blocks using the current bulk bin reactor para-

digm, with plans for scaling to[56 m3 with modification of

existing lane composting system infrastructure with a

projected cost of\$142 USD/m3 for operations above

42,000 m3 per year. For comparison, production costs for

the Type I passively aerated molded tray system ranges

from $350–700 USD/m3.

Previous research conducted by Pelletier et al. (2013)

identified the potential application of mycelium composites

produced with agricultural substrates as acoustic absorbers.

In addition to the added benefits of a low-energy

Table 20 Material blends and properties

Property Standards Hemp blend Aspen chip Aspen shaving

Density (kg/m3) 102–129 192 96

Modulus of elasticity (MPa) ASTM C165-07, D1621-16 0.89–1.72 3.44–4.20 0.27–0.48

10% compressive strength (MPa) ASTM C165-07, D1621-16 0.06–0.15 0.20–0.41 0.01–0.02

Flexural modulus (MPa) C203-05a 10.34–15.85 5.51–9.65

Flexural strength (MPa) C203-05a 0.12–0.20 0.07–0.11

Noise reduction coefficient (0–1) ASTM C423 0.6 0.4 0.9

Fire rating ASTM E84 Class A
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manufacturing process and biodegradability at the pro-

duct’s end-of-life stage, it was found that optimum per-

formance occurred at the critical automotive road noise

frequency of 1000 Hz. Subsequently, testing was per-

formed with panels produced within the bulk bin reactor

paradigm with three substrate blends (Table 20), according

to ASTM C423 using an IBM HVAL with a Norsonics

NE840 real time analyser. The highest sound absorption

was found with the aspen shaving blend, which boasted an

NRC rating of 0.9, thus demonstrating a Class A absorption

coefficient and suggesting potential application for manu-

facture of low VOC, biodegradable, acoustic panels. State-

of-the-art acoustic panels are produced with polyurethane

foam, with mineral wool and fiberglass providing low-

VOC options, but there is a growing interest in develop-

ment of natural alternatives due to human health and pro-

duct end-of-life concerns (Kaamin 2017).

A critical property for acoustic panels for indoor

applications is fire rating. Jones et al. (2017) reported

meaningfully lower CO2 and CO release, along with

reduced smoke density, for mycelium-rice hull composites,

as compared to XPS by cone calorimeter. Additionally, fire

performance can be improved by amendment with glass

fines (Jones et al. 2018).

Constructed floating wetland panels represent another

application opportunity for the mechanical and end-of-life

properties of mycelium composites. Constructed floating

wetlands are primarily utilized to improve wetland water or

wastewater quality, though they are also used for a variety

of other objectives, including habitat creation, shoreline

protection, and landscape improvement. Floating wetlands

are typically constructed from a variety of materials,

including non-biodegradable materials such as extruded

polystyrene, PVC pipes, and high-density polyethylene

(Pavlineri et al. 2017). In this consideration, mycelium

composite panels may provide a biodegradable option with

the required mechanical and hydrophobic properties (Ha-

neef et al. 2017). This application is being tested by the

Green Futures Research and Design Lab at the University

of Washington (Seattle, WA, USA), with mycelium com-

posite panels currently in field deployment.

42. Fungal degradation of plastics: A hidden
treasure for a greener environment

In the modern plastic era, primary plastic production has

increased to 335 million tonnes per year, with Asia

accounting for 50% of the total worldwide production

(PlasticsEurope 2017). According to a recent estimate,

from 1950 to 2015 about 9150 million tonnes of primary

plastics were produced, resulting in the accumulation of

about 6945 million tonnes of plastic waste on the surface of

the earth. Of the total waste generated, only a small per-

centage was recycled (9%) and incinerated (12%), while

79% amassed in landfills and other terrestrial and marine

environments (Geyer et al. 2017).

The majority of petroleum-based plastics, such as

polyethylene (PE), poly(ethylene terephthalate) (PET),

polystyrenes (PS), polyurethanes (PUs), and polyvinyl

chloride (PVC), are resistant to biodegradation, and

therefore persist in the environment with various conse-

quences (Wei and Zimmermann 2017). Biodegradable

plastics are considered eco-friendly alternatives to petro-

leum-based non-biodegradable polymers. However, limited

information is available regarding the exact mechanisms

underlying the biodegradation process, the time scale of

biodegradation, and the optimal environmental conditions

required for their biodegradation (Yang et al. 2014a). Thus,

the careless disposal and degradation of both biodegradable

and synthetic plastics result in the accumulation of waste in

terrestrial landfills and marine environments, and pose a

serious threat to surrounding ecosystems (Andrady 2015).

Nonetheless, numerous studies have reported that plastics

are vulnerable to microbial attack (Barratt et al. 2003;

Krasowska et al. 2012; Mathur and Prasad 2012; Zafar

et al. 2013, 2014; Restrepo-Flórez et al. 2014; Khan et al.

2017).

The conservational and ecological roles of fungi are not

only limited to energy or elemental cycling, but can also be

used in the biodegradation of various types of plastics.

Numerous studies have mentioned fungi as the predomi-

nant microorganisms responsible for the biodegradation of

both bio- and synthetic- plastics (Barratt et al. 2003; Khan

et al. 2017). According to the findings of one survey, the

majority of plastic degrading fungi belong to the genera

Aspergillus, Fusarium, Paecilomyces and Penicillium (Kim

and Rhee 2003). The mechanical forces exerted by the

fungi during growth, hyphal penetration into the plastic

layer, as well as the simultaneous secretion of various

enzymes and radicals, are all characterized as the fungal

degradation of plastics (Moore et al. 2000). The mecha-

nism of fungal degradation begins with the attachment of

hyphal filaments to the surface of a plastic substrate. The

hyphal tips then extend, using mechanical force to secrete

enzymes and radicles that allow the penetration of the

fungus into the substrate (see Fig. 45).

The next step is the absorption of small molecules,

polymers, radicles, or atoms through the porous tips of the

hyphae, followed by their transportation through the

underlying plasma membrane (Moore et al. 2000; Khan

et al. 2017). The enzymes are known to hydrolyze the

polymeric substrate and in turn provide nutrients, which

facilitates the growth of fungi or other microorganisms

(Santerre et al. 1994; Lucas et al. 2008; Banerjee et al.
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2014). The various fungal species and the associated

enzymes reported to degrade various types of plastics are

listed in Table 21.

Most of the enzymes known for the degradation of plant

polymers are able to depolymerize synthetic polymers,

such as PE and PU, by hydrolyzing the ester bonds present

in the polymer backbone. The surface area of polymers

exposed to fungal enzyme attack has an advancing effect

on biodegradation. Therefore, plastic particles in the range

of 0.5 to 0.25 mm are most suitable for enzyme

biodegradation. Although purified enzymes are known to

breakdown the C–C bond in polyvinyl chloride (PVC), the

use of microorganisms is favored for the biodegradation of

polymers. Moreover, the mixed cultivation of several

strains is known to have a greater impact on biodegradation

efficiencies than the use of single strains (Wei and Zim-

mermann 2017).

The overall process of plastic biodegradation is depen-

dent on the presence of optimal environmental conditions

to facilitate the growth of fungi and maximize the activities

of the enzymes to depolymerize the polymeric materials.

The biodegradation process is also affected by the physio-

chemical properties of the plastics, such as surface

topology, molecular weight, hydrophobicity, and the

degree of crystallinity (Manzur et al. 2004; Brueckner et al.

2008; Jenkins and Harrison 2008; Ronkvist et al. 2009;

Restrepo-Flórez et al. 2014; Wei and Zimmermann 2017).

Higher degrees of crystallinity strongly reduced the

biodegradation of specific plastics. Aliphatic carbon chains

are more easily biodegradable than aromatic polymers. The

hydrophobicity of plastics makes the surface water repel-

lant, reducing the success of the attachment, growth, and

propagation of fungal hyphae, and thereby reducing the

degree of plastic biodegradation. Similarly, abiotic factors

such as environmental temperature; availability of oxygen;

exposure to light or UV; and availability of radicles in the

environment all affect the mechanisms of plastic

biodegradation (Wei and Zimmermann 2017).

The diversity, zonal distribution, and niche partitioning

of fungal strains in the environment also affect the

biodegradation process. Furthermore, the amount and type

of enzymes secreted by the fungal strain to digest the

polymer also strongly affect the biodegradation process

(Fig. 10). The secretion of specific types of enzymes or

various types of enzymes by fungi to degrade polymers

Fig. 45 Fungal degradation of

polyester polyurethane (PEU)

films. a PEU film not exposed to

fungal degradation (control); b–
d PEU films exposed to

different Aspergillus spp. on

malt extract agar medium

incubated for 28 days in dark at

30 °C. The extent of

biodegradation differed for each

strain. Fungal hyphal growth is

observed on the PEU surface

and some portions of the PEU

films are degraded due to fungal

activities
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Fig. 46 Polyester polyurethane

(PEU) films with fungal growth

and signs of biodegradation on

the surface. a PEU film not

exposed to Aspergillus species;

b fungal growth on the surface

of PEU; c, d PEU films after the

washing of fungal hyphae from

the surface of the films

Table 21 List of fungal species with their enzymes responsible for biodegradation and types of plastics used

Fungal strain Enzyme Plastic

type

References

Aspergillus flavus Glucosidases PCL Tokiwa et al. (2009)

Aspergillus niger Catalase, protease PCL Tokiwa et al. (2009)

Aspergillus terreus Esterase, urethane hydrolase PU Boubendir (1993)

Aspergillus tubingensis Esterase, lipase PU Khan et al. (2017)

Bipolaris (Cochliobolus) sp. Laccase PVC Sumathi et al. (2016)

Chaetomium globosum Esterase, urethane hydrolase PU Boubendir (1993)

Curvularia senegalensis Polyurethanase PU Crabbe et al. (1994)

Fusarium sp. Cutinase PCL Shimao (2001)

Pestalotiopsis microspora Serine hydrolase PU Russell et al. (2011)

Phanerochaete chrysosporium Manganese peroxidase PE Shimao (2001)

Talaromyces funiculosus (formerly Penicillium

funiculosum)

Glucosidases PHB Tokiwa et al. (2009)

Talaromyces pinophilus (formerly Penicillium pinophilum) PHB-depolymeras PHB Panagiotidou et al. (2014)

Trichoderma sp. Urease, protease, esterase and

laccase

PU Loredo-Treviño et al.

(2011)

Disclaimer: Some of the fungal species in the table are pathogenic and it is out of question to use them in biotechnological processes

PCL polycaprolactone, PE polyethylene, PHB polyhydroxybutyrate, PU polyurethane, PVC polyvinyl chloride
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vary from one species to another, or even within the same

species (Doi 1990; Howard 2012).

Currently, more than 100 fungal species are known to

degrade different types of plastics, and many more are still

in the process of being isolated and identified (Howard

2012). Most of the fungal strains discovered were studied

for their enzyme biodegradation abilities at the laboratory

scale. No efforts have yet been made to develop large scale

or industrial scale bioreactors for specific types of plastic

degrading fungi. Therefore, this research is of great

importance for industrial development, as well as for future

research purposes. Collaborations between chemists, biol-

ogists, engineers and physicists could result in the devel-

opment of a large-scale bioreactor for plastic

biodegradation utilizing fungi. At present, such processes

are too expensive to be applied at large scale, and col-

lecting and burning plastics under high heat remains more

economical. However, once such bioreactors are success-

fully developed, new industries will emerge for both the

degradation of various plastics as well as for the utilization

of the degraded compounds in the manufacturing of new

products. There is a need to properly collect disposed

plastics and develop sophisticated large-scale bioreactors

in which fungi could be used to degrade various types of

plastics separately in controlled conditions using modern

biotechnological techniques. Attention should be given to

research and development on immobilized enzyme tech-

nologies with regard to fungal-degradation of plastics

through enzymes. More knowledge is needed concerning

the connection between specific-plastic types and specific

fungal species, to determine the actual food web of various

fungi. Integration of low-cost and easily degradable bio-

plastics in markets around the globe is important. The

mechanisms of fungal degradation of plastics need to be

clarified using isotopic marking of plastics. The structure

and active sites of biodegrading enzymes of various fungi

need to be determined, and methods to increase the cat-

alytic degradation of polymers need to be developed.

43. Polycyclic aromatic hydrocarbon degradation
by basidiomycetes

Polycyclic aromatic hydrocarbons are ubiquitous contam-

inants widely distributed in the environment, with sus-

pected carcinogenic and mutagenic effects. The clean-up of

polycyclic aromatic hydrocarbon contaminated sites is of

great importance to protecting human health. Polycyclic

aromatic hydrocarbons are organic compounds composed

of two or more fused benzene rings which are formed

during the combustion of organic molecules and their

subsequent recombination (Haritash and Kaushik 2009).

Low molecular weight polycyclic aromatic hydrocar-

bons are composed of 2–3 aromatic rings. They are

commonly found in petrogenic sources (e.g. gasoline,

kerosene) and can be introduced to the aquatic environment

through oil spillage and discharge from ships, tankers,

motorboats, etc. Contamination can also come from

municipal and urban runoff (Vieira et al. 2018). Polycyclic

aromatic hydrocarbons of high molecular weight, com-

posed of 4–6 aromatic rings (e.g. pyrene and benzo[a]

pyrene), are often released into the environment through

pyrogenic sources (Souza et al. 2015). Such polycyclic

aromatic hydrocarbons are considered priority pollutants

because they are recalcitrant in the soil, due to their high

affinity and low water solubility (Rothermich et al. 2002).

The biodegradation of polycyclic aromatic hydrocarbon

(Fig. 46) contaminants is a complex process which is

highly dependent on the number of contaminants, natural

conditions (e.g. temperature, humidity and climate), and

presence of organisms consuming the available hydrocar-

bons. Polycyclic aromatic hydrocarbons tend to bind to soil

components, thus becoming difficult to remove and

degrade (Pandey et al. 2016). Hydrocarbons differ in their

susceptibility to microbial attack, in which some of the

high molecular weight polycyclic aromatic hydrocarbons

may only be partially degraded or not degraded at all (Atlas

and Bragg 2009).

Fungi can turn hydrocarbon contaminants into an energy

source. In the hydrocarbon contaminated environment,

those fungi capable of degrading hydrocarbon have better

chance of surviving by utilizing this carbon source for

growth (Fernandez-Luqueno et al. 2010). Some fungi, and

in particular basidiomycetes, are efficient degraders of high

molecular weight polycyclic aromatic hydrocarbons. In this

way, fungi are unlike bacteria, which are better equipped

for degrading smaller molecules (Peng et al. 2008).

The biodegradation of polycyclic aromatic hydrocar-

bons can be enhanced through extracellular oxidation.

White rot fungi are the most efficient producers of oxida-

tive extracellular enzymes. White-rot fungi are wood

degrading basidiomycetes which produce special oxidases

or enzymes that help in the degradation of lignin and other

plant polymers. These enzymes can also degrade a variety

of chemicals, including environmental pollutants (Craw-

ford 2006) such as polycyclic aromatic hydrocarbon.

Successful polycyclic aromatic hydrocarbon biodegra-

dation is brought about by different catabolic activities,

such as metabolic capabilities, the induction of specific

enzymes, and the presence of favourable organisms cap-

able of degradation (Al-Hawash et al. 2018) under

favourable conditions.

The degradation of polycyclic aromatic hydrocarbons

can be affected by conditions such as temperature, oxygen,

pH, and nutrient availability. Temperatures can affect the

physical and chemical composition of polycyclic aromatic

hydrocarbons: at low temperatures, the degradation rate is

Fungal Diversity (2019) 97:1–136 83

123



slow due to the decreased enzymatic activities (Bisht et al.

2015). Polycyclic aromatic hydrocarbon degradation can

actually occur at a wide range of temperatures according to

medium: the maximum degradation was documented to be

in the range of 30 to 40 °C in soil environments, 20 to 30 °
C in marine environments, and 15 to 20 °C in fresh water

environments (Al-Hawash et al. 2018). Oxygen concen-

tration is also important in the biodegradation process.

Biodegradation can be at its best in highly oxygenated

environments. Though the degradation of polycyclic aro-

matic hydrocarbons can also occur at negligible rates under

anaerobic environments (Haritash and Kaushik 2009), the

process is not as rapid as under aerobic conditions (Gr-

ishchenkov et al. 2000). The pH value should also be taken

into account in the successful degradation of polycyclic

aromatic hydrocarbons, as it regulates the passage of small

molecules and ions in the biological membrane and affects

the catalytic reaction balance. In general, fungi would

prefer nearly neutral pH to maximize their degradation

activity, although they can also tolerate acidic conditions

(Bonomo et al. 2001). Nutrients can also become a limiting

factor in the process of biodegradation. The concentration

as well as the ratio of certain nutrients such as carbon,

nitrogen, iron and phosphorous can affect the growth and

sporulation of hydrocarbon-degrading fungi (Zafra and

Cortés-Espinosa 2015). The chemical composition of

polycyclic aromatic hydrocarbons is yet another factor that

can greatly affect the success of polycyclic aromatic

hydrocarbon degradation. The higher the molecular weight,

the more recalcitrant polycyclic aromatic hydrocarbons are

in the environment, thus taking much longer to be degraded

(Fedorak and Westlake 1981).

Basidiomycetes use a variety of mechanisms to com-

pletely degrade organic compounds such as hydrocarbons.

In general, both oxidative and reductive reactions are

required for the complete metabolism of hydrocarbon

compounds. The first step in degradation occurs at the

intra-cellular level in the form of oxidation and the inte-

gration of oxygen with the aid of the enzymatic catalysts

peroxidases and oxygenates (Al-Hawash et al. 2018).

Basidiomycetes secrete these enzymes to catalyse both the

direct and indirect oxidation of chemicals. The enzymes,

which are oxidoreductases, aid in the detoxification of toxic

organic compounds through biochemical reactions, which

in turn transform polycyclic aromatic hydrocarbons step by

step into intermediates of the central intermediary meta-

bolisms (such as the tricarboxylic acid cycle). The action of

oxidoreductases renders the contaminants and xenobiotics

into harmless compounds that can be easily degraded fur-

ther (ITRC 2002). For instance, the ligninolytic fungus,

Pleurotus ostreatus, can degrade phenanthrene into less

harmful compounds, including 2,2′-diphenic acid (Fig. 47).

White-rot basidiomycetes produced non-specific extra-

cellular ligninolytic enzymes consisting of three groups:

lignin peroxidase (LiP), manganese-dependent peroxidases

(MnP), and laccase (Hofrichter et al. 2001), all of which

are essential for the transformation and mineralization of

organic pollutants (Wang et al. 2009) such as polycyclic

aromatic hydrocarbons. The genera Ganoderma (Agrawal

et al. 2018), Armillaria (Hadibarata and Kristanti 2013),

Coprinus (Li et al. 2009), Marasmiellus (Vieira et al.

2018), Pleurotus (Hadibarata and Teh 2014; Li et al. 2009),

Pycnoporus (Munusamy et al. 2008) and Phanerochaete

(Wang et al. 2009) were able to degrade polycyclic aro-

matic hydrocarbon moieties such as anthracene, pyrene,

phenanthrene and benzo[a]pyrene (Table 22).

Many fungal species, and in particular white-rot basid-

iomycetes, have demonstrated the ability to degrade poly-

cyclic aromatic hydrocarbons under laboratory conditions;

however, these processes require further investigation in

the field, and to date a limited number of studies have

tested the efficacy of these fungi in the degradation of

polycyclic aromatic hydrocarbons within typical environ-

mental conditions. The placement of fungi into the envi-

ronment requires further studies to evaluate their impact on

other organisms. Intensive studies should also be con-

ducted into analytical chemistry and genetic engineering

tools which could help in successful bioremediation to

increase fungal efficiency in degrading hydrocarbons and

other recalcitrant contaminants. Furthermore, through the

optimization of adsorption, bioavailability and mass

transfer of polycyclic aromatic hydrocarbons, scientists

could enhance the rate of bioremediation. This could pro-

vide one effective means of mitigating environmental

pollution.

44. Can fungi help modify the sustainable soil
enhancer biochar?

Biochar has achieved popularity as a sustainable soil

enhancer. Biochar is derived from biomass such as leaves,

forestry and agricultural residue, and animal manure

(Spokas 2010; Shackley et al. 2012). This biomass is

converted into a highly porous, carbonaceous product

through a controlled pyrolysis process, namely thermo-

chemical decomposition in the absence of oxygen (pre-

venting combustion). In this way, it is different from

charcoal. While charcoal produces energy, biochar is used

in carbon sequestration, environmental management, and

soil amendments (Lehmann and Joseph 2009; Warnock

et al. 2007).

Biochar is added to poorly performing or contaminated

soil as a means of increasing the recalcitrance of organic

soil matter in a sustainable manner. Due to its polycon-

densed aromatic structures, the added biochar can remain
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in the soil for centuries to millennia, thus contributing

higher levels of aromatic compounds to the soil over long

periods of time. Important physicochemical properties for

the evaluation of biochar utilized in soil have been defined:

pH, volatile compounds content, ash content, bulk density,

water-holding capacity, pore diameter and volume, and

specific surface area (Sohi et al. 2010). The origin of the

biomass or feedstock and the pyrolysis conditions, there-

fore, are the key factors governing the physicochemical

properties of biochar. Within the pyrolysis process, tem-

peratures between 400 and 500 °C produce higher amounts

of biochar (Gaunt and Lehmann 2008; Qambrani et al.

2017). While pyrolysis occurs more rapidly at high tem-

peratures, a slowed pyrolysis process can produce a sub-

stantially higher quantity of biochar product. The yields of

ash-free biochar were positively correlated with the cellu-

lose, hemicellulose and lignin contents of feedstock; the

biomass samples possessing higher lignin content produced

higher amounts of biochar, and the samples of high ash

content hampered biochar production (Sun et al. 2017).

When incorporated into soils, biochar exhibits a natural

oxidation through the formation of functional groups.

These groups are dependent on the temperature employed

to produce the biochar. Thus, biochars are redox active and

as such contribute to the reductive transformation of

organic contaminants in soil by facilitating electron trans-

fer from bulk chemical electron donors (e.g. phenolic

moieties arising from the lignin in the original biomass) to

the receiving organic compounds (e.g. quinone–hydro-

quinone moieties) and redox-active metals (e.g. iron,

manganese, copper), reversibly donating and receiving up

to 2 mmol electrons per gram of biochar (Klüpfel et al.

2014). Biochar-mediated microbial electron shuttling has

also been considered as an important process in soil
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Fig. 47 Proposed pathway for

the degradation of phenanthrene

by the ligninolytic fungus

Pleurotus ostreatus (Bezalel

et al. 1996; Aust et al. 2003;

Gupte et al. 2016)
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remediation and other biogeochemical reactions (Yu et al.

2016), leading to an increase in microbial growth while

reducing Fe(III) minerals in the soil (Kappler et al. 2014).

The effects of biochar on soil fertility have been

demonstrated through the pH increase of the acid found in

soils (Van Zwieten et al. 2010), and the benefits in high

nutrient levels and retention through the ions absorption

(Liang et al. 2006). However, biochar has also been shown

to both stabilize and change soil biological community

composition and abundance, depending on the biomass

source and the temperature used in the pyrolysis reaction

(Kim et al. 2012; Lorenz and Lai 2014). Such changes may

affect soil structure and nutrient cycles (Gaskin et al. 2010;

Rillig and Mummey 2006; Steiner et al. 2008), thereby

indirectly affecting plant growth (Warnock et al. 2007).

Rhizosphere bacteria and fungi may also directly promote

the growth of plants (Compant et al. 2010). Soil fungi (e.g.

saprotrophs, pathogens and mycorrhizae) respond differ-

ently to biochar applications. Saprotrophic fungi have the

potential to modify biochar in the soil through the colo-

nization of the pores present in the structure, and this can

lead to decomposition (Atkinson et al. 2010; Lipczynska-

Kochany 2018). Certain arbuscular mycorrhizae are able to

increase their root colonization sites in the presence of

biochar, enhancing the availability of phosphate to the

plant, and thereby negating the need to add artificial

fertilizers.

Fungal extracellular enzymes are the agents of both

colonization and decomposition, and are becoming

increasingly common tools for examining soil microbial

response in climate change experiments (Weedon et al.

2011). Saprotrophic fungi are considered to be efficient

Table 22 Degradation of polycyclic aromatic hydrocarbons by enzymes from basidiomycetes

Enzyme Basidiomycete strain Polycyclic aromatic hydrocarbon

moities

Percentage of degradation

(%)

References

Laccase “Ganoderma lucidum”a Phenanthrene 99.65 Agrawal et al. (2018)

Pyrene 99.58

Pycnoporus sanguineus Phenanthrene 90.00 Munusamy et al. (2008)

Pyrene 96.00

Anthracene 37.00

Armillaria sp. Pyrene 63.00 Hadibarata and Kristanti

(2013)

Pleurotus eryngii Anthracene 99.90 Li et al. (2009)

Benzo[a]pyrene 87.50

Agaricus bisporus Anthracene 89.80

Benzo[a]pyrene 48.60

Pleurotus ostreatus Anthracene 38.00

Benzo[a]pyrene 31.00

Coprinus comatus Anthracene 9.80

Benzo[a]pyrene 9.30

Lignin peroxidase “Ganoderma lucidum” Phenanthrene 99.65 Agrawal et al. (2018)

Pyrene 99.58

Phanerochaete

chrysosporium

Phenanthrene 72.77 Wang et al. (2009)

Pyrene 51.16

Benzo[a]pyrene 25.50

Marasmiellus sp. Pyrene 100.00 Vieira et al. (2018)

Manganese

peroxidase

“Ganoderma lucidum” Phenanthrene 99.65 Agrawal et al. (2018)

Pyrene 99.58

Phanerochaete

chrysosporium

Phenanthrene 72.77 Wang et al. (2009)

Pyrene 51.16

Benzo[a]pyrene 25.50

aThe taxonomy of “Ganoderma lucidum” given in the paper by Agrawal et al. (2018) is doubtful since this species has never been safely recorded

from India
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degraders of lignocellulosic biomass due to the wide

spectrum of extracellular enzymes they produce. Their

production and activities are strongly affected by temper-

ature, moisture and pH. Many studies have been performed

on the influence of temperature and moisture on the

microbial ecosystem of soils and the concomitant effect on

global enzyme pool composition and size (Schimel et al.

2007; Sowerby et al. 2005). Enzyme pool size is controlled

by the rate at which enzymes are produced by microbes

relative to the rate at which they are degraded by the

environment. The production of these extracellular

enzymes incurs a cost to the microorganism in terms of

energy and nutrients, and so microbes produce certain

enzymes targeting specific compounds rich in carbon,

nitrogen or phosphorous. Moisture levels influence the

diffusion of substrates, the hydration state of the individual

enzymes, and the rate of water reactivity.

Due to the chemical nature of biochar, it may be pos-

sible to use fungi directly attached to the biosourced

material or to use fungi in solid-state fermentation condi-

tions to pretreat the biochar prior to soil addition (a type of

composting). Figure 48 provides a scanning electron

microscopy (SEM) image of field-aged biochar buried in

agricultural soil in which hyphal fragments of fungi were

fixed on the biochar surface. It is also possible, through a

more biotechnologically sophisticated approach, to harness

the power of these secreted enzymes to modify the

physicochemical properties of the exposed hydroxyl and

carbonyl groups on the surface of the biochar. This will

make them more functionally active as a soil amendment

for the stimulation of the existing microbial communities.

The structure of biochar is similar to lignin, and so the

redox-responsive enzymes, such as laccases and heme-

peroxidases produced by Basidiomycetes, Ascomycetes

and soft-rot fungi such as Chaetomium globosum, Phialo-

phora malorum, and P. mutabilis are designed to modify

these structures, and to generate hydroxyl radicals (Gao

et al. 2018). These fungi also control the availability of

metal ions in the system, either through their incorporation

into the protein structure as co-factors, or chelated in

organic acids. While this extracellular process is designed

to aid the fungus in the lignin degradation process, these

enzymes and chelators could also be a way to control the

release or captivation of metals in soils. A modified bio-

char, with increased surface-active groups, would enhance

the soil even further, most notably the activity of the nat-

ural soil microbiome, including mycorrhizal fungi. This in

turn would further improve the water dynamics, nutrient

cycling, and suppression of crop diseases, thereby

enhancing the productivity of the soil and the crops that are

cultivated in it, while at the same time contributing to

carbon sequestration and reduced air contamination in rural

areas of the world.

Commodities

Fungi have been exploited both industrially and commer-

cially in many ways especially when valuable commodities

are involved. These organisms offer unique advantages in

biotechnology as they can be easily cultured, reproduce

quickly and have short life cycles. In this section we

Fig. 48 The scanning electron

micrographs of field-aged

biochar buried in agricultural

soil, showing the outer surface

of biochar soil interface

(Quilliam et al. 2013; with

permission), with the arrow

indicating an example of pore

blockage (a); spatial
heterogeneity and sparsity of

internal microbial colonisation

(b); internal colonisation by

hyphal and single-celled

microbes (arrows) (c, d)
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discuss some of the many non-food commodities derived

from fungi.

45. Fungi and cosmetics

Fungi are used as ingredients in numerous cosmetic prod-

ucts, including in some of the very expensive brands. The

beneficial claims are all-encompassing, but many have yet

to be proven. As the uses of fungi in cosmetics was

reviewed by Hyde et al. (2010), which includinges, skin

whiteners, moisturizers, anti-aging, shampoos and many

others were reviewed by Hyde et al. (2010), we briefly

summarize the topic here. The demand for cosmetic

products has rapidly increased, and; hence cosmetics has

have become a worldwide industry (Hyde et al. 2010).

Cosmetics are mainly classified as cosmeceuticals, applied

externally to the skin, such as creams, lotions or ointments,

and nutricosmetics, which are consumed as dietary sup-

plements (Hyde et al. 2010). Apart from makeup, cosme-

ceuticals are categorized as anti-aging, anti-wrinklinge,

skin revitalizingation, skin whitening, anti-oxidant and

moisturizing products. To avoid any carcinogenic effects,

there has been a recent trend towards natural cosmetics,

such as fungi-based products (Hyde et al. 2010; Imhoff

et al. 2011; Mohd-Nasir and Mohd-Setapar 2018). Fur-

thermore, the potential of fungi to be utilized as “bio fac-

tories” to produce nanoparticles in the cosmetic industry is

currently being explored (El Enshasy et al. 2018).

Ascomycota and Basidiomycota are extensively used in

the cosmetic industry (Hyde et al. 2010). Secondary

metabolites extracted from the mycelia or fruiting bodies

and ingredients from fungal fermentation are used as cos-

metic ingredients. Aspergillus species (Hyde et al. 2010)

and Rhizopus species (Mucoromycota) are used in the

production of lactic acid, which is a main ingredient in both

anti-aging and skin whitening cosmetics. Lactic acid is

mainly used to hydrate and make the skin smooth. Addi-

tionally, in peeling lotions, lactic acid is contained in

higher concentrations and helps to remove the outer layer

of the skin (Zhang et al. 2007). Fungi are utilized in the

production of anti-oxidants, fatty acids and polysaccharides

in anti-aging products, such as the chitin-glucan complexes

of Aspergillus niger and some mushroom species (Synyt-

sya et al. 2009; Vysotskaya et al. 2009).

Eicosapentaenoic acid is a rare omega fatty acid used in

anti-aging products. It is extracted fromMortierella species

(Wang et al. 2007). Mortierella and Rhizopus species

produce γ-linolenic acid. This compound is used as an anti-

inflammatory agent and facilitates healthy skin (Krištofı́-

ková et al. 1991). Sporotrichum pruinosum is used to

produce melanocytic enzymes through a submerged aero-

bic fermentation process. Melanocytic enzyme is used in

some skin whitening cosmetics to activate the

depigmentation of the skin (Mohorčič et al. 2007). To treat

neurodermatitis and sclerodermatitis, an extract obtained

from Tremella sp. is used. Extracts of Ophiocordyceps

sinensis and Tremella fuciformis are utilized to increase the

moisturising effect in certain cosmetic products (Hyde

et al. 2010) (Fig. 49).

46. Agarwood

Agarwood is an economically valuable resinous heartwood

product derived from wounded trees of the family Thy-

malaeaceae (Novriyanti et al. 2010; Subasinghe et al. 2012;

Peng et al. 2015a; Chowdhury et al. 2016; Chen et al.

2018b). Agarwood incenses are used for fragrance in soaps

and shampoos and have a pleasant aroma and general

perfume and are an element of important religious rituals in

Ayurvedic, Tibetan and traditional East Asian medicine

(Subasinghe et al. 2012; Rhind 2013; Chowdhury et al.

2016; Lee and Mohamed 2016; López-Sampson and Page

2018) and as aromatic food ingredients (Liu et al. 2013;

Tan et al. 2019). India as well as the Southeast Asian

countries are the main manufactures of agarwood products,

while China, India, the Middle East and Japan are the

primary consumer countries. Species of Aquilaria (Adams

et al. 2014; Mohamed et al. 2014; Selvan et al. 2014: Azren

et al. 2019), Gyrinops, Aetoxylon and Gonystylus are used

for the production of agarwood (Subasinghe et al. 2012;

Mohamed et al. 2014; Mohamed and Rasool 2016). Cur-

rently, agarwood producing Aquilaria species are culti-

vated from the home garden level to large scale plantations

in Southeast Asia, India and southern China (Lee and

Mohamed 2016; Azren et al. 2019).

Naturally, agarwood formation occurs through wounds.

The infected tissues produce oleoresin which is converted

to odoriferous aromatic agarwood resin (Peng et al. 2015a;

Chowdhury et al. 2016). When microbial pathogens enter

Fig. 49 The King’s Cordy Serum contains Cordyceps militaris

extract. The extract is claimed to facilitate anti-wrinkle effects and

add moisture and antioxidants to the skin. It is produced in the Centre

of Excellence in Fungal Research in Mae Fah Lung University,

Chiang Rai, Thailand
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the wound, the defense mechanism of the trees is triggered

(Mohamed et al. 2014; Chowdhury et al. 2016; Azren et al.

2019). Sesquiterpenes and 2-(2-phenylethyl) chromone

derivatives are the key active compounds in agarwood

(Chen et al. 2011; Naef 2011; Mohamed et al. 2014; Li

et al. 2019; Tan et al. 2019).

Agarwood causal agents are divided into chemical,

physical, and biological agents. Fungi are the biological

agents (Novriyanti et al. 2010; Chhipa et al. 2017).

Depending on the stress, the tree forms either physical or

chemical defense mechanisms (Mohamed and Rasool

2016; Chhipa et al. 2017). The defense substances pro-

duced act as biochemical or biological defense agents

(Mohamed and Rasool 2016). The wounded or infected

tree stem turns dark brownish or black (Fig. 50, Adams

et al. 2014). After infection agarwood resin is secreted by

the tree and deposited around the wound for number of

years. Resinous agarwood form perfumed compounds and

is a rare natural mechanism which is poorly understood

(Sen et al. 2015). Volatile compounds eventually result in

agarwood (Tan et al. 2019). Other than natural agarwood

formation, artificial agarwood inducing methods have been

developed. Biological inocula such as microbes and fungi

are key agents for non-conventional artificial agarwood

formation (Azren et al. 2019).

Research has been carried out to determine which fungi

are responsible for agarwood production and some of the

isolated taxa are listed in Table 23. However, the role of

individual fungi needs extensive research to establish

which species are important in the process.

47. Fungal enzymes

Enzymes are biocatalysts that are involved in catalysis

reactions without needing extreme conditions, such as very

high temperatures, high pressures or corrosive environ-

ments, all of which are often required in chemical pro-

cesses. Enzymes often offer a competitive advantage when

compared to chemical catalysts. The enzymatic approach is

environmentally friendly, as it requires mild conditions and

does not normally result in the production of toxic by-

products (Chapla et al. 2012). Enzymes are used to catalyze

reactions in production processes of several sectors

including industrial bioconversion (biocatalyst), environ-

mental bioremediation, agricultural sectors and also bio-

transformations of numerous compounds such as

flavonoids (Das and Rosazza 2006; Wohlgemuth 2010;

Choi et al. 2015). There are several sources of enzymes

including animals, plants and microorganisms (bacteria,

fungi and protists). Microbial enzymes have generally been

used because of their easier isolation in high amounts, low-

cost production, stability at various extreme conditions,

and their co-compounds, which are also more controllable

and less harmful. Microbial enzymes secreted into the

media are highly reliable for industrial processes and

applications. Microbes isolated from different sources even

among species and strains of the same genus may produce

varying levels of enzymes of differing properties.

Fungal enzymes have attracted attention for several

applications because fungi can grow on low cost materials

and secrete large amounts of enzymes into the culture

medium, which eases downstream processing (Anitha and

Palanivelu 2013). Several fungal enzymes are available

commercially including amylases, cellulases, lipases,

phytases, proteases, and xylanases (Saxena et al. 2005;

Srilakshmi et al. 2015). The positive environmental impact

of the production processes is of general interest and the

use of enzymatic reactions instead of organic solvents or

chemical reactions is highly valued. Figure 51 and

Table 24 show examples of important fungal enzymes and

the enzyme sources that are used in many applications, but

only a few fungal strains meet the criteria for commercial

production.

Most applications of enzymes in the food industry have

focused on hydrolytic reactions (Akoh et al. 2008; Choi

et al. 2015). Glycoside hydrolases and β-galactosidase are

Fig. 50 Barks of Gyrinops

walla Gaertn. (Thymelaeaceae)

in Sbaragmuwa University

premises, Sri Lanka 2018

a Healthy bark, b, c damaged

bark (Photo credit: H.A.T.

Chinthaka)
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involved in the production of prebiotics, a dietary sub-

stance composed of non-starch polysaccharides and

oligosaccharides, such as inulin fructo-oligosaccharides,

galacto-oligosaccharides, lactulose, and breast milk

oligosaccharides, that selectively promote the growth of

beneficial intestinal microorganisms in humans (Torres

et al. 2010). Cellulases, pectinases, and xylanases are

widely used for the clarification of juices and wines.

Amylases hydrolyze starch in the starch liquefaction pro-

cess and convert starch into glucose syrups (Souza and

Magalhaes 2010). Tannases are used to reduce tannin

levels in food products such as fruit juices, tea, beer, and

wines (Yao et al. 2014). These enzymes are also used to

hydrolyze gallic acid esters and produce gallic acid, which

is used as a substrate for the synthesis of food preservatives

(Belmares et al. 2004; Srivastava and Kar 2009; Yao et al.

2014; Dhiman et al. 2017).

Starch is used as the strengthening agent in the desizing

process to prevent the breaking of the warp thread used

within the weaving process in the textile industry. Amy-

lases are used for desizing starch in the textile industry

because they yield products that do not degrade the fibers.

The use of α-amylases in the pulp and paper industry is for

the modification of starch of coated paper and textiles. The

quality of textiles and paper coated with desizing starch is

protected against mechanical damage during processing

and finishing. The recycling of waste paper is an eco-

friendly trend in the paper industry. The enzymatic reaction

of cellulases, lipases, pectinases and xylanases aid in the

removal of contaminated ink (Bhat 2000). Proteases and

cellulases are used in the polishing step for clear dyeing to

improve color and surface vividness, and resist textile

wrinkling. Lignin peroxidases, manganese peroxidases,

laccases and xylanases are all used to enhance the quality

of the pulp by removing lignin and hemicelluloses, which

are typical impurities in the pulp and paper industries (Choi

et al. 2015). Protease is used in leather processing for the

dehairing and debating of skins and hides instead of

Table 23 Fungal species

potentially responsible for the

formation of agarwood in

Aquilaria species

Host species Agarwood responsible fungi References

Aquilaria sp. Chaetomium globosum

Fusarium oxysporum

F. moniliforme

F. sambucinum

F. solani

F. tricinctum

Budi et al. (2010)

Azren et al. (2019)

Tamuli et al. (2000)

A. agallocha Aspergillus tamarii

Fusarium solani

Botryodiplodia theobromae

Phialophora parasitica

Cytosphaera mangiferae

Bhattacharyya et al. (1952)

Gibson (1977)

Jalaluddin (1977)

Azren et al. (2019)

A. crassna Acremonium sp.

Fusarium sp.

Azren et al. (2019)

A. malaccensis Alternaria sp.

Cladosporium sp.

Curvularia sp.

Fusarium proliferatum

Phaeoacremonium sp.

Trichoderma sp.

Ma et al. (2012)

Premalatha and Kalra (2013)

A. sinensis A. niger

Botryosphaeria dothidea

Fusarium solani

Lasiodiplodia theobromae

Melanotus flavolivens

Paraconiothyrium variabile

Lin et al. (2010)

Cui et al. (2013)

Tian et al. (2013)

Zhang et al. (2014a, b)

Mohamed et al. (2014)

Chen et al. (2017)

Azren et al. (2019)

A. subintegra (agarwood oil) Arthrinium sp.

Colletotrichum sp.

Monggoot et al. (2017)

Azren et al. (2019)
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chemical processes that have negative implications for the

environment. Tannases are used for high-grade leather

tannin preparation in the leather industry (Dhiman et al.

2017). This enzymatic process is eco-friendly and helps to

manage waste resulting from production processes.

Proteases, lipases and amylases are used for dishwash-

ing detergents (Souza et al. 2015). Amylases are the second

type of enzymes used in the formulation of enzymatic

detergent, and 90% of all liquid detergents contain amy-

lases (Souza and Magalhaes 2010).

Cellulases, xylanases and β-glucanases have been used

in cereal-based feed for monogastric animals such as pigs

and poultry, which are unable to fully degrade and utilize

plant-based feeds containing high amounts of cellulose and

hemicellulose (Bhat 2000; Kirk et al. 2002). Adding phy-

tases to the feed improves utilization of natural phosphorus

bound in phytic acid in cereal-based feed for monogastrics.

Normally, 85–90% of the total plant phosphorus is bound

to phytic acid, which makes it difficult to monogastrics to

utilize. Therefore, available inorganic phosphates have to

be supplemented to the feed in order to reach the required

concentration. Phytases can minimize the need for sup-

plementation of inorganic phosphorus in the feed (Kirk

et al. 2002).

Basidiomycetes can enzymatically attack the polymers

in the complex-structured lignocellulose. The appearance

of white rot fungi involves the nutrient recycling of wood

required for new plant growth with evolutionary impact on

plant diversification (Kües 2015). Dioxygenases, laccases,

peroxidases, and phenoloxidases are enzymes used in

wastewater treatment (Durán and Esposito 2000). Fungi are

recognized as one of the best lipase sources among

microorganisms (Facchini et al. 2015). The most important

step to improving the biological degradation of fatty

wastewater is pretreatment procedures in order to hydro-

lyze and dissolve fats, which can accelerate the process by

decreasing the fat adsorption to the surface of the anaerobic

sludge while not limiting the transport of the soluble sub-

strate to the biomass (Valladao et al. 2009; Facchini et al.

2015). Effluents from slaughterhouses contain high con-

centrations of biodegradable organic matter, most of which

consists of lipids and proteins with low degradability.

Consequently, before effluents are released into the envi-

ronment, it is necessity to reduce fat oil and protein from

these wastewaters. A potential application of enzyme

treatments is a reduction of the organic matter, which

contributes to a cleaner effluent (Valladao et al. 2011).

Moreover, white rot fungi produce lignin degrading

enzymes, such as manganese peroxidases, lignin peroxi-

dases and laccases that have been used in biotechnology for

degradation of broad-spectrum refractory organic pollu-

tants and bioremediation of polycyclic aromatic hydro-

carbons (PAHs) and chlorinated hydrocarbons in the

environment (Gao et al. 2010).

Biotechnological applications for practical use have

limiting factors, as they require large amounts of enzymes.

Hence, the production of low-cost and readily available

enzymes possessing satisfactory operating characteristics is

Fig. 51 Fungal enzymes and

applications

Fungal Diversity (2019) 97:1–136 91

123



Table 24 Examples of enzyme sources and applications of fungi

Enzymes Applications Fungal sources References

Amylases Hydrolysis of starch in starch processing industry; food and dairy

industry; textile industry; pulp and paper industry; detergent

industry; pharmaceutical industry; animal feed industry

Aspergillus fumigatus

Aspergillus niger

Cylindrocephalum sp.

Lentinula edodes

Penicillium citrinum

Penicillium fellutanum

Rhizopus stolonifer

Goto et al. (1998)

Ko et al. (2005)

Kathiresan and

Manivannan (2006)

Sunitha et al. (2012)

Sahoo et al. (2014)

Saleem and Ebrahim

(2014)

Cellulases Animal feed industry; pulp and paper industry; detergent industry;

food processing; juices and wines clarification; textile industry;

biomass conversion into biofuels

Aspergillus niger

Lentinula edodes

Trichoderma

longibrachiatum

Volvariella diplasia

Ko et al. (2005)

Pachauri et al. (2017)

Puntambekar (1995)

Wang and Hsu (2006)

Keratinases Biomass conversion into biofuels; hydrolysis of keratinous wastes

such as feather, hair, and horn; eliminating horny epithelial

cells adhering to textile fibers; reducing the environmental pollution

Aspergillus oryzae

Aspergillus parasiticus

Doratomyces microspores

Paecilomyces marquandii

Anitha and Palanivelu

(2013)

Farag and Hassan (2004)

Friedrich et al. (2005)

Gradisar et al. (2000)

Kim (2007)

Santos et al. (1996)

Veselá and Friedrich

(2009)

Laccase Biopulping biobleaching deinking in pulp and paper industry; lignin

degradation; pharmaceutical industry; removal of phenolic

substances and stabilize the beverage; biomass conversion into

biofuels

Agaricus subrufescens (as

“blazei”)

Coniophora puteana

Ganoderma sp.

Omphalotus olearius

Phanerochaete floridensis

Pleurotus ostreatus

Arora et al. (2002)

Ergun and Urek (2017)

Lee et al. (2004)

Ko et al. (2005)

Songulashvili et al. (2007)

Ullrich et al. (2005)

Lignin

peroxidase

Lignin degradation; biomass conversion into biofuels Aspergillus sclerotiorum

Cladosporium

cladosporioides

Mucor racemosus

Phanerochaete

chrysosporium

Sparassis latifolia

Bonugli-Santos et al.

(2010)

Chandrasekaran et al.

(2014)

Johjima et al. (1999)

Wen et al. (2009)

Lipases Degradation of fat in wastewater treatment; animal feed industry; pulp

and paper industry; detergent industry; food processing; leather

processing; textile industry; pharmaceutical industry

Aspergillus sp.

Curvularia sp.

Fusarium solani

Fusarium verticillioides

Penicillium sp.

Penicillium restrictum

Penicillium wortmanii

Rhizopus oligosporus

Trichoderma sp.

Trichoderma atroviride

Trichoderma harzianum

Mucor sp.

Costa and Peralta (1999)

El-Ghonemy et al. (2017)

Facchini et al. (2015)

Maia et al. (2001)

Marques et al. (2014)

Nwuche and Ogbonna

(2011)

Ul-Haq et al. (2002)

Ülker et al. (2011)

Valladao et al. (2011)

92 Fungal Diversity (2019) 97:1–136

123



challenging. After all, each industrial application may

require specific properties of the biocatalysts. Moreover,

researchers still face challenges in finding new enzymes

that could result in novel applications through better iso-

lation, study of enzyme stability at extreme conditions and

purification procedures. The selection of enzymes for

thermostable and stringent conditions is important for

industrial processes and applications. Therefore, the search

for new microorganisms that contain the desired properties

is a continuous process. Furthermore, the production and

expression of recombinant enzymes through protein engi-

neering technology should also be investigated in order to

obtain enzymes of desired characteristics in a specific host

cell.

Table 24 continued

Enzymes Applications Fungal sources References

Manganese

peroxidase

Lignin degradation; biomass conversion into biofuels Lentinula edodes

Phlebia radiata

Omphalotus olearius

Phellinus robustus

Arora et al. (2002)

Grabski et al. (1998)

Songulashvili et al. (2007)

Pectinases Juices and wines clarification; textile industry Aspergillus japonicus

Aspergillus oryzae

Penicillium viridicatum

Penicillium chrysogenum

Thermoascus aurantiacus

Banu et al. (2010)

Biz et al. (2016)

Martins et al. (2002)

Semenova et al. (2003)

Silva et al. (2002)

Proteases Detergent industry; food processing; pharmaceutical industry; leather

processing; textile industry

Aspergillus sp.

Fomitella fraxinea

Humicola sp.

Mucor sp.

Penicillium sp.

Pleurotus citrinopileatus

Rhizopus sp.

Thermoascus sp.

Thermomyces sp.

Cui et al. (2007)

Lee et al. (2006)

Souza et al. (2015)

Phytases Feed supplement in diets in animal feed industry; improvement of soil

fertilization and nutrient uptake by plants; reduction the excretion of

phosphorus in manure; reducing phosphate pollution in soil and

water

Aspergillus sp.

Aspergillus niger

Mucor sp.

Rhizopus oligosporus

Rhizomucor pusillus

Bei et al. (2009)

Brugger et al. (2004)

Casey and Walsh (2004)

Chadha et al. (2004)

Saxena et al. (2005)

Tannases Food processing; juices and wines clarification and removal of

phenolic substances and stabilize the beverage; reduction of

hydrolysable tannin in poultry feeds; production of gallic acid from

gallotannins

Aspergillus aculeatus

A. awamori

A. caespitosus

A. niger

A. versicolor

Penicillium charlesii

P. crustosum

P. variable

P. restrictum

Ahmed and Rahman

(2014)

Bagga et al. (2015)

Batra and Saxena (2005)

Srivastava and Kar (2009)

Mahapatra et al. (2005)

Xylanases Pulp and paper industry; animal feed industry; bread-making; juice

and wine industries; xylitol production; prebiotics production; food

processing; textile industry; juices and wines clarification; biomass

conversion into biofuels

Aspergillus foetidus

A. niger

Talaromyces amestolkiae

Chapla et al. (2012)

de Alencar Guimaraes

et al. (2013)

Nieto-Domı́nguez et al.

(2017)
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Industrial enzymes are normally produced in bioreactors

that contain up to over 200,000 litres and are subsequently

purified in the industrial downstream processes. Therefore,

the fungi that can be used for such processes must be fast

growing but not be pathogens or mycotoxin producers. The

use of heterologous expression, recombinant DNA tech-

nology and gene cloning to improve the production yield of

enzymes, as well as their activity, can circumvent the

difficulties associated with the production of large

quantities.

48. Preservatives

Aside from the antibiotics that are used in human and

veterinary medicine, secondary metabolites of fungi that

exert antimicrobial activities may also have great use in the

food and cosmetics industries, e.g. as food or cosmetics

ingredients. In these markets, natural compounds are

interesting if they (1) show significant biological activities

in relevant test systems; (2) are derived from edible spe-

cies; (3) are devoid of significant toxicity and (4) can be

made available at low costs of goods.

Attempts have been made to replace classical synthetic

preservatives, such as benzoic and sorbic acids, by natural

ingredients, predominantly by plant-derived extracts and

compounds (Davidson et al. 2013; Ribes et al. 2017). In

fact, fungal metabolites are ideal candidates for such nat-

ural preservatives, since they can be produced in large

quantities by biotechnological processes.

A recent success story relating to the successful devel-

opment of such a class of molecules is based on the gly-

colipids from the fan-shaped jelly fungus, Dacryopinax

spathularia and other species of the basidiomycete class

Dacrymycetales. These compounds are characterized by

rather broad spectrum antimicrobial effects, which have

precluded their development as classical antibiotics,

because such compounds should at least have selective

activities against either pathogenic fungi (eukaryotes) or

bacteria (prokaryotes), but not both. Ideal candidates for

antibiotics should also address a defined, specific molecular

target that is only present in the pathogens (examples see

entry on antibacterials, e.g. enzymes catalysing glucan

synthesis for antimycotics or peptidoglucan synthesis for

antibacterial antibiotics). In the classical search for

antibiotics such non-selective compounds that have broad-

spectrum would have been sorted out at an early stage

because of lacking selectivity. However, as described in a

patent application (Stadler et al. 2012), the glycolipids

from D. spathularia (Fig. 52) had particularly strong

activities against acidophilic yeasts and food and beverage

spoilage bacteria such as Lactobacillus plantarum, when

the serial dilution assays were carried out in “natural”

matrices such as apple juice. The fungus Dacryopinax

spathularia is regarded as edible (Ao et al. 2016; Boa

2004) in various countries of the world and its edible

basidiomata contain glycolipids (M. Stadler et al. unpubl.).

Moreover, the activity persisted for up to several weeks and

even yeast strains such as Zygosaccharomyces bailii that
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Fig. 52 Chemical structure of one of

the major glycolipids from

Dacryopinax spathularia and an

images of its basidiomes in the natural

habitat
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had become sensitive to the commonly used non-natural

preservatives, such as benzoic acid and sorbic acid (cf.

Kuanyshev et al. 2017), were found to be highly sensitive.

These data have only been reported in the patent applica-

tion by Stadler et al. (2012) and were not yet published in a

peer-reviewed scientific journal. The production process

for the glycolipids was further developed to attain them in

multi-gram and even kg scale, and at the same time, the

downstream processing procedure was simplified substan-

tially, leading to a drastic decrease of the cost of goods.

The material was then subjected to in vivo studies,

demonstrating favorable pharmacokinetics (Bitzer et al.

2017a) as well a lack of toxicity (Bitzer et al.

2017b, c, 2018). Recently, the large German chemical

company Lanxess has licensed the project and the glycol-

ipids are now being produced at industrial scale as natural

preservative agents. Curiously, the glycolipids of Dacry-

opinax species can be produced by a wide variety of genera

in the Dacrymycetales, and the patent application by Sta-

dler et al. (2012) even included a claim based on homology

of 28S rDNA sequences to define the potential producer

organisms. The production of these compounds seems to be

a valid chemotaxonomic feature that has been “preserved”

in the producer organisms in the course of their evolution,

probably as the fungi have a selective advantage over their

competitors.

A recent review by Günther et al. (2017) has also out-

lined the potential of glycolipids, which can be produced at

industrial scale by yeast-like Basidiomycota such as Usti-

lago and Pseudozyma species (Ustilagomycetes), for other

industrial applications. These compounds are biosurfac-

tants and can be used as natural emulsifiers for various

applications. They have potential to replace the currently

used petrochemical products in cosmetics, as well as

pharmaceutical or biomedical applications and may even

be useful for bioremediation technologies, such as solu-

bilisation and removal of oils from contaminated soil.

However, for many of these applications, the costs of

goods are presently still prohibitive, and the existing

biotechnological production processes remain to be opti-

mized further.

49. Organic acids

Organic acids are low molecular weight compounds which

contain functional groups with acidic properties such as

carboxyl, sulfonic, thiol and alcohol groups (Yin et al.

2015). Organic acids have a vast array of applications in

different fields including food and beverages, pharmaceu-

ticals, cosmetics and agriculture. Before the advancement

of industrial biotechnology, most of the building block

chemicals such as organic acids involved in industrial scale

chemical production were derived from petroleum sources

(Sauer et al. 2008). Nowadays, many organic acids are

being produced at industrial scale using different fungal

species, relying on sustainable biotechnological processes

that can easily compete with organic synthesis (Table 25).

Natural metabolic pathways or genetically modified natural

product biosynthetic pathways of these fungi are favored in

low cost production of organic chemicals with certain

functional groups that require costly oxidative processes in

industrial scale chemical production (Sauer et al. 2008).

Fungi produce a diverse range of organic acids in vitro as

well as in the natural environment and many species can

tolerate very low pH values. These capabilities may con-

stitute a competitive advantage, since they can “acidify”

the environment to inhibit the growth of other microor-

ganisms and to solubilize soil metals for easy absorbance.

In this entry, we focus mainly on organic acids containing

carboxyl functional groups with industrial scale

applications.

Applications and production:

Citric acid

Citric acid is a tri-carboxylic acid which is extensively

used in the food and beverage industry as an acidulate, pH

adjuster, flavoring agent, emulsifier in ice-cream (He et al.

2019) and processed cheese production, and antimicrobial

agent. Furthermore, citric acid is employed in food as an

acidulant and antioxidant additive, in therapeutic apheresis

as an anticoagulant (Lee and Arepally 2012), in cosmetics

and toiletries as a buffering agent with metal ion chelating

abilities, and in industrial scale applications such as metal

cleaning for metal oxide removal from metal surfaces

(Soccol et al. 2006).

Before the discovery of industrial scale citric acid

biosynthesis with Aspergillus niger using submerged fer-

mentation techniques (Currie 1917; Show et al. 2015), it

was commercially produced in England beginning around

1826 by direct extraction from Italian lemons (Papagianni

2007; Show et al. 2015). Other species of Aspergillus, such

as A. awamori, A. fonsecaeus, A. nidulans, A. phoenicis, A.

saitoi and A. wentii, have also been reported to accumulate

citric acid in considerable quantities (Soccol et al. 2006;

Papagianni 2007). The organic substrates for citric acid

biosynthesis by fermentation of starch hydrolysates include

sugarcane broth, cane molasses and beet molasses (Soccol

et al. 2006). A recombinant strain of the yeast, Yarrowia

lipolytica, has also been successfully utilized in citric acid

production using sucrose as the starting material (Fig. 53)

(Förster et al. 2007).

Fumaric acid

Fumaric acid was first isolated from the plant Fumaria

officinalis and the acid is a building block component in

polymerization and esterification reactions. High purity
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grade fumaric acid is administered in the management of

psoriasis in humans (Balak 2015) and has shown to sig-

nificantly reduce methane emission by cattle, when added

as a supplement in cattle feed (Roa Engel et al. 2008). It

also has applications in food and beverage industry as an

acidulant and flavor enhancing agent. Fumaric acid can

Table 25 Organic acids produced by fungi and diversity of their applications

Organic acids Organisms Applications Chemical formula Molecular structure

Citric acid Aspergillus awamori

Aspergillus flavus

Aspergillus fonsecaeus

Aspergillus nidulans

Aspergillus niger

Aspergillus phoenicis

Aspergillus saitoi

Aspergillus wentii

Yarrowia lipolytica

Cosmetics

Food and beverages

Metal cleaning

Pharmaceuticals

Toiletries

C6H8O7

OH

OH

O

OH

OH

O

OH

Fumaric acid Rhizopus arrhizus

Rhizopus formosa

Rhizopus nigricans

Rhizopus oryzae

Bio-polymers

Cattle feed

Food and beverages

Pharmaceuticals

C4H4O4

O

OH

OH

O

Gluconic acid Aspergillus niger Derivatization reactions

Food and beverages

C6H12O7

OH
OH

OH
OH

OH

OOH

Itaconic acid Aspergillus terreus

Saccharomyces cerevisiae

Ustilago maydis

Coatings

Detergents

Polymers (poly-MMA)

Rubber industry

Super-absorbents

C5H6O4

OH

O

O

OH

Lactic acid Recombinant yeast strains

Rhizopus oryzae

Biodegradable polymers

Cosmetics

Food industry

Oral hygiene products

Bio-polymers

Derivatization reactions

C3H6O3 OH

OH

O

Succinic acid Rhizopus sp. C4H6O4

O OH

OOH
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undergo derivatization reactions to produce malic acid and

L-aspartic acid (Goldberg et al. 2006; Roa Engel et al.

2008). Bio-based fumaric acid is produced by the fer-

mentation of different substrates such as glucose by Rhi-

zopus arrhizus, R. nigricans, and R. oryzae, molasses by R.

arrhizus and cassava bagasse by R. formosa (Table 25)

(Roa Engel et al. 2008; Xu et al. 2012).

Gluconic acid

Since the chemical structure of gluconic acid combines

both, carboxylic and alcohol functional groups, it can

undergo various derivatization reactions including intra

molecular esterification. Gluconic acid has applications in

the food and beverage industry as a sensory property

enhancer, acidity regulator and preservative for pickled

food and processed meat products (Canete-Rodriguez et al.

2016). Gluconic acid is produced by surface or submerged

fermentation procedures with various types of input

materials such as starch, lignocellulosic biomass, sugar-

cane molasses, whey, waste paper, figs, banana must and

grape must as carbon source using Aspergillus niger strains

(Table 25) (Canete-Rodriguez et al. 2016). During the

fermentation process, glucose in the medium is converted

extracellularly by the enzymatic reaction of glucose oxi-

dase by A. niger (Magnuson and Lasure 2004).

Itaconic acid

Itaconic acid has applications in detergents, coatings and

in the rubber industry. Poly(acrylamide-co-itaconic acid) a

super absorbent polymer which is used to absorb aqueous

solutions is also derived from itaconic acid (Choi et al.

2015). The most on demand industrial scale application is

the conversion of itaconic acid to methyl methacrylate

(MMA) and the production of poly MMA, commonly

known as Plexiglass (Becker et al. 2015; Choi et al. 2015).

The acid is generally produced via fermentation of glucose

using Aspergillus terreus. Furthermore, Ustilago maydis

and Saccharomyces cerevisiae are also capable of pro-

ducing itaconic acid by glucose fermentation (Table 25)

(Becker et al. 2015).

Lactic acid

Lactic acid is widely used in food industry in yoghurt

and cheese production, cosmetic industry in skin care

products, and oral hygiene products (Martinez et al. 2013).

One of the most important uses of lactic acid is the man-

ufacturing of polylactic acid which has applications in the

textile industry and food packaging utensils (Sauer et al.

2008; Bozell and Petersen 2010; Martinez et al. 2013).

Lactic acid is mostly produced by fermentation with

lactic acid bacteria (Sauer et al. 2008); however, the

exploitation of Rhizopus oryzae has shown promising

outcomes by producing higher titers of lactic acid of 280 g/

L as anhydrous calcium lactate with 0.92 g/g productivity

of glucose input under fed-batch cultures (Yamane and

Tanaka 2013). Xylose, a pentose sugar derived from lig-

nocellulosic biomass hydrolysis, can also be utilized as an

input carbon source for lactic acid biosynthesis. Xylose

fermentation is carried out by employing recombinant

yeast strains (Sauer et al. 2010) and R. oryzae, grown in

mineral medium (Magnuson and Lasure 2004; Maas et al.

2006) (Table 25). The extracellular release of amylases by

fungi is an added advantage of the fermentation process in

hydrolyzing starch from various input sources, especially

by the species of Rhizopus (Martinez et al. 2013).

Fig. 53 Schematic representation of general organic acid production procedure using fungi
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Succinic acid

Succinic acid acts as a building block component for the

synthesis of valuable chemicals, such as 1,4-butanediol,

tetrahydrofuran, γ-butyrolactone, N-methylpyrrolidone,

and even in the synthesis of bio-based polymers such as

polybutylene succinate and polyester polyols, which may

eventually replace conventional petrol-derived polymers in

the future (Choi et al. 2015). An improved fermentation

process for Rhizopus species was patented by DuPont to

increase the TCA cycle based carboxylic acid production

by limiting the dissolved oxygen levels in fermenters

between 30 and 80%. During this fermentation process

fumaric acid, succinic acid and L-malic acid are produced

(Ling and Ng 1989). In a recent study 209.7 g/L succinic

acid titre was obtained under fed batch fermentation con-

ditions using Yarrowia lipolytica fed with crude glycerol as

the carbon source (Li et al. 2018).

Commercial scale production of organic acids is highly

dependent on strain performance. Since most of the wild

type strains do not produce commercially accept-

able yields, fermentation conditions need to be modified

according to the requirement and strain (Xu et al. 2012). To

meet industrial scale requirements, the wild type strains are

being genetically modified or subjected to classical muta-

genesis with the goal to increase production. Recently, it

was reported that the deletion of the mitochondrial

fumarase gene and introduction of succinate/fumarate

transporter increased fumaric acid production in Saccha-

romyces cerevisiae (Yin et al. 2015). A high yielding

fumaric acid producing Rhizopus oryzae RUR709 strain

was developed by UV and γ-ray mutagenesis and finally

produced 32.1 g/L fumaric acid—a concentration 1.9-fold

higher than the wild type strain (Huang et al. 2010). Glu-

cose oxidase deficient mutants of Aspergillus carbonarius

have shown increased citric acid production by reducing

by-product (gluconic acid) formation through an increase

of the carbon flux towards the reductive tricarboxylic acid

pathway (Yang et al. 2014b).

These metabolic engineering techniques have led to the

industrial scale production of natural products by modify-

ing natural biosynthetic pathways to increase productivity

or synthesize novel derivatives to meet the global demand

for organic acids.

50. Textile dyes

Fungi are important as natural dye producers in textile

industries (Mapari et al. 2010; Chadni et al. 2017). The

textile industry is the largest consumer of organic pigments

and synthetic dyes (Mapari et al. 2010). Tons of dyes are

lost as effluents and can result in environmental pollution

and serious human health problems, especially if their

release is not properly treated. Colour fastness to washing

and crocking are essential qualities for any dye/ fabric

combination. Fungal species that are used in textile dyeing

are listed in Table 26.

Hernández et al. (2018a) reported that wood rotting

fungi can be used in textile dyeing. Suciatmih (2002)

studied the effect of colouring pH and mordant on fungal

dyes quality using woolen yarn (Fig. 54). In their study,

three isolates of Aspergillus, three isolates of Penicillium,

two isolates of Paecilomyces, one isolate of Monascus

purpureus and one isolate of Trichoderma harzianum were

used with two different mordants (alum and FeSO4) by

three different dying pH (3, 6, and 9). The results indicated

that low pH value exhibited a strong colour as well as the

mordant FeSO4 produced almost darker colour.

When used in manufactured products, concerns related

to the presence of toxic metabolites in pigments and dyes

produced by fungi are commonly raised. In this regard, the

correct identification of fungal strains and the implemen-

tation of toxicity tests are key factors to ensure a safe

environment for workers and harmless products for end

users (Hernández et al. 2018a). Regarding the broad

spectrum of the fungal pigments, fungi including edible

and non-edible mushrooms are a resource of natural dyes.

The future

Functional genomics and the search for novel
anti-invectives

Functional genomics is the approach used to study func-

tions and interactions of genes and their products in a

specific context (Liu et al. 2010a; Buza and McCarthy

2013). This requires sequencing of the entire genome.

Sequencing techniques have come a long way, since the

release of the first whole fungal genome of Saccharomyces

cerevisiae (Goffeau et al. 1996). Today the combining of

newly arising techniques like PacBio with Illumina to

provide fully closed genomes has led to numerous fungal

genome databases, such as the fungal genome initiative

(Haas et al. 2011), comprising over 100 fungal genomes, or

FungiDB (Stajich et al. 2012) and Ensembl Fungi (Kersey

et al. 2010) with over 1000 fungal genomes. Out of many

examples that target various product categories, we will

here only give some examples on what is feasible now for

the secondary metabolite biosynthesis due to the employ-

ment of—OMICS and bioinformatics tools and synthetic

biotechnology.

The genomes of the Fungi contain many genes and gene

clusters that encode for potentially beneficial products,

including industrially important enzymes as well as sec-

ondary metabolites. Also the bioinformatics tools for the
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Table 26 Examples of pigments produced by fungi

Fungal producer Pigment name/colour Application References

Acrostalagmus sp. Brown and reddish brown Atalla et al. (2011)

Agaricus xanthodermus Yellow Hanson (2008)

Alternaria alternata Dyeing of wool and silk Sharma et al. (2012)

Brown and reddish brown Atalla et al. (2011)

Amanita muscaria Betains(Orange-red Li and Oberlies (2005)

Aspergillus niger Brown and reddish brown Atalla et al. (2011)

Aspergillus sp. Yellow Dyeing of cotton, silk and silk cotton Anchana devi (2014), Kumar et al.

(2017), Sarkar et al. (2017)

Boletales (Gomphidiaceae

and Suillaceae)

Yellow pulvinic acid derivatives Knight and Pattenden (1976)

Bisporomyces sp. Brown and reddish brown Atalla et al. (2011)

Chlorociboria aeruginosa Xylindein/Green Colourfast dyeing of cotton,

polyamide, polyester and wool

Weber et al. (2014), Hinsch and

Robinson (2016)

Cortinarius cinnabarinus

(European toadstool)

Fallacinol/ Dark orange Gill (1994)

Cortinarius violaceus Striking deep violet colour Von Nussbaum et al. (1998)

Cortinarius sp. Dimeric anthraquinone derivative/

Bright yellow

Velišek and Cejpek (2011)

Cunninghamella sp. Brown and reddish brown Atalla et al. (2011)

Curvularia lunata Dyeing of wool and silk Sharma et al. (2012)

Dermocybe sanguinea Anthraquinone compounds as

aglycones

Hynninen et al. (2000), Räisänen

et al. (2000)

Dermocybe sp. Dimeric anthraquinone derivative/

Bright yellow

Velišek and Cejpek (2011)

Fusarium oxysporum Anthraquinone/Purple Dyeing of wool Nagia and El-Mohamedy (2007),

Hernández et al. (2018a)

Gymnopilus sp. Yellow-brown styrylpyrone

pigments bis-noryangonin and

hispidin

Gill (1994)

Hymenochaetaceae

(Inonotus, Onnia and

Phellinus)

Yellow pigment hispolon Lee and Yun (2006)

Hypholoma sp. Yellow-brown styrylpyrone

pigments bis-noryangonin and

hispidin

Gill (1994)

Hygrocybe sp. (witchs’ hat) Muscaflavin/yellow Li and Oberlies (2005)

Penicillium chrysogenum Brown and reddish brown Atalla et al. (2011)

Penicillium italicum Brown and reddish brown Atalla et al. (2011)

Penicillium minioluteum Dyeing of web blue goat nappa skin Gupta and Aggarwal (2016)

Penicillium murcianum Yellow Dyeing of wool Hernández et al. (2018a, b)

Penicillium oxalicum Brown and reddish brown Atalla et al. (2011)

Penicillium regulosum Brown and reddish brown Atalla et al. (2011)

Penicillium sp. Dyeing of cotton and silk Sarkar et al. (2017)

Pholiota sp. Yellow-brown styrylpyrone

pigments bis-noryangonin and

hispidin

Gill (1994)

Phymatotrichum sp. Brown and reddish brown Atalla et al. (2011) tested

Scytalidium cuboideum Draconin red Colourfast dyeing of cotton,

polyamide, polyester and wool

Colourfasten

Weber et al. (2014), Hinsch and

Robinson (2016)

Scytalidium

ganodermophthorum

Yellow Colourfast dyeing of cotton,

polyamide, polyester and wool

Weber et al. (2014), Hinsch and

Robinson (2016)
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annotation of genomes have significantly improved and

today, next to the long established antiSMASH (Blin et al.

2017), fungi-specific algorithms for identifying biosyn-

thetic gene clusters, like the FunGeneClusterS (Vesth et al.

2016) exist. These tools have enabled researchers to

heterologously express such gene clusters in well-known

hosts, such as Aspergillus niger (Boecker et al. 2018). This

strategy can be used not only to facilitate an easier pro-

duction of a known metabolite at industrial scale, but also

to express previously silent gene clusters, which were

found while analysing the genome—a technique often

referred to as ‘genome mining’, offering a whole new

source for the discovery of novel anti-infectives. Heterol-

ogous expression of specific gene clusters in a different

host now also allows for the elucidation of biosyntheses of

known antibiotics/natural products. One of the first fungal

biosynthesis studied in such manner, was this of the

mycotoxin trichothecene (Tokai et al. 2007). Over the

Fig. 54 a Colour variation on woolen yarn dyed with Purpureocillium
lilacinum dye with different mordants and dyeing pH. b Colour

variation on woolen yarn dyed with Penicillium sp. dye with different

mordants and dyeing pH (Fe = FeSO4·7H2O, A = alum and K = pH

control) (courtesy of Suciatmih)

Table 26 continued

Fungal producer Pigment name/colour Application References

Suillus grevillei Contains at least 11 yellow, orange

and red pigments

Besl and Bresinsky (1997)

Talaromyces australis Red Dyeing of wool Hernández et al. (2018a, b)

Talaromyces sp. Orange Morales-Oyervides et al. (2017),

Hernández et al. (2018a)

Talaromyces verruculosus Red Adequate colour tone for cotton

fabric without any cytotoxic effect

Chadni et al. (2017)

Thermomyces sp. Yellow Dyeing of silk (Poorniammal et al. 2013)

Trichoderma spirale Yellow Hernández et al. (2018a)

Trichoderma virens Dyeing of wool and silk and have

antifungal properties

Sharma et al. (2012)

Trichoderma sp. Dyeing of cotton, silk and silk cotton Anchana devi (2014)

Tricholoma sp. Dimeric anthraquinone derivative/

Bright yellow

Velišek and Cejpek (2011)

Xylaria polymorpha Blackish brown Kumar et al. (2017)

100 Fungal Diversity (2019) 97:1–136

123



years, many other studies on Ascomycota have followed,

but as of recently even the Basidiomycota have been tar-

geted for elucidation of the biosynthesis of their secondary

metabolites (Lin et al. 2019). Most recently, the biosyn-

thesis of the antifungal strobilurins (see entry on antimy-

cotics and fungicides), has been elucidated, through

expression in Aspergillus oryzae (Nofiani et al. 2018). In

the future, modifying the biosynthesis of a fungal

metabolite in order to enhance its production at commercial

scale or to achieve adjusted, better bioavailable drugs, may

well become the norm. Studies on the regulation of sec-

ondary metabolite biosynthesis (Brakhage and Schroeckh

2010) have also been developed in model organisms and

are now available for broad applications across the fungal

kingdom. This may soon lead to the discovery of totally

novel classes of metabolites, using genome mining, which

was already demonstrated for enzymes (e.g. Dilokpimol

et al. 2018). Figure 55 illustrates the production and iso-

lation procedure for a bioactive metabolite from a basidi-

mycete culture, which was obtained in very high yields in a

relatively short time, owing to the fact that modern bio-

process technology and methods of systems biology were

employed.

Acknowledgements This work was supported by the Strategic Pri-

ority Research Program of the Chinese Academy of Sciences, Grant

No. XDB31000000. Naritsada Thongklang would like to thank

Thailand research fund grants “Study of saprobic Agaricales in

Thailand to find new industrial mushroom products” (Grant No.

DBG6180015) and Mae Fah Luang University grant “Optimal

conditions for domestication and biological activities of selected

species of Ganoderrma” (Grant No. 621C1535). K.D. Hyde and

Naritsada Thongklang would like to thanks to Thailand research fund

grants “Domestication and bioactive evaluation of Thai Hymenopel-

lis, Oudemansiella, Xerula and Volvariella species (basidiomycetes)”

(Grant No. DBG6180033). K.D. Hyde thanks the financial support

from the Visiting Professor grant at Chiang Mai University, Thailand

and KIB. The authors acknowledge the contribution of M.M. Vas-

anthakumari, K.M. Manasa and P. Rajani, in various stages of

preparation of the manuscript. Samantha C. Karunarathna thanks CAS

President’s International Fellowship Initiative (PIFI) for funding his

postdoctoral research (Number 2018PC0006), and the National Sci-

ence Foundation. Associate Professor R Jeewon thanks University of

Mauritius for support. Binu C. Samarakoon offers her sincere grati-

tude to the “National Research Council of Thailand” (NRCT Grant

No. 256108A3070006) for the financial support. Peter E Mortimer

would like to thank the National Science Foundation of China and the

Chinese Academy of Sciences for financial support under the fol-

lowing Grants: 41761144055, 41771063, Y4ZK111B01. M. Doilom

would like to thank Chiang Mai University, the 5th batch of Post-

doctoral Orientation Training Personnel in Yunnan Province and the

64th batch of China Postdoctoral Science Foundation. T.S. Surya-

narayanan thanks the United States-India Educational Foundation

(USIEF), New Delhi and the Fulbright Scholar Program (USA) for the

award of a Fulbright-Nehru Senior Researcher grant to conduct

research in the Department of Chemistry and Biochemistry, The Ohio

State University, USA. Thanks to Research and Researchers for

Industries Grant (PHD57I0015) for financial support to Boontiya

Chuankid. Birthe Sandargo is grateful to the Deutsche Forschungs-

gemeinschaft (DFG) for a PhD grant. Clara Chepkirui is indebted to a

PhD stipend from the German Academic Exchange Service (DAAD)

and the Kenya National Council for Science and Technology

(NACOSTI). Kevin D Hyde would also like to thank the National

Research Council of Thailand grants Thailands’ Fungal Diversity,

Solving Problems and Creating Biotechnological Products (Grant No.

61201321016). This work is partly supported by the Department of

Fig. 55 Stages of the production and isolaton of a biologically active

metabolite from the cultures of a basidiomycete (Omphalotus

nidiformis). a Submerged cultivation in shake flasks. b Stirred tank

fermentation in a parallel 1.5 L Bioreactor systems. C. Bench-Scale

10 L stirred tank. D. Column chromatography for fractionation and

compound recovery using the polymeric adsorbent XAD. E. Eluted

fractions from compound purification. F. Crystals of pure compound.

Images by Teresa Briem and Lillibeth Chaverra-Muñoz, HZI,
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Thamer S, Schädler M, Bonte D, Ballhorn DJ (2011) Dual benefit

from a belowground symbiosis: nitrogen fixing rhizobia promote

growth and defense against a specialist herbivore in a

cyanogenic plant. Plant Soil 34:1209–1219

Thawthong A, Karunarathna SC, Thongklang N, Chukeatirote E et al

(2014) Discovering and domesticating wild tropical cultivat-

able mushrooms. Chiang Mai J Sci 41:1–34

Thawthong A, Hapuarachchi KK, Wen TC, Raspé O et al (2017)
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