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Preface

Natural products have been the mainstay for bioactive compounds, which have
propelled the development of pharmaceuticals, cosmeceuticals, and agrochemicals.
All biological matrices present on the Earth comprise naturally occurring substances
that may prove to be beneficial as a medicine and personal care products or could
provide solutions to crop protection and production. It may not be out of place to
mention that fungi were recognized as one of the tactical organisms which could
propel the process of drug discovery and developed subsequent to identification of
the first beta-lactam antibiotic, penicillin, from Penicillium notatum (now Penicil-
lium rubens). Prior to this, plants were the mainstay for discovering medicinal
compounds based on the earlier studies done by shamans and healers. Microbes
are ubiquitous in their existence and so are fungi.

Fungi are eukaryotic microorganisms, which exhibit a heterotrophic mode of
nutrition, evolutionarily closer to animals than plants. The study of fungi, their
forms, life cycle, and physiological and biochemical patterns that influence their
growth and reproduction is known as mycology. These are considered as one of the
most diverse forms of life-forms with respect to their morphological, ecological, and
nutritional modes. They constitute the largest organismic group after insects, which
have been estimated to be existing between 2.8 and 3.3 million species within
different ecosystems on the Earth, of which only 150,000 species have been
described.

Many secondary metabolites (bioactive compounds) produced by fungi have
been successfully developed into medicines. The major fungal secondary metabo-
lites which have been developed into medicinal agents (drugs) beyond penicillin
comprise cephalosporins (antibiotic, Cephalosporium acremonium), griseofulvin
(antifungal, Penicillium griseofulvum), echinocandins (antifungal, Aspergillus
nidulans var. roseus ATCC 58397), mycophenolic acid (immunosuppressant, Pen-
icillium sp.), cyclosporine (immunomodulatory agent, Tolypocladium inflatum), and
lovastatin (cholesterol reducing, Aspergillus terreus). Thus, fungi hold immense
possibilities as bioresources of new chemical entities, which could be developed
into new medicines. The recent development in the field of genomics and analytical
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instrumentation has paved way to shift the exploration of these new chemical entities
more rationally and target specifically, as compared to the phenotypic screening
methods. Hence, in this book, we have tried to bring in the latest concepts in
screening fungi from varied ecological niches for fueling the drug discovery and
development in industry as well as in academia.

This book has been aptly divided into eight sections. The first part of the book
addresses the role of bioactive compounds isolated from the endophytic fungi,
wherein the emphasis has been laid on the molecules which are into pharmaceutical
development, possessing anti-infective properties and possibilities to be developed
into therapeutic interventions for neurodegenerative disorders. Another interesting
facet of fungi is to associate itself with other microorganisms such as algae in
lichens, and during this interaction, they produce some novel chemistries. So, the
second part of the book is basically oriented on the discovery of bioactive com-
pounds from endolichenic fungi with pharmaceutical potential by Sri Lankan and
Indian researchers. The third part of the book emphasizes the role of marine fungi in
discovery of new pharmacophores as well as in antibacterial drug discovery and
development. The fourth part addresses the role of fungal secondary metabolites in
the development of medicinals belonging to different classes of drugs. The emphasis
is on antibacterial drug, immunosuppressants, anticancer agents, antifungals, and
anti-inflammatory and antithrombotic compounds. As fungi also exist in unique
environments and extreme conditions, they become a lucrative source of unique
secondary metabolites with potential to be exploited for drug discovery and devel-
opment. This is the theme of the fifth part of the book. Several techniques at
molecular level have been developed to enhance the yield of secondary metabolites
for commercial production. These comprise one strain many compounds (OSMAC),
co-cultivation, and epigenetic modulation. These have been addressed in the sixth
part. The seventh part addresses other products of fungal metabolism, the pigments
and peptidyl/non-peptidyl compounds, which possess medicinal properties that
could be exploited in the process of drug discovery and development. The last part
of this book emphasizes on the role of bioinformatics and biotransformation carried
out by fungi in the production of novel medicinal agents.

To summarize, this book is a treatise on all aspects of fungi and their potential for
pharmaceutical drug development and would generate much interest among the
readers to undertake mycological research using advanced tools and techniques in
propelling drug discovery research.

Mumbai, India Sunil K. Deshmukh
Belo Horizonte, Brazil Jacqueline A. Takahashi
Patiala, India Sanjai Saxena
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Chapter 1 ®)
Recent Advances in Pharmaceutically s
Important Compounds from Endophytic

Fungi

Jacqueline A. Takahashi, Joao Gabriel S. Marques, Mariana R. Ferreira,
Thiago P. Santos, and Gustavo O. C. Rosario

Abstract The study of endophytic fungi as a source of new bioactive molecules is
an area that has grown very much within the chemistry of natural products, probably
due to advances in the techniques of isolation, identification, and dereplication of
fungal species and the exploration of new biomes and niches for the collection of
host plants. Secondary metabolites produced by endophytes have been shown to be
active against the most diverse types of biological targets, such as numerous tumor
cell lines, parasites, and etiological agents causing neglected diseases (HIV, Chagas
disease, Leishmaniasis, etc.). More recently, a significant number of metabolites of
endophytic fungi have also been successfully studied against several important
targets of the SARS-CoV-2 virus. This chapter presents recent data on fungal
metabolites that have distinguished biological activity and potential for further
drug development.

Keywords Endophyte fungi - Biomes - Cancer - Neglected diseases - SARS-CoV-
2 - Drug development

1 Introduction

Endophytic fungi are species that live inside plant tissues, throughout the entire or
partial life cycle without affecting morphological characteristics or causing damage
to the host plant. Instead, several studies have shown that these species offer
physiological and ecological support to the host plants (Manganyi and Ateba
2020). Other studies have sought to understand the relationship between these
fungi and the regulation of plant growth, plant protection, and resilience to stress
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(Fadiji and Babalola 2020; Tiwari and Bae 2022; Toppo et al. 2022). Endophytic
fungi are also the target of studies related to their influence on the biosynthesis of
secondary metabolites by host plants (Caruso et al. 2020) and the effect of fungal
diversity on the ecosystem (Adnan et al. 2022). This kind of fungi has a prolific and
creative biosynthesis, capable of producing secondary metabolites of various classes
such as terpenoids (Amirzakariya and Shakeri 2022; Galindo-Solis and Fernandez
2022), polyketides (Liu et al. 2016), alkaloids (Daley and Cordell 2021), xanthones
(Khattab and Farag 2022), and sulfur-containing compounds (Fan et al. 2022). The
production of secondary metabolites with complex and unusual chemical structures
such as 2,3-dihydro-1H-indene analogs (Cui et al. 2018) and molecules containing
6/6/6/5/5 tetracyclic skeleton has also been described (Zhang et al. 2022). Wen et al.
recently reviewed 220 new compounds with rare or novel structures or skeleton
structures possessing diverse biological activities from endophytic fungi from
82 journal articles between 2011 and 2021 (Wen et al. 2022).

In addition to secondary metabolites, it is worth to briefly mention the importance
of fungi in the production of extracellular enzymes, many of which have therapeutic
applications (Raghav et al. 2022; Bhadra et al. 2022). Several industrially important
enzymes are produced extracellularly by fungi: among them amylases, produced by
endophytic species isolated from Euterpe precatory (Batista et al. 2022) and Albizia
lebbeck (Mathur et al. 2022), and asparaginases, produced by endophytes of the
plant Mandevilla catimbauensis (Araijo-Magalhdes et al. 2021). L-asparaginase is
used as a drug in acute lymphocytic leukemia chemotherapy, and it is produced by a
number of fungi using submerged and solid-state fermentation. The use of
L-asparaginase is preferred over chemical drugs due to the lack of toxicity (Bhadra
et al. 2022). This enzyme can be produced by bacteria, but the final product has some
toxicity issues, raising the interest of the pharmaceutical industry to find safe sources
of this enzyme. Promising research in this area concerns in the isolation of
L-asparaginase from T. pinophilus, an endophyte isolated from the rhizomes of
Curcuma amada (Araijo-Magalhdes et al. 2021). Several other enzymes, usually
with hydrolytic action, are usually excreted by microorganisms during the fermen-
tation process and have several industrial and pharmacological applications such as
cellulases (Khalil et al. 2021), laccases, gelatinases (Marsola et al. 2022), lipases
(Alves et al. 2018), and xylanases (Amobonye et al. 2021). Lipases have therapeutic
potential as antifungal and leishmanicidal agents (Alves et al. 2018), while amylases
are useful in the diagnosis of cystic fibrosis (Bhadra et al. 2022).

Studies with endophyte fungi are progressing all over the world, and much
information is available. Li et al. (2018) reviewed the antitumor activity of alkaloids,
isocoumarins, polyketides, quinones, steroids, terpenes, and other classes of com-
pounds from 109 strains of endophytic fungi (3 phyla, 7 classes, and 50 genera),
reported between 2014 and 2017. A total of 118 anti-inflammatory compounds from
diverse chemical classes (alkaloids, anthraquinones, azaphilones, butenolides, cou-
marins, cytochalasans, glycosides, lactones, sesquiterpenoids, quinones, xanthones)
reported in the last two decades (until February 2019) as endophytic fungal metab-
olites were reviewed by Pal et al. (2020). The antibacterial profiling, chemical
structures, and mode of action of 451 metabolites reported from January 2015 to
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April 2021 of anthraquinones, sesquiterpenoids, chromones, xanthones, phenols,
quinones, quinolones, piperazines, coumarins, and cyclic peptides classes were
recently reported (Deshmukh et al. 2022a). The present chapter focuses on aspects
less explored, such as fungal distribution, methodological approaches to study
endophyte species, recent developments, current pharmacological targets, and
metabolites recently described from endophyte fungal species, to add complimentary
discussion in the area.

2 Biomes, Regions, and Plant Families

Research with endophytic fungi has been carried out worldwide, thanks to
the ubiquity of these microorganisms. Therefore, there are no major restrictions for
the isolation of fungi in relation to the biome where the host plant is located. On the
contrary, endophytic species that produce bioactive metabolites have been related
from the most different biomes and these microorganisms are always associated to
an ecological and sustainable production of compounds to feed the pharmaceutical
industry in a nearby future (Zhao et al. 2020; Ancheeva et al. 2020). The marine
environment is one of the main sources of new endophytic fungi nowadays. The
marine endophytes have been isolated mainly from plants like seagrass, mangrove
plants, algae, sponge, and corals. Marine sediments have also been frequently
described as sources of fungi, although they cannot be considered endophytes. The
success of marine plants-derived endophytic fungi can be justified by the different
metabolism of these organisms, as a result of coevolution in an environment
constantly subjected to osmotic stress.

Sharma et al. (2020) reviewed the therapeutic applications of endophytes of
several genera (Alternaria, Aspergillus, Botryosphaeria, Colletotrichum, Fusarium,
Paecilomyces, Penicillium, and Pestalotiopsis, among others) harbored in Asian
medicinal plants from Bangladesh, China, India, Indonesia, Japan, Malaysia,
South Korea, Sri Lanka, and Thailand. The authors also discussed the interaction
of fungal endophytes with the host plants. The arid ecosystem of the Thar Desert of
Rajasthan is a rich repository of ethnomedicinal plants which, in turn, contain
endophyte species able to produce pharmaceutically important metabolites (Yadav
and Meena 2021). Indonesian fungal endophytes from medicinal plants with
antibacterial, antifungal, and anti-enzymatic activity have been reported by
Mamangkey et al. (2022). Endophytic fungi from the Himalayan region have been
pointed out as important targets in the search for new antitumor and anti-HIV agents.
The Himalayan region is also an important hotspot, with unique microorganisms,
plants, and other underexplored genetic resources (Banyal et al. 2021). Santos et al.
(2022) reviewed the metabolites produced by 36 Brazilian endophyte fungi
(2015-2021), with a focus on terpenoids. Sixty-seven metabolites of this class
were identified and they were associated with several biological activities such as
antidepressant, anti-cancer, antimalarial, among others (Santos et al. 2022). On
another study, Savi et al. (2019) described endophyte species isolated in Brazil
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between 2012 and 2017 covering rainforest, caatinga, cerrado, Atlantic Forest,
pampa, and pantanal, the major Brazilian biomes. The authors highlighted the
importance of studying species from global biodiversity hotspots since some endo-
phytes are host-specific. Empetrum rubum, a medicinal plant from Austral South
America, furnished 83 endophytic fungal isolates, including some fungal taxa
uncommonly reported as endophytes (Allantophomopsis cytisporea, Humicolopsis
cephalosporioides, Phacidium grevilleae, Pseudocercospora pseudophacidioides,
Pseudocercospora brackenicola, and Pseudopithomyces sp.) (Ferreira et al. 2021).

Several endophytic fungi of previously unknown taxa were identified from the
Eastern Mountain Avens (Geum peckii), a globally rare and endangered perennial
plant found only at two spots in Canada and endemic to the alpine sites in the White
Mountains (New Hampshire, USA) (Adams et al. 2021). The fungi isolated are of
future interest for restoration and conservation purposes from a mycological per-
spective, and they offer novel options for the recovery of novel secondary
metabolites.

Multiple species of fungal endophytes have been isolated from the most diverse
plant families such as Rubiaceae (Cruz et al. 2020), Brassicaceae (Poveda et al.
2022), Amaryllidaceae (Caruso et al. 2020), as well as from Citrus plants (Nicoletti
2019), and ornamental species (Gioia et al. 2020). The specific interest for some
botanical families as source of endophyte species has been increasing in the recent
years, many times related to the identification of fungi producing specific metabo-
lites or rare compounds. Other times, the interest is associated with the numerous
biological activities associated with secondary metabolites biosynthesized by the
host plant or by the associated endophyte, as occurs with the Rubiaceae family. The
chemical diversity of metabolites isolated from Rubiaceae endophyte species is high,
and these metabolites have demonstrated potential in the treatment of neurodegen-
erative diseases, and in the control of inflammation and hyperglycemia (Cruz et al.
2020; Lopez et al. 2021).

Some peculiarities make some botanical families the target of studies with
specific objectives. A good example is the Brassicaceae family which has species
with “remarkable peculiarities,” related to the production of defense compounds of
the glucosinolate class (Poveda et al. 2022). These compounds are involved in plant
defense making difficult the co-existence of fungi inside the plant. For the estab-
lishment of endophytic fungi in plants of the Brassicaceae family, it is necessary to
depress plant defense mechanisms, increase the plant tolerance to the fungus, or
suppress the defense mechanisms associated with the establishment of fungi. This
dynamic makes the study of the interaction of endophytic fungi—Brassicaceae plants
of great interest for the understanding of the mechanism of fungus—plant symbiosis
formation. Research in this area has excellent future perspectives for agricultural
applications such as plant disease prevention and biological control (Macias-
Rubalcava and Garrido-Santos 2022; Poveda et al. 2022).

Amaryllidaceae species have important applications in culinary, especially as
component of exotic foods, and this botanical family comprises medicinal plant
species, although the family is neglected as sources of endophyte fungi. Caruso et al.
reported that although the dominant fungal endophytes isolated from
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Amaryllidaceae family are endemic from several taxonomically different hosts, there
are some species and tissue-dependent endophytic species in this botanical family
(Caruso et al. 2020). These authors highlighted the prominence of Amarylloidaceae
subfamily as source of alkaloids that can be produced under stimuli and via in vitro
synthesis, aiming at several applications. In Amaryllidaceae plants, fungal endo-
phytes are better adapted to the morphological and physiological conditions found in
the plants’ roots.

Endophytes from plants of Citrus genus are mostly studied to verify pathogenicity
issues and ecological features (Nicoletti 2019), while some botanical families have
peculiar relationship with endophyte species. Plants from Orchidaceae family form a
mutualistic association with some specific fungi during the germination phase,
depending on the nutrition provided by the fungal species to initiate the seedling
cycle (Bhatti and Thakur 2022). The diversity of fungal endophytes from
Orchidaceae family is also of great interest since these fungi have several industrial
applications (Chua and Ting 2021).

Although endophyte fungi are not harmful for the host plants, these fungi may
interfere in the environment once outside the host. In this way, some preoccupation
is arising about the endophyte present in plants imported for ornamental purposes,
and regulatory agencies have been studying possible threats to ecosystems and
biosecurity that may arise during intercontinental trade (Gioia et al. 2020). There-
fore, issues about the negative impacts of foreign fungal endophytes that may be
accidentally introduced in foreign ecosystems are an interesting point for discussion
among authorities and scientists.

3 Handling Endophytic Fungi

Several authors strongly suggest that the success of endophytic fungi as a prolific
source of new bioactive compounds, benefited from modern technologies for puri-
fication, characterization, and biological screening of active metabolites, as well as
useful new approaches such as genetic engineering, amplification of gene clusters,
mutagenesis, and refinement of fungal cultures (Rai et al. 2022). Starting from
the beginning, the classical methods for the isolation of endophytic fungi consist
in the addition of sterile fragments of the host plant in agar plates, following with the
transference of macromorphologically different species until obtaining pure colo-
nies. Enrichment of the culture media can help in increasing the variety of fungal
endophytes isolated. An interesting work recently published by Reis, Lorenzi, and
Vale in 2022 presents and discusses some useful methods used to collect and sample
plant material, disinfection, culture media choices, morphotypes grouping, and
molecular identification of endophyte fungi. The authors also discuss issues related
to ITS rRNA region and molecular phylogeny, methods for studying chemical
diversity, and cultivation-independent methods, being a good guide for starting
working in this area (Reis et al. 2022).
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Fig. 1.1 Production of silent secondary metabolites after gene exposition by epigenetic modifiers

After isolating the endophyte species, the fermentation process for obtaining the
secondary metabolites of endophytic fungi usually follows the general methodology
used for fungi cultivation. The fungus is transferred from the solid storage medium
(usually potato dextrose agar, PDA) and inoculated into a basic culture medium such
as PDB (potato dextrose broth) to prepare a seed culture. The use of a seed culture
prevents direct inoculation of the fungus, usually stored at low temperature, into the
culture medium that will be used for fermentation. This procedure allows
reactivation of fungal metabolism and increases the amount of inoculum, making
the cultivation more productive. The use of rice as a substrate for the production of
secondary metabolites has been used by a significant number of research groups
(Chen et al. 2021; Ramos et al. 2022).

Co-culture (Oliveira et al. 2022) modifications in the growing conditions (Lima
et al. 2018) and mutation are important approaches for optimizing metabolites
production by fungi (Deshmukh et al. 2022a; Takahashi et al. 2020). These tools
can induce silent gene clusters related to the production of cryptic metabolites. The
genetic tools available in recent decades have allowed a great advance in the
knowledge of the vast metabolome of fungi (Nagarajan et al. 2021). The production
of fungal secondary metabolites can be induced by small molecules, such as
epigenetic modifiers (Toghueo et al. 2020) that act on DNA methyltransferases
(e.g., 5-azacytidine, hydralazine, and procainamide) or histone deacetylases (e.g.,
suberoylanilide hydroxamic acid). These molecules provide changes in the chroma-
tin structure allowing the expression of secondary metabolite-related genes hitherto
silent in the chromatin (Mapook et al. 2022) (Fig. 1.1).

The biosynthesis of cryptic metabolites and yield improvement have been
achieved using the combination of OSMAC (one strain, many compounds) approach
with other methodologies, such as genome mining. Simple modifications such as the
introduction of halogens to the culture medium can lead to the incorporation of the
halogen in the metabolite’s chemical structure. Using this approach, 12 new cyto-
chalasins, including phomopchalasin E (bromine) (1) and phomopchalasins F
(iodine), were isolated from Phomopsis sp. QYM-13 (Chen et al. 2022a). The



1 Recent Advances in Pharmaceutically Important Compounds from Endophytic Fungi 9

Fig. 1.2 Chemical structures of the compounds produced vunder OSMAC conditions (1-6)

metabolic alteration caused by OSMAC can also lead to the synthesis of new
metabolites. Penicillium sp. T2—11 afforded penicnthene (2) and penicitrione H
(3), new metabolites of xanthene and citrinin types. Penicnthene is the first example
of a xanthene derivative with a 3-hydroxy-2-butyl chain. These metabolites showed
acetylcholinesterase inhibition (28.03 + 0.15 and 23.62 + 0.37 pM, respectively),
and the activity of penicitrione H (3) was supposed to be related to the methyl group
located at C-6 (Li et al. 2022a). Asordaria conoidea was submitted to OSMAC
modulation. Three extracts were obtained, one of them with allelochemical activity,
showing that the different cultivation conditions led to different pools of metabolites
(Arruda et al. 2022). Emericella sp. XL029, under OSMAC conditions, produced
seven new compounds, including emerindole (4), emerone D (5), and emerxanthone
B (6) (Xian et al. 2022). The chemical structures of the compounds are presented in
Fig. 1.2. Macrophomina phaseolina, endophyte isolated from the host plant
Brugmansia aurea, was studied with and without the effect of the epigenetic
modifier sodium valproate, a histone deacetylase inhibitor, combined with
OSMAC modifications. The results showed that the metabolite profile was modified.
Among the changes, M. phaseolina produced four new and several volatile com-
pounds (Singh et al. 2022).
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4 Innovative Pharmacological Targets for Bioactive Fungal
Metabolites

The demand for biologically active compounds for the production of new drugs is a
very dynamic area. The development of new drugs can be oriented to increased
absorption, prolongation of effect, higher specificity with decreased side effects, and
lower negative drug interactions. Innovative drugs may be necessary for the treat-
ment of new diseases, as occurred recently with the COVID-19 pandemic, a situation
that involved the research of substances capable of acting on biological targets
present in the SARS-CoV-2 virus, as well as antiviral drugs with new mechanisms
of action. The development and application of vaccines are essential for coping with
endemic viruses, such as HIV, dengue fever, Chikungunya, and Zica in various
regions of the world (Costa and de Oliveira 2020; Banyal et al. 2021), but new drugs
are also necessary since these diseases are spreading out (Takahashi et al. 2021;
Lacerda et al. 2022).

To exemplify, it is estimated that almost half of the individuals contaminated with
HIV have died and around 37 million people are living with HIV worldwide
(Bertagnolio et al. 2022). In addition, patients with pathologies such as AIDS are
more propense to acquire other diseases, as recently reported during the COVID-19
pandemic. Figures also show that there is still a great demand for the development
and availability of new medicines with lower toxicity and enhanced tolerability to
virus mutations (Banyal et al. 2021).

Equally important in this context is the development of antibiotics for the control
of resistant bacteria, which causes the death of millions of people annually. In this
area, research for new drugs should be constant since it is virtually impossible for
bacterial strains to become resistant to available drugs. Several works have shown
that metabolites biosynthesized by endophytic fungi are active against resistant
bacterial strains (Manganyi and Ateba 2020). Isotetrahydroauroglaucin (7) and
cristatumin B (8), metabolites produced by an Aspergillus niger species isolated
from the host plant Opuntia ficus-indica, are examples of antibacterial metabolites as
promising leads for the development of antibiotics effective against resistant strains
(Fig. 1.3). Isotetrahydroauroglaucin (7) and cristatumin B (8) were active against
Gram-positive and Gram-negative resistant bacteria, respectively (Elkady et al.
2022). Antibiotic activity was the most impactful event in the history of fungal
metabolites as a source of new drugs. Between 2015 and 2021 were reported over
450 new fungal metabolites, potentially useful in the treatment of infections by
resistant bacteria, although it is stressed the need for further evaluation by standard-
ized studies using reference strains for a comparative analysis of the inhibiting
potential of these metabolites (Deshmukh et al. 2022a).

New drugs are also needed for the treatment of neglected diseases such as
malaria, chagas disease, leishmaniasis, parasitic diseases, among others. These
pathologies remain a serious public health problem and generally affect the most
deprived populations living in tropical regions (Costa and de Oliveira 2020). A
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Fig. 1.3 Chemical structures of the some of the antibacterial compounds (7, 8) and antileishmanial
compound (9)

Paecilomyces species isolated as endophytic from Schnella splendens, a typical plant
of the Amazon, produces phomoxanthone A (9), a metabolite with pronounced
inhibitory effect against promastigote forms of Leishmania amazonensis and against
epimastigote forms of Trypanosoma cruzi (Ramos et al. 2022). Trypanocidal natural
products have also been described by Nascimento et al. (2020), while natural
products active against Toxoplasma gondii were reported from Mazzone
et al. (2022).

Fungi can also cause human diseases of difficult treatment and new antifungal
drugs for human use are extremely necessary. Several fungal infections are silent or
seen only as esthetic problems related to skin, nails, and hair colonization. However,
fungal diseases can acquire severity, reaching sepsis and death if untreated, with a
mortality rate similar to tuberculosis (Bongomin et al. 2017). Some prominent fungal
diseases are chronic pulmonary aspergillosis, cryptococcal meningitis complicating
HIV/AIDs, Pneumocystis jirovecii pneumonia, invasive aspergillosis, histoplasmo-
sis, fungal asthma, and fungal keratitis. The prevalence of invasive fungal infections
has been increasing in recent decades among immunocompromised population,
mainly HIV-positive individuals, organ transplant recipients, and cancer patients
(Pfaller et al. 2019). Another fungal disease of great importance is candidemia, an
invasive candidiasis caused by different species of Candida sp., which has approx-
imately 700,000 individuals infected annually in the world (Bongomin et al. 2017).
The literature has shown the emergence of resistance to antifungals of echinocandin-
R and fluconazole classes in C. glabrata and C. tropicalis isolates (Pfaller et al.
2019).

Endophyte fungi are prolific sources of antifungal metabolites, which are pro-
duced to ensure the survival of a fungal species in the presence of another fungus
(Oki et al. 2021). Antifungals naturally produced by endophytic fungi have been
used for the treatment of mucormycosis, a very destructive invasive human disease
caused by several mucorales, typically present in immunocompromised patients
(Hashem et al. 2022). Deshmukh et al. (2018) listed 127 antifungal metabolites
produced by Coelomycetes, 40 produced by Hyphomyces, and 3 produced by
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Fig. 1.4 Chemical structures of antifungal compounds (10-16)

Basidiomycetes of endophytic origin. Among the antifungal metabolites described
in Deshmukh’s review, there are polyfunctionalized phenolic derivatives
(colletonoic acid, polycyclic metabolites, macrocycles, phenylindol derivative, and
chlorinated metabolites) (10-15). Endophyte species are also known to produce
some metabolites with complex chemical structures, as can be exemplified by
chaetoglobosin R (16) (Fig. 1.4).

Antifungal metabolites containing the pyrone nucleus are commonly produced by
endophyte species, as exemplified by ficipyrone A (17), rhizopycnin D (18), and
phomopsolide A (19), which are a-pyrone, dibenzo-a-pyrone, and dihydropyrone
derivatives, respectively. Anthraquinones like emodin (20) are also common fungal
metabolites and molecules with steroidal and terpenoid biosynthetic origin can be
exemplified by calvasterol A (21) and the oxygenated guaiane-type sesquiterpene
(22), respectively (Deshmukh et al. 2022a) (Fig. 1.5).

More restricted demands, equally important, comprise the search for innovative
drugs aimed at the treatment of chronic and rare diseases, individuals allergic to
conventional drugs, and immunosuppressed patients. Innovation in this area can lead
to a decrease in the cost of production, distribution, and sale, increasing people’s
access to drug treatments.
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Fig. 1.5 Chemical structures of Antifungal metabolites containing the pyrone nucleus (17-22)

S Promising Endophytic Fungi Metabolites Recently
Described

Secondary metabolites produced by endophytic fungi have been widely studied in
the search for applications in agriculture (Fadiji et al. 2022; Fadiji and Babalola
2020) especially the production of volatile compounds (Santos et al. 2022), includ-
ing those that can bring sustainability to agricultural activities (Kaddes et al. 2019).
Development of anti-phytopatogenic agents is also suggested (Zhao et al. 2020).
Other applications concern food (Manganyi and Ateba 2020) and cosmetics
(Mahlangu and Tai 2022) industries. This is an area that is showing huge progress
over the last two decades (Pal et al. 2020; Zheng et al. 2021). Fungal metabolites
have been studied as leads for the development of new drugs to treat diseases, such
as cancer (Kousar et al. 2022; Bai et al. 2022), inflammatory (Cui et al. 2018; Liao
et al. 2018; Pal et al. 2020), infectious (Deshmukh et al. 2022a), and neurological
problems (Mapook et al. 2022), as antioxidants (Bedi et al. 2021) and, recently,
antiviral fungal metabolites against the SARS-CoV-2 virus due to the COVID-19
pandemic (Takahashi et al. 2021; Deshmukh et al. 2022b). In vitro screenings were
also related (EINaggar et al. 2022). Among them, cancer is undoubtedly one of the
most important long-lasting targets for the development of new drugs. This disease is
the second cause of death in the world and its incidence is increasing every year.
Although hereditary factors, food habits, and occupational exposure are related to
specific types of cancer, this disease often affects people regardless of age or social
group. Treatment is currently based on chemotherapy, but the low specificity of the
available treatments severely weakens the patient due to several major side effects,



14 J. A. Takahashi et al.

making treatment complex and costly. In addition, tumor cells may develop resis-
tance to the drugs in use, and it is therefore necessary to find new selective drugs
with fewer side effects for cancer treatment (Rai et al. 2022). An interesting review
paper about endophyte fungi published in 2022 covered different chemical and
biological aspects, such as the mechanisms of action, current challenges, and future
perspectives of fungal metabolites active against Kaposi’s sarcoma, human papillary
thyroid carcinoma, human pancreatic, ovarian, hepatic, lung, human lymphoma,
human skin carcinoma, and breast cancer cell lines (Kousar et al. 2022). Many
times, the antitumor activity is associated with uncommon natural products with
unrevealed mechanisms of action. Some examples of metabolites with antitumor and
other activities are given in Table 1.1, and the chemical structures of the represen-
tative metabolites are presented in Figs. 1.6 and 1.7.

It is noteworthy that the fungal species present different cytotoxic profiles,
represented by activity against different targets, as is the case of the action against
a large number of human cancer cell lines. The metabolites cited in Table 1.1 also
represent the action in other pathologies that can be associated with cancer, such as
inflammatory processes and bacterial infection. The latter can be caused by oppor-
tunistic bacterial contamination of immune-depressed individuals during cancer
chemotherapy.

Some of the compounds presented in Table 1.1 were isolated for the first time
from endophytes and represent novel compounds, as is the case of fusaroxazin (29),
a novel 1,4- oxazine-xanthone derivative, produced by Fusarium oxysporum (endo-
phyte isolated from Vicia faba) with cytotoxic effect toward A549, HCT-116, and
MCE-7 tumor cell lines (Mohamed et al. 2022).

In terms of biotechnological applications and product development, the potential
of secondary metabolites in medicine is of major importance, but more investments
are still needed in this area to accelerate biotechnological advance toward the
development of new drugs and drug candidates (Mapook et al. 2022).

6 Developments Related to Bioactive Metabolites from
Endophyte Fungi

Chemical diversity is an important ally in the search for new pharmacologically
active drugs. The biosynthesis of specific classes of metabolites can be related to the
fungal species and also to the environment from where the host species is collected.
Molecules with xanthone moiety, for example, are commonly isolated from marine-
derived endophytic fungi (Verissimo et al. 2022; Khattab and Farag 2022), but novel
chemical scaffolds have been isolated from most species of endophyte fungi (Liu
et al. 2020).

One of the most representative classes of secondary metabolites produced by
endophytic fungi are alkaloids (Pal et al. 2020; Deshmukh et al. 2022a), as well
exemplified by the well-known alkaloid’s paclitaxel, camptothecin, chincona, and
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Table 1.1 Bioactive metabolites reported from endophytic fungal species and respective activity

Endophyte fungal
species [host] Bioactive metabolite [ICs] Activity References
Aspergillus terreus® | Asperimide C (23) [0.78 Inhibition of Liao et al.
+ 0.06 pM] LPS-activated NO (2018)
Asperimide D (24) [1.26 production in
+0.11 pM] RAW264.7 cells
Cladosporium sp.® | Aspulvinone D (25) [10.3 Inhibition of NLRP3 Liang et al.
+ 0.6 pM] inflammasome (2022)
Aspulvinone M (26) [9.4 activation
+ 0.6 pM]
Aspulvinone R (27) [7.7
+ 0.6 pM]
Diaporthe sp.© Diaporindene A (28) [8.5 pM] Inhibition of Cui et al.
Diaporindene B [5.9 pM] LPS-act.ivat.ed NO (2018)
Diaporindene C [4.2 pM] ggzdgcggl’lr; in RAW
Diaporindene D [4.2 pM] ’
Fusarium Fusaroxazin (29) [HCT-116 Cytotoxic effect Mohamed
oxysporum® 2.1 pM] toward tumor cell et al.
[MCF-7 1.8 uM] [A549 3.2puM] | lines (2022)
Montagnulaceae Rubiginosin B (30) [9.2 + 0.9 pM] | Inhibition of Luo et al.
sp.° Montagnuphilone B (31) [25.5 LPS-activated NO (2017)
+ 1.1 pM] production in RAW
Montagnuphilone E (32) [39.6 | 2047 cells
+ 1.8 pM]
Paraboeremia NK-A 17e233 (33) [5.75 pM] Anti-toxoplasma Mazzone
selaginellaef Cyperin (34) [27.22 pM] activity with low orno | et al.
ES-242-1 (35) [7.38 pM] cytotpxicity in human | (2022)
ES-242-3 (36) [17.99 pM] cell lines
5S,6S-phomalactone [5.13 pM]
Paraphaeosphaeria | Paraphaeone E [25 pM] Antibiotic activity Chen et al.
sporulosa® Paraphaeone F (37) [50 pM] against pseudomonas | (2022b)
Acremonone E [50 pM] Sy ringa'e .
Epicoccone [100 pM] py- Actinidiae
Penicillium Penipentenone A (38) [10.88 pM] | Inhibition of SW620 Bai et al.
brefeldianum’” Brefeldin C [2.71 + 0.21 uM] and ASPC-1 cells (2022)
Penicillium Sclerazaphilone C (39) [7.87 Inhibition of Jiang et al.
sclerotiorum + 2.04 uM] LPS-activated NO (2022)
ZJHJI-18' Sclerazaphilone D (40) [6.30 production in RAW
+ 0.35 pM] 264.7 cells
Sclerazaphilone E (41) [9.45
+ 1.39 uM]
Penicillium sp? Pinselin [5.9 to 7.5 pg/mL] Suppress con Liu et al.
Sydowinin A (42) [6.5 to 7.1 pg/ | A-induced T-cell and | (2016)

mL]

LPS-induced B-cell
proliferation

(continued)
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Endophyte fungal
species [host] Bioactive metabolite [ICsg] Activity References
Phoma bellidis® Phomaone A (43) [14.99 pM] Cytotoxicity against Zhang
Oblongolide J [22.26 pM] MCF-7, PC-3, and etal.
DU145 (2022)
Phomopsis asparagi | Phomoparagin B [21.6 + 1.7 pM] | Inhibition of Feng et al.
DHS-48' Phomopchalasin A (44) [32.8 interleukin-2 (IL-2) (2022)
+2.4 uM] transcription
Phomopsis asparagi | Phomasparapyrone B [50 pM] Inhibition of NO Liu et al.
LSLYZ-87™ accumulation induced | (2022)
by LPS on BV-2 cells
Phomopsis sp." Phomopchalasin F [7.4 pM] Cytotoxicity against Chen et al.
Cytochalasin U (45) [8.2 MDA-MB-435 (20222)
+ 0.9 pM]
Cytochalasin J [4.9 + 0.6 pM]
Cytochalasin H [0.2 + 0.1 pM]
Talaromyces Amestolkolide B (46) [1.6 Inhibition of NO pro- | Chen et al.
amestolkiae YX1° + 0.1 pM] duction in (2018)
LPS-activated
AW264.7 cells

A-549 (lung cancer), DU145 (prostate cancer), HCT-116 (colon cancer), MCF-7 (breast cancer),
PC-3 (prostate cancer), and RAW 264.7 (macrophage cell line established from a tumor induced by
the Abelson leukemia virus)

LPS lipopolysaccharide, NO nitric oxide

4Suriana maritima [South China]

®Paris polyphylla var. yunnanensis [China)

“Excoecaria agallocha [China]

9Vicia faba [China)

®Persicaria amphibia [North America]

fPhilodendron monstera [Central America)

fActinidia chinensis [China]

hHouttuynia cordata [SW Asia]

iHibiscus tiliaceus [Pacific coastal zone]

iSonneratia apetala [China]

kTricyrtis maculate [Eastern Asia]

'Rhizophora mangle [China]

MAcanthus ilicifolius [China)

"Kandelia candel [Southeast Asia]

°Kandelia obovate [Eastern Asia)

huperzine A. Several classes of alkaloids isolated from fungi possess complex
chemical structures, as shown in Fig. 1.8. Therefore, the total synthesis of many
bioactive alkaloid compounds can be unfeasible or economically unviable. There-
fore, natural sources of bioactive alkaloids are sought out worldwide for pre-clinical
and clinical studies.

It is widely reported that alkaloids and other secondary metabolites are
biosynthesized by both endophytic fungi and the host plant, although this point is
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Fig. 1.6 Chemical structures of representative metabolites described in Table 1.1 (23-32)

still a topic for which in-depth studies are suggested. Nevertheless, many examples
of co-production are reported in the literature, such as vinblastine and vincristine,
minor antitumor bis-monoterpene indole alkaloids produced in very low yield by the
plant species Catharanthus roseus. As research with these alkaloids progressed, it
was discovered that endophytic fungi isolated from C. roseus produce these indole
alkaloids and structurally related bioactive derivatives at encouraging yields (Daley
and Cordell 2021).
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Fig. 1.7 Chemical structures of representative metabolites described in Table 1.1 (33—47)

Indole alkaloids are a group of representative fungal metabolites comprising ergot
alkaloids, produced by the species Claviceps purpurea and other species of the
phylum Ascomycota. The ergot alkaloids interact strongly with serotonin, dopa-
mine, and adrenergic receptors, causing several useful biological effects in the
treatment of Parkinson’s disease, dementia, uterine hemorrhage, and migraines.
Claviceps-infected rye contributes with half of the global production of ergot
alkaloids (Yao et al. 2022a). Taking into consideration the high structural complex-
ity of the natural bioactive ergot alkaloids, as represented by compound (48), total
synthesis of this metabolite is challenging, making the research on endophyte fungi
with improved production of ergot alkaloids an interesting research area. Suitable
endophyte strains must have minimum tendency to degeneration, and few
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Fig. 1.8 Chemical diversity of fungal alkaloids produced by endophytic fungi

biosynthetic routes to ensure long utilization of the strain and ease separation of the
product. Since a screening step must precede the production development, the use of
high-speed automatized tools, to select promising strains, would allow the improve-
ment of natural ergot alkaloids production (Wong et al. 2022).

Jerveratum-type steroidal alkaloids were described as fungal metabolites with
antifungal and anti-cancer activity. This alkaloid (49) acts synergistically with
fluconazole and inhibits p-1,6-glucan biosynthesis in S. cerevisiae. Structure activity
studies have shown that the NH group is essential for activity (Kubo et al. 2022).
Diketopiperazine alkaloids have been described from several fungal species and with
different biological activities. An alkaloid isolated from Penicillium sp. TW58-16
(50) was active against standard strains and drug-resistant clinical isolates of
Helicobacter pylori in vitro (Tian et al. 2022), while a brevianamide analogue (51)
exhibited potent cytotoxic activity against the HGC-27 cell line with ICs, stronger
than that of cisplatin (Li et al. 2022b). A diketopiperazine-type alkaloid (52) isolated
from the endophytic fungus Penicillium expansum showed anti-inflammatory activ-
ity against LPS-induced nitric oxide (NO) production in RAW?264.7 mouse macro-
phages (ICso 25.65pM) (Yao et al. 2022b). Chevalinulin A (53), an indole
diketopiperazine alkaloid containing an unprecedented spiro[bicyclo[2.2.2]octane-
diketopiperazine skeleton with significant in vivo proangiogenic activity in trans-
genic zebrafish, was isolated from Aspergillus chevalieri CS-122 (Yan et al. 2022).



20 J. A. Takahashi et al.

Aspergillus species are proliferous sources of bioactive secondary metabolites
(Hagag et al. 2022). Figure 1.8 presents the chemical structures of some alkaloids
isolated by endophytic fungi, to show the huge chemical diversity of these fungal
metabolites.

Terpenoids are the largest group of secondary metabolites (Galindo-Solis and
Fernandez 2022) and have industrial great potential for cosmetic, food, and phar-
maceutical industries. In the period of 2017-2019, only in China, 200 terpenoids
biologically active were reported, mainly sesquiterpenoids, all of them produced by
endophytic fungi (Zhao et al. 2020). In their review, Zhao et al. pointed that most of
the endophyte fungal species were from Trichoderma, Aspergillus, Bipolaris, Pen-
icillium, Phomopsis, and Alternaria genera, isolated from leaves, roots, branches,
inner tissues, thallus, stems of plants, as well as from fruiting bodies. Paclitaxel,
camptothecin, and fusidic acid are examples of bioactive terpenoids. In the period
2011-2020, 516 terpenoids were described from endophyte fungi, most of them of
sesquiterpenoid type (Amirzakariya and Shakeri 2022), although meroterpenoids
have also been highlighted.

A pentacyclic triterpene, lupeol acetate, commonly found in plants was isolated
from Colletotrichum gigasporum, an endophyte from Withania somnifera. Interest-
ingly, this triterpene was described as an anti-obesity agent due to its capacity of
inhibiting pancreatic lipase (ICsg 16.62 + 1.43 pg/mL) and its mechanism of action
was studied (Patil et al. 2021). Zingiber griffithii was described as the host of the
endophytic fungus Hypomontagnella monticulosa. The endophyte produced a
sesterterpenoid active against Panc-1, NBT-T2, and HCT116 tumor cell lines
(ICs0 0.71, 0.30, and 0.67 ppm, respectively) (Lutfia et al. 2021). Meroterpenoids,
ophiobolin-type sesterterpenoids, drimane-type sesquiterpenoids, and other terpenes
were reported from Aspergillus sp. RR-YLM-12, an endophyte from the red algae
Rhodomela confervoides. Some of these metabolites were reported as antimicroalgal
(Fang et al. 2021).

Phomopsis prunorum, an endophytic fungal species isolated from leaves of
Hypericum ascyron, produces (+)- Phomoterpene A (54), a new phenolic
bisabolane-type sesquiterpenoid with activity against the plant pathogenic bacteria
Pseudomonas syringae pv. Lachrymans (MIC 15.6 pg/mL) (Qu et al. 2020). Peni-
cillium chrysogenum MT-12, an endophytic fungus isolated from the medicinal
plant Huperzia serrata, produced a new diterpenoid named Penicichrysogene A
(55). This diterpenoid is capable of inhibit ATP release of thrombin-activated
platelets (ICsy 42.7 + 3.5pM) (Qi et al. 2022). Another diterpenoid (56) with a
new type of indole scaffold with a rare 6/5/6/6/6/6/5 heterocyclic system bearing an
aromatic ring C was reported from Penicillium sp. (strain ZO-R1-1) and named
Shearilicine. This Indonesian strain was isolated from roots of Zingiber officinale, a
medicinal plant used locally to treat cold, cough, and rheumatism among other
illnesses. This cytotoxic diterpenoid was active toward L5178Y (ICsq 3.6 pM) and
A2780 (IC50 8.7 pM) cells (Ariantari et al. 2019). Talaromyces pinophilus produced
a new fusicoccane diterpene, pinophicin A (57). The endophyte was obtained from
the aerial parts of Salvia miltiorrhiza (Zhao et al. 2021). This novel meroterpenoid
was isolated from the plant endophytic fungus of Penicillium sp. sh18. Isopenicin A
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(58) inhibits tumor by inducing G2/M cell cycle arrest and cell apoptosis. Moreover,
this metabolite is a new chemotype for discovery and the development of microtu-
bule inhibitors (Chen et al. 2020). Diaporpenoid A (59) is a new diterpenoid, with
anti-inflammatory activity. This metabolite, produced by Diaporthe sp. QYM12, an
endophyte isolated from the host plant Kandelia candel, inhibits the production of
nitric oxide (NO) in lipopolysaccharide (LPS)-induced RAW264.7 cells (ICsq
21.5 pM) (Chen et al. 2021). Figure 1.9 contains some examples of the chemical
diversity of fungal terpenoids produced by endophytic fungi.

7 Perspectives

Although fungi are an endless source of novel bioactive metabolites, the research of
endophyte species is still in its childhood. The re-isolation of secondary metabolites
already known is very common, but this is not a bad outcome per se. Re-isolation can
provide higher yields of useful metabolites and, also, can bring about new biological
activities. With the evolution of analytical and spectroscopical tools, minor novel
metabolites are expected to be isolated, revealing novel chemical structures and new
pharmacophoric groups, consequently, new mechanisms of action for several indus-
trial applications (Singh et al. 2021).
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Plants are capable of adapting their metabolism to survive in challenging envi-
ronments, causing a cascade of internal physiological modifications that interfere in
the fungi that inhabit their interior. The metabolic changes that occur in the host plant
also affect the variety of species and the metabolism of the endophytes. Compre-
hensive studies on the variability of endophytic species of the same plant collected
from different biomes are still scarce and advanced research tools have been useful in
this area (Adnan et al. 2022). Meta-genomics has been pointed out as a robust tool to
quickly identify endophytes, with the objective of selecting promising species for the
selection of a pool of beneficial fungi that can be explored focusing on biotechno-
logical development (Toppo et al. 2022).

Another relevant issue for the study in this area is the relationship between the
biosynthesis of endophytic fungi in loco (within the host plant) and the in vitro
biosynthesis (laboratory conditions) since the internal environment of the host plant
is unique and cannot be imitated in vitro. Consequently, the biosynthesis of fungal
secondary metabolites that depends on enzymes, metals, cofactors, and other con-
ditions provided by the host plant is still to be better explored, although culture
medium supplementation may provide some help in this regard.

Development of novel approaches to produce metabolites from uncultivable
endophytes and the search for new species are among the perspectives toward the
progress of new drugs from endophyte fungi (Rai et al. 2022). Interdisciplinary
approaches, application of omics, chromatin control, next-generation of sequencing,
and genetic tools are also mentioned as a way to improve the release of toxin-free
fungal products in the next two decades (Bielecka et al. 2022; Mapook et al. 2022).
Additionally, it has been demonstrated that the ecological relationship of fungi in an
ecosystem is dynamic, requiring metaproteomic and meta-transcriptomic assess-
ments, and studies to define evolutionary and ecosystem functionality of the endo-
phyte species (Adnan et al. 2022). Therefore, fungal endophytes are still a major
reservoir of novel metabolites with the expectation of new discoveries in the near
future.
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Chapter 2 ®)
Recent Advances in Anti-Infective s
Compounds Produced by Endophytic Fungi

Sanjay Kumar, Indu Pathania, Takaaki Kamishima, Yoshitaka Koseki,
Hitoshi Kasai, and Inder Pal Singh

Abstract Endophyte is the combined form of two Greek words, which are endon
(i.e. within) and phyto (i.e. plants). Endophytic microorganisms (mainly bacteria and
fungi) live inside the plant for habitat, food and protection without any harmful effect
on the host plant. Endophytic fungi are a highly diverse group of fungi colonized in
the host plant tissue and produce diverse chemical classes of secondary metabolites
such as alkaloids, steroids, terpenoids, flavonoids, glycosides, xanthones,
isocoumarins, quinones, phenyl propanoids, lignans, lactones, benzopyranones,
tetralones, cytochalasins and enniatins. These secondary metabolites have been
reported to have various biological activities such as anticancer, immunomodula-
tory, insecticidal, antibacterial, antifungal, antitubercular, antiplasmodial, antiviral,
anti-inflammatory and anti-oxidant. In this chapter, we mainly focused on recently
reported and related antibacterial, antimycobacterial, antifungal, antiviral and
antiplasmodial secondary metabolites isolated from endophytic fungi.

Keywords Antibacterial - Antifungal - Antiviral - Fungi - Secondary metabolites -
Antiparasitic

1 Introduction

Endophyte biology is a relatively new field, with origins dating back to the nine-
teenth century. De Bary coined the word ‘endophyte’ of botanical origin in 1866
(De Bary 1866). Endophyte is derived from the two Greek roots: ‘endon’ which
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means ‘within’ and ‘phyto’ which means ‘plants’ (Jalgaonwala et al. 2011). The
word was originally used for any organism living within a plant, but with the
development of science, broader definitions have been given nowadays. In general,
endophytic microorganisms such as bacteria and fungi live in the tissues, leaves and
roots of plants for reasons like habitat, food and protection. They may or not affect
the host plant, and also have a symbiotic relationship. In addition, they inhabit or
colonize plant tissues at specific or arbitrary stages of their life cycle, and do not
immediately harm the host plant (Petrini 1991).

Initially, researchers prospected that the relationship between host plants and
endophytes was symbiotic. However, the initial hypothesis was disproved by the
proposed one by Schulz and Boyle (2005). According to their hypothesis, endo-
phytes acquire high virulence as pathogens when they colonize host tissues and
secrete several exo-enzymes. The defence mechanism arising on the host plants as a
response to colonization shows little difference between pathogens and endophytes.
Pathogens often overcome the defensive chemicals produced by hosts causing a
disease, tissue damage or even death. On the other hand, endophytes can colonize
host tissues without damage to the hosts in the process of overcoming the defence
reaction. Therefore, the difference between pathogens and endophytes depends on
whether they injure the hosts during colonization. Furthermore, the collapse of the
exquisite balance due to any stress caused by external or internal factors can lead to
the death of hosts and/or endophytes. The individual species of more than 300,000
plants identified to date are hosts for one or hundreds of endophytes and are not host-
specific (Strobel and Daisy 2003). Therefore, a single endophytic species can exist in
multiple different hosts or different tissues within the same host (Jalgaonwala et al.
2011). Endophytes belonging to various taxonomic groups have been identified,
including bacteria such as mycoplasma and actinomycetes, and fungi, among which
fungi have been the most extensively studied endophytic group (Bandara et al. 2006;
Rana et al. 2019).

Fungal endophytes are versatile and common, symbiotic with plants growing in
almost all geo-climatic conditions on the earth (Patil et al. 2016). Some of the
endophytic fungi can produce compounds with the same or equivalent properties
as that of their host plant (Strobel and Daisy 2003; Zhao et al. 2010). Those ones are
well known as a source of secondary metabolites with bioactivity, and some of them
are certainly useful for the therapy of diseases affecting mankind.

Various metabolites that have attractive functional properties such as antibiotics,
anticancer agents, biological control agents and other bioactive compounds have
been discovered and isolated from endophytic fungi up to the present. However, it
has not yet been identified which diseases most of them are effective against. Hence,
accelerating the study on endophyte biology may lead to the discovery of new
products of unprecedented therapeutic value (Kusari and Spiteller 2011). Addition-
ally, endophytic fungi give the researchers like chemists, microbiologists, ecologists
and agronomists, challenging themes for discovering novel compounds that could
help face problems like cancer, AIDS and infectious diseases.

In this chapter, we describe some beneficial pharmaceutical and medicinal com-
pounds with anti-infective potential derived from endophytic fungi. Since there are
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abundant compounds to introduce, we have mainly focused on recently reported or
representative examples.

2 Role of Endophytic Research with Respect to Drug
Discovery

The notable features of endophytes are the production of their secondary metabolites
(Schulz et al. 2002). Enormous attractive secondary metabolites have been isolated
to date, and many studies have been conducted in a wide range of fields, including
pharmaceutical and medicinal chemistry. For instance, some of the secondary
metabolites are known to have excellent bioactive effects like anticancer,
antibacterial and anti-inflammatory, and some of them are actually used as pharma-
ceuticals in clinical conditions. The endophytes also produce several useful and
novel enzymes that could be used in the biotechnology field for various purposes like
degradation and biotransformation.

One of the most famous secondary metabolites discovered from endophytes is
penicillin isolated from Penicillium notatum in 1928 (Fleming 1929). Starting
with this discovery, various antibiotics have been developed successively, and
continue to save human lives to date. However, human beings have not yet over-
come fungal and bacterial infections, and the threat of antimicrobial resistance
(AMR) has recently arisen and must be addressed urgently (Fischbach and Walsh
2009). To confront AMR, there is an urgent need for novel antibiotics, which will be
an alternative to the currently available broad-spectrum antibiotics. Even though the
problem of morbidity and mortality associated with AMR is not new, AMR has
recently been 