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

With immense joy and anticipation, I am delighted to present this extraordinary
addition to Springer Nature’s esteemed collection of works. This book opens the
door to a realm of knowledge and exploration in the field of endophytic fungal
research, inviting readers to comprehend the crucial role and significance of these
fungi across various industries.

Encompassing contributions from distinguished scholars, this volume delves
into a myriad of topics, ranging from the symbiotic relationships of endophytes with
their hosts to their potential applications in agriculture and pharmaceuticals. The
chapters are meticulously arranged to facilitate a comprehensive understanding of
the roles and importance of endophytic fungi.

This book serves as an all-in-one solution for researchers and students engaged
in the study of endophytic fungi, while also providing valuable reference material
for professionals in the agriculture and pharmaceutical sectors. I extend my heartfelt
appreciation to the editors and contributors who have poured their passion and
expertise into laying the foundation for this remarkable volume. Their collective
contributions enrich the academic discourse that shapes our world.

Lastly, I hope this book will inspire and empower readers to reach new heights
of expertise in endophytic fungal research. May it ignite a spark of curiosity that
leads to remarkable advancements in this field.

President, FAARD Foundation, Varanasi, India Panjab Singh
Chancellor, Rani Lakshmi Bai Central Agricultural

University, Jhansi, India

Ex-Secretary, Department of Agriculture Research

and Education, Varanasi, India

Ex-Director General, Indian Council of Agricultural

Research, Varanasi, India

Ex-Vice Chancellor, Banaras Hindu University, Varanasi, India



Preface

Every book has a beginning, and this one is no exception. As we read the compiled
chapters on various aspects of endophytic fungi, we are filled with their importance
in the agriculture, health, and pharmaceutical industries. This preface captures the
intentions and motivations driving us to bring book volume on Endophytic Fungi:
The Hidden Sustainable Jewels for the Pharmaceutical and Agricultural Industries.

The genesis of this book lies in a confluence of experiences and questions. It is
born out of countless conversations, moments of introspection, and a deep-seated
desire to share insights that have shaped our understanding of the role of endophytic
fungi in our life. In this book volume, you will find contributions from academicians
working in the area and understanding the potential of endophytic fungi for sustain-
able development.

In this book, you will encounter chapters on broad aspects of endophytic fungi
that may challenge, resonate, or inspire you and will generate your interest in this
group of microorganisms. Others might encourage you to pause, reflect, and weave
your interpretations into the narrative.

Ultimately, this book is a gesture of sharing — an offering of thoughts, perspec-
tives, and facts on the latest developments on the role of endophytic fungi in agri-
culture and pharmaceutical industries. We hope readers will find the content
appropriate for teaching and research.

Sonipat, Haryana, India Bhim Pratap Singh
Ismailia, Egypt Ahmed M. Abdel-Azeem
Varanasi, India Vibhav Gautam
Mizoram, India Garima Singh

Varanasi, India Santosh Kumar Singh
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Chapter 1

Endophytic Fungi: Symbiotic Bioresource
for Production of Plant Secondary
Metabolites

Lovelesh Singh Saini, Swati Patel, Arti Gaur, Priti Warghane,
Rashmi Saini, and Ashish Warghane

Abstract Endophytes are a diverse group of microbes that asymptomatically colo-
nize the interior organs of higher plants. Fungi and bacteria are also considered
endophytes, although the former is more common, adaptable, and pervasive micro-
organisms that colonize plants growing in practically all geoclimatic situations.
Endophytic fungi are a kind of symbiotic fungus that lives inside the tissues of a
plant. These fungi have a symbiotic relationship with the plant, providing nutrients
and protection while receiving shelter and food from its host. Endophytic fungi can
play a significant role in the sustainability of a plant species. Different strains of
endophytic fungus are being researched, and the accompanying restrictions are
being addressed for maximum use/multidimensional applications as beneficial
metabolites with multifaceted environmental effects are progressively being discov-
ered. The current chapter reveals that endophytic fungi are a chemical reservoir of
novel compounds and elicit plant secondary metabolites with numerous applica-
tions in the pharmaceutical and agrochemical industries. Various bioactive metabo-
lites produced by endophytic fungi have shown socioeconomic value and found
uses in agriculture and the environment, as well as biofuels and biocatalysts.
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1 Introduction

Higher plants provide complex, multilayered, diversified environments in spatial
and temporal habitats that are home to assemblages of microorganisms of various
species. Plants inside and outside their tissues contain many microorganisms,
including bacteria, fungi, archaea, algae, and protists. Complex interactions between
these species have progressively developed over a long-term, resulting in their sym-
biosis as a group rather than leaving them as separate species (Hassani et al. 2018).
The interactions between these microbes and plants positively impact plant sustain-
ability, biodiversity, and ecological stability (Rosier et al. 2016; Bai et al. 2017,
Sasse et al. 2017).

Microorganisms, known as endophytes, inhabit plants for at least a portion of
their life cycle without producing disease symptoms (Bacon and White 2000). Thus,
“endophytism” is a special plant-microbe relationship defined by “location” (not
“function”) that is momentarily symptomless, inconspicuous, and established
within the living host plant tissues (Kusari and Spiteller 2012). Plants that possess
poisonous alkaloids and interact with endophytes show high resistance to biotic and
abiotic stresses (Carroll 1988; Chagas et al. 2018). Later on, a large body of evi-
dence suggested that endophytic associations were crucial for the development of
the plant immune system (Soliman et al. 2015), the control of disease (Terhonen
et al. 2016), the uptake of nutrients (Hiruma et al. 2016), and to enhance the ability
to withstand abiotic pressures (Khan et al. 2013).

In the accumulations of plants and microbes, microfungi predominate, coloniz-
ing the surfaces of leaves and twigs (epiphytes), the tissues inside leaves (foliar
endophytes), the young and old bark (bark endophytes), and the wood (xylem endo-
phytes and wood decomposers) (Stone et al. 2004). Endophytic fungus is highly
varied and polyphyletic; it includes organisms that can live asymptomatically in the
above- and belowground tissues of plants and play a wide range of ecological tasks
(Saikkonen et al. 1998). Numerous endophytes can produce a range of bioactive
compounds that may be employed directly or indirectly as therapeutic agents against
a variety of ailments (Strobel et al. 2004; Staniek et al. 2008; Aly et al. 2010;
Kharwar et al. 2011; Kusari and Spiteller 2012; Passari et al. 2015, 2016).
Additionally, a large number of endophytic fungi are sources of cytotoxic com-
pounds and secondary metabolites that are biologically active, like paclitaxel, podo-
phyllotoxin, deoxypodophyllotoxin, camptothecin, hypericin, emodin, and
azadirachtin (Stierle et al. 1993; Eyberger et al. 2006; Puri et al. 2005, 2006; Kusari
et al. 2008, 2009, 2012; Shweta et al. 2010). Various coniferous and deciduous tree
hosts for endophytic Pezicula species strains produce bioactive secondary
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metabolites in culture (Noble et al. 1991; Schulz et al. 1995). Cytochalasins and
indole diterpenes with significant biological activity are commonly produced by
endophytic species of the Xylariaceae (Brunner and Petrini 1992).

Endophyte synthesis of bioactive substances, mainly those unique to their host
plants, is significant from a biochemical, pharmacological, and ecological stand-
point. Exciting opportunities exist to use endophytic fungus to produce a wide range
of recognized and undiscovered physiologically active secondary metabolites.

2 Evolution of Endophytic Fungi in Plants

Endophytic fungi, which dwell inside plant tissues permanently or for a specific
time during their life cycles, colonize plants, especially perennials (Stone et al.
2004; Demain 2014), causing no apparent harm or morphological alterations. These
microorganisms typically coexist alongside diseases and comprise fungi and bacte-
ria (Zhang et al. 2006; Gouda et al. 2016). In plant tissues, fungal endophytes exist
internally, intercellularly or intracellularly, and asymptomatically. Endophytes are
distinguishable from mycorrhizae by missing external hyphae or mantels, and they
often reside in aboveground plant tissues but can also occasionally be found in
roots. Over the past 10 years, the definition of “endophyte” has undergone several
changes (Sinclair and Cerkauskas 1996; Bills 1996; Saikkonen et al. 1998).

Parasitic or pathogenic fungi are believed to have originated endophytes on both
grasses and woody plants (Carroll 1986, 1991, 1992). Woody plant endophytes are
closely related to pathogenic fungi and are thought to have descended from them by
lengthening their latency periods and decreasing their pathogenicity (Petrini et al.
1992). It is also believed that the fungal grass diseases of the genus Epichloe are the
ancestors of the Neotyphodium grass endophytes. But there doesn’t seem to be a
clear coevolutionary route between the host plant and the endophyte. Plants have
faced a variety of abiotic and biotic stressors throughout evolution. Since they can-
not move, plants have relied on vegetative growth, sophisticated physiology, and
seed dissemination to avoid or lessen stress’s effects. All plants are known to sense
signals, transfer them, and react to stresses, including disease, salt, heat, and drought
(Bohnert et al. 1995; Bartels and Sunkar 2005).

Surprisingly complex microscopic specimens have been found in the Canadian
Arctic. The earliest documented appearance of fungus may have occurred around 1
billion years ago, more than 500 million years earlier than previously thought,
according to tiny fossils discovered in remote Arctic Canada. Endophytes have
developed unique biotransformation skills due to the long-term coevolution of fun-
gal endophytes and host plants, which can significantly affect the metabolism and
makeup of plants.

Geographical considerations, interactions with other species in the community,
phylogenetic and life history restrictions, and abiotic factors all affect the contin-
uum of antagonistic-mutualistic interactions between any two interacting species
(Thompson and Pellmyr 1992; Thompson 1994). Similar to this, even during the
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life span of the microbe and host plant, complex microbial mutualisms with host
plants fluctuate along a continuum from pathogenic to mutualistic (Sinclair and
Cerkauskas 1996). Although endophytic fungal-host plant interactions are complex
and variable, evolutionary traits like mode of transmission and infection patterns as
well as ecological factors like host condition, competition with other microorgan-
isms, population structure, and prevailing abiotic factors allow predictions of where
endophyte-plant associations are likely to fall along the continuum.

The byproducts of main metabolic pathways are termed primary metabolites,
encompassing lipids, proteins, carbohydrates, and amino acids. They are crucial to
the metabolism of building blocks and an organism’s growth. Without them, the
organism’s growth and development are very likely to have flaws. The fact that the
by-products of several crucial stages serve as precursors for producing secondary
metabolites is an essential function of basic metabolism. These precursors are used
by both endophytes and their host plants in their separate secondary metabolites
(SMs) biosynthesis processes. According to Kirby and Keasling (2009) and Deepika
et al. (2016), SMs in EFs may imitate the host pathways and use those pathways as
their biosynthetic route. Using blocking mutant and radiolabeling approaches,
researchers have explored the synthesis of certain phytochemicals, including ergot
alkaloids, aflatoxin, and lovastatin (Keller et al. 2005; Rekadwad et al. 2022).
Although varied, a few shared biosynthetic pathways synthesize SMs, and endo-
phytic fungal communities and their host plants’ metabolomic pathways are compa-
rable. It is unclear whether these low-molecular-weight phytochemicals are
produced by plants directly or through symbiosis with microbes inside them.

3 Biodiversity of Endophytic Fungi

Nearly every plant on the earth has endophytes, which are the most distinctive
microbes. It has mainly been extracted from the soil of large and small trees, coastal
grasses, and lichens. Many different microbes, such as bacteria, actinobacteria,
fungi, and algae, are found inside the plant tissue (Saini et al. 2015; Zhang et al.
2018; Passari et al. 2020; Sriravali et al. 2022). They all establish symbiotic or
asymbiotic biological relationships with the host-plant body. Prokaryotic cells con-
nected with plants through vertical or horizontal transmission through stomata and
colonizing the internal plant tissue make up the wide endophytic variety in our
ecosystem. Endophytic microorganisms target various parts of the host-plant body,
so they can enter and establish a habitat.

Fungal endophytes are a common type of endophyte. Endophytic fungi can sus-
tainably increase crop output and growth by enduring severe biotic and abiotic
stress conditions, including drought, high temperatures, and salinity (Rodriguez
et al. 2009). Due to their extensive adaption, the fungal endophytes colonize the
plant tissue’s intra- and intercellular regions, forming a symbiotic or mutualistic
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relationship with the host (Aly et al. 2011). The host plant provides the fungal strain
with food and protection, and the fungal endophyte confers resistance to pathogens
and numerous abiotic stresses. The transfer of a fungal cell to a damaged wound
region through surface contact or channels is called external fungal endophytes.
Endogenous fungal endophytes, however, travel through inner organelles like mito-
chondria and chloroplasts (Yadav 2020). There are two ways that fungal endophytes
can spread: vertically or systemically from the host plant body to the offspring or
seeds of the host plant or horizontally or nonsystematic through sexual reproduction
or infection (Malik et al. 2023).

Endophytic fungi belong to diverse phyla, including Ascomycota, Basidiomycota,
and Mucoromycota. The majority of endophytic fungi belong to Ascomycota
(89%), followed by Basidiomycota (9%), and the remaining to Mucoromycota (2%)
(Rana et al. 2019). The diversity of fungal endophyte species in these phyla is sum-
marized in Table 1.1.

The variety of all fungal endophytes can be divided into two major groups. These
include Clavicipitaceae (CE), which are widely dispersed and occur in asymptom-
atic tissues of nonvascular plants, conifers, ferns, and angiosperms, which infect
specific grasses restricted to chilly climates and nonclavicipitaceous endophytes
(NCE). NCE, however, is reportedly only found in the Ascomycota and
Basidiomycota groups (Maldonado-Gonzédlez et al. 2015). On every continent,
fungi have been found to colonize terrestrial plants. They have been isolated from
ferns, gymnosperms, angiosperms, arctic habitats, tropical climes, various xeric
environments, and boreal woods (Suryanarayanan et al. 2000; Mohali et al. 2005;
Sraj—Kriié et al. 2006; Selim et al. 2017).

Different fungal species with a variety of chemical productions are found in the
various fungal areas of plants. A study of the microbial diversity in Paris polyphylla
var. yunnanensis plants (Liu et al. 2017) found that Trichoderma viride and
Leptodontidium sp. coexisted with the dominating species Fusarium oxysporum in
the rhizospheric endophytes. Along with these three predominant fungi, the pres-
ence of Alternaria sp., Pyrenochaeta sp., Truncatella sp., T. viride, Chaetomium sp.,
Penicillium swiecickii, and Cylindrocarpon sp. was also noted.

4 Interaction of Endophytic Fungi with Host Plant

Filamentous fungus and vesicular—arbuscular mycorrhiza (VAM) are the most para-
mount groups included and investigated as endophytes. Certain fungi that belong to
the genus Trichoderma, Colletotrichum, Penicillium, Aspergillus, Purpureocillium,
Fusarium, Claviceps, Metarhizium, Xylaria, Curvularia, Cladosporium, Dreschlera,
Alternaria, etc. colonizes either roots, shoots, or leaves (Uzma et al. 2018; Attia
et al. 2020; Baron and Rigobelo 2021). They are populating in the endosphere of
plants and are transmitted horizontally or vertically. Endophytes can uphold in
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Table 1.1 Biodiversity of different groups of endophytic fungi associated with different hosts

Phyla Species References

Ascomycota Curvularia sp., Setosphaeria sp., Sieber et al. (1988), Fisher and
Guehomyces sp., Annulohypoxylon sp., Petrini (1992), Larran et al.
Trichoderma sp., Xylaria sp., Septoria sp., | (2001), Wakelin et al. (2004),
Trichosporon sp., Filobasidium sp., Mucor | Tian et al. (2004), Nassar et al.
sp., Neurospora sp., Ampelomyces sp., (2005), Pan et al. (2008),
Microdochium sp., Helminthosporium sp., | Saunders and Kohn (2008), Naik
Tilletiopsis sp., Anthostomella sp., et al. (2009), Yuan et al. (2010),
Ophiocordyceps sp., Plectosphaerella sp., Khan et al. (2011, 2012), Gao
Emericella sp., Talaromyces sp., Glomus etal. (2011, 2012), de Souza
sp., Stagonospora sp., Gibberella sp., Leite et al. (2013), Tenguria and
Alternaria sp., Cryptococcus sp., Nectria Firodiya (2013), Impullitti and
sp., Sordariomycetes sp., llyonectria sp., Malvick (2013), Amin (2013),
Davidella sp., Chaetomium sp., Zhao et al. (2012, 2013, 2014),
Rhodosporidium sp., Eurotium sp., Tian et al. (2014), Fernandes
Stemphylium sp., Didymella sp., et al. (2015), Colla et al. (2015),
Rigidoporus sp., Bipolaris sp., Gonzaga et al. (2015), Kohl et al.
Coniothyrium sp., Ulocladium sp., (2015), Chadha et al. (2015),
Cercospora sp., Engyodontium sp., Pierre et al. (2016), Marcenaro
Porostereum sp., Paraconiothyrium sp., and Valkonen (2016), dos Santos
Phaeosphaeria sp., Boeremia sp., et al. (2016), Parsa et al. (2016),
Cochliobolus sp., Exserohilum sp., Keyser et al. (2016), Ofek-Lalzar
Calonectria sp., Paraphoma sp., Diaporthe | et al. (2016), Wang et al. (2016),
sp., Eutypella sp., Cladophialophora sp., Renuka and Ramanujam (2016),
Macrophomina sp., Rhizopus sp., Bogner et al. (2016), Rothen
Phaeosphaeriopsis sp., Corynespora sp., et al. (2017), Potshangbam et al.
Nigrospora sp., Lasiodiplodia sp., Wallemia | (2017), Hamayun et al. (2017),
sp., Paecilomyces sp., Puccinia sp., Singh and Gaur (2017),
Williopsis sp., Lecanicillium sp., Leptospira | Spagnoletti et al. (2017),
sp., Fusarium sp., Nemania sp., Narayan et al. (2017), Comby
Neofusicoccum sp., Dichotomopilus sp., et al. (2017), Larran et al. (2002,
Cylindrocarpon sp., Leptosphaeria sp., 2007, 2018), Yang et al. (2014a,
Aspergillus sp., Pleosporales sp., 2018), Zhao et al. (2018), Xing
Peyronellaea sp., Marasmius sp., Crinipellis | et al. (2018), and Rana et al.
sp., Mortierella sp., Eupenicillium sp., (2019)
Bipolaris sp., Clonostachys sp., Phomopsis
Sp.

Basidiomycota | Cryptococcus sp., Trichosporon sp.,

Puccinia sp., Porostereum sp., Rigidoporus
sp., Filobasidium sp., Rhodotorula sp.,
Guehomyces sp., Tilletiopsis sp., Crinipellis
sp., Marasmius sp., Wallemia sp.,
Rhodosporidium sp., Sporobolomyces sp.,
Cryptococcus sp., Cystobasidium sp.,
Sporobolomyces sp., Rhizoctonia sp.

Mucoromycota

Glomus sp., Mucor sp., Mortierella sp.
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environments like high temperatures, temperate forests, mangrove forests, and trop-
ical forests (Arnold 2008), insinuating they can survive under diverse climatic con-
ditions. Endophytic fungi are distinct in their colonization due to the expression of
genes required for the molecules necessitated for their colonization. However, there
are the least details available for the accountable genes (Behie and Bidochka 2014).
It can enter the plant system via wounding of plant tissues that further secrete nutri-
ent metabolites and chemoattractants of endophytes. There is the germination of
fungal mycelia in roots and its extensive penetration into the root cortex. Thereby, it
commences its colonization. It spreads through the cell wall to the adjacent cells of
plants and moves further in the plant system (Yan et al. 2019). Endophytes are
observed in almost all plant parts, such as root, shoot, stem, leaves, and reproductive
tissues. The existence of endophytes is validated via surface sterilization of plant
tissue followed by its growth on a specific media or with metagenome analysis. The
internal parts of the plant are the protective, secure zones for the endophytic fungus
to get the required nourishment and ameliorate competition. In turn, the fungi also
favor plants through direct and indirect courses. They benefit plants directly with
nutrient acquisition, secreting molecules that facilitate plant growth. Indirectly with
the production of important secondary metabolites and other compounds, endo-
phytic fungus protects plants from biotic and abiotic stress (Fig. 1.1).

Antioxidant  “LE0I»
. Enzymes Elely)
¢ L APX
SAR, ISR <> '
m 'Se:nndlrv
4 | metabolite
i { production |
Plant Growth promotion Biotic stress mitigation
I IAA, IBA
" Abiotic stress mitigation

Drought  Salt
Nutrient availability

8 Fungal colonization

Fig. 1.1 Direct and indirect benefits offered by endophytic fungal colonization. Parameters in
blue and green boxes show the direct effects of plant growth promotion. Pink and orange boxes
indicate the indirect use of biotic and biotic stress tolerance to the colonized plant
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4.1 For Sustainable Agriculture

A global climate change concern is due to deforestation, domestication, urbaniza-
tion, soil salinization, and soil pollution through the extensive use of chemical
fertilizers and pesticides. Plants are also losing important valuable microorgan-
isms due to the abovementioned situations. Therefore, they are not acquiring the
direct and indirect advantages imparted by them, which makes them more resis-
tant to stress.

Nutrient Availability

Endophytes do have a role in facilitating macroelements (nitrogen, potassium,
phosphorous, calcium, magnesium, sulfur) and microelements (zinc, iron, copper,
etc.) for the plants, which make efficient use of fertilizers applied. They can also
play a role as biofertilizers. The first report of colonization by the endophytic
fungus Piriformospora indica revealed that external hyphae of the fungus possess
phosphate transporter (PiPT) expression that helps to absorb phosphate and make
it available to maize plants. Mycorrhizal fungi Metarhizium and Beauveria have
been reported to augment the availability of nitrogen and phosphorous in their
symbiosis (Behie and Bidochka 2014). Under conditions of low nitrogen, the
genes associated with nitrogen uptake and metabolism, including OSAMTI;1,
OSAMT2;2, OSNRI1, and OSGS1, are upregulated in rice due to endophytic colo-
nization by Phomopsis liquidambari. This upregulation is accompanied by ele-
vated levels of total nitrogen, amino acids, proteins, and free NH4* (Yang
et al. 2014b).

Plant Growth Promeotion

Phytohormone production is also characteristic of many endophytic fungi. They can
produce auxin, cytokinin, and gibberellic acid, mainly with siderophore (Mishra
et al. 2016; Tochhawng et al. 2019; Abdalla et al. 2020). The endophytic fungi
Aspergillus fumigatus TS1 and Fusarium proliferatum symbionts of Oxalis cornicu-
lata roots have been screened to have indole acetic acid production and siderophore
production with an eclectic derivative of gibberellic acid, such as GA;, GA;, and
GA; (Bilal et al. 2018). Endophytic fungus belongs to the genus Fusarium,
Alternaria, Xylogone, and Didymella isolated from a medicinally important plant
Sophora flavescens found to produce a significant concentration of IAA (indole
acetic acid), and it has been proven with application and observation of primary root
length in Arabidopsis plant (Turbat et al. 2020). Endophytic colonization in root
cortical cells with Chaetomium globosum strain ND35 fostered the growth of
cucumber plants with the production of hormones zeatin, gibberellic acid, indole-3
acetic acid (IAA), and indole butyric acid (IBA) (Tian et al. 2022).
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4.2 For Stress Management

A mutualistic relationship of plants with endophytic fungus has been observed to
produce considerable bioactive compounds and metabolites that impart stress toler-
ance to the plant. Under abiotic stress conditions like drought and salt stress, these
endophytes encountered to regulate the levels of antioxidant enzymes catalase
(CAT), peroxidase (POD), ascorbic peroxidase (APX), glutathione (GSH), and
superoxide dismutase (SOD) to mitigate stress-induced injury for the cell. The
global loss due to plant disease is expected to be 16% (Fontana et al. 2021), and
endophytic fungi have been documented to activate induced systemic resistance
(ISR) or systemic acquired resistance (SAR) to fight against biotic stress. The
banana (Musa spp.) crop faces a significant loss due to a fungal pathogen. Endophytic
root colonization with Serendipita indica increases SOD, POD, CAT, and APX
activities, thereby obtaining resistance to Fusarium oxysporum f. sp. cubense (Foc)
(Cheng et al. 2020). Under extreme agroecosystems of salt and drought conditions,
endophytic colonization with fungi belonging to genus Periconia macrospinosa,
Neocamarosporium chichastianum, and N. goegapense obtained from Salt Lake
plants alleviates the adverse effect of stress in Hordeum vulgare L. that reminisces
with the improvement of biomass, shoot length, proline content, and antioxidant
enzyme activity (Moghaddam et al. 2022). Endophytic fungi bares the prospect as a
biocontrol agent through the secretion of several enzymes (cellulase, amylase, pro-
tease, and xylanase), hydrogen cyanide, and certain secondary metabolites; this will
reduce the use of synthetic insecticides or pesticides (Yadav et al. 2010). Penicillium
sp. NAUSF2 can solubilize hard phosphate sources in saline conditions and makes
phosphate available to plants with endophytic colonization. It also reduces the dis-
ease severity index for bacterial leaf spots caused by Xanthomonas axonopodis pv.
V. radiate in Vigna radiata with a significant increase in jasmonic acid and antioxi-
dant enzyme concentration (Patel et al. 2021).

5 Production of Secondary Metabolites by Endophytic Fungi

Plant secondary metabolites are a class of substances that are not essential for basic
bodily processes but are crucial for plants to adapt to their environment (Bourgaud
et al. 2001). Plants generate low-molecular-weight antimicrobial molecules known
as phytoalexins, which comprise a variety of chemicals such as flavonoids, terpe-
noids, etc. Several studies spotlight the production of phytoalexins by pathogens
under numerous nonbiological stress stimuli, such as UV radiation, heavy metal
ions, or salt stress (Abraham et al. 1999). Co-culturing with an endophytic elicitor
is an additional strategy for enhancing plant secondary metabolites and boosting
plant resistance (Li and Tao 2009).
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Endophytic fungi are categorized by biological processes that affect plant sys-
tems and the proliferation of endophytic fungi. Group I endophytic fungi move a
genetic element into plant systems by vertical gene transfer, whereas group II endo-
phytes generally help to combat external stresses. Group III endophytic fungi
acquire genes from other fungal species via horizontal gene transfer that produces
bioactive chemicals. Depending on the plant’s state and age, endophytes present in
plant systems create secondary metabolites. Endophytic fungi generate a variety of
metabolites from different structural classes, such as terpenoids, steroids, aliphatic
chemicals, flavonoids, alkaloids, quinines, phenols, coumarins, peptides, etc.
(Calhoun et al. 1992). These metabolites are produced in different pathways like
shikimate pathway (alkaloids, flavonoids) (Tohge et al. 2013; Peek and Christendat
2015) and TCA cycle (isoprenoids, polyketide, terpenoids) (Meena et al. 2019).
Tejesvi et al. (2007) found that endophytic fungi of medicinal plants create second-
ary metabolites that can be researched for treating various ailments. All of these
studies show that endophytic fungi are a chemical reservoir of novel compounds
that have numerous applications in the pharmaceutical and agrochemical industries,
including those for antimicrobial, antiviral, antifungal, anticancer, antiparasitic,
antitubercular, antioxidant, immunomodulatory, and insecticidal properties
(Fig. 1.2) (Calhoun et al. 1992).

In addition to providing novel sources for cytotoxic chemicals, including anti-
cancer and antibacterial compounds (Uzma et al. 2018; Radic and Strukelj 2012),
endophytic fungi (EFs) also operate as biostimulants for the production of essential
oils (Enshasy et al. 2019). This has led to a great deal of attention in the field. They
might function as biological control agents (Poveda and Baptista 2021), encourage
plant growth (Mehta et al. 2019), increase nutrient solubilization in the rhizosphere

* Antimicrobial
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* Insecticidal

TERPENOIDS PYRROLIZIDINES m

* Pesticidal
* Herbicidal
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* Larvicidal

* Phytostimulation « Antibiosis
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* Antitumor

* Phytotransformation
* Phytostabilization

Fig. 1.2 Applications of different bioactive secondary metabolites compounds produced by endo-
phytic fungi
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of the plant (Poveda et al. 2021), or activate systemic plant defenses against biotic
(Poveda et al. 2020) or abiotic (Cui et al. 2021) stresses.

5.1 Symbiotic Interaction

Endophytes create various connections with their host plants throughout their
growth inside the living tissues of the plant, including symbiotic, mutualistic, or
parasitic ones. The host plant’s cells or intercellular space are home to fungal endo-
phytes, which appear to inflict no harm (Saikkonen et al. 1998). In mutualistic sym-
biosis, EF partners and host plants benefit from this advantageous symbiotic
continuum and eventually succeed in evolution and the environment (Fig. 1.3) (Jia
et al. 2016). The host plants’ metabolic processes are changed by EFs, which also
increase drought and metal tolerance, growth, and nutrient uptake (Poveda et al.
2021; Cui et al. 2021).

However, EFs can also sporulate quickly and interact with host plants in a latent
pathogenic or commensalism relationship, with or without appreciable positive
impacts on plant physiology (Fig. 1.3) (Hiruma et al. 2016). They can also colonize
and flourish asymptomatically inside healthy plant tissues (Saikkonen et al. 1998;
Kogel et al. 2006). These endophytes can trigger host plant disease symptoms under
stress (Schulz and Boyle 2005), such as those caused by Cordana, Deightoniella,
Verticillium, Curvularia, Nigrospora, Periconiella, Colletotrichum, Guignardia,
Phoma, Cladosporium, and Fusarium (Photita et al. 2004; Cui et al. 2021).
Equilibrium between these organisms has been achieved during the long-term
coevolution of endophytes and plants. Thus, the real endophyte will exist once a
balance is reached between fungal activity and the plant response and is sustained
throughout time (Gimenez et al. 2007).

Mutualistic
symbiosis

Endophytic fungal
interaction with
host plant

Latent g
Pathuse"ic _ Pathogenic

Fig. 1.3 Interaction of endophytic fungi with host plant
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5.2 In Stress Conditions

Plants create many different pathways, such as jasmonic acid, abscisic acid, and
salicylic acid, due to abiotic stress stimuli and function as defense signaling chemi-
cals. As fungal endophytes may develop from plant pathogenic fungi, they may act
as pathogens and cause plants to defend themselves. To promote plant development
under stressful conditions, fungal endophytes produce siderophores, antibiotics,
and phytohormones; mineralize nutrients; and perform other tasks (Yung et al.
2021). Siderophores increase iron intake and phosphate solubilization and plant
uptake of these nutrients, promoting plant development and executing defense
against many pathogens (Chowdappa et al. 2020). Endophytes also accelerate bio-
mass formation and nitrogen intake while biodegrading the trash (Idbella et al.
2019). Over 500 siderophores from different fungi have been identified (Chowdappa
et al. 2020). Aspergillus fumigatus, Aspergillus niger, Curvularia, Trichoderma,
and other fungal endophytes have all been recently discovered to solubilize and
mobilize phosphorus, potassium, and zinc salts, which in turn promote plant growth
and high crop production (Mehta et al. 2019; Haro and Benito 2019).

Phytohormone gibberellins are secreted by Penicillium sp., which inhabits
Suaeda japonica, as an example of the reduced amount of plant growth-promoting
compounds the fungal endophytes release during stress. The fungi Penicillium sp.,
Ascomycete sp., Aspergillus sp., Verticillium sp., Cladosporium sp., and Fusarium
sp., which live on Panax ginseng, also release triterpenoid, ginsenosides, and sapo-
nins, which improve stress resistance and root development (Sahoo et al. 2017). To
increase the phytoimmobilization and availability of zinc, nitrogen, and phosphorus
for the host, siderophores can biodegrade biomass and recycle it in the environment
(Yung et al. 2021). They can also lower levels of the hormone ethylene by inhibiting
I-aminocyclopropane-1-carboxylate deaminase (ACC) in plants. Hence by immo-
bilizing osmolytes and regulating membrane ion conductivity during stress, phyto-
immobilization by endophytes eventually aids in withstanding abiotic stressors
by plants.

Endophytic fungi are also accountable for protecting crops from biotic stress in
the wake of the chain of events (Singh et al. 2021a). The three main ways fungi
defend themselves from phytopathogens are competition within the biological
niche, antibiotics production, and mycoparasitism, which strengthens plant defenses
and raises tolerance to virulence factors generated by pathogenic bacteria. The pri-
mary endophytes that begin to tolerate biotic stress while simultaneously enhancing
the host plant’s development and yield components are Trichoderma species,
Epicoccum species, Aspergillus species, Colletotrichum species, Gliocladium spe-
cies, Fusarium species, Petriella species, Piriformospora species, Epichloe species,
etc.; mildews, rots, nematodes, blights, and leaf mosaics are just a few of the dis-
eases that P. indica can successfully treat (Ali et al. 2019). They ought to be consid-
ered as potential biocontrol agents as a result. According to Laihonen et al. (2022),
Epichloe sp. controls herbivorous insects and offers its host plant biotic resilience.
Host plants’ roots, twigs, and stems are colonized by the filamentous anamorphic
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saprophytic fungus known as Trichoderma sp. due to its antibacterial, antifungal,
and cytotoxic qualities; it can be utilized as a biocontrol agent.

6 Biotic Potential of Secondary Metabolites Produced by
Entophytic Fungi

Many secondary metabolites are produced by endophytic fungi, such as phenols,
alkaloids, polyketides, quinones, steroids, enzymes, and peptides, which have a
higher therapeutic value than primary metabolites (Xu et al. 2021). They can protect
the plants from disease-causing invaders. This protection is made possible by pro-
ducing secondary metabolites, which act as a defense against the invasion of patho-
gens (Kaur et al. 2022). These secondary metabolites, such as bioactive compounds,
are the primary source of the beneficial characteristics of endophytic fungi.
Endophytes can stop the development of resistance mechanisms in plants, which
can lead to disease. The production of these bioactive compounds also allows for the
release of enzymes, antioxidants, and other beneficial compounds that help protect
the plant from external threats (Wen et al. 2022). Additionally, these secondary
metabolites can be used for plant growth and development as well as for the
improvement of crop yields. Endophytic fungi are crucial for protecting plants from
disease and promoting growth, and their ability to produce secondary metabolites is
key to their beneficial qualities (Manganyi and Ateba 2020).

Endophytic fungi are an essential source of secondary metabolites, including
terpenoids, polyketides, shikimic acid derivatives, and terpenes. They are found in
many plants and play an important role in the pharmaceutical and drug industries
through the production of alcohol, antibiotics, enzymes, and other medicinal ingre-
dients (Singh et al. 2021b). These secondary metabolites can create new drugs and
treatments and provide a valuable treasure for medical research. Endophytic fungi
benefit both the environment and humans, since they are natural sources of these
compounds, which can decrease the need for chemical synthesis. Additionally, they
offer substitutes for chemical-based drugs, which can have a number of health haz-
ards. Endophytic fungi are also valuable in developing treatments for diseases such
as cancer and Alzheimer’s, since they can produce compounds that can be used to
fight these diseases. These compounds have potential applications in drug discovery
and can be used to treat various disease conditions. Endophyte-derived natural prod-
ucts can also be used as pesticides, insecticides, and herbicides to control agricul-
tural pests (Zheng et al. 2021; Wen et al. 2022)

Endophytic fungi potentially produce novel bioactive compounds. Suitable
media, growth parameters, and nutrient limitations should be explored to gain
insight into fungal metabolism and discover novel pharmaceutical products; such
compounds can be used to treat many diseases. Furthermore, endophytic fungi pro-
vide a sustainable source of novel bioactive compounds which is environmentally
friendly (Adeleke and Babalola 2021).
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7 Application of Secondary Metabolites Produced
from Symbiotic Fungi

Endophytic fungi have recently gained tremendous attention due to their ability to
produce novel bioactive compounds with a wide range of biological properties.
These compounds have been used in a variety of applications, especially in the
fields of medicine, pharmaceuticals, and agriculture. In addition to their bioactive
compounds, endophytic fungi have also been found to possess many other benefi-
cial attributes, including the ability to increase a plant’s resistance to pathogens,
reduce the amount of fertilizer needed, and promote crop yield (Manganyi and
Ateba 2020). Moreover, endophytic fungi can act as a natural source of antibiotics,
providing potential alternatives to traditional antibiotics. Endophytic fungi can also
be used for bioremediation and to clean up contaminated soil and water. Overall,
endophytic fungi have a wide range of potential applications, and their ability to
produce novel bioactive compounds is an invaluable asset to many industries
(Stepniewska and Kuzniar 2013).

The antimicrobial and antifungal properties of endophytic fungi metabolites
have been especially noted, as these compounds have the potential to provide novel
solutions to existing and emerging drug-resistant microbial and fungal infections
(Deshmukh et al. 2022). For instance, endophytic fungi metabolites have been
proven to effectively inhibit the growth of several drug-resistant bacterial and fungal
pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), and Candida albicans. In addition, the
antifungal activities of endophytic fungi metabolites have been demonstrated
against several fungal species, such as Aspergillus flavus, Fusarium solani, and
Rhizoctonia solani. Additionally, the antiprotozoal activity of endophytic fungi
metabolites has been shown against several protozoan species, such as Trypanosoma
cruzi, Toxoplasma gondii, and Leishmania. Moreover, the antiparasitic activity of
endophytic fungi metabolites has been demonstrated against several parasitic spe-
cies, such as Plasmodium falciparum, Schistosoma mansoni, and Fasciola hepatica
(Liu et al. 2019; Deshmukh et al. 2022).

Several studies have also reported the antioxidant, immunosuppressant, and anti-
cancer activities of endophytic fungi metabolites. Endophytic fungi metabolites
have been demonstrated to possess antioxidant activities, which are beneficial in
reducing oxidative stress and protecting against numerous diseases (Almustafa and
Yehia 2023). In addition, the immunosuppressant activities of these metabolites
have been demonstrated in several studies, as these compounds have been found to
reduce inflammation and suppress the immune system. Finally, the anticancer activ-
ities of endophytic fungi metabolites have been demonstrated in several studies, as
these compounds have been found to inhibit the growth of cancer cells (Table 1.2)
(Sharma et al. 2020).
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Table 1.2 Examples of biotechnologically relevant fungal secondary metabolites
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S. Secondary
no. | metabolite

Producing fungus

Application

1 Cephalosporin C

Acremonium

Resource for the production of

chrysogenum Cephalosporins
2 B-carotene Blakeslea trispora Pigment
3 Astaxanthin Phaffia rhodozyma Pigment
4 Griseofulvin Penicillium griseofulvum | Antifungal agent
5 Cyclosporine A Tolypocladium inflatum | Immunosuppressant
6 Gibberellic acid Gibberella fujikuroi Plant growth regulator
7 Penicillin G Penicillium rubens Antibiotic
8 Taxol Taxomyces andreanae Anticancer drug
9 Lovastatin Aspergillus terreus Cholesterol-lowering drug

8 Challenges and Future Perspectives of Endophytic Fungi

To regulate and manipulate the biosynthesis process for increased production, we
must elucidate the entire biosynthesis pathway, including all of the enzymes and
associated genes. To solve the issues of poor yield and attenuation, the two main
obstacles to commercial success, we need to learn more about the functions of host
plant-endophyte interactions. For the successful industrial-scale synthesis of phar-
maceutically valuable compounds or leads, scientists working in this area and the
pharmacological business must collaborate. The pharmaceutical sector must priori-
tize the endophyte-dependent production of natural plant chemicals. For the phar-
maceutical and healthcare sectors, as well as for a “green drug revolution,” the
concept of endophyte-dependent improved in vivo and in vitro production of plant-
derived useful metabolites is crucial.

9 Conclusion

In conclusion, endophytic fungi represent a fascinating group of microorganisms
that reside within the tissues of plants without causing any apparent harm. These
fungi have coevolved with their host plants, establishing mutualistic relationships
that can profoundly affect the fungi and the plants. Over the years, extensive research
has revealed various applications for endophytic fungi in various fields. Moreover,
endophytic fungi have demonstrated remarkable potential as a source of bioactive
compounds with pharmaceutical and industrial importance. Many endophytic fungi
produce secondary metabolites with antimicrobial, antiviral, anticancer, and anti-
oxidant properties. These bioactive compounds promise to develop new drugs,
nutraceuticals, and natural products for various applications, including medicine,
cosmetics, and agriculture.
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Chapter 2

Fungal Endophytes as Potential Anticancer
Candidate over Synthetic Drugs: Latest
Development and Future Prospects

Check for
updates

Chandrabhan Prajapati, Deepak Kumar, Vivek Ambastha,
and Santosh Kumar Singh

Abstract Industrialization imparted a significant impact on human health. Since
the industrial revolution, there has been an exponential rise in the number of cases
of cancer and other diseases. The manufacturing process and changes in lifestyle
have introduced several carcinogenic substances that account for an increase in can-
cer worldwide. On a worldwide scale, cancer ranks as the second leading cause of
mortality, with the predicted cancer burden on the world population to be 28.4 mil-
lion cases in 2040, a 47% rise from 2020. The most advanced cancer treatment
involves surgery, chemotherapy, and radiotherapy. Besides surgery and radiother-
apy, cancer chemotherapy, which uses cytotoxic agents to kill fast-growing cancer
cells, is an also effective treatment that inhibits or delays metastasis. Searching the
new natural or synthetic cytotoxic as chemotherapeutics has become a new field of
research. Endophytes are a natural source of potentially effective cytotoxic agents.
Endophytes are microorganisms that dwell in living plant tissues and are rich in
natural biologically active compounds. Fungal endophytes survive inside the plant
tissues and do not have any harmful effects on plants. The cytotoxic activity of all
these endophytic fungus-derived bioactive compounds accounts for their anticancer
properties against different cancer cells. These endophytic microbes have not
received much attention in the past, but their application in the pharmaceutical
industry remains promising. Their ease of transformation mechanisms makes them
an easily accessible source of anticancer compounds. They use special mechanisms
to enter the tissues of their host plants or even coexist in a symbiotic association

C. Prajapati - S. K. Singh

Centre of Experimental Medicine and Surgery, Institute of Medical Sciences, Banaras Hindu
University, Varanasi, India

e-mail: santosh.singhO1 @bhu.ac.in

D. Kumar
Department of Botany, Institute of Science, Banaras Hindu University, Varanasi, India

V. Ambastha (1)
Biology Department, Washington University in St. Louis, St. Louis, MO, USA
e-mail: avivek@wustl.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 27
B. P. Singh et al. (eds.), Endophytic Fungi, Fungal Biology,
https://doi.org/10.1007/978-3-031-49112-2_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-49112-2_2&domain=pdf
mailto:santosh.singh01@bhu.ac.in
mailto:avivek@wustl.edu
https://doi.org/10.1007/978-3-031-49112-2_2

28 C. Prajapati et al.

with them. Using these endophytic fungi, distinctive derivatives of bioactive metab-
olites can be produced. The ability of a fungal endophyte to establish itself success-
fully in the host plats depends on a delicate balance being retained between its
pathogenicity as well as the plant’s defense mechanism, which is accomplished
mostly by producing fungal endophyte metabolites. Consequently, this chapter aims
to attract attention to a new area of research for developing anticancer metabolites
by endophytic fungi. Insights gained from this research would eventually aid in
creating safe, highly reliable, and cost-effective anticancer drugs.

Keywords Medicinal plants - Endophytic fungi - Fungal metabolite - Anticancer
activity - Apoptosis

1 Introduction

Cancer develops whenever a cell surpasses the normal barriers that limit uncon-
trolled cell growth and metastasis. Recent advancements in understanding the detri-
mental changes in cell function have also been extraordinary (Weinberg 1996). In
2012, there were more than 14 million new cancer cases globally. According to the
World Health Organization (WHO), 9.6 million people died in the year 2018 from
cancer (WHO 2018), and this number raised to 10 million in the year 2020 (Sung
etal. 2021). Further, this number is expected to rise to 19.3 million by 2025 (Gulland
2014). Among different types of cancer, carcinoma is the deadliest, which is unreg-
ulated cell growth and division of skin or tissues lining the organs, leading to tumors
that approach and impair normal tissues (Chen et al. 2016). Carcinogenic cells can
propagate toward different body parts and form tumors. This uncontrolled, unregu-
lated growth of malignant tumors eventually causes the patient’s death (Kharwar
et al. 2011).

Proto-oncogenes, genes needed during chromosomal editing, and tumor sup-
pressor genes play a crucial role in the genesis of tumors (Tysnes and Bjerkvig
2007). DNA damage has been assumed to be the main factor that causes cancer
(Wiseman et al. 1995). DNA damage occurs sequentially and is caused by different
hereditary and environmental causes, leading to mutation in either a tumor suppres-
sor gene or oncogene. Target cells transform as a consequence of both apoptotic and
DNA repair genes that get overexpressed in those cells (Knudson 2001; Croce
2008). Next, these cells spread cancer through metastatic as well as invasions, uti-
lizing several mechanisms such as cellular division rapidly, multiple genetic abnor-
malities, clonal proliferation, and also the production of subclones with distinct
characteristics (Fearon and Vogelstein 1990; Wood et al. 2007). Among the most
widely prescribed chemotherapies for therapeutic cancer treatment attempt to elimi-
nate malignant cells in tumors by inhibiting cellular division pathways. Cancer
therapy is risky due to drug resistance with nonspecific toxicity generated by
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anticancer medications (Nygren and Larsson 2003). The mammoth costs of cancer
research and anticancer medicine facilities allow considerable financial pressure on
consumers and government healthcare budgets.

On the other hand, plant extracts, including natural products, have become ben-
eficial in managing the malignant tendency of cancers due to their treatment effec-
tiveness and low cytotoxicity (Mbaveng et al. 2011). Drugs made from plants, such
as Taxol and Camptothecin, are most effective in the treatment of certain types of
cancer (Srivastava et al. 2005). Taxol, a tubulin-binding diterpene, is found in the
African fern pine Podocarpus gracilior Pilger (Podocarpaceae). Taxol trigger tubu-
lin polymerization by binding to a heterodimer of tubulin B-subunits and inhibiting
tumor cell proliferation (Stahlhut et al. 1999). The extract of Amoora rohituka
leaves showed anticancer properties against breast cancer (Singh et al. 2020).
Several new anticancer drugs have been discovered by modifying natural products
or isolating specific anticancer agents using medicinal plants (Srivastava et al.
2005). Although overharvesting specific plants for isolating drugs disturbs the eco-
logical balance of their habitat, the conservation of threatened medicinal plant spe-
cies has already become necessary. Consequently, it is required to explore alternative
non-plant sources for anticancer medications (Kala 2000).

With the abovementioned restrictions involved with developing and producing
anticancer drugs from plants, scientists have turned to microbes as a potential source
of novel bioactive resources. These microbes, particularly fungi, provide an inex-
haustible supply and renewable source of new bioactive molecules with possible
therapeutic characteristics (Chandra 2012). Using microorganisms as the source for
a potentially interesting output has various advantages. The everlasting preservation
of most microorganisms of interest under favorable conditions ensures their indefi-
nite availability (Okami 1986). The process of extracting a compound from a fungal
endophyte and advancing it to clinical trials requires various stages of research and
development, which involve assessing its therapeutic potential by characterizing its
properties and structure (Fig. 2.1). Omics tools in combination with biostatistics
and mass spectrometry have produced a detailed description of the identification as
well as quantification of bioactive molecules derived from endophytic fungi (Gupta
et al. 2021). Now endophytic fungi are the most favored natural alternative source
of biologically active molecules (Rai et al. 2021; Keshri et al. 2021). The endo-
phytic fungus was first recorded 400 million years ago in the Early Devonian Rhynie
chert deposits, suggesting that the origin of endophyte and plant interactions can be
linked to the development of plant species (Krings et al. 2007). Cross talk among
plants with endophytes is also used to stimulate the production process of bioactive
metabolites (Kusari et al. 2012). Routine procedures for growing microorganisms
have demonstrated promising outcomes in increasing the production of desired
products. The chapter concentrates on that fascinating area called endophytic fungi,
which can generate many new bioactive molecules with anticancer activity. This
also describes how endophytic fungi interact with their host plant, offering the full
account of the most recent research on fungal endophytes’ production of anticancer
bioactive molecules and the chemical characteristics of numerous significant anti-
cancer compounds. Efficient approaches for producing fungal endophytic-origin
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Fig. 2.1 Various plant parts are used to isolate fungal endophytes and identify the bioactive com-
pounds produced from them exhibiting anticancer activity. Healthy tissues like leaves, stems,
roots, and rhizomes are collected and cut into small pieces. The tissue pieces are then surface steril-
ized to remove any contaminants. To prevent bacterial contamination, the sterilized tissues are
placed on PDA plates supplemented with antibiotics until fungal mycelial growth occurs. For
obtaining pure fungal colonies, each isolate is subcultured onto fresh PDA plates. Molecular stud-
ies are conducted to identify the fungal strains at the species level. The pure fungal culture is then
subjected to liquid fermentation to produce a large amount of metabolites, and various organic
solvents are used for the extraction of fungal metabolites. Several biological activities of the
extracted metabolites are used to identify the most potent fungal endophyte. Additionally, the
fungal crude extracts are subjected to sophisticated techniques such as high-performance thin-
layer chromatography (HPTLC) for biochemical profiling. Further purification is achieved using
high-performance liquid chromatography (HPLC) and column chromatography, followed by
bioactivity-guided fractionation. Spectroscopic techniques like mass spectrometry, Fourier trans-
form infrared (FT-IR) spectroscopy, and 1D and 2D nuclear magnetic resonance (NMR) are
employed to characterize the potent novel bioactive compound. The isolated bioactive compounds
are then tested for their anticancer potential using suitable in vivo models

anticancer chemicals on a substantial scale have also been suggested. The main goal
of this chapter is to draw attention to a new area of study focused on fungal endo-
phytes that produce novel anticancer compounds.

2 Fungal Endophyte

The microorganisms living in unique and unconventional environments produce
metabolites that help them sustain those conditions. Such microorganisms are
responsible for the development of new bioactive compounds. The term “endo-
phyte,” coined by Anton de Bary about 1866, refers to many microbes (fungi,
cyanobacteria, actinomycetes, or even bacteria) that can survive in living plants
tissue without causing harm (Bary 1866). Fungal endophytes have received
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considerably less attention than infectious fungi, because they commonly persist
within host species, and the host remains asymptomatic (Swamy et al. 2016;
Uzma et al. 2018). As a result, these microorganisms represent potentially new
resources for developing new medications (Kharwar et al. 2011). These endo-
phytes are essential to an emerging micro-ecosystem community (Tan and Zou
2001; Zhang et al. 2006; Rodriguez et al. 2009). Following the innovation of the
“golden” anticancer agent Paclitaxel (Taxol), which is derived from the endo-
phytic fungi Taxomyces andreanae, researchers’ interest in biologically active and
new metabolites from endophytic fungi has exploded (Stierle et al. 1993). Several
possible secondary metabolites with various therapeutic qualities, including anti-
cancer activity, have been discovered in endophytic fungus over the past several
decades (Swamy et al. 2016). At the biological level, endophytic fungi constantly
interact with their plant host and aid the host plant’s growth by the production of
secondary metabolites which promote host defense (Chandra et al. 2010; Swamy
et al. 2016). Secondary metabolites derived from fungal endophytes are synthe-
sized by a number of metabolic processes (Tan and Zou 2001). Fungal endophytes
synthesizes similar physiologically active molecules as the host plant synthesizes.
For example, in the early 1930s, the phytohormones “gibberellins” were isolated
from Fusarium fujikuroi (Kharwar et al. 2008). Endophytes of bacterial and fun-
gal origin have been found in moss, fern, algae, and various other vascular plants.
Endophytic fungi are abundant in tropical environments. When specific stimulat-
ing substances from the host plant or the fungal endophyte have been coupled,
both species’ metabolite production significantly increased (Li et al. 2009; Zhang
et al. 2009). The endophytic fungi evolved in their specific microhabitats through
genetic diversity, including the acquisition of certain plant genetic material inside
their genome during the prolonged association with its host plants, which is evi-
dent in the case of Fusarium oxysporum mediated synthesis of Podophyllotoxin
(Germaine et al. 2004). According to a recent study, the endophytic fungus and
the host plant employ similar but distinct metabolic mechanisms in synthesizing
bioactive compounds (Jennewein et al. 2001).

Fungal endophytes comprise microorganisms that dwell within living host plants
and do not affect them. Certain saprophytic fungi, mycorrhizal fungi, as well as
potentially poisonous fungi which reside in living host plants at various phases of
their life cycle are also included in the above category (Petrini and Fisher 1990;
Akhtar and Siddiqui 2008; Akhtar and Panwar 2011). These fungal endophytes syn-
thesize a wide range of distinct biologically active compounds, comprising alka-
loids, chinones, phenolics, benzopyranones, terpenoids, quinones, steroids,
flavonoids, tetralones, xanthones, and many others (Tan and Zou 2001; Swamy
et al. 2016). Among these potential bioactive metabolites are potent antiparasitic,
antitumor, herbicides and pesticides, antimicrobial, immunological psychotropic
drugs, and antioxidants (Gunatilaka 2006; Attia et al. 2020). But recently, the endo-
phytic fungus has drawn the attention of researchers as a reservoir of anticancer
bioactive compounds that may be utilized to treat many different types of cancers
(Schulz et al. 2002; Strobel et al. 2004; Kharwar et al. 2011).
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3 Host-Fungal Endophyte Symbiosis

Endophytic fungi have evolved special penetrating mechanisms to survive in their
hosts’ tissues. Endophytes secrete exoenzymes, which assist in colonization and
proliferation within their hosts’ apoplastic washing fluid content (Chandra 2012).
Endophytes have a mutualistic relationship with their host once they invade the
roots of that plant. This mutualistic interaction promotes plant development, while
endophytes get nourishment for survival as well as colonization inside the tissues of
their host plants (Chandra 2012). Infectious fungal species invasions into a host
plant resulted in lower levels of plant defense metabolites than the control group,
such as fungal endophytes, which do not affect the host defense metabolites (Schulz
et al. 2002). The host defense mechanisms and fungus virulence have reached a
condition of stability. When an imbalance happens, the disease develops as viru-
lence rises, and the plant’s defense mechanisms are reduced (Chandra 2012). By
competing with epiphytes and pathogens, the endophyte synthesizes compounds
that aid in colonizing its host species, regulating metabolism in an equilibrium rela-
tion (Chandra 2012). Plant variety, fungal identification, and ethnobotany research
are required to use potential endophytes and identify the host species that will pro-
duce positive outcomes. Secondary metabolite production can emerge when endo-
phytes communicate with hosts in metabolic processes (Priti et al. 2009). The
long-term mutualistic relationships of plant species with endophytes result in the
production of bioactive molecules as byproducts. Genetic material is transferred
due to the host plant’s specific interactions with long-term cohabitation with the
endophyte (Wang and Dai 2011; Nadeem et al. 2012). Flowering plants generate a
number of defensive mechanisms to assist themselves in responding to environmen-
tal pressures, including pathogenic illness; such strategies also comprise the pro-
duction of poisonous compounds. Certain defensive systems are present in a few
healthy plants, while in certain other plants, harmful chemicals are synthesized dur-
ing pathogenesis (Chandra 2012).

Endophytes are recognized to be tolerant of the specific metabolites of their
hosts. Numerous endophytes can detoxify different plant defense bioactive chemi-
cals, which affect their efficiency in colonizing host plants (Wang and Dai 2011).
The endophytes can alter harmful metabolites synthesized by their plant host spe-
cies with distinct bioactive compounds with therapeutic properties (Zikmundova
et al. 2002; Saunders and Kohn 2009). Endophytes can be processed to generate
bioactive molecules, which are much more established and structured than their
host plant species’ active compounds (Wang and Dai 2011; Swamy et al. 2016). The
endophytic fungus uses effective biotransformation enzymes to alter the conforma-
tion of various molecules (Chen et al. 2016). Some researchers looked into the pos-
sibility of using endophytic fungi to produce chemicals having increased activity.
Several investigations have demonstrated that different kinds of endophytic fungi
may be used to create a wide range of metabolites, including stereospecific pro-
cesses (Agusta et al. 2005; Borges et al. 2008; Verza et al. 2009; Swamy et al. 2016).

The endophytic fungus can be used to produce novel molecules that cannot be
synthesized chemically through stereospecific as well as region-specific responses.
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As a result, byproducts derived from microorganism bioactive molecules have
diverse features that make them appealing candidates for commercial production
processes (Tejesvi et al. 2007). Under specific and standardized cultural conditions,
improvements in endophytic fungal strains lead to a significantly larger production
of secondary metabolites (Pefialva et al. 1998). Endophytic fungi also seem unex-
plored, and additional study on their natural range and biodiversity, including their
chemical and microbiological profiles, is required in plant species harboring them.

4 Environmental and Biotic Clues Affecting the Survival
of Endophytic Fungi

Humidity, warmth, or even light can indirectly affect the development of endophytic
fungi within the host plant’s tissues (Wu et al. 2013). Curvularia protuberata, a
fungal endophyte derived from the plant Dichanthelium lanuginosum, can survive
in Yellowstone National Park under extreme temperatures (Marquez et al. 2007).
Diplodia mutila, an endophytic fungus derived from [Iriartea deltoidea, is sensitive
to light intensity and shows increased tissue necrosis and cell death in the presence
of bright light (408 + 17.3) pmol m™2s™! + SE) by increasing the generation of ROS
(reactive oxygen species). In contrast, low illumination (208.2 + 6.1 pmol
m2s™! + SE) promotes endosymbiotic growth (Alvarez-Loayza et al. 2011).
Thermophilic fungal endophytes isolated from hot desert adapted Cullen plicata
Delile enhance plants’ drought and heat stress tolerance by ecophysiological mech-
anisms and improve the growth of their host plants (Ali et al. 2019). In tropical
forests, canopy and leaf age of plants influence fungal endophyte colonization
(Arnold and Herre 2003). Fungal endophyte colonization varies depending on the
host plant species and environmental conditions and can significantly impact plant
health and ecosystem functioning (Collado et al. 1999; Lau et al. 2013). The host
plant’s production of defense compounds can significantly impact fungal endophyte
colonization (Saunders and Kohn 2009). Climate may also influence symbiotic fun-
gal endophyte colonization (Giauque and Hawkes 2013). The endophyte stimulates
the secretion of apoplastic proteins and nucleotides in the plant, facilitating fungal
endophyte colonization (Nizam et al. 2019).

5 Fungal-Endophyte-Derived Anticancer Compounds

On a worldwide scale, cancer ranks as the second leading cause of mortality.
Because of the significant cancer mortality rate, research seeking effective antican-
cer drugs seems to be ongoing. So far, medicinal plant-associated fungal endophytes
have yielded numerous bioactive compounds that have been isolated and character-
ized, out of which some of the selected anticancer compounds of various chemical
classes are described in subsequent sections (Fig. 2.2). Aspergillus iizukae, an
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Fig. 2.2 The chemical structure of selected anticancer compounds extracted from plant-associated
fungal endophytes

endophytic fungus, was isolated from host plant Silybum marianum and had the
ability to produce bioactive compounds Silybin A and Silybin B. Silybin A and also
Silybin B have anti-inflammatory as well as antitumor effects (EI-Elimat et al. 2014;
Surai 2015). Endophytic fungi that produced biologically active compounds have
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previously been identified as a precursor for various antitumor drugs. Camptothecin
is the precursor of several chemicals, including the anticancer drugs Irinotecan and
Topotecan. Camptothecin, as well as its analogues, has been shown in clinical trials
to be especially effective toward solid tumors of lung, liver, and ovary (Choi et al.
2011). Although Camptothecin is insoluble in water, its water-soluble analogues,
camptosar and hycamtin, are utilized for the treatment of colorectal as well as ovar-
ian cancers, respectively (Li et al. 2017). Seven novel azalomycin F analogues iso-
lated from Streptomyces sp. 211,726 have a wide range of antibacterial as well as
anti-HCT-116 properties, having ICs, values that ranged between 1.81 and 5.00 pM
(Yuan et al. 2013). Production of secondary metabolites having biosynthetic poten-
tial has been explored from endophytic actinobacteria which further shows the
potential exists in this group (Passari et al. 2017).

6 Novel Resource for Anticancer Compounds:
Fungi Endophytes

6.1 Alkaloids and Nitrogen Containing
Heterocyclic Compounds

The alkaloids produced in plants contain a wide range of bioactivities, including
toxicity, therapeutic characteristics, and recreational applications. Many alkaloids
derived from plants have already been explored for their potential use in antican-
cer drugs, and many of these molecules have evolved in fungal endophytes
(Kharwar et al. 2011). Many alkaloids with antitumor activities have been studied
for usage as commercially effective medications, with Camptothecin (CPT) as
well as Vincristine, being the two best examples. The endophytic fungus has
yielded new alkaloids with anticancer properties as reported recently. Beauvericin,
derived by Fusarium oxysporum, is cytotoxic to A549, PC-3, and PANC-1 with
ICs, values of 10.4 + 1.6 pM, 49.5 + 3.8 pM, and 47.2 + 2.9 pM, respectively
(Wang et al. 2011a, b). Eurotium rubrum, an endophytic fungus isolated from the
plant Hibiscus tiliaceus, was shown to contain Variecolorin, grand alkaloid E-7,
as well as a Dioxopiperazine alkaloid (Li et al. 2008). One quinoline-derived
alkaloid that assists through inhibiting enzyme topoisomerase I could be
Camptothecin (CPT) (Chandra 2012). Fusarium solani MTCC 9667 is a strain of
endophytic fungus derived from the plant Apodytes dimidiata. Camptothecin and
9-methoxycamptothecin are alkaloids produced by its mycelial extract (Shweta
et al. 2010). Phomopsis sp., Fomitopsis sp., and Alternaria alternata were identi-
fied as endophytic fungi from Miquelia dentata stages of fruit components. These
fungal endophytes are responsible for the synthesis of 9-methoxy-camptothecin,
Camptothecin, as well as 10-hydroxy-camptothecin. Using these fungal isolates
with ethyl acetate or even methanol showed significant cytotoxic activity toward
cell lines of colon as well as breast cancer (Shweta et al. 2013). From an
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endophytic fungus, Chaetomium globosum TY1 was isolated from the plant
Ginkgo biloba. Numerous alkaloids like azaphilone alkaloids, Chaetomugilides
A-C, and Chaetoviridin E were derived from the previously mentioned endo-
phytic fungus. Whenever Chaetomugilide alone was applied to HepG2 cell line, it
produced significant cytotoxicity with the following ICs, value 1.7 pM. When
Chaetoviridin E was introduced for the same HepG?2 cell line, it produced a mod-
erate level of cytotoxicity with ICs, value ranging 19.8-53.4 pM (Li et al. 2013).
The alkaloid Mycoleptodiscin B has been derived from an endophytic fungus
Mycoleptodiscus sp., which is isolated from the plant Desmotes incomparabilis.
Mycoleptodiscin B inhibited cancer cell line growth considerably, having an ICj,
value of 0.60-0.78 uM (Ortega et al. 2013). The Citriquinochroman metabolite
was produced by cultivating an endophytic fungus Penicillium citrinum upon a
bean and rice media. Penicillium citrinum, an endophytic fungus, was first identi-
fied using the juvenile stem of the plant Ceratonia siliqua. Citriquinochroman
demonstrated a cytotoxic effect against cell line L5178Y with an ICs, value of
6.1 pM (El-Neketi et al. 2013). Pestalotiopsis sp. contained the metabolites
Pestalactam A and Pestalactam B, which had considerable in vitro efficacy against
MCF-7 and NFF mammal cancer cells during experimental testing (Davis et al.
2010). Cytochalasin analogues, Aspochalasin D, and Aspochalasin J inhibited
HeLa cells with ICs, values of 5.72 pM and 27.4 pM, respectively. Both metabo-
lites are derived from an endophytic fungus Trichoderma gamsii isolated from the
host plant Panax notoginseng (Ding et al. 2012). Fusarium solani S-019, an endo-
phytic fungus strain, dwell within the plant host Camptotheca acuminata had sig-
nificant cytotoxic action on cancer cells and was shown to synthesize Camptothecin
(CPT). On Vero cells, the fungus CPT was also effective in suppressing cell pro-
liferation and inducing apoptosis (Ran et al. 2017). Piperine, an alkaloid with
anticancer activities, is generated from a fungal endophyte Colletotrichum gloeo-
sporioides derived from the plant Piper nigrum (Chithra et al. 2014). In one of the
previous study, a fungal endophyte Alternaria alternata, associated with the plant
Capsicum annum produces alkaloid that have been reported for their cytotoxic
effect against different origin of cancer cells as well as induces apoptosis in HL-60
cells (Devari et al. 2014). Camptothecin is an alkaloid with anticancer properties
obtained from an endophytic fungus Entrophospora infrequens, which is derived
from the plant Nothapodytes foetida in Jammu as well as Mahabaleshwar region
of the Indian country (Amna et al. 2006). The cytotoxic activity of novel bioactive
compounds derived from fungal endophytes has been given in Table 2.1.

6.2 Coumarins

The endophytic fungus Penicillium sp. 091402 was isolated from the mangrove
plant Bruguiera sexangula Linn. It generates (3R*,4S%*)-6,8-dihydroxy-3,4,7-
trimethylisocoumarin, which exhibits modest cytotoxicity against cancer cell line
K562 with an ICs value of 18.9 pg/mL (Han et al. 2009). 5-methyl-8-(3-methylbut-2-
enyl) furanocoumarin has been named after a unique furanocoumarin molecule
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Table 2.1 List of anticancer compounds isolated from the plant-associated fungal endophytes
Anticancer
Plant hosts Endophytic fungi | Bioactive metabolites activity References
Cinnamomum Fusarium Beauvericin Cytotoxic to Wang et al.
kanehirae oxysporum A549 PC-3 and | (2011a, b)
PANC-1 cell
lines
Hibiscus Eurotium rubrum | Dehydrovariecolorin L | Cytotoxic to Lietal.
tiliaceus and dehydroechinulin Hela, Dul45, (2008)
SMMC7721,
MCEF-7,
SW1990, as
well as
NCI-H460 cell
lines
Apodytes Fusarium solani | Camptothecin (CPT) and | Anticancer Shweta
dimidiata MTCC 9667 9-methoxycamptothecin | activity in et al. (2010)
(Icacinaceae) lymphocytic
leukaemia in
the mouse.
Miquelia dentata | Alternaria 9-methoxy CPT Cytotoxic to Shweta
alternata, (9-MeO-CPT), CPT,as |HCT-116 and et al. (2013)
Fomitopsis sp., well as 10-hydroxy CPT | SW-480 (colon
and Phomopsis (10-OH-CPT) cancer cell
sp. lines) as well as
MCF-7 (breast
cancer cell line)
Ginkgo biloba Chaetomium Chaetomugilides A—C Cytotoxic to Lietal.
globosum TY 1 and their derivative HepG?2 (liver (2013)
cancer cell line)
Desmotes Mycoleptodiscus | Mycoleptodiscin B Cytotoxic to Ortega et al.
incomparabilis sp. H460, A2058, (2013)
H522-T1, as
well as PC-3
human cancer
cell lines
Ceratonia siliqua | Penicillium Citriquinochroman Cytotoxic effect | EI-Neketi
citrinum against murine | et al. (2013)
lymphoma
L5178Y cells
Panax Trichoderma Aspochalasin D and Cytotoxic effect | Ding et al.
notoginseng gamsii Aspochalasin J against HeLa (2012)
cells of the
cervical cancer
cell line
Camptotheca Fusarium solani | Camptothecin (CPT) Cytotoxic effect | Ran et al.
acuminata S-019 against Vero (2017)
cell and PC-3
cell line

(continued)
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Anticancer
Plant hosts Endophytic fungi | Bioactive metabolites activity References
Piper nigrum Colletotrichum Piperine Anticancer Chithra
gloeosporioides activities etal. (2014)
against K562
derivative of
MDR cells
Capsicum Alternaria Capsaicin Cytotoxic effect | Devari et al.
annuum alternata on human (2014)
promyelocytic
leukemia and
HL-60 cell line
Avicennia sp. Penicillium sp. 5-methyl-8-(3- Cytotoxicity Huang et al.
ZH16 methylbut-2-enyl) against KB and | (2012)
furanocoumarin KBV200 cells
Ulmus Microsphaeropsis | Arundinone B Cytotoxicity to | Luo et al.
macrocarpa arundinis T24, as well as | (2013)
A549 cell lines
Sinopodophyllum | Pestalotiopsis Pestalustaine B Cytotoxic to Xiao et al.
hexandrum adusta HeLa, HCT116, | (2018)
as well as A549
human cancer
cell lines
Illex canariensis | Cytospora sp. Cytospolide P Cytotoxic to Lu et al.
A549 cancer (2011)
cell line
Pandanus Colletotrichum Tyrosol C Cytotoxic Bungihan
amaryllifolius gloeosporioides activities etal. (2013)
against HT29,
HCT116, as
well as A549
cancer cell lines
Sonneratia Bionectria Chloro-derivative of Cytotoxic to Ebrahim
caseolaris ochroleuca Pullularin E, Pullularin | cell line etal. (2012)
A, Pullularin C, and L5178Y
Verticillin D
Bruguiera Aspergillus Beauvericin Cytotoxicity to | Deng et al.
gymnorhiza terreus (GX7-3B) cell lines HeLa, | (2013) and
A549, MCF-7, | Kharwar
as well as KB etal. (2011)
Sonneratia Talaromyces Talaperoxide B, and Cytotoxic to Lietal.
apetala flavus Talaperoxide D PC-3, HepG2, | (2011)
MCEF-7,
MDA-MB-435,
and also HeLa
cell lines

(continued)
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Table 2.1 (continued)
Anticancer
Plant hosts Endophytic fungi | Bioactive metabolites activity References
Hopea Guignardia sp. Guignasulphide Cytotoxic to Wang et al.
hainanensis IFB-E028 HepG2 (human | (2010)
liver cancer cell
line)
Curcuma Chaetomium Chaetoglobosin X Cytotoxicity Wang et al.
wenyujin globosum against cell (2012)
lines MFC as
well as H22
Aquilaria Nodulisporium (2R*, Cytotoxicity Wu et al.
sinensis sp. A4 4R*)-3,4-dihydro- against the cell | (2010)
4-methoxy-2- methyl- line SF-268
2H-1-benzopyran-5-ol
Kandelia candel | Aspergillus TMC 256 Al Cytotoxicity to | Liu et al.
tubingensis MCEF-7, Hep3B, | (2011) and
(GX1-5E) SNB19, Huang et al.
MDA-MB-435, | (2011b)
Huh7, as well
as U87 MG cell
lines
Aegiceras Alternaria sp. Alterporriol L and Cytotoxicity Huang et al.
corniculatum 7]9-6B Alterporriol K against (2011a)
MDA-MB-435,
as well as
MCEF-7 cell
lines
Hibiscus Eurotium rubrum | 12-demethyl-12-oxo- Cytotoxic to Yan et al.
tiliaceus eurotechinulin B, MCF-7, (2012)
9-dehydroxyeurotinone, | SW1990,
Variecolorin G, alkaloid | HepG2,
E-7, and Emodin NCI-H460,
SMMC7721,
Hela, as well as
Dul45 cancer
cell lines
Mentha pulegium | Stemphylium Altersolanol A Cytotoxic to Teiten et al.
globuliferum A549, and (2013)
K562 cell lines
Laurencia sp. Penicillium Penicisteroid A, and Cytotoxicity to | Gao et al.
(red algae) chrysogenum Penicisteroid B HeLa, SW1990, | (2011)
QEN-24S as well as
NCI-H460

cancer cell lines

(continued)
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Anticancer
Plant hosts Endophytic fungi | Bioactive metabolites activity References
Avicennia marina | Aspergillus Niger | Nigerapyrones B, D, E, | Cytotoxic to Liu et al.
MA-132 and Asnipyrone A HeLa, HepG2, |(2011)
MCF-7,
DU145,
NCI-H460,
A549,
MDA-MB-231,
and also
SW1990 cancer
cell lines
Camellia sinensis | Pestalotiopsis fici | Siccayne Cytotoxic to Liu et al.
HeLa, and (2013)
HT29 cell lines
Bruguiera Aspergillus 3pB,5a-dihydroxy- Cytotoxicity Deng et al.
gymnorhiza terreus GX7-3B | (22E,24R)-ergosta-7,22- | against cell (2013)
dien-6-one lines MCF-7,
HelLa, A549, as
well as KB
Solanum nigrum | Aspergillus flavus | Solamargine Cytotoxicity El-Hawary
(SNFSt) against cell et al. (2016)
lines PC-3,
HT-29, HCT-15,
LNCaP, T47D,
and also
MDA-MB-231
Taxus brevifolia | Taxomyces Taxol and Taxane Cytotoxicity to | Stierle et al.
andreanae cell line 9 KB (1993)
Fagus sp. Paraconiothyrium | Isopimarane diterpenes | Cytotoxic Shiono
sp. MY-42 activity on etal. (2011)
promyelocytic
HL60 cells
Ceratodon Smardaea sp. Sphaeropsidin A and Cytotoxicity to | Wang et al.
purpureus (moss) | AZ0432 Sphaeropsidin D and cell line (2011a)
6-O-acetylsphaeropsidin | MDA-MB-231
A
Salacia oblonga | Alternaria, Taxol and Taxane Cytotoxicity Roopa et al.
Fusarium, and against 9 KB (2015) and
aspergillus Niger cell lines Stierle et al.
(1993)
Annona Xylarialean sp. Xylariacin A, Xylariacin | Cytotoxicity Lin et al.
squamosa L. A45 B, and Xylariacin C against HepG2 | (2011)
cell line

(continued)
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Table 2.1 (continued)
Anticancer
Plant hosts Endophytic fungi | Bioactive metabolites activity References
Annona muricata | Periconia sp. (+)-(3S,6S,7R,8S)- Cytotoxic to Ge et al.
periconone A, and HCT-8, (2011)
(—)-(1R,4R,68,7S)-2- Bel-7402,
caren-4,8-olide BGC-823,
A549, A2780,
as well as
MCF-7 cancer
cell lines
Bidens pilosa Botryosphaeria Botryorhodine A and Cytotoxic to Abdou et al.
rhodina Botryorhodine B HeLa cell lines | (2010)
Camellia sinensis | Pestalotiopsis fici | Pestalofones F, G, and H | Cytotoxic Shu-Chun
and Pestalodiol C activity against | et al. (2011)
cell lines
MCEF-7, as well
as HeLa
Cajanus cajan Hypocrea lixii Cajanol Cytotoxic to Zhao et al.
AS549 cancer (2013)
cell line
Podophyllum Fusarium solani | Podophyllotoxin Cytotoxicity to | Mohammad
hexandrum P-388, A-549, et al. (2012)
HT-29, as well
as MEL-28 cell
lines
Garcinia Guignardia Guignarenone A Cytotoxicity Sommart
hombroniana bidwellii against KB and |etal. (2012)
(PSU-G11) Vero cell line
Juniperus Fusarium Podophyllotoxin Cytotoxicity to | Kour et al.
recurve oxXysporum cell lines P-388, | (2008)
A-549, HT-29,
as well as
MEL-28
Tabebuia rosea | Aspergillus TRL1 | Pulchranin A Cytotoxic Moussa

effects in vitro
against MCF-7,
Hep-G2, as well
as HCT cancer
cell lines

et al. (2020)

originating from the endophytic fungus strain Penicillium sp. ZH16. Its bioactive

compound has been found to be cytotoxic toward KB cells and KBV200 cells with
1Cspvaluesof 5.0 pM and 10.0 pM, respectively (Huangetal.2012). Microsphaeropsis
arundinis, an endophytic fungus isolated from the Ulmus macrocarpa, produces
novel bioactive compounds Arundinone B. This compound exhibited cytotoxic
effect toward cancerous cell lines T24 and A549 (Luo et al. 2013). Pestalotiopsis
adusta, a fungal endophyte that survives within its plant host Sinopodophyllum
hexandrum, produced the novel biologically active molecule Pestalustaine B, as
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well as novel sesquiterpene and coumarin derivatives that have been shown to
induce apoptosis. Pestalustaines A and B exhibited mild to moderate cytotoxic
effects against three cancer cells in vitro, A549, HeLa, and HCT116, having IC;s,
values usually ranging from 21.01 to 55.43 pM (Xiao et al. 2018).

6.3 Lactones

Cytospora sp. is a fungal endophyte that dwells within the plant host Ilex canarien-
sis and produces the nonanolide metabolite Cytospolide P. The Cytospolide P has
been shown to arrest the cell in the G1 phase by the role of C-2 methylation in
treated cell line A549 (Lu et al. 2011). The endophytic fungus Colletotrichum sp.
has been isolated from the plant Pandanus amaryllifolius, which generated a bio-
logically active molecule that is macrolides. These same chemical compounds
cytosporone or even Dothiorelone C have been found inside the fungal endophyte
Chaetomium globosum. The multiple compounds like Dothiorelone C, Cytosporone,
as well as Colletotriolide had no significant activities when tested on A549, HT29,
and also HCT116 cell lines (Bungihan et al. 2013).

6.4 Peptides

The fungal endophyte Bionectria ochroleuca has been isolated from the plant
Sonneratia caseolaris, was shown to contain the bioactive compounds Pullularin A,
Pullularin B, and also Verticillin D (Ebrahim et al. 2012). Verticillin D exhibited
strong cytotoxic effects on the cancerous cell line L5178Y. The Pullularin A,
Pullularin C, and the chloro-derivative of Pullularin E have also been found to have
cytotoxic effect having ICs, values varied from 0.1 to 6.7 pM (Ebrahim et al. 2012).
The fungal endophytic strain, Aspergillus terreus (GX7-3B), was identified from
the plant Bruguiera gymnorhiza and produces an anticancer compound Beauvericin
(Deng et al. 2013). Beauvericin was previously discovered in a variety of different
fungus species (Kharwar et al. 2011). Beauvericin was also extracted from an endo-
phytic fungus Epicoccum nigrum, which dwells within its host plant Entada abyssi-
nica. This compound exhibited cytotoxic activity toward cell lines Vero cell, THP-1,
and RAW 264.7 with ICs, values of 86.56 + 3.94 pg/ml, 76.56 = 5.76 pg/ml, and
64.48 + 6.17 pg/ml, respectively (Dzoyem et al. 2017).

6.5 Peroxides

XG8D is an endophytic fungal strain isolated from the mangrove plant Xylocarpus
granatum. Two novel endoperoxide compounds Merulin A and Merulin C were
extracted using endophytic fungal strain XG8D. Both compounds had been found



2 Fungal Endophytes as Potential Anticancer Candidate over Synthetic Drugs: Latest... 43

to exhibit cytotoxic effect against cancerous cell lines BT474 and SW620 with ICs,
values ranging from 1.57 to 4.98 pg/mL (Chokpaiboon et al. 2010). The nor-
sesquiterpene peroxides, Talaperoxide B and Talaperoxide D, were obtained using
an endophytic fungus Talaromyces flavus that lives within its plant host Sonneratia
apetala (Liet al. 2011). Both compounds have been shown to be cytotoxicity toward
following cell lines such as HeLa, PC-3, MDA-MB-435, and HepG2, along with
MCF-7 having ICs, values that varied between 0.70 and 2.78 uM (Li et al. 2011).

6.6 Polyketides

Pestalpolyol I, a novel polyketide derivative extracted from an endophytic fungus,
Pestalotiopsis clavispora, found in the mangrove plant Rhizophora harrisonii. The
pestalpolyol I exhibited cytotoxic activity against cell line L5178Y with an ICs,
value of 4.10 puM (Hemphill et al. 2016). The Guignasulphide was extracted from
the endophytic fungal strain Guignardia sp. IFB-E028, which dwells within the
juvenile leaf of the Hopea hainanensis plant (Wang et al. 2010). Guignasulphide
exhibited cytotoxic effect toward the hepatic cancer cell line HepG2 with an ICs,
value of 5.2 + 0.4 uM (Wang et al. 2010). Chaetoglobosin is a polyketide with bind-
ing specificity for actin filaments in muscle. The bioactive compound Chaetoglobosin
X had been obtained from an endophytic fungus Chaetomium globosum, which
dwells within the plant Curcuma wenyujin. The Chaetoglobin X showed a high
cytotoxic effect on cancer cell lines MFC as well as H22 cells (Wang et al. 2012).

6.7 Pyrans and Pyrones

The fungal endophyte Nodulisporium sp. A4 was isolated from stem of Aquilaria
sinensis and revealed the existence of a novel benzopyran, (2R*, 4R*)-3,4-
dihydro-4-methoxy-2-methyl-2H-1benzopyran-5-ol. Compared to Cisplatin, this
metabolite had comparatively modest cytotoxicity against the cell line SF-268 at
100 mg/ml (Wu et al. 2010). Pyrone compounds and the compounds derived from
pyrones are produced mainly by fungal endophytes of the Aspergillus species (Liu
et al. 2011). During in vitro experiments, naphtho-gamma-pyrone, TMC 256 Al, a
monomeric chemical derived by the marshes fungal endophyte Aspergillus tubin-
gensis (GX1-5E), was shown to be a cytotoxic effect on cancer cell lines U87 MG,
SNB19, MDA-MB-435, MCF-7, Hep3B, and Huh7 with ICs, values that are rang-
ing from 19.92 to 47.98 pM (Huang et al. 2011b). The a-pyrone derivative com-
pounds, namely, Nigerapyrones B, D, E, and congeners, Asnipyrone A, were
isolated from an endophytic fungus Aspergillus niger MA-132, which dwells inside
plant host Avicennia marina. Nigerapyrone E has been shown to be cytotoxicity
against cell lines SW1990, A549, and MDA-MB-231 having ICs, values of 38, 43,
and 48 pM, respectively. The above drug had also been revealed to have a weak to
medium effect on the cell lines MCF7, MDA-MB-231, HepG2, NCI-H460, or even
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Dul45 having ICs, values of 105, 48, 86, 43, and also 86 pM, respectively.
Nigerapyrone B, Asnipyrone A, and Nigerapyrone D were all compounds found to
exhibit cytotoxic effects against various cell lines. Nigerapyrone B exhibited cyto-
toxic effect against cell line HepG2 with an ICs, value of 62 pM. Asnipyrone A
showed cytotoxicity against A549 cells with an ICs, value of 62 pM. Nigerapyrone
D cytotoxicity was demonstrated against many cancer cell lines such as MCF-7,
A549, and HepG2 with ICs, values of 121 pM, 81 pM, and 81 uM, respectively (Liu
et al. 2011).

6.8 Quinones

Aegiceras corniculatum, a wetland host plant, has been found to contain an endo-
phytic fungus strain Alternaria sp. ZJ9-6B. The bioactive compounds anthraqui-
nones, Alterporriol L, and Alterporriol K were extracted from endophytic fungal
strain Alternaria sp. ZJ9-6B (Huang et al. 201 1a). During the experimental research,
Alterporriol K and Alterporriol L were shown to have a moderate level of cytotoxic
effects against cell lines MDA-MB-435 as well as MCF-7 cells with an ICs, value
ranging from 13.1 to 29.1 pM (Huang et al. 2011a). The Eurotium rubrum, an endo-
phytic fungus isolated from the plant host Hibiscus tiliaceus, had produced
9-dehydroxyeurotinone, a unique molecule derived from anthraquinone, Variecolorin
G, 12-demethyl-12-oxo-eurotechinulin B, along with Emodin and some other
anthraquinone molecule. These molecules were shown to be cytotoxic effects on
cell lines, such as 12-demethyl-12-oxo-eurotechinulin B, which was cytotoxic to
SMMC-7721; 9-dehydroxyeurotinone cytotoxic against SW1990; variecolorin G
cytotoxic against HepG2, NCI-H460, and Hela cells; alkaloid E-7 cytotoxic against
MCF-7, SW1990, SMMC-7721, and HeLa cells; and Emodin cytotoxic against
Dul45 (Yan et al. 2012). Altersolanol A, derived from the fungal endophyte
Stemphylium globuliferum, was also cytotoxic on cancer cell lines A549 and K562.
The isolate was produced from the medicinal plant Mentha pulegium (Lamiaceae).
When antiapoptotic protein levels were reduced, caspase-3 and caspase-9 were
cleaved, resulting in cell death via apoptosis caused by Altersolanol A (Teiten
et al. 2013).

6.9 Steroids

Laurencia, an alga that hosts an endophytic fungus strain Penicillium chrysogenum
QEN-24S, has been used to isolate various novel steroidal compounds such as
Penicisteroid A and also Penicisteroid B (Gao et al. 2011). Penicisteroid A showed
significant antifungal and cytotoxic effects during initial experiments (Gao et al.
2011). The presence of phytoecdysteroids was observed in the fungal endophyte
strain Aspergillus terreus GX7-3B, which dwell within the host plant Bruguiera
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gymnorhiza. Cytotoxicity was demonstrated on cell lines MCF-7, KB, A549, and
HeLa with ICs, values of 4.98 pM, 1.50 pM, 1.95 pM, and 0.68 pM, respectively
(Deng et al. 2013). An endophytic fungus strain Aspergillus flavus (SNESt) derived
from the plant Solanum nigrum has the potential to generate solamargine, a deriva-
tive of the steroidal solasodine with anticancer properties in a variety of cancers.
Over 11 generations of subcultivation, the endophytic fungal strain SNFSt had pro-
duced Solamargine and yielded (7 mg, ~300 pg 17') considerable levels of
Solamargine, suggesting that it may have been utilized as an alternate source for the
synthesis of Solamargine as the anticancer compound (El-Hawary et al. 2016).

6.10 Diterpenes

A fungal endophyte Taxomyces andreanae, derived from the plant Taxus brevifolia,
yields Taxol and Taxane (Stierle et al. 1993). A fungal endophyte strain
Paraconiothyrium sp. MY-42 had been used to extract Sphaeropsidin A and
Sphaeropsidin D diterpenes that displayed moderate cytotoxicity on human HL60
cells (Shiono et al. 2011). Both diterpenes Sphaeropsidin A and Sphaeropsidin D
are produced by a moss tissue with active photosynthesis Ceratodon purpureus,
which is the host of an endophytic fungus strain Smardaea sp. AZ0432. Many can-
cer cell lines with human fibroblast were used to test these two metabolites, and also
6-O-acetylsphaeropsidin A, for effective anticancer activities. The three diterpenes
were shown to have a significant amount of cytotoxicity. Remarkably, Sphaeropsidin
A was shown to be cytotoxicity against breast cancer cell line MDA-MB-231 at
sub-cytotoxic doses (Wang et al. 2011a, b). Salacia oblonga, a medicinal plant, was
used to isolate the endophytic fungus. Using morphological and ITS sequencing
data, species characterization, and identification indicated that the main species in
the samples were Alternaria, Fusarium, and Aspergillus niger. One sample showed
bands for the BAPT gene, indicating that the endophyte was able to produce Taxol
or a similar chemical. Some of the samples that demonstrate amplification with the
DBAT primers may create a Taxol precursor, such as Baccatin III or a similar com-
pound, which may be converted into a Taxane. Another option is that this precursor
would be utilized in the semisynthetic synthesis of a Taxane/Taxol (Roopa
et al. 2015).

6.11 Triterpenes

The fermented triterpene by-products Xylariacin A, Xylariacin B, and Xylariacin C
were extracted using the fungal endophyte Xylarialean sp. A45 (Lin et al. 2011). In
laboratory studies, cytotoxicity testing was performed on HepG2 (human tumor
cells), which showed medium cytotoxic effects (Lin et al. 2011). Periconia sp., an
endophytic fungus derived from the medicinal plant Annona muricata, contains
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novel distinct terpenoids, (+)-(3S,6S,7R,8S)-periconone A, as well as
(—)-(IR,4R,68S,7S)-2-caren-4,8-olide. Such compounds have been found to be
slightly cytotoxic to human cancer cell lines on HCT-8, MCF-7, Bel-7402, A2780,
A549, and BGC-823 (Ge et al. 2011).

6.12 Miscellaneous

The bioactive compound, Piperine is derived from a fungal endophyte Periconia sp.,
which is isolated from the plant Piper longum L. (Verma et al. 2011a, b). An endo-
phytic fungus Colletotrichum gloeosporioides has been isolated from the leaf tissue
of the plant Oroxylum indicum (L.) Kurz. The ethyl acetate extract of Colletotrichum
gloeosporioides demonstrated the cytotoxic effect against cancer cell lines HCT116,
HeLa, as well as HepG2, having ICs, values of 76.59, 176.20, and 1750.70 pg/mL,
respectively (Rai et al. 2022a, b). Further study conducted by the group showed the
cytotoxic and apoptosis-inducing potential of ethyl acetate extract of C. gloeospori-
oides against human breast cancer cells MDA-MB-231 and MCF-7. The findings
suggest that the bioactive compounds produced from endophyte C. gloeosporioides
induces apoptosis in breast cancer cells by elevating the excessive production of
reactive oxygen species, depolarizing the mitochondrial membrane potential and
altering the genes associated with extrinsic as well as intrinsic pathways (Rai et al.
2023a). Penicillium oxalicum, an endophytic fungus, has been derived from the
leaves of the plant Amoora rohituka. The ethyl acetate extract of Penicillium oxali-
cum showed cytotoxic effect against different origin of cancer cells such as HuT-78,
MDA-MB-231,and MCF-7 with ICs, values of 56.81 +£0.617 pg/mL,37.24 + 1.26 pg/
mL, and 260.627 + 5.415 pg/mL, respectively (Verma et al. 2022). Several endo-
phytic fungi isolated from the plant Moringa oleifera and Withania somnifera
showed significant antibacterial activity (Atri et al. 2020). The endophytic fungi are
a natural alternative source for novel or potent anticancer properties (Rai et al.
2022a, b). Streptomyces, an endophytic actinomycete isolated from the roots of the
Azadirachta indica A. Juss, was found to be a promising biocontrol and a plant
growth promoter (Verma et al. 2011a, b). Similarly, endophytic actinobacterium,
Streptomyces thermocarboxydus strain BPSAC147, showed disease resistance
potential and growth promotion in tomato (Passari et al. 2019). Mycosterol is
derived from endophytic fungus of the plant Gymnema sylvestre (Ranjan et al.
2019). Argemone mexicana L. seed extracts were tested for their effectiveness
against certain bacterial pathogens. Seeds extracted in chloroform showed varying
degrees of antibacterial properties, with minimum inhibitory concentrations of
2.0-5.0 mg/ml toward both gram-positive and gram-negative bacteria (Singh et al.
2009). From an endophytic fungi Pestalotiopsis fici, alkyne molecules Siccayne had
been produced (Liu et al. 2013). Siccayne had been demonstrated to be toxic to cells
in the cancer cell lines such as HelLa and HT29, which showed ICs, values of
48.2 pM and 33.9 pM, respectively (Liu et al. 2013). Botryosphaeria rhodina,
which dwells inside the medicinal herb Bidens pilosa, was shown to have the
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compounds Botryorhodine A and Botryorhodine B. Both bioactive molecules had
been shown to be cytotoxicity against cancer cell line HeLa, with ICs, values of
96.97 pM as well as 36.41 pM, respectively (Abdou et al. 2010). An endophytic
fungus, Pestalotiopsis fici produces Pestalofones F, G, or H, and Pestalodiols C, are
derivatives of epoxy isoprene. These four compounds exhibited cytotoxic activity
against MCF-7 as well as HeLa cell lines (Shu-Chun et al. 2011). An isoflavone
called Cajanol has been identified within an endophytic fungus fungal Hypocrea
lixii derived from the plant Cajanus cajan. On the cancer cell line A549, it was
found that Cajanol had a highly potent cytotoxic effect that depended on the time
period as well as concentration (Zhao et al. 2013). Teniposide, Etopophos phos-
phate, and Etoposide are all anticancer drugs that comprise precursors of
Podophyllotoxin. Fusarium solani, an endophytic fungus isolated from the root
cells of Podophyllum hexandrum, has been shown to produce Podophyllotoxin
(Nadeem et al. 2012). The appearance of Guignarenone A, a distinct tricycloalter-
narene molecule derived first from an endophytic fungus strain Guignardia bidwellii
PSU-G11, produced a substantial cytotoxic effect in African green monkey and
responsible for oral cancer as well as renal fibroblast in Vero cells (Sommart et al.
2012). Podophyllotoxin is produced by Fusarium oxysporum, a fungal endophyte
dwelling within the plant host Juniperus recurva (Kour et al. 2008). A recent study
showed the first-time isolation and identification of a lipid mediator bioactive com-
pound N-(2-Hydroxyethyl)hexadecanamide (commonly known as palmitoyletha-
nolamide)  produced from  Oroxylum  indicum-associated  endophyte
C. gloeosporioides potentiates apoptosis in human breast cancer cells MDA-MB-231
and MCF-7 (Rai et al. 2023b). Furthermore, a strain of the fungal endophyte
Aspergillus TRL1, which was derived from the plant Tabebuia rosea, can produce
the novel bioactive compound pulchranin A, which has been discovered to inhibit
cyclin-dependent kinases like CDK1, CDK2, as well as CDK4 in the cell cycle.
Pulchranin A demonstrated potential cytotoxic effects in vitro on cancer cell lines
MCF-7, HCT, and Hep-G2, with ICs, values of 63, 91, as well as 80 pg/mL, respec-
tively (Moussa et al. 2020). An endophytic fungus Aspergillus nidulans derived
from the host plant, Nyctanthes arbor-tristis Linn, was used to produce
Sterigmatocystin. In vitro cytotoxicity tests demonstrated that Sterigmatocystin was
only cytotoxic activity on cell line MCF-7, with an ICs, value of 50 + 2.5 pM/mL
(Sana et al. 2019). The biogenic synthesis of silver nanoparticles mediated by
Penicillium oxalicum (POAgNPs), an endophytic fungus isolated from the leaf of
the host plant Amoora rohituka, exhibited cytotoxicity toward breast cancer cell
lines MDA-MB-231 and MCF-7, having ICs, values of 20.080 + 0.761 and
40.038 + 1.022 pg/mL, respectively (Gupta et al. 2022). Pestalotiopsis microspora
VJ1/VS1, a fungal endophyte strain, was isolated from the leaf tissues of the plant
host Gymnema sylvestre. The synthesized silver nanoparticles have a high negative
zeta potential value (—35.7 mV) utilizing aqueous culture filtrate of Pestalotiopsis
microspora. The biosynthesized AgNPs were shown to havve cytotoxic effect on
cancer cell lines B16F10, SKOV3, A549, and PC3, with ICs, values of
26.43 £3.41 pg/mL, 16.24 +2.48 ng/mL, 39.83 +3.74 ug/mL, and 27.71 + 2.89 pg/
mL, respectively (Netala et al. 2016). Additionally, fungal endophyte-derived
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natural bioactives are used in the various neurodegenerative disorders, suggesting
their neuroprotective activity (Verma et al. 2023). Furthermore, for the effective
Alzheimer’s disease treatment, lipid-coated mesoporous silica nanoparticles
(MSNs) comprising natural compound berberine (BBR) have been synthesized
(Singh et al. 2021). A strain of the fungal endophyte Fusarium solani ATLOY-8 had
been isolated by the plant Chonemorpha fragrans. Green gold nanoparticles showed
dose-dependent cytotoxicity against cancer cell lines such as HeLLa and MCF-7 with
ICs, values of 0.8 = 0.5 pg/mL as well as 1.3 = 0.5 pg/mL, respectively (Clarance
et al. 2020). The strain of a fungal endophyte Guignardia mangiferae (Bios PTK 4)
was isolated from Citrus sp. leaves and successfully utilized in the myogenic pro-
duction of silver nanoparticles. After 24 hours of incubation, silver nanoparticles
exhibited cytotoxic effects on cell lines Vero, HeLa, as well as MCF-7, having 1Cs,
values of 63.37 pg/mL, 27.54 pg/mL, and 23.84 pg/mL, respectively (Balakumaran
et al. 2015). Copper oxide nanoparticles (CuONPs) were created using a fungal
endophyte strain Aspergillus terreus FCBY 1 derived from the medicinal plant Aegle
marmelos. Copper oxide nanoparticles were found to be cytotoxic on cell line
HT-29, including an ICs, value of 22 pg/mL (Mani et al. 2021).

7 Conclusion and Future Prospects

Endophytic fungi exist in the inner tissues of healthy plants and interact with them
in a number of different ways. Endophytic fungi acquire numerous essential and
novel traits during their prolonged association with their hosts. Endophytic fungi
secrete various enzymes that help in colonization and growth to sustain a stable
relationship. Endophytic fungi have a high potential for the production of novel
bioactive compounds due to their distinct environments. The formation of such
identical biological active secondary metabolites by endophytic fungi gives support
to the idea that for most of the coevolution of endophytic fungi and their host plants,
endophytes adapted to their distinct microenvironments through genetic variation,
including the incorporation of some host DNA into their own genomes (Germaine
et al. 2004). Such gene transfer may have resulted in the potential among some
endophytic fungi to biosynthesize compounds made by the plant host (Stierle et al.
1993). Tan and Zou (2001) also said that several fungal endophytic species may be
isolated from a single plant, with at least one of them showing host specificity. To
scale up production, the scientific community will concentrate their efforts on
molecular analysis of endophytic fungi and optimization of the fermentation pro-
cess (Tan and Zou 2001). Large-scale microbe culture in the tank fermenter can
provide unlimited usable products (Okami 1986). It has been demonstrated with the
principal anticancer medicines derived from plants, significant manufacturing costs
contribute to high therapy expenditures. For example, the monthly cost of eribulin
for breast cancer treatment or liposarcoma has now reached USD 10,000, whereas
brentuximab for the treatment of lymphoma surpasses USD 30,000 (Howard et al.
2015; Gordon et al. 2018). Endophytic fungi, as a potential alternative source of
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anticancer compounds for the synthesis of anticancer medicines, play an important
role in limiting cancer death rates and lowering cancer therapy costs. The fungus
may generally release enormous quantities of secondary metabolites that can con-
vert metal ions to metallic nanoparticles. A fungal endophyte was isolated from the
medicinal plant Catharanthus roseus (Linn.) and was used to create silver nanopar-
ticles (AgNPs). Under in vitro situations, the produced AgNPs were efficacious in
neutralizing free radicals and inducing apoptotic indicators such as nuclear and
DNA fragmentation in lung (A549) cancer cell lines. AgNPs were shown to be
cytotoxic to A549 cells, with an ICs, of 40 pg/mL. This is the first study to show that
AgNPs from Botryosphaeria rhodina may cause apoptosis in many kinds of cancer
cells as a potential cancer therapy technique (Akther et al. 2019). Bioinformatics
plays a significant role in recent pharmaceutical research by providing high-
throughput data of DNA, RNA, and proteins and also give data on gene expression
and gene sequencing (Barik et al. 2020). Recent advancements in pharmacological
interventions and high-throughput approaches have made significant contributions
to endophyte research to solve the predicted challenges. Endophyte genetic modifi-
cation, which includes gene overexpression and gene modifications, strain muta-
tions, and cocultivation of compatible strains, is focused on improving specific
endophytic fungi strains and increasing the supply of specified metabolites. Because
of the scarcity of natural resources and the shortage of natural remedies, the bio-
prospection of endophytic fungi and their genetic improvement is an essential field
of research in drug development programs.
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Abstract Fungal endophytes are microorganisms that live in symbiotic relation-
ships with the host plant for at least a part of their life cycle. One or more fungal
endophytes are present in every plant across the globe. Fungal endophytes have
emerged as a potential natural reservoir for bioactive secondary metabolites to meet
the never-ending need for effective treatments. Secondary metabolites are divided
into a number of classes, including alkaloids, benzopyranones, chinones, flavo-
noids, phenolic acids, quinones, steroids, saponins, tannins, terpenoids, tetralones,
xanthones, etc. Endophytic fungi such as Alternaria sp., Aspergillus sp., Bipolaris
sp., Cephalosporium sp., Chaetomium sp., Colletotrichum sp., Emericella sp.,
Fusarium sp., Guignardia sp., Hormonema sp., Metarhizium sp., Mucor sp.,
Paecilomyces sp., Penicillium sp., Phomopsis sp., Talaromyces sp., Taxomyces sp.,
Tolypocladium sp., Xylaria sp., etc. have been reported to possess potential bioac-
tive compounds. Thus, they are potential sources of several natural drugs available
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in the market for antibacterial, antifungal, antiviral, antioxidant, anti-inflammatory,
anticancer, and antidiabetic agents. This chapter summarizes about various fungal
endophytes, their association with plants, and the pharmaceutical application of
their secondary metabolites.

Keywords Fungal endophytes - Bioactive compounds - Metabolites - Natural
products - Therapeutic agents

1 Introduction

Plants have long been used as a source of therapeutic bioactive substances for treat-
ing a wide range of diseases. Ironically, rather than actual plants, microbes con-
nected to plants have been shown to give materials and products with tremendous
medicinal potential. Native microorganisms, referred to as endophytes, can survive
inside the tissue of plants without causing any obvious exterior symptoms and are
in charge of processing nutrients, inducing defense mechanisms, and synthesizing
secondary metabolites. Endophytes are a kind of endosymbiotic microbes that colo-
nize the intercellular and/or intracellular spaces of plants and are widely known for
facilitating host growth and nutrient absorption. The endophytic fungi provide their
host plant significant resistance to numerous pathogenic, parasitic, and pest threats
by employing secondary metabolites produced by them under normal and stress
conditions. The focus of recent biotechnological advancements is on discovering
and using new bioactive substances that can be derived from endophytic fungi.
Despite this, only a small percentage of endophytic fungi have been isolated and
studied for their biological activity (Gouda et al. 2016; Pandey et al. 2014; Uzma
et al. 2018; Manganyi and Ateba 2020; Abdalla et al. 2020). This chapter empha-
sizes the numerous sources of endophytes, their secondary metabolites, and their
potential as antibacterial, antifungal, antiviral, antioxidant, anticancer, and antidia-
betic medications. The current quest of many researchers to identify distinct endo-
phytes from intriguing and unexpected hosts and settings is well captured in these
illustrations.

2 Plant-Fungal Endophytes Associations

Most interactions between endophytic fungus and plants can be divided into neutral,
beneficial, and destructive. While different kinds of associations exist in ecological
positions (Schulz and Boyle 2005), certain fungal endophytes cooperate, but most
endophytes are commensals (Brader et al. 2014). Based on the length of the endo-
phytic existence period, fungal endophytes are divided into systemic and nonsys-
temic endophytes (Mostert et al. 2000; Wani et al. 2015). Long-term or temporary
relationships with the plants are possible for fungus endophytes. The population
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size and species richness of nonsystemic endophytes can change over time depend-
ing on host variables such as plant growth and development, environmental enrich-
ment, and biotic factors, such as pathogen attack. The nonsystemic endophytes,
however, may change from mutualism to parasitism and become specifically dam-
aging to the host.

Conversely, systemic endophytes are mutualists and have no adverse effects on
plants. As a result, endophytes can be passed from one host to another, albeit some
colonize their hosts and become an integral part of the plant endobiome (Mostert
et al. 2000). The taxonomy, transmission route, endophytic life, host defense
response, ecological role, and diversity are the bases for this classification of endo-
phytic fungus (Wani et al. 2015).

3 Bioactive Metabolites from Endophytic Fungi

Endophytes have historically received less attention, but more recently, their poten-
tial has come to light due to their positive impact on the production of pharmaco-
logically significant bioactive metabolites that contain antimicrobial, antiviral,
natural antioxidant, antitumor, immunosuppressant, antidiabetic, and insecticidal
agents (Gouda et al. 2016; Yadav et al. 2014; Fadiji and Babalola 2020). The discov-
ery of Taxol in 1993 from an endophytic fungus in Taxomyces andreanae rekindled
interest in medicinal substances derived from endophytic sources (Stierle et al.
1993). Researchers have discovered a variety of endophytic fungi that may contain
a wide range of bioactive compounds that are beneficial to human health.
Additionally, studies have demonstrated that endophytes can create, induce, and
alter the host’s molecular structures. Numerous bioactive secondary metabolites
with distinctive structural characteristics, such as flavonoids, terpenoids, phenolic
compounds, chinones, steroids, alkaloids, benzopyrenes, quinones, tetralones, and
others, are now playing a significant role in scientific advancements in the pharma-
ceutical industry (Lugtenberg et al. 2016). Tolypocladium inflatum, an endophytic
fungus, was found to produce the highly beneficial immunosuppressant cyclospo-
rine (Borel et al. 1991). Endophytic fungi from Muscodor albus, a species of tropi-
cal tree, produces several volatile organic compounds, including the antibiotic-rich
aciphyllene, 2-butanone, and 2-methyl furan (Atmosukarto et al. 2005). A list of the
bioactive substances produced by endophytes is mentioned in Table 3.1.

4 Biological Properties of Endophytic Fungi

Endophytic fungus has been reported to demonstrate a variety of biological activi-
ties, including antibacterial, antifungal, antiviral, antioxidant, anticancer, and anti-
diabetic properties due to their abundance of bioactive chemicals. In this section, we
look at endophytic fungus as a potential source of a wide range of bioactive sub-
stances that may benefit human health.
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Table 3.1 List of some bioactive compounds obtained from fungal endophytes possessing
biological activities

Endophytic Bioactive
fungus Host compounds Biological activities References
Phomopsis sp. | Plumeria Terpenoid Antibacterial activity Nithya and
acutifolia Muthumary
(2010)
Penicillium Melia Polyketide citrinin | Antibacterial activity Kumar et al.
Jjanthinellum azedarach (2017)
Xylaria sp. Garcinia Sordaricin Antifungal activity Digra and
dulcis against Candida Nonzom
albicans (2023)
Tolypocladium | — Cyclosporine Immunosuppressant Yang et al.
inflatum (2018)
Aspergillus Torreya maire | Clavatol Antimicrobial activity | Zhang
clavatonanicus et al. (2008)
Strain QJ18 Gentiana Secoiridoids Choleretic, anti- Yin et al.
macrophylla | mainly hepatotoxic, anti- (2009)
gentiopicrin inflammatory,
antifungal, and
antihistamine activities
Fusarium Ginkgo biloba | Gingkolides Anti-inflammatory Cui et al.
oxysporum (2012)
Metarhizium Taxus baccata | Taxol (paclitaxel) | Anti-cancerous Das et al.
anisopliae, (2022)
Taxomyces
andreanae
Neurospora sp. | Nothapodytes | Alkaloid Anticancer, anti-HIV, Durga et al.
foetida (camptothecin) antimalarial, (2020) and
antibacterial, Rehman et al.
antioxidant, anti- (2008)
inflammatory,
antifungal, and anemia
Muscodor albus | Cinnamomum | Volatile organic Antibacterial, antifungal | Atmosukarto
zeylanicum compounds, such | compounds et al. (2005)
as aciphyllene,
2-butanone, and
2-methyl furan
Alternaria Quercus Altertoxins Anti-HIV activity Bashyal et al.
tenuissima emoryi (2014)
QUEISe
2L-5 Ocimum Ergosterol, Antimicrobial Haque et al.
basilicum cerevesterol (2005)
Emericella sp. | Aegiceras Aegiceras Antiviral Zhang et al.
corniculatum | corniculatum (2011)
Serratia Rhyncholacis | Oocydin A Antifungal Strobel et al.
marcescens penicillata (2003)
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4.1 Antibacterial Activity

The quest for new nonresistant antibiotics has persisted for scientists, professionals,
and clinical specialists. This has become a topic of concern during the recent SARS-
CoV2 pandemic. In the history of medicine, the secondary metabolites from endo-
phytic fungi have played an essential role, such as the discovery of penicillin, an
antimicrobial metabolite from Penicillium chrysogenum that was used against
microbial infections and saved millions of lives (Manganyi and Ateba 2020).
According to earlier reviews, investigating antimicrobial bioactive compounds from
less explored microbial systems paves a new pathway to treat multidrug-resistant
contagious pathogens (Deshmukh et al. 2015; Jakubczyk and Dussart 2020).
Endophytic fungi from various sources have been shown to exhibit potent inhibition
against pathogenic bacterial strains, drug-resistant pathogens, in combating antibi-
otic inefficiency against bacterial organisms. Compared to conventional antibacteri-
als, metabolites of endophytic fungi are more efficient, less expensive, and have a
lower chance of bacterial resistance. Using bioactive compounds of fungal endo-
phytes as the source for industrial production of antibacterials will not only be eco-
nomically viable for pharmaceutical industries but would also help in the reduction
of bacterial diseases in public health systems at a much lower cost. The bioactive
metabolites produced by endophytic fungi responsible for the activity profiles
include flavonoids, alkaloids, peptides, terpenoids, phenols, xanthones, quinines,
etc. Table 3.2 provides a list of antibacterial chemicals from diverse classes of endo-
phytic fungi.

4.2 Antifungal Activity

Fungi infections are frequently overlooked, despite the fact that they might cause
subsequent illnesses. Due to their opportunistic nature and potential impact on
immunocompromised people, pathogenic fungi significantly burden the world’s
existing healthcare systems (Giacomazzi et al. 2016). Endophytic fungi are a poten-
tial source for producing various bioactive compounds with significant antifungal
activities. Triterpene glycoside has been reported to show promising antifungal
inhibitory activity against Candida and Aspergillus sp. in mice model (Peldez et al.
2000). Additionally, Streptomyces spp. TQR12—4 isolated from elite Citrus nobilis
fruit was found to have broad-spectrum antimicrobial activity against fungal organ-
isms, including Colletotrichum truncatum, Geotrichum candidum, F. oxysporum,
and F. udum (Singh et al. 2017). Numerous antifungal properties are found in the
bioactive substances made by Xylaria sp. These compounds include multiplolides A
and B and sordaricin. Sordaricin (Pongcharoen et al. 2008) and multiplolides A and
B (Boonphong et al. 2001) have antifungal efficacy against Candida albicans. The
griseofulvin produced by the Xylaria sp. FOO10, a spirobenzofuran antibiotic, is
isolated from Abies holophylla (Macias-Rubalcava and Sanchez-Fernandez 2017).



J. L. H. Boruah et al.

62

(8100) VSIN 889N uberuus appuidlffo ID-dL
‘e 19 IS ‘Snaanp “§ | ‘T UNeIuud ‘H uneruuy ‘y UIOLIDANRI( “UIOLIDANERIQ “UTIdSOYDLL], wn1qoipua (g “ds wmiavsn,]
PIo® JIUWLIdPOYILY)
‘Quo-g-uelAd-Hz-1Aypow-¢-AX0IpAy- $-([A1doy- 01—
AXx0IpAY-§07)-9 ‘Quo-guelAd-Hg-1Ayow-¢-Ax01pAy -H-(1K1day
S2UIS012D -0 -oua-g(S-AX0IpAYS (07)-9 ‘Quo-g-ueIkd-Hz-1Ayjeur
(6102) 12120qo423U5] -g-Ax01pAy--(1K1day- (0 1-oudIp-H0S T £AX0IPAY-Y07)-9 vIpawt | SYIUOLO[YD04YI0
‘[® 10 oRYZ 100 ‘A[owreu ‘SANBALIOP QuoIAd-0 paIMNSqNSI-94°¢ | SNxnL fo S100y WUy
9102) proe o1]AX0qIed -¢-UrINJ[AYJoWAX0)a08-G 12untiof $9100AW0dsE
‘T’ 19 BRIl SN2 °§ ‘proe o11AX0qIed-¢-URINJ[AYPIQWAXOIPAY-G | snxpjoppyda)) | snavyf snjjisiadsy orydiowreuy
snonkjowavyvind
OLqIA
‘Sno1Y19pOSA] STIX
0202) SNII020491 Suasurdojou snuaSoaindind
‘[e 30 Suaq ‘syuqns g V UnNjOAUODOIR[E], XDUDJ saofwouvy],
VSIN
(®6102) ‘snaunp S1SUUIYD 1-OH
‘eI nry | g sauasoiloouous 7 V 9[OSIUBIOHI smpav.sy “ds wnnuoany)
(8100)
°R snauny g SISUIUIYUO] (Z01-DdD)
Suayy ‘1700 "5 quo-g-ueikdHg-Axoyjow--[Aouridoy-9 'S JO SoABYT “ds L)y
(1200)
LR no>'q sisusupUo] 811-DAD
Suenyg ‘S1oDAyIuUD g €[ UISe[RYD01K0AX0100V-[ T paoydog “ds ayprodmiq $9J90AWOISY
Q0UAIJY ja31e) [ROISO[OIg pajerost spunodwo)) Qo1nog | sn3uny onAydopuyg sse[D

soyAydopud [eSuny woiy paurelqo spunodwod [erIjorqrUe WOoS Jo ISIT 7°¢ AqEL



63

3 Fungal Endophytes as an Alternative Natural Resource for the Discovery...

(8100)
HLRE]
Sroquoy - UTUOARJIOTYD) — | SUDNS2L11 LOINPY $9100Aw03LK7
(0202) DUDIJIOPUDD
‘I8 10 ued snauny g OPIWERUNOIIU PUB ‘QUIZUIGAX0QILD ‘UNIIANY) | Pgoj1q 03yu1D) pjja4dyvsg | 90KwoIpiseqg
snaunp
(6102) “dsqns snainp QuOWOIYD[AYIoWLY) -89 Z-[AXOIPAYIP-/ G
‘812 9H 1220201 ydn1§ ‘QUOWOIYI[AYIoW -/ -([AYIAX0IPAY-])-Z-AX0IpAH-G-(S) 01810 | Sau1sna]a s1vjodig
cld
(6102) av2£10 ‘ad av2£10 DYIUDPOY.L sap10110ds0a0]3
RURERG| spuowoyuny UOUI[OPUIOST QUIAYIQW-¢ PUE ‘g PUB Y/ SIPI[0ID[[0D DA231]]] wnyo111012]]0)
smpautiapuipnasd
§122000]8ydpig
(S102) ‘sauadoyloouout STUNUULO0D
‘e 19 BrY DLI2ISIT D pIoe d1auofadIeg sapusvayg | 7SLS[ ds vuoyg
(9102)
‘' BLI9JORq UIqNINIOd01SNeAX0dp-| | piaLduanbuinb
ameag anisod-weln) ‘urqnInIodonsne-(S¢eSy) ‘urqninrodonsne-(Y¢Sy) vonapapy | ds sisdonoisaq
wnaI3aw g
‘DsourSnLaD J
(9100) 102 °q vulUdi2s
‘T8 39 ueyy ‘SnaUnp - uiqnuesny Jo 1oyid [AYIA vifjomnny | -ds wniiodsopo])
(8y) wnivaovuvjos
DIUOISIDY
pjoo12&.10 ‘ad avzL40
spuowoOyIUDY
(1202) | ‘ov2d40 ad av2£10 V QUOJOB[NIIdA sisuaulyd | GO[HYZ PIDUIdIID
‘[e 39 oeyZ spuowoyunY I0UIQ [AYIOW-G-[OLIBUIN[BAXOIPAY-{ ‘QUOABOIR[RIOS] §1049) DLIDULII]Y




64 J. L. H. Boruah et al.

It has been used to treat both human- and animal-related mycotic illnesses (Reshma
et al. 2019). The endophytic fungi Chaetomium globosum and Phomopsis species
that live on Ginkgo biloba have been found to have compounds cytosporone B and
C and chaetomugilin A and D that have antifungal effects on Candida albicans and
Fusarium oxysporum (Kumar et al. 2017). It has also been shown that the endo-
phytic fungus Armillaria mellea produces antimicrobial chemicals with strong bio-
activity against Gram-positive bacterial and fungal infections (Singh et al. 2017).
The antifungal activities of some specific endophytic fungi have been highlighted
and presented in Table 3.3.

4.3 Antiviral Activity

Viral infections are considered a global health hazard due to their devastating effects
(Lacerda et al. 2022). The current challenge is the development of new antiviral
drugs that target the virus’s mutation rate. The search, screening, and development
of bioactive compounds with antiviral effects benefit drug research. The potential of
the viruses to produce mutant-resistant strains against the antiviral is inevitable. An
antiviral drug should inhibit the virus infection without cytotoxicity and cause mini-
mal harm to the host cells. If the drug partially inhibits the infection, it leads to the
development of drug-resistant mutant strains. Recently, broad-spectrum antivirals
are being developed that target multiple viruses. The broad antiviral spectrum with
similar structure may lead to the synthesis of potent drug derivatives against differ-
ent viruses (Toghueo 2020). To address such problems, cost-effective and potent
antiviral drugs or vaccines are being developed. Various reports have shown antivi-
ral properties of endophyte-produced bioactive compounds such as pestalotheols
A-D, a crude organic extract of Pestalotiopsis theae (LN560) which showed inhibi-
tory effect on HIV-1 LAI replication in C8166 cells named (Li et al. 2008).
Asperterphenyllins A, isolated from Aspergillus candidus 1.LDJ-5, displayed antivi-
ral efficacy against the HIN1 strain of the influenza A virus (Zhou et al. 2021).
Another endophytic fungus Curvularia papendorfii isolated from Vernonia amyg-
dalina is reported to be effective against the human coronavirus HCoV 229E and
the feline coronavirus FCV F9. Table 3.4 provides a list of endophyte-produced
bioactive compounds with antiviral activities.

4.4 Antioxidant Activity

Antioxidants have a plethora of benefits, from anti-inflammatory to disease elimina-
tion, antiaging to food enrichment. Antioxidants prevent oxidation, BY inhibiting
reactive oxygen species (ROS), and free radicals from damaging cells. Naturally
obtained antioxidants are gaining more recognition in pharmacology, food, and cos-
metics. Antioxidants such as subglutinols A and B, which provide immunosuppressive
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Table 3.3 List of some fungal endophytes possessing antifungal properties
Endophytic
fungi Host plant | Bioactive compound Effects Reference
Hormonema sp. | Juniperus | Triterpene glycoside Active against Peldez et al.
communis Candida sp., (2000)
Aspergillus sp.,
moderate
efficacy against
candidiasis
Xylaria sp. - Sordaricin, multiplolides A | Effective against | Molina et al.
and B, 1, Candida (2012)
8-dihydroxynaphthol albicans
1-O-a-glucopyranoside, and
mellisol
Xylaria sp. Abies Griseofulvin Active against Macias-
F0010 holophylla both human and | Rubalcava and
animal mycotic | Sdnchez-
illnesses Ferndndez
(2017) and
Reshma et al.
(2019)
Chaetomium Ginkgo Cytosporone B and C, Effective against | Kumar et al.
globosum, biloba chaetomugilin A and D Candida (2017)
Phomopsis sp. albicans and
Fusarium
oxysporum
Pestalotiopsis | — Pestalachlorides A, Active against Puri et al.
adusta pestalachlorides B Verticillium (2018)
albo-atrum,
Gibberella zeae,
and Fusarium
culmorum
Penicillium Citrus Deoxytryptoquialanone, Antifungal Costa et al.
citrinum, limon tryptoquialanine A, activity (2019) and
Penicillium tryptoquialanine C, Huang et al.
digitatum 15-dimethyl-2-epi- (2007)
fumiquinazoline A, citrinadin
A, ceoxycitrinadin A, and
chrysogenamide A
Pestalotiopsis | Mangifera | 4-(2,4,7-trioxa-bicyclo Active against Subban et al.
mangiferae indica [4.1.0] heptan-3-yl) phenol | C. albicans (2013)

(MIC, 0.039 g/
mL), Nystatin
(MIC 10.0 g/
mL)
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Table 3.4 List of some antiviral compounds obtained from fungal endophytes

Boruah et al.

Endophytic Bioactive compounds Antiviral
fungus Host from endophytes properties Reference
Aspergillus Soybean root Aspergillide B1, SARS-COV2 El-Hawary
terreus 3a-Hydroxy-3, et al. (2021)
5-dihydromonacolin L
Talaromyces Taxus baccata | Polycyclic Anti- Cao et al.
purpureogenus | Linn. meroterpenoids, pseudorabies (2020)
talaromyolides E- K virus
Pleospora tarda | Ephedra Alternariol, alternariol- | Against herpes Selim et al.
aphylla (a)-methyl ether simplex virus (2018)
type-2 (HSV-2),
vesicular
stomatitis virus
(VSV)
Phoma sp. Aconitum Phomanolide HINI influenza |Liuetal.
vilmorinianum virus (2019a, b)
Alternaria Punica Alternariol, Hepatitis C virus | Abou
alternate PGL-3 | granatum Alternariol 9-methyl (HCV) El-kassem
ether etal. (2019)
Guignardia Carapa Crude extract Yellow fever Ferreira et al.
mangiferae guianensis virus (2015)
Alternaria Sclerocarya Crude extract Anti-HIV Nzimande
alternata birrea and et al. (2022)
Hypoxis plants
Aspergillus Mangrove Asperterphenyllins A Anti-influenza Zhou et al.
candidus virus A (HIN1) | (2021)
Daldinia Musa Aureonitol Anti-HIV Chigozie et
eschscholtzii paradisiaca al. (2020)
Pestalotiopsis - Pestalotheol A-D Anti-HIV Lietal.
theae (2008)
Paecilomyces sp. | Taxus mairei Brefeldin-A Anti-poliovirus | Cuconati
and aspergillus | and Torreya etal. (1998)
clavatus grandis and Wang
et al. (2002)
Alternaria sp. Sacrophyton sp. | Tetrahydroaltersolanol | Anti-porcine Zheng et al.
soft coral C, alterporriol Q reproductive and | (2012)

respiratory
syndrome virus

activity, are obtained from Fusarium subglutinans (Sadrati et al. 2013). The fungal
endophytes, namely, Chaetomium globosum, Penicillium sp., Nigrospora sphaerica,
Aspergillus  flavus, Nigrospora sphaerica, Acremonium sp., Aspergillus sp.,
Ulocladium chartarum, Pleospora tarda, Scopulariopsis sp., Chaetomium spirale,
Mucor fuscus, Absidia corymbifera, Cochliobolus lunatus, Phoma leveillei, Fusarium
sp., and Chaetomium globosum, have been reported to be a promising strain for anti-
oxidant along with Pleospora tarda to be affective for antiviral activity (Selim et al.
2018). Bioactive compounds secreted by endophytic fungi such as borneol,
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corynesidones A and B, coumarin, 2,14-dihydroxy-7-drimen-12,11-olide,
5-(hydroxymethyl)-2-furanocarboxylic acid, isopestacin, lapachol, p-tyrosol, pesta-
cin, phloroglucinol, tetrahydroxy-1-methylxanthone, tyrosol, and rutin have been
reported to show antioxidant activity against inflammation and tumors (Toghueo
2020). This depicts that it is essential to continuously search for more novel bioactive
compounds from endophytic fungi with effective antioxidant properties. Some bioac-
tive compounds and host of endophytic fungi with antioxidant properties are listed in

Table 3.5.

Table 3.5 List of bioactive compounds antioxidants from fungal endophytes

Bioactive compounds as
antioxidants

Host

Fungi

Reference

Flavonoid, tannins

Swietenia mahagoni

Colletotrichum sp.,

Hastuti et al.

Jacq Rhizoctonia sp. (2022)
Phenolic compound Adiantum Chaetomium Selim et al.
capillus-veneris globosum, (2018)
Penicillium sp.
Ascorbic acid Ocimum basilicum, Aspergillus Sharaf et al.
Eugenia jambolana | fumigatus, (2022), Yadav

Tabebuia argentea

Y. Chaetomium
sp., Aspergillus

et al. (2014), and
Sadananda et al.

sp., (2011)
Alternaria
alternate,
Aspergillus niger
Xyloketals B Avicennia marina Xylaria sp. Zhou et al.
(2018)
Anthraquinones Tabebuia argentea, Alternaria Sadananda et al.
alternata, (2011)
Aspergillus niger
Pestacin Terminalia Pestalotiopsis Pandey et al.
(1,3-dihydroisobenzofuran), morobensis microspore (2014) and
isopestacin (isobenzofuranone) Toghueo and
Boyomet (2019)
B—carotene— linoleate Avicennia officinalis, | Aspergillus flavus, | Ravindran et al.
Triticum durum Penicillium sp., (2012) and
Aspergillus sp. Sadrati et al.
(2013)
Pyrogallol, a-tocospiro A Albizia zygia ZAl61 Ibrahim et al.
2021
Graphislactone Trachelospermum Cephalosporium | Joseph and Priya
Jjasminoides sp. (2011)
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4.5 Anticancer Activity

Over the years, several endophytic fungi have been identified as a potential source
of bioactive molecules with various pharmacological activities, including antican-
cerous properties. Taxol (paclitaxel) is a potent anticancer drug that was originally
isolated from the bark of the Pacific yew tree (Taxus brevifolia); however, an endo-
phytic fungus known as Taxomyces andreanae that resides within the bark of Taxus
species can also produce it (Wheeler et al. 1992). The discovery of Taxol from
endophytic fungi has opened new possibilities for the sustainable production of this
important anticancer drug. Camptothecin is another natural compound with potent
anticancer properties that was first isolated from the endophytic fungus Fusarium
solani, which lives within the bark of the Chinese Happy Tree (Camptotheca acumi-
nata). While camptothecin has demonstrated significant anticancer activity in pre-
clinical studies, its use as an anticancer drug has been limited due to its poor
solubility, stability, and toxicity. Derivatives of camptothecin, such as topotecan and
irinotecan, have been developed to overcome these limitations and have demon-
strated improved efficacy and safety in clinical trials (Li et al. 2017). Cordycepin, a
nucleoside analogue found in several different species of fungi, including endo-
phytic fungi, is reported to exhibit various pharmacological activities, including
antiviral, anti-inflammatory, and anticancer properties. Cordycepin was first iso-
lated from the fungus Cordyceps militaris, a parasitic fungus that grows on the lar-
vae of insects (Olatunji et al. 2018). Cordycepin has been the subject of numerous
preclinical studies, and it has shown promise as a therapeutic agent in various can-
cer models (Panda et al. 2022). While griseofulvin, an isolate of the endophytic
fungus Penicillium griseofulvum, is not typically used as an anticancer drug, it has
been found to exhibit some anticancer activity in various preclinical studies (Saxena
et al. 2019). Griseofulvin is a member of the class of compounds known as
polyketides, known to have diverse pharmacological activities, including antibacte-
rial, antifungal, antiviral, and anticancer properties (Nisa et al. 2015).

The discovery of new compounds from endophytic fungi, including those with
anticancer properties, remains an active area of research. Podophyllotoxin is a natu-
rally occurring lignan compound that has been found to exhibit anticancer activity
in preclinical studies. It was first isolated from the roots of the American mandrake
plant (Podophyllum peltatum), but it has also been found in endophytic fungi associ-
ated with the plant. Endophytic fungi such as Alternaria alternata, Phoma sp., and
Fusarium sp. have been found to produce podophyllotoxin (Rana et al. 2020). The
podophyllotoxin obtained from these fungi has been shown to have similar antican-
cer properties as the compound isolated from the Podophyllum plant. Podophyllotoxin
is currently used clinically as a precursor to the development of several other anti-
cancer drugs, including etoposide and teniposide (Cragg and Newman 2005).
Fumonisin B1 which is a mycotoxin produced by various species of endophytic
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fungi, including Fusarium moniliforme and Fusarium proliferatum (Bacon and
Nelson 1994), has been found to exhibit some potential anticancer activity in pre-
clinical studies. However, it is important to note that fumonisin B1 is a toxic com-
pound and can cause serious health problems if consumed in high amounts.
Lovastatin first isolated from the fungus Aspergillus terreus is an endophytic fungus
commonly found in soil (Goswami et al. 2013). Lovastatin is a statin drug widely
used to lower cholesterol levels and reduce the risk of heart disease. However, it has
also exhibited anticancer properties in various preclinical studies. In addition to its
cholesterol-lowering effects, lovastatin has been found to inhibit the growth and
proliferation of different cancer cell lines, including breast, prostate, and colon can-
cer cells (Tobert 2003). While lovastatin is not yet used clinically as an anticancer
drug, its potential as a novel anticancer agent is an active area of research. The dis-
covery of new compounds from endophytic fungi, including those with anticancer
properties, holds great promise for developing new and effective cancer treatments.
Anticancer compounds from different sources of endophytic fungi and their mode

of action are presented in Table 3.6.

Table 3.6 Products of fungal endophytes with anticancer activities

Anticancer bioactive Endophytic
compound Role fungus source | Host plant Reference
Nl Binds to microtubule | Fusarium Taxus Garyali et al.
- ) assembly and prevents | redolens wallichiana (2013)
e S the separation of Metarhizium Taxus Liu et al.
chlrfénosomessdlﬁrifr;g anisopliae chinensis (2009)
: cell division (Schi Taxomyces Taxus Stierle et al.
Taxol (paclitaxel) a‘;‘% Horwitz 1980). |\ iveanae | brevifolia | (1993)
Ea:g::sy ﬁia;ﬁl(;itng Bartalinia Aegle Gangadevi and
ovan'an: breast, and robil.lardoides marmelos Muthumary
lung cancers. Tassi (2008)
Taxane-based Colletotrichum | Capsicum Kumaran et al.
anticancer drugs have | ¢apSici annuum (2011)
been developed,
including docetaxel
and cabazitaxel
(Ojima et al. 2016).
.. Inhibits DNA Nothapodytes | Nothapodytes | Puri et al.
'S . topoisomerase I foetida foetida (2005)
W enzyme le?ding to the | Phomopsis spp. | Miquelia Shweta et al.
) accumulation of DN{\ dentata (2013)
wem” Y - damage and apoptosis Diaporthe sp. | Nothapodytes | Degambada
Camptothecin ° (Kharwar et al. 2011). nimmoniana | et al. (2021)
Fusarium Chonemorpha | Clarance et al.
solani [fragrans (2019)
ATLOY-8

(continued)
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Anticancer bioactive Endophytic
compound Role fungus source | Host plant Reference
. \Ha Inhibits cell Cordyceps Tetheella Kryukov et al.
o ¢ f)’“ proliferation, induce militaris fluctuosa, (2011)
i apoptosis, and inhibit Ochropacha
\Q angiogenesis (Panda duplaris,
OH et al. 2022). Tethea
Cordycepin ocularis
Irpex lacteus Cordyceps Liu et al.
hawkesii (2022)
Gray
Cordyceps Beilschmiedia | Chang et al.
ninchukispora | erythrophloia | (2017)
Hayata
¢ _o Antioxidant induces | Nigrospora Emblica Rathod et al.
A Q \_0 cell cycle arrest and oryzae officinalis (2014)
AN apoptosis (Nisaetal. | Penjcillium Mentha Zerroug et al.
o © / 2015). griseofulvum | pulegium L. (2018)
Griseofulvin Xylaria sp. Abies Park et al.
holophylla (2005)
E Inhibits the activity of | Fusarium Podophyllum | Nadeem et al.
<°“ = /‘“‘“lf g an enzyme called solani hexandrum (2012)
0 “‘/ """ § topoisomerase II Phialocephala | Podophyllum | Eyberger et al.
N inhibitingcell | fortinii peltatum (2006)
. l_ o division, or mitosis Trametes Podophyllum | Puri et al.
! Sy (2(C)glsgg and Newman | ;.01 hexandrum (2006)
Podophyllotoxin >
\ e _ . |Induces apoptosis and | Fusarium Zea mays L. | Jurrado et al.
: [ ! | inhibit angiogenesis | moniliforme (2010)
| G (Pandey et al. 2011). | Fusarium Zea mays L. | Bezuidenhout
Fumonisin verticillioides et al. (1988)

(Fumonisin B1)

4.6 Antidiabetic Properties

The prevalence of diabetes has increased recently all over the world. Diabetes
occurs when the body develops insulin resistance or produces insufficient amounts
of insulin, which disrupts glucose homeostasis and leads to serious complications
like neuropathy, retinopathy, and nephropathy. According to the World Health
Organization, the number of people with diabetes mellitus has increased dramati-
cally over the past several decades. It is predicted to reach 629 million by 2045
(Agrawal et al. 2022). Various classes of drugs are available to treat type II diabetes.
As these drugs are associated with certain side effects, conventional antidiabetic
agents have limitations (Hussain et al. 2021), necessitating a continuous quest for
novel antidiabetic agents from natural sources such as medicinal plants and fungal
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endophytes. Several investigations have shown that endophytic fungal extracts
exhibit antidiabetic activities and anti-lipidemic properties. Isolated from the
African rainforest, Pseudomassaria species is reported to synthesize demethylaster-
riquinone B-1 (L-783,281) which have similar properties to insulin (Gupta et al.
2020). Another report on endophyte Aspergillus awamori, isolated from Acacia
nilotica, has experimentally proven to synthesize biomolecules active against peo-
ple with diabetes (Singh and Kaur 2016). Table 3.7 provides a list of endophyte-
produced bioactive compounds with antidiabetic properties.

Table 3.7 List of fungal endophytes possessing antidiabetic properties

Endophytic Bioactive
fungus Host compounds Antidiabetic activity Reference
Nigrospora Combretum Fungal extract, The extract and the Uzor et al.
oryzae dolichopetalum | (S)-(+)-2-cis-4- compounds (1-3) (2017)
trans-abscisic significantly (p < 0.001)
acid, 7"-hydroxy- | reduced the fasting blood
abscisic acid, and | sugar of the alloxan-
4-des-hydroxyl induced diabetic mice.
altersolanol A
Cladosporium | Loranthus Carbohydrates, The CsAgNPs reduced Popli et al.
sp. micranthus tannin, phenolic the activity of a-amylase, | (2018)
glycosides, a-glucosidase and
terpenoids, dipeptidyl peptidase IV
alkaloids, phenol, | in vitro. It showed
anthraquinones significant glucose
uptake in 3T3L1 cell line
with inhibitory activity
against AChE and BChE.
Cladosporium Flavonoids, The extract significantly | Govindappa
uredinicola tannins, alkaloids, |reduced p-glucosidase et al. (2019)
glycosides, and acetyl cholinesterase
phenols, activity.
terpenoids,
coumarin,
coumaric acid,
hymecromone,
alloisoimperatorin
Penicillium Celosia Saponins, Fractions rich in Nasmetova
brevicaule alba | cristata Terpenoids, triterpene saponins in an | et al. (2020)
ThomCC200 cardiac extract of Penicillium
Glycosides brevicaule alba.

ThomCC200 showed the
highest (76.5%)
inhibition activity against
o-amylase.

(continued)
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Table 3.7 (continued)

Endophytic Bioactive
fungus Host compounds Antidiabetic activity Reference
Aspergillus Helianthus Polymethoxylated | Purified K-10 PMF Ruzieva
egypticus- tuberosus flavones (PMF) sample showed high et al. (2021)
HT166S inhibitory activity against
pancreatic a-amylase
(IC50 = 4.82 mg/ml)
compared to total
methanol extract
(IC50 = 5.53 mg/ml),
which was comparable to
the activity of acarbose
(IC50 = 4.74 mg/ml).
Curvularia Ficus religiosa | Flavonoids, Ethyl acetate extract of | Jayant and
lunata alkaloids, phenols, | C. lunata showed Vijayakumar
terpenes, inhibition against (2021)
terpenoids, a-amylase

saponins, steroids | (IC50 = 0.35 + 0.46 mg/
ml) which was
comparable to that of

acarbose
(0.31 £ 0.24 mg/ml).
Trichoderma Tinospora Alkaloids, Methanolic fractions of | Habbu et al.
longibrachiatum | cordifolia flavonoids, both the fungus, TIEA, | (2021)
isolate TL10 carbohydrates, TInB, T2EA, T2nB
Aspergillus tannins potentially inhibited
versicolor a-amylase,
isolate a-glucosidase, and aldose
BAB-6580 reductase enzyme(s.

5 Conclusion and Future Prospect

Medicinal plants and phytochemicals have an established history of their uses in
traditional medicine. The ecological distributions, variability of the majority of
these medicinal plants, and deterioration of plant material with time have been
described as significant difficulties. Also, the uncontrolled use of medicinal and
endangered plants to search for new bioactive molecules extensively adds to the
environmental burden. These challenges have prompted researchers to look for new
and alternative sources of bioactive molecules from environmentally friendly endo-
phytic fungi. With widespread distribution and easy accessibility, fungal endophytes
have emerged as a cost-effective and renewable source of bioactive molecules.
Endophytic fungi produce a variety of secondary metabolites, such as alkaloids,
terpenoids, steroids, quinones, phenols, and coumarins, among others, with a wide
range of biological properties that could be investigated as prodrugs to lessen the
significant financial load on public healthcare systems. Several studies have reported
novel, beneficial bioactive compounds from fungal endophytes exhibiting biologi-
cal properties, such as antibacterial, antidiabetic, antifungal, anti-inflammatory,
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antiviral, anticancer activities, etc. Thus, fungal endophytes will be a potential and
affordable natural source for drug development in the drug discovery process. Many
endemic, endangered and medicinally valuable plants are on the verge of extinction,
and so are the endophytes that harbor in them. To restore and sustain the pursuit of
discovering fungal endophytes for pharmaceutical application, there is need to fol-
low up this research with advanced biotechnological interventions, genome mining,
metabolic engineering, and metagenomics which might help to induce and optimize
secondary metabolites production from endophytic fungi under laboratory condi-
tions in sustained manner. As endophytes reside in versatile interactions with host
plants and other endophytes, future research on systematic studies on biochemical
and genetic framework behind endophyte-endophyte and endophyte-host species
cross talk is also essential in identifying new bioactive compounds from fungal
endophytes. Thus, further research on production of bioactive metabolites from fun-
gal endophytes through biotechnological tools and bioprospecting them as pharma-
ceutical entities may advance our knowledge but would also address sustained
supply of bioactive prodrug against present and emerging diseases to ensure sus-
tainable health.
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Pharmaceutically Important Fungal
Endophytes Associated with Mushrooms:
Current Findings and Prospects
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Abstract Traditional medication knowledge base has propelled the pharma sector
to actively look into natural bioactive. Apart from various plants, certain mush-
rooms have also been documented. Many edible mushroom varieties that are used
in traditional medication grow in the wild and have proved to be difficult for cultiva-
tion. Endophytes associated with such mushrooms could potentiate the availability
of mushroom-specific bioactive via their fermentation route. This concept is based
on the similarity of endophytic fungi of plants that sometimes possess host-similar
pathways to produce pharmaceutically important bioactive. Isolation, characteriza-
tion, and growing of mushroom-isolated endophytes in laboratory conditions may
allow bypassing the need for mushroom cultivation. The traditional approach of
isolating, cultivating and characterizing of endophyte has led to limited research on
their endophytic fungi. Recent methods of high-throughput sequencing have
allowed discovery of previously unknown microbial strains associated with mush-
rooms. Subsequent analyses for bioactive discovery are being eagerly looked for-
ward. Here, we attempt to understand the available literature and present the scope
of research in this domain. Specifically, we examine the pharmaceutically important
bioactive of endophytes present in Tricholoma matsutake, Cordyceps sinensis,
Cordyceps hawkesii Gray, Cordyceps militaris, Lycoperdon umbrinum and
Morchella crassipes. Cultivating such endophytes may require environmental
equivalence as that of wild mushroom host or the presence of metabolites from the
host mushroom. Analysing these interactors will provide for measures to cultivate
the endophytes that will allow harvesting the beneficial bioactive. We conclude with
possible research domains that may be taken up by avid researchers.
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1 Introduction

The discovery and development of a new drug is a resource-consuming process.
Traditional medicinal systems like traditional Indian medicines, traditional Korean
medicine, traditional African medicine, ancient Iranian medicine and traditional
Chinese medicines have been looked up by the pharma industry for isolation and
identification of bioactive for management of various maladies. Apart from plants,
the significance of mushrooms in traditional medicinal systems is well documented.
Many of the mushrooms are not cultivable and are to be foraged. Exhaustive mush-
room foraging has led to depletion of their natural number in the wild, resulting in
their enlisting in the International Union for Conservation of Nature Red List.
Considering the fact that wild mushrooms have the tendency to accumulate trace
elements, it is apparent that these mushrooms could be toxic upon consumption (Fu
et al. 2020). Though this depends on the region from where the mushrooms are col-
lected, it is difficult for a global end consumer to know as many of the mushrooms
are geographically restricted. In the presence of pharmaceutically important bioac-
tive in such mushrooms, it is possible that their values are less explored. Nonetheless,
the popularity of mushrooms has not decreased due to their known richness of
bioactive.

In high similarity to the endophyte-plant association, certain fungi have been
reported in mushrooms. Wildly grown mushrooms have endophytic association
within their environmental niche. Endophytes are traditionally the fungi or bacteria
that coexist inside the asymptomatic plant tissues (Wilson 1995). To define the
mushroom isolated fungi as ‘endophytes’ may be in direct contrast to the definition
proposed by Wilson, where the relationship is between plant and fungi. Not dis-
counting the symbiotic relationship, a new definition may be required to classify
such fungi. Interestingly, some of the fungi isolated from mushroom have been
reported in plants as well. It is yet to be evaluated as to what relationship may have
preceded the other over time.

The fungal and bacterial endophytes are diverse and have been difficult to iso-
late, identify and characterize within the experimental conditions (Riva et al. 2019).
It is estimated that all plants have fungal endophytes associated with one or the
other organ. They inhabit the healthy tissues of the plant without presenting any
disease condition. The relationship between the host and endophyte is a balanced
symbiosis and may improve general well-being of the plant (Rho et al. 2018). For
example, water scarcity (environmental stress condition) increases the magnitude of
effect of the endophytes in the host plants, resulting in the increase of plant biomass,
height, yield, water content, enzymes like superoxide dismutase, etc. (Dastogeer
2018). Certain endophytic fungi produce alkaloids that aid in survival of the host
plants against various herbivores and insects. For example, Clavicipitaceae
(Ascomycota) predominates the fungal endophytes in temperate grasses (Johnson
et al. 2013). The underlying large reservoir of bioactive in the fungal endophytes
forms the basis of a symbiotic relationship and mutual survival in strenuous envi-
ronmental conditions. These bioactive compounds obtained from fungal endophytes
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are classified into different functional groups like alkaloids, steroids, flavonoids,
phenolic acids, benzopyranones, quinines, tannins, xanthones, terpenoids, and
many others. Some endophytic fungi are useful to produce laccases which are extra-
cellular enzymes required in dye decolorization. Some of the dyes are non-
degradable and toxic, and decolorization of these dyes is possible with the help of
fungal endophytes by using various processes like biomagnification, biosorption,
bioaccumulation and enzymatic degradation (Ngieng et al. 2013).

The presence of pharmaceutically significant bioactive has attracted the attention
of biosimilar/drug discovery scientists alike. Many bioactive have failed to be arti-
ficially synthesized. One plausible reason is the lack of knowledge of which all bio-
active are associated with health benefits. This can be evaluated by generation of
suitable solvent-based extracts and subsequent assays. The bioactive can be purified
and characterized through high-performance liquid chromatography, thin-layer
chromatography, nuclear magnetic resonance, infrared spectroscopy and matrix-
assisted laser desorption/ionization — time of flight, electron spray ionization, fast
atom bombardment, etc. (Rai et al. 2021a, b). Another limitation for the artificial
bioactive synthesis could be the absence of a well-elucidated pathway responsible
for production of bioactive in mushrooms. Current advances in ‘omics’ may usher
the knowledge that is being currently sought.

The expertise available in scaling up by fermentation process requires a bridging
for the presence of similar pathways in microbes. Fermentation-based production of
such bioactive for pharmaceutical applications is an open-space research. Isolation
of endophytes from respective mushrooms could pave way for their cultivation and
possible fermentation-based scaling. Different bioactive present and findings from
respective mushroom-endophytes are provided in the subsequent sections.

2 Endophytic Fungi in Tricholoma matsutake (Pine
Mushroom or Matsutake Mushroom)

Tricholoma matsutake (Agaricales, Tricholomataceae) is a popular medicinal mush-
room that is consumed worldwide. It tends to form a symbiotic relationship with
coniferous trees and may dominate over certain fungal species of the area (Zhou
et al. 2021). It is known to produce bioactive that prevent cancer progression (Ren
et al. 2014; Wang et al. 2016). Considering the decreasing availability from the
forests and failure in its lab-based cultivation, matsutake mushroom is a highly
priced mushroom (Park et al. 2020). Though the composition of different geoloca-
tion sourced matsutake has been attempted by Li (2016), not all of them have been
evaluated for their beneficiary effects (Qiang Li et al. 2016b). However, this does
not reduce the significance of the bioactive in it, and hence, endophytes associated
with it may direct toward alternative sources. The fruiting bodies of 7. matsutake
collected from Sichuan, China, had 13 fungi, 15 yeast and 14 bacterial strains (Li
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Table 4.1 Strains of fungi Strain
isolated from Tricholoma (GenBank
matsutake Accession
S. no. | Number) Species
1. 13 (KJ936996) Fusarium solani
2. 05 (KJ936995)
3. 01 (KJ936994)
4. 18 (KJ936997)
5. B1 (KJ936998) Phomopsis sp.
6. J1 (KJ936999) Sordariomycetes sp.
7. M3 (KJ937001) | Daldinia loculata
8. ML3 (KJ937002)
9. J28 (KJ937000) | Uncultured fungus
10. X28 (KJ937003) | Aspergillus versicolor
11. 15 (KJ936991) Nectria haematococca
12. J3 (KJ936992) Mortierella sp.
13. XN (KJ936993) | Exophiala sp.

et al. 2016a) (Table 4.1). The related strains of the reported fungi have been associ-
ated with production of bioactive compounds.

3 Endophytic Fungi in Cordyceps sinensis
(Caterpillar Fungus)

Cordyceps sinensis is a routine ingredient in traditional Chinese preparations for
management of chronic kidney disease. It has potential in clearing serum creatinine,
thereby reducing proteinuria (Zhang et al. 2014a). Extracts from C. sinensis and
cordycepsin stimulate Leydig cell steroidogenesis as well (Chen et al. 2017). The
lab of Fang Deng and Yun Deng, Chengdu University of Traditional Chinese
Medicine, China identified the presence of 28 endophytic fungal strains from
C. sinensis (Guo et al. 2019). Among the identified strains, the authors found
Penicillium herquei as the only fungus to be sensitive to 5-aza-2-deoxycytidin that
gave more metabolites than others. Further, the authors identified three a-pyrone
derivatives from it in the presence of 5-aza-2-deoxycytidin. These are the following:

1. (S)-6-(sec-butyl)-5-(hydroxymethyl)-4-methoxy-2H-pyran-2-one (yellow gum)

2. (55,7R)-7-ethyl-4,5-dimethoxy-7-methyl-5,7-dihydro-2H-furo[3,4-b]pyran-2-
one (yellow gum)

3. (5R,7R)-7-ethyl-4,5-dimethoxy-7-methyl-5,7-dihydro-2H-furo[3,4-b]pyran-2-
one (yellow gum)

The structures of these new compounds were elucidated by extensive spectroscopic

analyses and quantum chemical ECD calculations, and cytotoxic analysis showed
compounds 1-3 only exhibited weak cytotoxic activity against MV4-11 cell.
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The group reported another fungus, Aspergillus fumigatus (GenBank accession
No. MG519287), from the fruiting body of C. sinensis from which new compounds
were discovered. The fermentation broth of A. fumigarus (Li et al. 2019a) had the
following four isochromanes (Fig. 4.1). Compounds la and 2 are reported to have
moderate growth inhibition against MV4-11 cell line.

la. (S)-3,6-dihydroxy-8-methoxy-3-methylisochroman-4-one (yellow gum)
1b. (R)-3,6-dihydroxy-8-methoxy-3-methylisochroman-4-one (yellow gum)
2. 6-methoxy-3-methylisochromane-3,8-diol (yellow gum)

3. 3,6-dimethoxy-3-methylisochroman-8-ol (yellow gum)

4. 3,6,7,8-tetramethoxy-3-methylisochromane (yellow gum)

In addition, five novel polyketides were identified (Guo et al. 2018) (Fig. 4.2). These
are the following:

3R,4S-3,8-Dimethoxy-3-methylisochromane-4,6-diol (1a)
3R,4R-3,8-Dimethoxy-3-methylisochromane-4,6-diol (1b)
3S,4R-3,8-Dimethoxy-3-methylisochromane-4,6-diol (2a)
3R,4S-3,8-Dimethoxy-3-methylisochromane-4,6-diol (2b)
3,6,8-Trimethoxy-3-methylisochromane (3)
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Fig. 4.1 Structure of compounds obtained from Aspergillus fumigatus. (Adapted from Li
et al. 2019a)
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Fig. 4.2 Structure of compounds obtained from Aspergillus fumigatus. (Adapted from Guo
et al. 2018)

4 Endophytic Fungi in Cordyceps hawkesii Gray (Fawn
Vegetable Caterpillar)

Another Cordyceps genus member was assessed for endophytes capable of pro-
ducing cordycepin. Recent research documents the presence of 22 endophytes
from C. hawkesii Gray collected from the hill of Mutian Village in China in
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subtropical monsoon climate (Liu et al. 2022). Aiming at the cordycepin-pro-
ducing endophytes, four such endophytic fungi, Irpex lacteus CHGOS,
Arthrinium arundinis, Arthrinium sp., and Bjerkandera sp., were identified. The
best yield of cordycepin was obtained from Irpex lacteus CHGOS at 162.05 mg/L
when pH, culture temperature and culture times were 5.6, 23 °C and 13 d,
respectively. It is possible to perform strain improvement to achieve a higher
yield of cordycepin.

5 Fungi in Cordyceps militaris

C. militaris is widely consumed cultivable cordyceps. It imparts anti-cancer activity
through inhibition of Hedgehog signalling pathway (Jo et al. 2020; Wu et al. 2022).
The carotenoids present in it protect retinal endothelial cells from oxidative stress
induced by hydrogen peroxide (Lan et al. 2022). The extract of C. militaris has been
used for various diseases including allergies and colitis (Phull et al. 2022). Structure
of various polysaccharides present in C. militaris and their associated functions has
been described in detail by Miao and team (Miao et al. 2022). The details of path-
ways associated with cordycepin and polysaccharides derived from C. militaris
have been tabulated (Table 4.2).

High-throughput sequencing of 16S rRNA and ITS genes showed the presence
of bacterial and fungal communities from sample constituting C. militaris and soil
on which it grew (region of Songming County, China) (Zhang et al. 2021). 94
fungal genera were detected in different samples, and it was dominated by
Cordyceps, Trichopaea, Isaria, Saitozyma and Amanita. 89 other genera accounted
for <0.25% of the total fungal community. A detailed follow-up study is looked
forward to.

Cordycepin derived from C. sinensis and C. militaris is most evaluated for poten-
tial anti-cancer activities. Here we have attempted to collate the pathways that are
identified through which anti-cancer activity is achieved (Table 4.3).

Table 4.2 Anti-diabetic bioactive present in C. militaris

Bioactive Pathway Diabetes effect

Cordycepin 11B-HSD1 and PPARY | T2D
co-stimulatory molecules ICAM-1 inhibition of diabetic regulating genes
and B7-1/-2 | with cordycepin in activated macrophages (Shin et al.
increment 2009)

Polysaccharides | Increasing pyruvate kinase (PK) Promotion of glucose absorption
activity? rate-limiting enzyme for (Zhang et al. 2006)
glycolysis
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S.
no. | Mushroom

Pathway and action

Type of cancer

1. | C. sinensis

Downregulated the mRNA levels of FGF9,
FGF18, FGFR2 and FGFR3 genes in MA-10
cells.

Inhibited MA-10 cell proliferation by suppressing
FGFs/FGFRs pathway.

Decreased FGF9-induced MA-10 cell
proliferation by inhibiting the expressions of
p-ERK1/2, p-Rb and E2F1 and subsequently
reducing the expressions of cyclins and CDKs.
Decreased FGF9-induced FGFR1-4 protein
expressions in vitro and in vivo.

Testicular cancers (Chang
et al. 2020)

2. |C
militaris

CD4+ T, CD8+ T, M1-type macrophages, NK
cells were upregulated.
Inhibited phagocytosis immune checkpoint CD47

protein expression by reducing BNIP3 expression.

Inhibited the expression of TSP1 in tumour cells
and Jurkat cells, which may reduce the binding of
TSP1 to CD47, thereby reducing T cell apoptosis
and allowing more T cells to infiltrate into
tumours.

Enhanced the phagocytosis of CT26 cells by
macrophages.

Inhibited colon cancer cell proliferation by
downregulating MYC mRNA/protein expression
and upregulating miR-26a in both HCT116 and
Caco-2 cells.

Increased JNK and p21 WAF-1, miR-26a
expression.

Cordycepin increased sub-G1 and G2/M phase
arrest.

Downregulated MYC mRNA/protein expression.

Colon Cancer (Deng et al.
2022; Lee et al. 2010,
2013; Zhang et al. 2022)

3. |C
militaris

G2/M arrested and apoptosis of MCF-7 and
MDA-MB-231 cells resulting in restraining the
proliferation of the cells.

Downregulated the expression levels of nuclear
factor erythroid 2-related factor (Nrf2) and a
series of downstream genes, such as heme
oxygenase-1 (HO-1), to enhance ROS in breast
cancer cells exposed to irradiation.

Cordycepin treatment sensitized breast carcinoma
cells toward irradiation via Nrf2/HO-1/ROS axis.
Inactivated the EMT signalling pathway by
inhibiting TWIST1 and SLUG expression.
Regulated the growth and metastasis formation.
Inhibited the Hedgehog pathway.

Induced DNA double-strand breaks.

Increased caspase-3, caspase-9, mitochondrial
translocation of BAX and cytochrome c.

Breast Cancer (Choi et al.
2011; Kim et al. 2011;
Lee et al. 2012; Wei et al.
2022; Wu et al. 2022)

(continued)
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Table 4.3 (continued)

S.

no.

Mushroom

Pathway and action

Type of cancer

4.

C.
militaris

Suppressed cell proliferation.

Induced Bax, caspase-3, caspase-9, and
caspase-12 upregulation at the mRNA and protein
levels while simultaneously downregulating
anti-apoptotic Bcl-2 expression.

Tongue cancer (Zheng
et al. 2020b)

C.
militaris

Apoptosis induction by activating caspase-3,
caspase-9 and cytochrome c.

MAPK pathway was blocked by cordycepin.
Inhibited the expression of Ras.

S-phase was arrested.

Activated Chk2 (checkpoint kinase 2) pathway.
Downregulated cyclin A2 and CDK2
phosphorylation.

Inhibited pancreatic cancer cells growth.
Blocked Ras/ErK pathway.

Pancreatic cancer (Li
et al. 2020)

C.
militaris

Inhibited migration and invasion and decreased
the expression of CXCR4.

Downregulated the activation of phosphorylated
(p-) NF-xB inhibitor a (IkBa) and p-P65 and also
the principal components of the NF-kB signalling
pathway.

Suppressed the nuclear translocation of P65.
Downregulated CXCR4 expression.

Impaired migration and invasion abilities of liver
cancer cells and attenuated reactivity to SDF1.
Inhibited cell proliferation and migration/invasion.
Increased expression of epithelial marker,
E-cadherin.

Expression of focal adhesion kinase (FAK)
slightly reduced, phosphorylated FAK are
significantly reduced.

Suppressed the expression of integrin a3, integrin
a6 and integrin B1.

Apoptosis was induced by increased caspase-3,
caspase-8, caspase-9, FADD, and Bid; and
decreased Bcl-2.

Increased PARP cleavage.

liver cancer (Guo et al.
2020; Shao et al. 2016;
Yao et al. 2014)

C.
militaris

Inhibited cell growth and induced apoptosis.

P53, BAX, Caspase-3, and Caspase-9 were
upregulated.

BCL-2 was suppressed.

Induced the generation of reactive oxygen species.
Suppressed antioxidant genes GPX, SOD, and
catalase.

Activation of autophagy.

Brain Cancer (Zhao et al.
2017,
Chaicharoenaudomrung
etal. 2018)

(continued)
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S.

no.

Mushroom

Pathway and action

Type of cancer

8.

C. sinensis

Induced apoptosis.

Increased the total protein levels of p53 and
phosphorylated p53.

Increased levels of cleaved caspase-7 and poly
(ADP-ribose) polymerase (PARP).

Glioma (Chen et al. 2014)

C.

militaris

Inhibited the MPNST cell growth.

Arrested cell cycle at G2/M and S phases.

The levels of ERK, survivin, pAKT, Sp1, tubulin
proteins were decreased.

Malignant peripheral
nerve sheath tumour (Lee
etal. 2021)

10.

C.
militaris

Increased p38 MAPK, caspase-3,8, PARP
cleavage.
Decreased Akt and Bcl-2 levels.

Glioblastoma (Baik et al.
2016)

11.

C.

militaris

Apoptosis induced.

Cell cycle arrest by Caspase-sub-G1 phase
cell-cycle arrest.

Increased caspase-3 and PARP cleavage.

Neuroblastoma (Li et al.
2015)

12.

C. sinensis

Inhibited cell viability, proliferation and colony
formation ability and induced cell cycle arrest and
early apoptosis.

Upregulation of Bax, cleaved caspase-3, cleaved
caspase-9 and cleaved PARP.

Downregulation of Bcl-2.

Human pancreatic cancer
MIAPaCa-2 and Capan-1
(Zhang et al. 2018)

13.

C.
militaris

Inhibition of NSCLC cell cycle progression and
inducing cancer cell apoptosis without apparent
adverse effect on normal lung cells.

Activation of AMP-activated protein kinase.
Downregulation of c-FLIPL which suppresses the
activity of caspase-8.

Suppression of mTOR signalling pathway.
Activation of caspase —3, —8 and —9 activities.
Accumulation of Sub G1.

Apoptosis induction by ERK/INK or ERK/Slug.
Increased CAV 1, JNK/Foxo3a, BAX, caspase-3
cleavage and GSK-3p.

Decreased ERK, Bcl-2, H-Ras.

Increased MMP-9 and caspase-3.

lung cancer (Cho and
Kang 2018; Hwang et al.
2017b; Joo et al. 2017,
Tao et al. 2016; Wei et al.
2019; Yu et al. 2017)

14.

C. sinensis

Suppressed cell proliferation.

Induced chromatin condensation in oesophageal
cancer cells and significantly increased the
number of apoptotic cells.

Activation of caspase cascades.

Altered cyclin-dependent kinasel and cyclin B1
expression, which resulted in a G2/M phase
blockade.

Oesophageal cancer (Xu
etal. 2019)

15.

C.
militaris

Inhibited the phosphorylations of PI3K, Akt,
mTOR.

Reduced the activities of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in
liver and serum.

Reduced the levels of interleukin-6 (IL-6), IL-1p,
tumour necrosis factor-o (TNF-a), methane
dicarboxylic aldehyde (MDA).

Nitrosodiethylamine
(NDEA)-induced
hepatocellular carcinomas
(Zeng et al. 2017)

(continued)



Table 4.3 (continued)

S.
no. | Mushroom | Pathway and action Type of cancer
16. | C. sinensis | Increased apoptotic rate, inhibited cell Hepatocellular carcinoma
proliferation and increased cleaved poly (ADP- (Zhou et al. 2017)
ribose) polymerase (PARP) level.
Suppressed the activation of ERKs and mTOR.
17. | C. sinensis | Induced apoptosis. Human oral squamous
Percentage of G1 phase cell declined. cancer (Wu et al. 2007)
Percentages of G2M and subG1 phase cell
increased.
18. | C. Inhibited cell proliferation and induced cell death, | Human gestational
militaris | induced autophagy. choriocarcinoma (Wang
Activated DNA-PK and ERK inducing et al. 2020)
centrosome amplification and aberrant mitosis.
Amplified centrosomes, disrupted microtubule
arrays and actin networks leading to defective cell
adhesion.
19. | C Reduced CD34 + CD38-cells. Leukaemia (Jeong et al.
militaris Induced Dkk1 expression via autocrine and 2011; Ko et al. 2013;
paracrine regulation. Liang et al. 2017; Tian
Downregulated N-cadherin. etal. 2014)
Apoptosis induction by increased caspase-3,
caspase-8 and PARP cleavage and decreased
Bcl-2, Akt and B-catenin.
20. | C. spp. miR-33b attenuated melanoma migration and Malignant melanoma
invasiveness upon cordycepin exposure. (Zhang et al. 2015)
Suppression of tumour metastasis and miR-33b/
HMGA?2/Twist1/ZEB1 axis.
miR-33b was upregulated.
miR-33b directly binds to HMGA2, Twist] and
ZEB1 3’-UTR to suppress their expression.
21. | C Promotes apoptosis. Renal carcinoma (Hwang
militaris Inhibits TNF-a-mediated NF-kB/GADD45B et al. 2016, 2017a;
signalling. Yamamoto et al. 2015)
Activates the MKK7-JNK signalling pathway
through inhibition of c-FLIPL expression.
Increased JNK and caspase-3.
Decreased ERK.
22. | C. Inhibited gastric cancer cell proliferation and Gastric cancer (Wang
militaris | migration. et al. 2019)
Induced apoptosis and arresting the cell cycle at
the G2 phase.
Upregulated CLEC2.
23. | C Induction of apoptosis by activating caspase-8 Human bladder cancer
militaris | and -9, increased caspase-3 activity and increased | (Kim et al. 2019; Lee

the Bax/Bcl-2 ratio and truncation of Bid and
destroyed the integrity of mitochondria, which
contributed to the cytosolic release of cytochrome
c.
Inactivated the phosphoinositide 3-kinase (PI3K)/
Akt signalling pathway.

G2/M cell-cycle arrest.

Increased cJNK.

et al. 2009)
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6 Endophytic Fungus (Calcarisporium arbuscula)
from the Fruit Bodies of Russulaceae

Mushroom-forming basidiomycetes family Russulaceae is consumed in many
parts of the world. They form a significant proportion of ectomycorrhizal
symbionts in temperate and tropical forests (Looney et al. 2018). Many mem-
bers of this family are recent discoveries suggesting our scope of expanding
our knowledge base (Chen et al. 2022; Li et al. 2021; Wisitrassameewong
et al. 2022).

The fruiting bodies of Russulaceae have endophyte Calcarisporium arbuscula
NRRL 3705 (Cheng et al. 2020). It produces a variety of secondary metabolites
with anti-cancer, anti-nematode and antibiotic activities. The aurovertin-type
mycotoxins are potent against FOF1-ATPase and are applicable in management of
breast carcinoma (Huang et al. 2008). Production of such mycotoxins through
fermentation-based approaches has been limited. If achieved, it could aid the
pharmaceutical industry in obtaining a natural drug against FOFI-ATPase
(Fig. 4.3).

MeO

Aurovertin A: Rj=H, Ry,=H, R3=Acetyl, Ry=Acetyl
Aurovertin B: Ry=H, R,=H, R3=H, Ry=Acetyl
Aurovertin D: Rj=0H, R,=H, R;=H, Ry=Acetyl
Aurovertin E: R=H, R,=H, R3;=H, R4=H

Aurovertin J: Rj=Acetyl, R,=H, R3=H. R4=H
Aurovertin M: Ry=H, R,=H, R;=Acetyl, R4=Propionyl

Fig. 4.3 Chemical structure of arovertins. (Adapted from Cheng et al. 2020)
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7 Endophytes Screening in Morchella crassipes

Morels are high-value macrofungi that have limited scientific data reports. Morchella
semilibera (previously Morchella crassipes) (May 2017) is a wild edible ascomyce-
tous mushroom. It is a typical yellow morel species possessing medicinal and nutri-
tional values, leading to a high commercial implication. Geographically, it is
primarily found in the low-altitude plains of Eurasia. The composition has largely
remained uncharted and with limited research on it. The exopolysaccharide of
M. crassipes cultivated in the lab possesses antioxidant capacity (He et al. 2012).
The ascocarps of M. crassipes (collected from three different regions of China)
were evaluated for the presence of endophytes (Pei-xin et al. 2014). 16 fungal strains
of endophytic fungi belonging to 14 taxa were isolated and identified. 15 out of the
16 isolates were ascomycetes or their anamorphs, while only one isolate (Mortierella
alpina) belonged to Zygomycota. Chaetomium fungi were isolated from samples of
all three origins and Lecanicillium fungicola var. aleophilum was isolated from spo-
rocarps occurring in Mianyang, Sichuan province and Zhengzhou, Henan province.

Mortierella alpina is an oleaginous fungus, and it produces a variety of glycero-
lipids, glycerophospholipids and sphingolipids (Wang et al. 2011). It is commer-
cially used for production of arachidonic acid, an important dietary lipid.
Cyclooxygenases can utilize arachidonic acid for the synthesis of prostaglandin H,
(PGH,), which itself is a precursor molecule for bioactive prostaglandins such as
like prostaglandin F,, (PGF,,). Currently, PGF,, is industrially produced by chemi-
cal synthesis processes. The presence of M. alpina indicates that the presence of
high arachidonic acid may be expected in M. crassipes. Further research on the
presence of bioactive from these endophytes is required. Chaetomium fungi is a
common endophytic genera (Yadav et al. 2022). Lecanicillium fungicola causes dry
bubble disease in white-button mushrooms, and its presence in the ascocarp requires
attention to prevent disease development (Berendsen et al. 2010).

8 Endophyte Epicoccum sorghinum Cultured in Host
Mushroom Thelephora ganbajun (Ganba Fungus)

Thelephora ganbajun, also called ganba fungus, is a rare wild edible fungus present
in Yunnan Province of China. This coral fungus frequently grows on Pinus yunna-
nensis and Pinus kesiya var. langbianensis (Zang 1987). The extracts prepared by
ultrasonic-assisted extraction process in aqueous and ethanol solvents (57.38%
ethanol) had the presence of rutin, 2-hydrocinnamic acid and epicatechin. These
may have contributed to the high levels of antioxidants and anti-proliferatives (Xu
et al. 2016). The anti-cancer potential was evaluated on cancer cell lines of A549
(human lung adenocarcinoma), MCF-7 (malignant breast adenocarcinoma), HepG2
(hepatic carcinoma) and HT-29 (human colon adenocarcinoma). In the absence of
non-cancer cell line control from healthy cells like HEK293, it is imperative to
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perform a follow-up study to determine if the antiproliferation activity at the given
concentrations is specific to cancer cells. Rutin is a citrus flavonoid that targets can-
cer cells by suppressing pro-inflammatory secretions. It modulates the signalling
pathways involving MAPK, PI3K/Akt, epidermal growth factor, Wnt/catenin (Satari
et al. 2021), Notch-1 and Hes-1 (Khan et al. 2021) and notch (Singh et al. 2022).
Unlike rutin, the role of 2-hydrocinnamic acid is not well elucidated. It was identi-
fied to be present in extracts of Gordonia axillaris that had anti-proliferative activity
in cancer cell lines (Li et al. 2019b). Epicatechin is a pharmaceutically significant
molecule and is a component of green tea. It has antioxidant activity (Zhao et al.
2006) and stimulatory effects on splenocytes proliferation (Zhao et al. 2007). In
addition, T. ganbajun tends to accumulate selenium and zinc, making it a suitable
edible agent for overcoming these deficiencies (Zhang et al. 2014b; Zheng
et al. 2020a).

Identification of pathways leading to synthesis of bioactive by endophytes has
been attempted. Wang et al. cultured Epicoccum sorghinum (previously Phoma
sorghina) in host mushroom 7. ganbajun containing medium (Wang et al. 2022). In
comparison to the media without the mushroom, episorin A and epicosorin A were
produced from E. sorghinum. Episorin A inhibited production of nitric oxide in
lipopolysaccharide-activated macrophages. It was cytotoxic against cancer cell
lines of acute myeloid leukaemia HL-60, lung adenocarcinoma A549, breast carci-
noma MCF-7, colon carcinoma SW480 and hepatocarcinoma SMMC-7721. Thus,
by using some amount of 7. ganbajun in the media, it is possible to obtain episorin A.

9 Conclusion and Prospects

Bioactive search for treatment of numerous diseases is an urgent need. Endophytes
have proven to be a good source for finding such bioactive. Many mushrooms are
known for their health benefits. It is possible for them to have some symbiont asso-
ciation in the natural environment. Identification of the presence of various fungal
endophytes with omics-based approaches has been limited. Utility of such tools is
an urgent requirement for the discovery process. The endophytic fungi present in
them could possess the pathways required for bioactive as present in the host mush-
room. Successful isolation and cultivation of endophytic fungi is expected to aid in
the development of fermentation-based extraction of bioactive. This will not only
reduce the dependency on the wild capture of mushrooms but allow the percolation
of the precious bioactive in them to a larger population.
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Chapter 5

Biological Synthesis of Nanoparticles
from Fungal Endophytes and Their
Application in Pharmaceutical Industries

Kaizar J. Bharmal, Urvi R. Parlikar, and Joyita Sarkar

Abstract Metal-based nanoparticles have extensive applications in pharmaceutical
sector like antimicrobial, cancer theranostics, wound healing, etc. However, there is
always ever-growing need for development of sustainable, clean, eco-friendly, and
nontoxic synthetic approaches. Owing to the bioaccumulation, tolerance, and abil-
ity to reduce metal ions, an endophytic fungus has emerged as potential candidate
for mycosynthesis of nanoparticles. Endophytes isolated from different parts have
been extensively used for synthesis of plethora of metal nanoparticles like silver,
zinc, gold, copper, iron, cobalt, etc. Both intracellular (using fungal mycelia) and
extracellular (using enzymes in cell-free filtrate) have been employed for this pur-
pose. The nanoparticles thus fabricated exhibited excellent pharmaceutical proper-
ties like broad-spectrum antibacterial and antifungal (even for multidrug-resistant
strains), antioxidant, anticancer, and wound healing properties, both in vitro and
in vivo. In this chapter, we have attempted to summarize the recent advances in
endophytic synthesis of metal nanoparticles with focus on their properties obtained
and potential application in pharmaceutics. We have also tried to identify the limita-
tions and scope for further improvement in the aforementioned area.
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1 Introduction

Particles less than 100 nm size are referred as nanoparticles which could be of vari-
ous shapes like spherical (with or without core shell), rods, or cages. They have
attained immense applications in several fields like pharmaceutics, biosensors, drug
delivery, catalysts, semiconductors, etc. Based on the synthesis material, nanoparticles
could be predominantly classified as carbon, metal, ceramic, and polymer and lipid-
based. The fabrication techniques of these particles are either top-down or bottom-up.
In the case of top-down approaches, larger substances (like naturally occurring iron
oxide) are fragmented and disintegrated to generate the nanoparticles, whereas in
bottom-up approaches, compounds like salts, etc. are used to synthesize the particle
(Mogilevsky et al. 2014; Iravani 2011). The conventional manufacture of nanoparti-
cles is bound with known connotations as higher operating prices, non-environment-
friendly, higher energy consumption, use of toxic chemicals, and lower yield. Hence,
there is always an ever-growing need for development of sustainable, clean, eco-
friendly, and nontoxic synthetic approaches (Khan et al. 2017).

Biosynthesis or green synthesis is one such approach, and currently, endophyte-
based biosynthesis of nanoparticles is an emerging field (Nayantara and Kaur 2018).
Research on endophytes is gaining popularity, as they are a rich source of novel,
natural products that find numerous applications in the pharmaceutical and agricul-
tural sectors (Manganyi and Ateba 2020). Endophytes are living organisms, gener-
ally fungi or bacteria, colonizing inside plant cells (Packiam and Dhakshinamoorthy
2021; Suresh and Sona 2021; Swamy and Sandhu 2021). They often nurture a sym-
biotic relation with the flora, without causing any mutilation or disease to the plant.
The term endophyte (Gr. endon, within; python, plant) was originally coined by de
Bary in 1866 (Staniek et al. 2008). They are being highly recognized as important
sources of new effective secondary metabolites with antimicrobial, antioxidant,
anticancer, and various biological activities (Bose and Sezhian 2017). Endophyte
has the potential to uptake, tolerate, and accumulate metals that impart the property
to synthesize nanoparticles by reduction of metallic ions (Mathur et al. 2021).
Table 5.1 provides an overview of different nanoparticles synthesized using endo-
phytes. Biosynthesis mediated by endophytic fungi is earning high popularity in the
scientific arena due to its simplicity, rapid rate of synthesis, and eco-friendliness. In
this chapter, we have presented the recent developments on the endophytic synthesis
of various nanoparticles and their uses in pharmaceutical sector. We have also dis-
cussed the limitations and challenges of current approaches as well as scope for
further improvement and concerns that need more attention.

2 Fabrication of Nanoparticles Using Endophytes

Bottom-up and top-down approaches for synthesis of nanoparticles further encom-
pass physical, chemical, and biological methods. The physical methods include ball
milling, electrochemical synthesis, microwave-assisted synthesis, and ultrasonica-
tion, while the chemical synthesis methods include sol-gel synthesis, chemical
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Table 5.1 List of nanoparticles synthesized using endophytes and their applications

Sr. | Nanoparticles and its Endophytes used

no | precursor for synthesis Applications Reference

1. | Cobalt tetroxide (Co;0,) Aspergillus Antioxidant and Rai et al. (2022)
Precursor: Cobalt sulfate terreus antimicrobial
(COS0,.7H,0) activities

2. | Nickel oxide (NiO)

Precursor: Nickel sulfate
(NiSO,.6H,0)

3. | Copper oxide (CuO)
Precursor: Copper sulfate
(CuS0,.5H,0)

4. | Ferrosoferric oxide (Fe,O,)
Precursor: ferric nitrate
(Fe(NO;);)

5. | Zinc oxide (ZnO)
Precursor: zinc acetate
(ZnC,H40,.7H,0)

6. | Cobalt oxide (CoO) Aspergillus Antimicrobial, Vijayanandan and
Precursor: cobalt nidulans anticancer, Balakrishnan
acetylacetonate (C;,H;4,C00Oy,) antidiabetic, (2018), Waris

anticholinergic, etal. (2021)
antifungal activities

7. | Zinc oxide (ZnO) Cochliobolus Kadam et al.
Precursor: zinc acetate geniculata (2019)
(ZnC,HcO,)

8. | Gold (Au) Penicillium Drug development | Manjunath et al.
Precursor: auric chloride citrinum (2017)

(AuCly)

9. |Iron (Fe) Penicillium Dye decolorization | Mathur et al.
Precursor: ferrous sulfate oxalicum (2021)

(FeSO,)

10. | Silver (Ag) Alternaria sp. Antimicrobial, Singh et al. (2017)
Precursor: silver nitrate Nemania sp. anticancer, Mohammad and
(AgNO;) antibacterial Farokhi (2018)

Lasiodiplodia activities Ranjani et al.
theobromae (2021)
Trichoderma Ahmed et al.
atroviride (2020)
Pestalotia sp. Verma et al.
(2016)
Talaromyces Hu et al. (2019)
purpureogenus
Exserohilum Bagur et al.
rostratum (2020)

11. | ZnS:Gd Aspergillus Metal-based Uddandarao et al.

Precursor: zinc sulfate flavus detection (Sensor) | (2019)

(ZnS0,.7H,0), gadolinium
nitrate GA(NOs);

(continued)
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Table 5.1 (continued)

Sr. | Nanoparticles and its Endophytes used

no | precursor for synthesis Applications Reference

12. | TiO, Bacillus cereus | Antimicrobial Peiris et al. (2018)
Precursor: Titanium activity
trichloride (TiCl;)

13. | Sulfur and aluminum oxide Colletotrichum | Activity against Suryavanshi et al.
Precursor: sodium thiosulfate | sp. food borne (2017)
(Na,S,03), aluminum chloride pathogens
(AICL)

14. | Cadmium sulfide (CdS) Fusarium Optoelectronic Ahmad et al.
Precursor: cadmium sulfate | oxysporum applications (2002)

(CdSOy) (biological
indicators, photo
catalysts)

reduction, condensation, coprecipitation, and spray pyrolysis. The physical meth-
ods applied in nanoparticle synthesis are expensive, while chemical synthesis is
expensive as well as requires the use of toxic and hazardous chemicals that cause
detrimental effects to the environment and living beings. Furthermore, these meth-
ods tend to produce low yields of nanoparticles. To overcome these drawbacks, the
use of biological resources to synthesize nanoparticles has been explored. The bio-
logical method is majorly employed for synthesis of metal or metal oxide nanopar-
ticles using metal salts as precursors. It is basically a bottom-up technique that
utilizes the reducing power of bacteria, algae, fungi, actinomycetes, and other flora
for the formation of nanoparticles (Ealias and Saravanakumar 2017). This revolu-
tionized and encouraged research in “green synthesis” of nanomaterials using bio-
logical components. This process has proven to be extremely economical,
eco-friendly, and rapid (Ahmed et al. 2016; Bhargava et al. 2013). Biosynthesis of
nanoparticles involves various biological entities, right from basic prokaryotic bac-
teria to complex eukaryotic fungi and plants, especially microbes like yeast, fungi,
bacteria, and algae are known to accumulate and absorb metals which can be uti-
lized for metal recovery and reduction of pollution (Baker and Satish 2012).

Using fungi instead of other biological options for biosynthesis makes sense as
fungi are eukaryotic and easier to culture and maintain/handle in a laboratory. They
generate substantial quantities of extracellular enzymes that help reduce metal ions
aiding in rapid synthesis of nanoparticles. They also synthesize proteins that help in
nanoparticle coating/capping making them more stable and prevent agglomeration
(Mariana and de Lima 2019; Netala et al. 2016). For the biogenesis of nanoparticles
using fungi, the fungal mycelia (biomass) and cell-free filtrates have been a source
for biological molecules that help reduce metal ions. Depending on the source, two
mechanisms of synthesis have been elucidated, viz., the intracellular route and the
extracellular route. The extracellular route of synthesis uses biological components
that the fungus secretes, whereas intracellular synthesis route uses wet mycelia and
cytoplasmic/cell membrane biomolecules/enzymes involving the internalization/
endocytosis of the metal ions leading to their reduction and subsequent nanoparticle
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formation (Messaoudi and Bendahou 2020; Moghaddam et al. 2015). In general,
the biosynthesis of nanoparticles using fungi is relatively simple. The fungi are
grown on a suitable media under appropriate temperature and incubation period; the
obtained fungal biomass is washed with sterilized distilled water to get rid of growth
media contaminants. The actively growing biomass is resuspended in deionized
water. Metal salts are added to the resuspended wet mycelia for nanoparticle synthe-
sis via intracellular route. For extracellular route, the mycelia are filtered, and the
resulting cell-free filtrate is subjected to metal salts for reduction (Du et al. 2011;
Kumar et al. 2020).

The exact mechanism for intracellular and extracellular synthesis is not com-
pletely understood yet; however, there are findings that try to elucidate the possible
mechanisms. It was believed that one of the extracellular mechanisms for silver
nanoparticle synthesis by fungi was based on NADH-dependent nitrate reductase
enzymes (Zomorodian et al. 2016); however, a new study suggests that NADPH
alone is capable of producing silver nanoparticles without the use of specific
enzymes (Hietzschold et al. 2019). Another study specific for gold nanoparticles
demonstrated the possibility of intracellular synthesis of nanoparticles by using dis-
rupted fungal cellular extracts; this helped in reducing gold ions by molecules such
as amino acids, glucose, and other cofactors (all less than 3 kDa). The nanoparticles
were seen to be capped by larger proteins (more than 3 kDa); this study even pro-
posed the possibility of growth media remnants having an effect on reducing the
metal ion. Processed mycelia thoroughly washed failed to produce nanoparticles by
the extracellular route (Molndr et al. 2018). A report explained the manufacture of
nickel oxide nanoparticles using dead fungal biomass of Hypocrea lixii by both
extracellular and intracellular mechanisms. TEM and HRTEM characterization of
nickel oxide nanoparticles showed the presence of both extracellular and intracel-
lular nanoparticles in the dead fungal mycelia. The nanoparticles were capped by
proteins and peptides (Salvadori et al. 2015). Zhang et al. (2011) presented a report
on intracellular synthesis of gold nanoparticles by three fungi, A. pullulans,
Fusarium sp., and F. oxysporum. TEM images, Bradford method, and DNSA assay
suggested that A. pullulans produced nanoparticles with the aid of reducing sugars,
whereas Fusarium sp. and F. oxysporum through protein. LC-MS/MS data showed
three proteins, viz., plasma membrane ATPase (100 kDa), -1, 3-glucan-binding
protein (25 kDa), and glyceraldehyde-3-phosphate dehydrogenase (19 kDa), were
responsible for nanoparticle synthesis by Fusarium sp.

Fabrication of metal nanoparticles using endophytes involves a general strategy,
viz., sample collection (collection of part of the plant like shoot, bark, leaves, etc.
which contains the required endophyte); endophyte isolation from the sample col-
lected; biomass preparation, where freshly prepared culture of the isolate is inocu-
lated and prepared at the required conditions. For synthesis via intracellular route,
the metal salt is directly added to the harvested mycelia, whereas for extracellular
route, first an extract/filtrate is prepared from the biomass, and the metal salt is
added to the filtrate (Mohanta and Behera 2014). Many factors, such as pH, tem-
perature, precursor concentration, and composition of the culture media, affect the
synthesis time, yield, size, and stability of the metal nanoparticles. However, the
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effects vary according to the fungal species used and are not conclusive to draw a
pattern (Mariana and de Lima 2019).

2.1 Fabrication of Silver Nanoparticles

Silver nanoparticles (AgNPs) are being widely used in various fields like biomedi-
cine, pharmacy, biotechnology, pathology, and many others. AgNPs are known for
their anticancer, antifungal, anti-inflammatory, and antibacterial characteristics.
Several studies have been conducted regarding synthesis of silver nanoparticles
using different species of endophytes. The transmission electron microscope (TEM)
image of AgNPs is shown in Fig. 5.1a (Elbahnasawy et al. 2021). AgNPs were
mycosynthesized using Penicillium citrinum CGJ-C1 isolated from 7. involucrata
plant. Endophytic fungus mycelial biomass was separated by filtration after 72 h of
growth in potato dextrose broth (PDB), any indications of media components were
removed by extensive washing with distilled water. The silver nanoparticles were
fabricated by adding 10 mL of fungal filtrate to 90 mL of 1 mM AgNO3 followed
by 24 h incubation at 32-34 °C. Resulting nanostructures were well dispersed, 2 to
5 nm spheres. The nanoparticles exhibited potential larvicidal and dose-dependent

Fig. 5.1 Transmission electron microscopic images of mycosynthesized nanoparticles (a) Silver
nanoparticles; scale bar: 100 nm (Elbahnasawy et al. 2021). Reproduced with permission. (b) Zinc
nanoparticles; scale bar: 100 nm (Ganesan et al. 2020). Reproduced with permission. (¢) Cobalt
nanoparticles; scale bar: 50 nm (Vijayanandan and Balakrishnan 2018). Reproduced with permis-
sion. (d) Iron nanoparticles; scale bar: 50 nm (Arias et al. 2018). Reproduced with permission. (e)
Gold nanoparticles; scale bar: 50 nm (Priyadarshini et al. 2014). Reproduced with permission. (f)
Copper nanoparticles; scale bar: 100 nm (Shehabeldine et al. 2022). Reproduced with permission
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anticancer activities (Danagoudar et al. 2020). In another study, AgNPs using
Nemania sp. isolated from Taxus baccata L. The plant was collected and disinfected
with 70% ethanol for a minute and a disinfectant (0.5% sodium hypochlorite) for
4 min. Following that, it was rinsed three times with distilled water and dried in
sterile circumstances. The inner bark was placed on a petri plate with potato dex-
trose agar (PDA) containing 500 mg/L chloramphenicol. Fungi were cultivated
from the bark fragments at 28 °C. At this point, fungi were cleansed using the
hyphal tip technique; hyphal tips were picked from various fungal colonies, placed
on fresh PDA medium, and cultured at 25 °C for at least 10 days. This method was
carried out three times to achieve complete purity. The pure fungal culture was
incubated further in malt extract-glucose-yeast extract-peptone broth at 28 °C for
72 h. To the biomass filtrate, | mM of silver nitrate (AgNO;) solution was mixed.
The mixture’s color change suggested the creation of silver nanoparticles. Spherical
particles with average size of approximately 35 nm were obtained exhibiting anti-
bacterial activity (Farsi and Farokhi 2018). Devi and Joshi (2015) isolated the three
endophytic fungi from Potentilla fulgens L, an ethnomedical plant and then grew the
biomass aerobically in PDB with an infusion of 250 g potato and 20 g dextrose per
liter of distilled water. The inoculation flasks were incubated in an orbital shaker for
96 h at 25 + 2 °C with 120 rpm agitation. Further following incubation, the collected
biomass was filtered through filter paper. The three endophytes isolated were
Aspergillus tamarii PFL2, Aspergillus niger PFR6, and Penicillium ochrochloron
PFRS. The fungal filtrates were treated with a 1 mM silver nitrate solution and then
incubated at room temperature in the dark in an Erlenmeyer flask resulting in spher-
ical particles of different sizes. Similarly, Talaromyces purpureogenus isolated from
leaves of Pinus densiflora S. et Z. was used to fabricate spherical and triangular
nanostructures of 25 nm average size with broad-spectrum antibacterial, anticancer,
and potential wound healing activity. Silver nanoparticle synthesis using extracel-
lular route was carried out by using F. oxysporum biomass. Conical flask with fun-
gal biomass was filled with AgNO; to provide an overall Ag ion concentration of
10® M in the aqueous solution, and the reaction was carried out in the dark. AgNPs
films were seen on silicon substrates after reaction with the fungal biomass was
complete. This was done by drop-coating the F. oxysporum biomass with the
nanoparticle solution both before and after the reaction with Ag ions for 72 h. Before
reacting with the silver ions, the biomass is found to have a light-yellow color; when
the reaction is complete, the color changed to a brownish hue. Spherical particles
with a diameter of around 5 to 15 nm were obtained (Ahmad et al. 2003).

2.2 Fabrication of Zinc Nanoparticles

Zinc-based nanoparticles have varied applications in agricultural and pharmaceuti-
cal sectors. Different types of zinc nanoparticles exist like zinc oxide (ZnO), zinc
sulfide (ZnS), zinc telluride (ZnTe), zinc selenide (ZnSe), etc. These particles are



106 K. J. Bharmal et al.

inexpensive, stable at higher temperatures, exhibit antimicrobial property, and
are employed for targeted delivery and diagnostic purposes in animals as well as for
alleviating stress conditions and zinc deficiency in plants (Rani et al. 2022; Sturikova
etal. 2018; Moezzi et al. 2012). Mycosynthesis of ZnO nanoparticles (ZnONPs) has
been carried out using different endophytes isolated from a variety of plant species.
One such study reports a sol-gel method using Balanites aegyptiaca plant leaves
from which Periconium sp. were isolated on PDA laced with streptomycin. To
obtain the biomass, the fungus was grown for 21 days in PDA followed by drying at
60 °C and grinding into powder. To obtain, the filtrate powder was heated for 2 h at
70 °C in deionized water. Zn (NO;), solution was mixed with fungal extract, and the
resultant mixture was then further evaporated to create the solution with pH 5. The
final mixture was placed in a hot air oven at 45 °C to allow water molecules to
slowly evaporate, creating a gel with a homogenous distribution of Zn?** ions. The
gel became yellowish, brittle, and porous after being dried at 125 °C to eliminate
any remaining water. Additionally, the dried gel was calcined at 700 °C resulting in
the manufacture of ultrafine ZnONPs. The resulting particles were of 16 to 78 nm
size (Fig. 5.1b) and exhibited antioxidant properties and broad-spectrum antimicro-
bial property against gram-positive and gram-negative bacteria as well as fungi
(Ganesan et al. 2020). In another instance, the endophyte Cochliobolus geniculata
was isolated from leaves of a medicinal plant Nothapodytes foetida and cultured in
the dark on potato dextrose agar along with chloramphenicol at 28 °C. The fungi
were inoculated in malt extract-glucose-yeast extract-peptone (MGYP) broth and
grown for 72 h to obtain the biomass. The cell-free extract was added to zinc acetate
(1 mM) to generate ZnONPs capped with proteins (Kadam et al. 2019).

2.3 Fabrication of Cobalt Nanoparticles

Cobalt and tricobalt tetroxide nanoparticles have promising applications in pharma-
ceutical industries owing to their antibacterial, antifungal, larvicidal, antileishman-
ial, antioxidant, and cytotoxic activities (Waris et al. 2021). Intracellular synthesis
of spinel cobalt oxide nanoparticles (Co;O,NPs) with approximate size of 20 nm
was carried out using endophytic fungus Aspergillus nidulans isolated from plant
Nothapodytes foetida (Fig. 5.1c). The plant was cut into small pieces and spread on
sterile potato dextrose agar with chloramphenicol in petri dishes and incubated at
room temperature. The fungal inoculum from agar plate was grown in potato dex-
trose broth, and the mycelium obtained from the biomass was treated with 2 mM
cobalt acetylacetone solution with stirring (Vijayanandan and Balakrishnan 2018).
Superparamagnetic spherical cobalt ferrite nanoparticles of 6.5 nm average size
were synthesized using Monascus purpureus. Cobalt nitrate and ferric nitrate were
dissolved in deionized water in a 1:2 M ratio and introduced dropwise (in an equal
volume basis) to the prepared cell-free fungal culture and vigorously stirred at
room temperature for several hours (4—6 h) until it turned a dark hue, suggesting
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the completion of the reduction process. After that, the mixture was heated for
5 min at 60 °C to start the synthesis of cobalt-ferrite nanoparticles. The obtained
mixture was then cooled and left at room temperature overnight, when a black
precipitate began to form, suggesting the commencement of nanoparticle creation.
Ultracentrifugation at 20000 rpm for 20 min at 4 °C separated the nanoparticles.
The acquired nanoparticles were dispersed numerous times in deionized water and
ethanol to eliminate any remaining biological compounds. The purified nanopar-
ticles were subsequently dried using a hot air oven at 70 °C, yielding a fine powder.
Further, considerable increase in yield of the cobalt ferrite nanoparticles was
observed when the fungal culture was irradiated with gamma rays (El-Sayed et al.
2020). Similarly, endophytic fungi Aspergillus terreus was employed to fabricate
Co;0,, CuO, Fe;04, NiO, and ZnO nanoparticles (Mousa et al. 2021). In another
instance, nitrogen-doped Co;O,NPs were synthesized using Fusarium oxysporum
extract. The particles were 25 nm in size and exhibited photocatalytic activity
(Islam et al. 2021).

2.4 Fabrication of Iron Nanoparticles

Owing to the superparamagnetic properties of iron, their nanoparticles have huge
applications in pharmaceutical and biomedical fields, such as drug delivery, diag-
nostic imaging, magnetic resonance imaging, cell separation, tissue repair,
levitation-based techniques, etc. Fig. 5.1d shows the TEM image of iron nanopar-
ticles (FeNPs) (Arias et al. 2018). In one study employing mycosynthesis for fabri-
cating FeNPs, endophyte Penicillium oxalicum isolated from the plant Tecomella
undulata was inoculated in 150 ml of PDB and grown at 30 °C. The mycelia
obtained was transferred in 150 ml of sterilized distilled water after which it was
incubated in a shaker incubator (150 rpm) for 12 h at 30 °C, and the filtrate obtained
was utilized for synthesizing of iron nanoparticles. Fungal extract and FeSO, were
mixed and kept overnight on a magnetic stirrer. Post stirring the solution was then
centrifuged for 15 min at 12,000 rpm. The precipitate was then dried in an incubator
at 50 °C, and a fine powder was acquired. The synthesized nanoparticles were
spherical in shape with an average size of 140 nm and effectively caused decoloriza-
tion of methylene blue (Mathur et al. 2021). In a similar study, endophytic fungi
Fusarium proliferatum was isolated from Cymbopogon citratus, a plant of medici-
nal value. The fungal extract was added to FeCl; solution to initiate nanoparticle
synthesis. The particles had average size of 20—50 nm and caused effective decolor-
ization of a number of dyes (Schuster and Ting 2022). In another study, FeCl; was
added to the biomass of Trichoderma sp. to synthesize FeNPs, and effects of synthe-
sis parameters were analyzed. It was revealed that a pH of 4.5 and temperature of
25 °C agitation are required for optimum synthesis of the FeNPs (Kareem et al.
2020). Another study reported the synthesis of spherical FeNPs of size 10-25 nm
using the fungi Aspergillus oryzae TFR9 (Tarafdar and Raliya 2013).
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2.5 Fabrication of Gold Nanoparticles

Gold nanoparticles (AuNPs) are biocompatible and find applications in therapeutic,
imaging, and diagnostic fields. They are used in photothermal and photodynamic
therapy; targeted drug delivery; X-ray, fluorescence, and photoacoustic imaging;
and as biosensors (Bansal et al. 2020). In a novel approach, mycosynthesis of
AuNPs was carried out using endophyte Penicillium citrinum isolated from marine
brown alga Sargassum wightii. Samples of 1 cm length were cut and cultured on
PDA containing chloramphenicol at 28 °C for fungal growth and then on potato
dextrose agar without antibiotic for 30 days at the same temperature. The fungal
mycelia were used to prepare the extract which was subjected to AuCl, for fabrica-
tion of the nanoparticles of 60—80 nm size (Manjunath et al. 2017). In another study,
chloroauric acid was added to Aspergillus terreus IFQ fungal extract to biosynthe-
size AuNPs. Under comparable conditions, a control experiment was conducted
without the addition of HAuCl,. The initial pH of fungal filtrate was altered to inves-
tigate the effect of pH on the size and form distribution of AuNPs. According to the
results obtained, it was concluded that acidic pH leads to formation of lesser nucle-
ation points as compared to alkaline pH due to which large polydispersed particles
were formed in acidic pH. At PH 10, monodispersed particles of 10-19 nm size
were fabricated that exhibited antimicrobial activity against Escherichia coli
(Fig. 5.1e) (Priyadarshini et al. 2014). In another approach, Fusarium oxysporum
was isolated from leaves of Azadirachta indica, and AuNPs were synthesized using
fungal mycelia. Protein-coated nanoparticles of 22 nm size were obtained showing
potential antimicrobial activity against Pseudomonas sp. (Thakker et al. 2013).
Similarly, endophytic fungus Phoma sp. isolated from vascular tissues of Prunus
persica was used for synthesis of AuNPs. The resultant nanoparticles exhibited anti-
fungal and antibacterial activity against Rhizoctonia solani AGI1-IA and
Xanthomonas oryzae pv., respectively (Nejad et al. 2022).

2.6 Fabrication of Copper Oxide Nanoparticles

Copper oxide nanoparticles (CuONPs) have been widely used as potential antican-
cer and broad-spectrum antimicrobial agent as well as sensors for glucose, hydro-
gen peroxide, dopamine, etc. (Verma and Kumar 2019). In one approach for the
endophytic synthesis of CuONPs, Aspergillus terreus was isolated from leaves,
bark, and branches of Aegle marmelos. The mycelial filtrate was added to copper
sulfate (0.1 mM) and incubated for 36-48 h, the pH was maintained at 7.4. Post
incubation, a brown precipitate was observed indicting the synthesis of copper
oxide nanoparticles. The precipitate was centrifuged at 10,000 rpm for 20 min, and
the pellet was vacuum dried for 2 h at 80 °C. The nanoparticles exhibited antibacte-
rial, antioxidant, anticancer, and antiangiogenic properties (Mani et al. 2021). In
another study, CuONPs were synthesized using Aspergillus niger strain STA9 using
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copper sulfate as precursor salt. The resulting 5 to 100 nm particles exhibited anti-
diabetic, antibacterial, and anticancer activities (Noor et al. 2020). In another
approach, Penicillium chrysogenum mycelial extract was used to fabricate CuONPs
using copper acetate salt as precursor. Both spherical and rod-shaped particles were
formed with respective sizes of 4 to 15 nm and 11 to 54 nm (Fig. 5.1f). The particles
exhibited excellent broad-spectrum antibacterial as well as anti-biofilm activity
(Shehabeldine et al. 2022). In a novel approach, biosynthesis of CuONPs was
achieved by using a native white-rot fungus of Chile, Stereum hirsutum. The effect
of different precursor salts (copper chloride, copper nitrate, and copper sulfate) and
different pHs (5, 7, and 9) on the yield of nanoparticles was studied. Copper chlo-
ride as precursor at neutral or basic pH was found to be best suited as the synthesis
parameters (Cuevas et al. 2015).

2.7 Fabrication of Other Miscellaneous Nanoparticles

In one approach, Thomas et al. (2017) used the fungi Aspergillus tubingensis
TFR-29 isolated from an agricultural farm to biofabricate molybdenum nanoparti-
cles. The mycelia-free extract of the fungal biomass was subjected to different con-
centrations (0.1, 0.5, and 1 mM) of ammonium molybdate. It was exhibited that by
using 0.5 mM of precursor salt, 2.3 nm monodisperse particles were produced with
hexagonal shape and thin layer of protein coating. The particles have the potential
to perform as nano-fertilizer as evident by enhancement in grain and biomass yield,
enzyme and microbial activity, root length, area, diameter, and number of tips, upon
application to chick pea. In another study, the fungal extract of Colletotrichum sp.
was employed to synthesize aluminum and sulfur nanoparticles using sodium thio-
sulfate and aluminum chloride as precursors, respectively. The resulting nanoparti-
cles were spherical in shape with average size of 30 and 50 nm for aluminum and
sulfur, respectively. The particles were further used to formulate nanofunctionalized
essential oil that exhibited significantly higher broad-spectrum antimicrobial activ-
ity as compared to bare nanoparticles (Suryavanshi et al. 2017).

3 Pharmaceutical Applications of Biosynthesized
Nanoparticles Using Fungal Endophytes

Metal nanoparticles have a plethora of pharmaceutical and biomedical applications.
The most common ones are as antibacterial, antifungal, antiplasmodial, antidia-
betic, antioxidant, and anticancer agents as well as for clinical diagnosis and wound
healing (Singh et al. 2021). In this section, the major pharmaceutical applications of
mycosynthesized metal nanoparticles by endophytes are discussed.



110 K. J. Bharmal et al.
3.1 Antimicrobial Activity

Metal-based nanoparticles have no specific mechanism to cause toxicity in microbes;
therefore, they have the potential to be used against broad-spectrum species and also
against multidrug-resistant pathogens. Of the many mechanisms to cause toxicity in
microbial cells, one of the crucial is enhanced production of reactive oxygen species
(ROS) owing to the high surface-to-volume ratio of the nanoparticles. The ROS like
hydroxyl radical, superoxide ion, etc. cause damage to the cell membrane of the
microbes (Mei and Wu 2017). Figure 5.2a shows a schematic of mechanism of tox-
icity of metal nanoparticles. AgNPs synthesized using Penicillium sp. extracted
from turmeric were analyzed for their antibacterial activity against multidrug-
resistant bacteria Staphylococcus aureus and E. coli. Agar well diffusion method
was used, and results were analyzed based on measuring the zone of inhibition
(ZOI). The study showed that the AgNPs exhibited inhibitory activity against both
E. coli and S. aureus thereby indicating broad-spectrum activity (Singh et al. 2014).

A B

Fig. 5.2 Antimicrobial mycosynthesized nanoparticles. (a) Schematic showing mechanism of
antimicrobial activity of nanoparticles. (b) Fluorescent image showing damage produced on pre-
formed uropathogenic Escherichia coli biofilms by Fusarium scirpi synthesized AgNPs stained
with Live/Dead BacLight Viability kit; magnification: 40 X (Rodriguez-Serrano et al. 2020).
Reproduced with permission. (¢) Zone of inhibition by Periconium sp. synthesized ZnO nanopar-
ticles (Ganesan et al. 2020). Reproduced with permission. (d) SEM image showing cell wall dam-
age by Cladosporium cladosporioides synthesized AuNPs (Joshi et al. 2017). Reproduced with
permission
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Another study was conducted using mycosynthesized AgNPs by Fusarium scirpi to
elucidate the antibacterial activity on planktonic and established biofilms of uro-
pathogenic E. coli biofilms. For planktonic E. coli, a minimal inhibitory concentra-
tion (MIC) of 25 mg/mL was adequate to decrease any kind of bacterial activity
after 3 h treatment. Further, a nanoparticle concentration of 7.5 mg/mL led to sig-
nificant damage to the biofilm; 80% of the bacterial cells detached from the surface
(Fig. 5.2b) (Rodriguez-Serrano et al. 2020). In another approach, the antibacterial
and antifungal activity of mycosynthesized AgNPs by Aspergillus flavus was evalu-
ated. Five pathogenic bacteria were procured (E. coli, Bacillus subtilis, S. aureus,
Bacillus cereus, Enterobacter aerogenes) and four concentrations of AgNPs were
studied (20, 50, 100, and 150 pM). It was observed that the inhibitory activity of
silver nanoparticles increased with increase in concentration, and the activity was
most efficient toward B. subtilis followed by E. coli. Further, a combination of tet-
racycline and AgNPs was used which enhanced the antibacterial activity. The anti-
fungal activity was tested on Aspergillus niger and Trichoderma spp. A similar
result was observed; increase in concentration of AgNPs led to increase in its inhibi-
tory activity (Fatima et al. 2016). Similarly, antimicrobial activity of AgNPs synthe-
sized by Aspergillus fumigatus was tested against gram-negative bacteria E. coli,
gram-positive bacteria Bacillus mycoides, and fungus Candida albicans. It was
found that B. mycoides had a larger ZOI compared to E. coli (15—-16 mm); this can
be accredited to the marked variations in the composition of cell walls. For C. albi-
cans, the diameter for ZOI was in a similar range as B. mycoides (Othman et al.
2019). The antibacterial and antifungal activity of AgNPs synthesized by
Balakumaran et al. (2015) using Guignardia mangiferae was also evaluated. MIC of
AgNPs was calculated for the bacteria; B. subtilis, Pseudomonas aeruginosa,
Staphylococcus epidermidis, Klebsiella pneumoniae, and Enterococcus faecalis
exhibited 6.25 pg/ml, 3.12 pg/ml, 6.25 pg/ml, 3.12 pg/ml, and 12.5 pg/ml, respec-
tively. The antifungal activity was tested by measuring the ZOI, satisfactory activity
at 1 mg/ml of AgNPs was observed for Colletotrichum sp. followed by Rhizoctonia
solani and Cochliobolus lunatus; Fusarium sp. showed the least activity.

ZnONPs synthesized using cellular extracts of endophytic fungi; Alternaria
tenuissima exhibited broad-spectrum antimicrobial activity and significantly better
activity as compared to amoxicillin/clavulanic acid and nystatin. MIC for the bacte-
ria K. pneumoniae, P. aeruginosa, and S. aureus was 200 pg/ml, and for E. coli, it
was 100 pg/ml. In case of fungus, C. albicans showed MIC of 50 pg/ml; Alternaria
solani and Fusarium oxysporum exhibited 100 pg/ml, whereas A. niger showed
MIC of 200 pg/ml of ZnONP (Abdelhakim et al. 2020). Similarly, ZnONPs biosyn-
thesized utilizing Periconium sp. fungal extracts showed large ZOI for S. aureus
(16 £ 0.01 mm), E. coli (14 = 0.03 mm), and C. albicans (24 = 0.01 mm). A dose-
dependent response was observed, and results indicated that nanoparticles had bet-
ter inhibitory activity against gram-positive bacteria (Fig. 5.2c) (Ganesan et al.
2020). Another study reported the synthesis of two different-shaped zinc oxide
nanoparticles, hexagonal by using Fusarium keratoplasticum and nano-rod shaped
using A. niger. Nanoparticles synthesized by separate strains were checked for anti-
bacterial activity toward B. subtilis, S. aureus (gram positive) and P. aeruginosa,



112 K. J. Bharmal et al.

and E. coli (gram negative). Results based on the ZOI study indicated that nano-rod
ZnO particles demonstrated a more effective inhibition of 23.6 = 0.4 mm and
19.5 £ 0.2 mm for B. subtilis and S. aureus, respectively, compared to hexagonal
that revealed 22.0 = 0.6 mm and 18.2 = 0.7 mm for respective gram-positive bacte-
ria. For gram-negative bacteria, similar results were observed; hexagonal ZnONPs
showed 15.7 + 0.4 mm ZOI for both gram-negative bacteria, while nano-rods had
larger zones 17.5 = 0.3 mm and 16.1 = 0.4 mm for E. coli and P. aeruginosa, respec-
tively. The study concluded that the inhibition toward these bacteria was dependent
on the shape and size of the nanoparticles (Mohamed et al. 2019). In another study,
extracellular extracts of A. niger were utilized to synthesize ZnONPs whose antimi-
crobial effect was tested on six bacterial and four fungal strains. The MIC of
ZnONPs using resazurin tincture method was established for both bacterial and
fungal strains. Acinetobacter baumannii, E. coli, Staphylococcus haemolyticus, and
S. aureus had a MIC of 12.5 pg/mL, whereas K. pneumoniae and P. aeruginosa had
a MIC of 50 pg/ml. MIC for fungi Candida parapsilosis, Penicillium marneffei, and
Candida glabrata was 12.5 pg/mL, while for A. niger, it was 25 pg/mL (Mekky
et al. 2021). In another approach, ZnONPs mycosynthesized by Xylaria acuta
extracts indicated that S. aureus and B. cereus were more susceptible with MIC of
15.6 pg/mL, followed by E. coli and P. aeruginosa (31.3 pg/mL). The inhibitory
activity of the ZnONPs increased with increase in concentration of the nanoparti-
cles, depicting a dose-dependent response activity. When tested with pathogenic
fungi, F. oxysporum was found to be less sensitive to the nanoparticles compared to
Aspergillus flavus and Phomopsis sp. (Sumanth et al. 2020). Similarly, biosynthe-
sized ZnONPs utilizing A. niger exhibited that both K. pneumoniae carbapenemase
(KPC)-producing bacteria (test) and K. pneumoniae (control) were extremely sensi-
tive to ZnONPs concentration of 7.5 mg/ml (20.8 + 2.7 mm). KPC is an emerging
gram-negative bacteria that is highly resistant to multiple antibiotics. Mean values
observed for MIC and minimal bactericidal concentration were 0.7 and 1.8 mg/ml.
Scanning electron microscopy (SEM) images revealed that KPC bacteria treated
with ZnONPs had several notable morphological changes like change of shape of
bacteria from rod to coccus, dents on cell surface, decreased size, and severe dam-
age. Control-untreated cells and imipenem (a carbapenem antibiotic)-treated cells
showed no such change in morphology (Rasha et al. 2021).

AuNPs fabricated using endophytic fungi Cladosporium cladosporioides exhib-
ited antimicrobial activity at a concentration of 50 mg/ml against bacteria E. coli,
S. aureus, B. subtilis, P. aeruginosa, and fungi A. niger. The well diffusion method
exhibited ZOI of approximately 12, 1.5, 9.5, 10.5, and 10 mm for S. aureus, S. epi-
dermidis, B. subtilis, E. coli, and A. niger, respectively. Further SEM imaging
showed an accumulation of nanoparticles on the membrane of the bacterial cell wall
and the subsequent damage by rupturing the cell wall were observed too (Fig. 5.2d).
These results provide significant insight on the massive broad-spectrum antimicro-
bial potential these nanoparticles have as they are effective against both gram-
positive and gram-negative bacteria and also fungi (Joshi et al. 2017). A more recent
study used Aspergillus terreus to synthesize AuNPs; their antimicrobial potential
was checked against bacteria Salmonella  typhimurium, S. aureus,
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methicillin-resistant Staphylococcus aureus, Vibrio cholerae, fungi F. oxysporum,
and Rhizoctonia solani. Zone of inhibition results showed that at 400 pg/ml, the
largest zones of inhibition were observed for S. aureus (8.58 +£0.28 mm) and V. chol-
erae (9.31 = 0.14 mm), whereas no visible zones of inhibition were observed for
methicillin-resistant S. aureus or S. typhimurium. For the antifungal activity, AuNPs
concentrations of 25, 50, 200, and 200 pg/ml were screened that showed maximum
inhibition of 52.5% and 65.46% for R. solani and F. oxysporum, respectively, at
AuNPs concentration of 200 pg/ml (Mishra et al. 2022). FeNPs synthesized using
endophytic fungi Aspergillus flavus exhibited antibacterial activity against S. aureus
at a concentration of 100 mg/ml with a ZOI of 10 mm but was ineffective on E. coli.
However, they showed antifungal activity toward both C. albicans and Aspergillus
Sfumigatus with ZOI 11 mm and 10 mm, respectively (Ramadan Gouda et al. 2020).
In a similar study, ZOI analysis revealed that the FeNPs fabricated using Alternaria
alternata were extremely effective against both gram-negative and gram-positive
bacteria. B. subtilis showed the maximum inhibition (16.4 mm), whereas E. coli,
P. aeruginosa, and S. aureus exhibited zones of inhibition of 13.2, 10.5, and
12.3 mm, respectively. They further performed TEM for B. subtilis after being
treated with the iron nanoparticles; the results showed significant morphological
changes in the bacterial cells (Mohamed et al. 2015).

CuONPs were synthesized by endophytic fungi A. ferreus isolated from a medic-
inal tree Aegle marmelos, and its antimicrobial potential was tested using ZOI
method against Proteus mirabilis (1.2 cm), E. coli (2.2 cm), K. pneumoniae (1.9 cm),
P. aeruginosa (2.3 cm), S. aureus (0.9 cm), V. cholerae (1.9 cm), S. epidermidis
(1.5 cm), S. typhi (1.1 cm), A. niger (1.1 cm), and C. albicans (1.2 cm). These were
then compared to ZOI of the cultural filtrate, biomass crude extracts, and methanol;
the CuONPs showed a significantly higher effect compared to the other three. Only
A. niger showed no significant difference among the four values (Mani et al. 2021).
In another study, CuONPs and CoONPs were synthesized using A. terreus, and their
antimicrobial activity was tested against bacteria (P. aeruginosa, K. pneumoniae,
E. coli, and S. aureus) and fungi (C. albicans, Aspergillus brasiliensis, Alternaria
alternata, and F. oxysporum). It was observed that all the bacteria and fungi were
sensitive toward CuONPs; however, E. coli and C. albicans were the most sensitive
both having an MIC of 100 pg/ml. The most resistant was P. aeruginosa (Mousa
et al. 2021).

3.2 Antioxidant Activity

An important activity that has abundant pharmaceutical applications is antioxidant
activity. Mycosynthesized nanoparticles are proven antioxidants, the activity most
probably is due to coating of biomolecules that constitute the fungal isolates like
secondary metabolites (polyphenols, flavonoids, etc.) that have the ability to donate
hydrogen (Ramamurthy et al. 2013). Figure 5.3a represents a schematic of mecha-
nism of antioxidant activity of metal nanoparticles. The antioxidant activity of
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Fig. 5.3 Antioxidant activity mycosynthesized nanoparticles. (a) Schematic showing mechanism
of antioxidant activity of nanoparticles. (b) DPPH radical scavenging activity of Aspergillus ter-
reus synthesized CuONPs (Mani et al. 2021). Reproduced with permission

AgNPs synthesized using fungi Penicillium italicum was evaluated by three differ-
ent methods: bleaching/scavenging of radicals of 2, 2’-diphenyl-1-picrylhydrazyl
(DPPH), hydroxyl, and resazurin. For the three methods used, 30 pg/ml was the
most potent concentration showing a significant 60%, 53%, and 50% inhibition
compared with ascorbic acid for DPPH, hydroxyl, and resazurin radicals, respec-
tively (Taha et al. 2019). Cladosporium cladosporioides synthesized AgNPs were
employed to study its antioxidant activity by DPPH radical scavenging method. An
increasing concentration of AgNPs were used, and the results obtained a direct rela-
tion with scavenging activity and increase in nanoparticle concentration. The anti-
oxidant activity was accredited to the phenolic content present in the fungal extract
(Manjunath Hulikere and Joshi 2019). Similarly, antioxidant activity of AgNPs syn-
thesized using extract of Aspergillus versicolor isolated from plant Centella asiatica
was compared with that of only fungal extract as well as the precursor salt, silver
nitrate. The DPPH radical scavenging activity at 100 pg/ml of AgNPs was found to
be 60.4%, compared to the fungal extract (41.19%) indicating that the AgNPs sig-
nificantly increased the radical scavenging activity. Free silver nitrate does not show
any potential antioxidant activity. The nanoparticles mainly have this activity due to
the presence of proteins, secondary metabolites such as flavonoids, polyphenols,
terpenoids, and other biomolecules as coating (Netala et al. 2016).
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For biosynthesized ZnONPs employing Alternaria tenuissima, a dose-dependent
increase in DPPH-free radical scavenging activity was observed as concentration of
nanoparticles increased. The ICs, value for nanoparticles was observed to be
102.13 pg/ml and for ascorbic acid 72.95 pg/ml; the least inhibitory concentration
was found to be 25 pg/ml for both nanoparticles and ascorbic acid (Abdelhakim
et al. 2020). ZnONPs synthesized using Periconium sp. exhibited the maximum
DPPH radical scavenging activity of 85.52% at 100 pg/ml concentration (Ganesan
et al. 2020). Similarly, mycosynthesized ZnONPs from extracts of A. niger were
analyzed for 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and
DPPH radical scavenging activity. DPPH assay results revealed that high concentra-
tions of ZnONPs (100 pg/ml) had a higher antioxidant activity (57.74%) compared
to lower concentration (5 pg/ml) having low activity (13.95%). Similar antioxidant
activity was observed for ABTS assay, high concentrations having 73.58% activity
and lower ZnONP concentration having 11.23% inhibitory activity. Based on these
results and FTIR functional group analysis, it was concluded that antioxidant inhibi-
tory potential increased and was dependent on the dose of ZnONPs; this antioxidant
activity was attributed to the biological components of A. niger that were used to
synthesize the nanoparticles (Gao et al. 2019).

Antioxidant activity of AuNPs fabricated using endophytic fungi Alternaria sp.
was studied using the DPPH radical scavenging and the reducing power assay. At
500 pg/ml nanoparticle concentration, total antioxidant activity was reported to be
83.47 and 69.15 for DPPH and reducing power, respectively, which are higher than
that of ascorbic acid (Hemashekhar et al. 2019). In two more studies in which
AuNPs were synthesized using Penicillium citrinum and C. cladosporioides, the
antioxidant activity was tested using the DPPH assay. AuNPs concentration
(0-110 pg) was screened with ascorbic acid as reference. A dose-dependent response
was observed for the radical scavenging activity for both the synthesized nanopar-
ticles. The AuNPs synthesized by C. cladosporioides were subjected to the reducing
power assay which showed moderate antioxidant activity of 1.15 + 0.03 mg of
ascorbic acid equivalent per gram of sample (Joshi et al. 2017; Manjunath et al.
2017). A recent study utilized A. terreus to produce AuNPs and evaluated its anti-
oxidant activity using ABTS assay. Significant antioxidant activity was revealed as
reflected by ICs, value of 38.61 pg/ml. To further illustrate the activity, DNA nick
assay was performed via the generation of highly reactive hydroxyl radical species.
These cut circular plasmid DNA to linear DNA; the AuNPs provided a protective
effect preventing the supercoiled circular DNA from being cut to linear
DNA. Nanoparticle concentrations 25-200 pg/ml were taken, and a dose-dependent
protection from DNA nicking was observed, keeping the DNA in its supercoiled
form, thus showing the antioxidant activity of the nanoparticles by protecting the
DNA from oxidative stress (Mishra et al. 2022).

A. terreus was employed to synthesize CuONPs, and their antioxidant activity
was checked using the DPPH, nitric oxide radical scavenging assay, and the reduc-
ing power assay. A dose-dependent scavenging activity was established, and ICs,
values 0.080 mg/ml and 0.096 mg/ml were observed for DPPH and nitric oxide
radicals, respectively. For the reducing power assay, a dose-dependent response was
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seen with an increase in optical density units (Fig. 5.2b) (Mani et al. 2021). Another
study also used A. terreus to synthesize CuONPs that showed a dose-dependent
increase in DPPH radical scavenging activity with ICs, value of 96.74 pg/ml.
Similarly, Co;O,NPs fabricated by A. ferreus exhibited an ICs, of 85.44 pg/ml
(Mousa et al. 2021).

3.3 Anticancer/Tumor Activity

Another activity that has been studied extensively is the cytotoxicity of metal
nanoparticles toward a number of cancer cell types. Although the mechanism related
for this activity is not completely understood, a study proposed a possibility that
metal nanoparticles disrupt and interfere with oxidative phosphorylation via pro-
duction of ROS, which further creates oxidative stress and damages nucleic acids
(Vasanth et al. 2014) (Fig. 5.4a). Potential anticancer activity of AgNPs is demon-
strated by many studies. Antitumor activity of different concentrations (0.4-54 ng/
ml) of AgNPs synthesized using Aspergillus fumigatus was tested on cell lines
HCT116 (human colon carcinoma), A549 (human lung carcinoma), PC3 (human
prostate cell line), and MCF7 (human breast cancer) cell lines. The 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay for cancer cell
lines treated with AgNPs indicated a dose-response association with test cells and
test concentrations. I1Cs, values at 48 h were found to be 31.1 pg/ml (HCT116),
45.4 pg/ml (A549), 40.9 pg/ml (MCF7), and 33.5 pg/ml (PC3). Restriction in cell
growth at lower concentrations was also observed (Othman et al. 2019). AgNPs
synthesized using Guignardia mangiferae were tested for their antitumor activity,
using increasing concentrations of nanoparticles the cell viability of Vero (Monkey
kidney), MCF-7, and HeLa (human cervical cancer) cell lines was experimented on.
ICs, values for the cells were 63.37 pg/ml, 27.54 pg/ml, 23.84 pg/ml for Vero, HeLa,
and MCF-7, respectively. MCF-7 cells exhibited maximum inhibition at lower con-
centrations of AgNPs (Balakumaran et al. 2015). Five concentrations of AgNPs
synthesized using Penicillium italicum (5, 10, 20, 40, 80 pg/ml) were used by Taha
et al. (2019) to demonstrate the anticancer activity. Performing the MTT assay on
MCEF-7 cells treated with AgNPs, it was found that at 80 pg/ml, the highest cytotox-
icity of 87% and the lowest 16% at 5 pg/ml were seen. A 24-h long-term treatment
was done to the cells with 10 pg/ml and 20 pg/ml of AgNPs, and a clonogenic sur-
vival assay was performed; similar results for cell viability were observed; however,
the effect was found to be more potent (26%). The results showed a concentration-
dependent increase in cytotoxicity. Anticancer activity and cytotoxicity of AgNPs
synthesized using fungal isolates of Aspergillus sp. were described by Mohmed
et al. (2017). Normal Vero cells and human colorectal adenocarcinoma cells
(Caco-2) were treated with increasing concentration of nanoparticles 0.48—1000 pg/
ml and MTT assays were performed. Vero cells exhibited 100% viability at 15.62 pg/
ml; as AgNPs concentration increased, the viability decreased. For Caco-2 cells, the
lowest concentration proved to have 100% viability and 7.65% viability at highest
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Fig. 5.4 Anticancer activity mycosynthesized nanoparticles. (a) Schematic showing mechanism
of anticancer activity of nanoparticles. (b) In vivo anticancer effect of Cladosporium sp. synthe-
sized AuNPs. (a) Changes in morphology of EAC tumor mouse after treatment with nanoparticles.
(b) Reduced neovascularization after treatment with nanoparticles (Munawer et al. 2020).
Reproduced with permission. (¢) Antiangiogenic activity of Aspergillus terreus synthesized
CuONPs (Mani et al. 2021). Reproduced with permission

concentration of AgNPs. The toxicity results for Caco-2 were as expected, highest
concentration of nanoparticles having 92.34% toxicity. The ICs, value for Caco-2
was 3.75 pg/ml, and for Vero, it was 280 pg/ml.

Anticancer/cytotoxicity activity of ZnONPs synthesized using Alternaria tenuis-
sima was demonstrated by Abdelhakim et al. (2020). Three cell lines, one normal
Hbf-4 (human melanocyte) and two cancerous MCF-7 and HepG-2 (human liver
cancer) cells were treated with nanoparticles, after which an MTT assay was per-
formed. Values for test were compared to the control Taxol activity. Data suggested
a concentration-dependent increase in inhibitory activity of the nanoparticles. ICs,
values of ZnONPs for Hfb-4 (55.76 pg/ml), Hep-G2 (16.87 pg/ml), and MCF-7
(18.02 pg/ml) when compared to Taxol 12.5 pg/ml, 10.35 pg/ml, and 10.42 pg/ml,
respectively, for the cell lines showed satisfactory anticancer activity. In another
approach, rod- and hexagonal-shaped ZnONPs synthesized using A. niger and
Fusarium keratoplasticum, respectively, exhibited potential anticancer activity
against Caco-2, Clone 9 (rat liver), and Vero cell lines. Hexagonal ZnONPs showed
significantly higher toxicity toward Caco-2 cancer cell line at low concentrations
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compared to nano-rods. The study even recommends safe concentrations to work
with for possible applications in animal cells, for hexagonal <20.1 ppm, and for
nano-rods <57.6 ppm; it concluded that the cytotoxicity of the nanoparticles is
shape dependent (Mohamed et al. 2019). The anticancer activity of ZnONPs synthe-
sized using Xylaria acuta isolated from plant Millingtonia hortensis L.f. was tested
on human MDA-MB 134 (mammary gland carcinoma) cells. The cellular uptake of
the nanoparticles by the carcinoma cells was studied under a confocal laser micro-
scope that revealed significant internalization both by endocytosis and cell-surface-
binding mechanisms owing to their small size and large surface area, respectively.
A positive assay for Caspase 8, 9, and 3 indicated onset of programmed cell death.
When exposed for long duration of 12 h, a high concentration of ZnONPs exhibited
improved apoptosis as revealed by translocation exposure of phosphatidylserine
assay (Sumanth et al. 2020). Similarly, ZnONPs synthesized using endophytic fungi
A. niger were evaluated for their cytotoxicity against HepG2 and HEK-293 (human
kidney) cells. MTT results for HEK-293 cells showed no cytotoxicity, while ICs
values for HepG2 cells were found to be 26.75 + 1.04 pg/mL (24 h), 22.29 +0.35 pg/
mL (48 h), and 19.16 + 0.32 pg/mL (72 h). The control anticancer drug, doxorubi-
cin, showed ICsq of 5.35 = 1.01 pg/mL after 72 h of treatment. Treating HepG2 cells
with ICs, concentrations and staining them by acridine orange/ethidium bromide, an
orange-red disrupted nuclei was observed under the microscope, whereas untreated
cells had an intact green nucleus. The 4’,6-diamidino-2-phenylindole (DAPI) stain-
ing furthermore confirmed the apoptotic potential of ZnONPs; ICs, concentration-
treated cells showed a clearly fragmented nucleus and formation of apoptotic bodies
for 72 h, 24 h, and 48 h a less prominent fragmentation of the nucleus was seen.
Flow cytometer data suggested that the cells treated with ICs, concentration of
ZnONPs had been arrested at the Go/G; phase of the cell cycle (Gao et al. 2019).

A detailed study involving in vitro and in vivo experiments demonstrated the
excellent anticancer/tumor activity of AuNPs biofabricated by fungi Cladosporium
sp. MCF-7 cancer cells were treated with AuNPs (0-320 pg/ml), and the ICs, values
were determined as 38.23 pg/ml by the MTT assay. Results of dual staining assay
of acridine orange/ethidium bromide were taken to comment on the apoptotic state
of the treated cells. Lower doses of AuNPs showed less apoptotic bodies; for higher
concentrations, clear sign of late apoptotic and necrotic cells was observed, with
orange yellow fluorescence, membrane blebbing, condensed nuclei, and apoptotic
bodies. Annexin V FITC/PI staining further analyzed cellular apoptosis in the cells
by flow cytometry; AuNPs-treated MCF-7 cells for 24 h showed 9.88% late apop-
totic and 4.59% early apoptotic cells at ICs, x 1 pg/ml and 12.68% late and 8.81%
early apoptotic cells at ICsy x 2 pg/ml concentration. Comet assay to assess DNA
damage of the cells was performed for both ICs, concentrations, both showed sub-
stantial DNA damage observed by olive moments of 40.44 + 4.77 for ICso x 1 pg/ml
and 78.02 £ 6.74 for ICs, x 2 pg/ml, control had a value of 3.10 = 1.12. DNA frag-
mentation study results reported that ICs, x 1 pg/ml had less DNA fragmentation in
comparison to ICsy x 2 pg/ml, and control had no DNA fragmentation. These results
indicate that AuNPs mitigate cellular apoptosis via DNA fragmentation, and the
effect of this activity is dose dependent. The in vivo activity of the AuNPs was
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tested on Ehrlich ascites carcinoma (EAC) tumor-bearing mice. Toxicology dose of
2000 mg/kg body weight showed no toxicity or mortality in the mice suggesting the
nanoparticles are safe at maximal dose. Nanoparticle-treated mice showed a
decrease in weight compared to untreated mice; gain in weight is a hallmark of EAC
tumor growth (Fig. 5.4b). The decrease in weight was accredited to a decrease in
peritoneal fluid secretion in test mice, thus indicating antitumor potential of the
AuNPs. A substantial decrease in ascites tumor cell volume was also observed
5.33 + 0.2 ml the nanoparticle-treated mice as compared to the 11 + 0.5 ml of the
control. Another study involved checking the prolonged life of the nanoparticle-
treated mice compared to the control EAC tumor-bearing mice. The control group
had a median survival time of 19 days, as for the mice that were orally given AuNPs
for 14 days had a median survival time of 35 days, an 85% increase. Furthermore,
nanoparticle-treated mice showed a reduction of neovascularization of the perito-
neum compared to the untreated control (Fig. 5.4b). On studying the hematological
parameters, mice treated with AuNPs showed a significant decrease in white blood
cell and neutrophil counts, accompanied by increases in red blood cells, lympho-
cytes, monocytes, and hemoglobin, all to normal level. In contrast, the control group
reported increase in white blood cells and neutrophils and a decrease in red blood
cells, lymphocytes, monocytes, and hemoglobin along with anemia, all of which are
potent signs of cancer induction. These results also suggest a protective effect of the
AuNPs toward the hematopoietic system. Histopathological analysis of the organs
(liver and spleen) of control and test mice revealed an increase in weight of the EAC
tumor-bearing mice (control). For liver, the control showed a poorly developed cen-
tral vein with hepatocytes being infiltrated with mononuclear cells and treated
showed less infiltration. Treated mice had a normal spleen with red and white pulp;
however, the control showed a decrease in cells. EAC cells from the treated and
untreated mice were subject to multiple apoptotic assays. DNA fragmentation assay
showed that AuNPs induced apoptosis. Giemsa staining helped visualize apoptotic
bodies and cell shrinkage in treated cells. All results suggested that AuNPs have the
ability to induce apoptosis in the EAC cells (Munawer et al. 2020). In another study,
AuNPs were fabricated by endophytic fungi Fusarium solani, and its anticancer
activity was determined by various experiments. The cytotoxicity was evaluated
against MCF-7, HeLa cells, and HEK293 (normal human kidney) cells using the
MTT assay. Resultant ICs, values obtained were 1.3 + 1.0 pg/ml for HeLa cells and
0.8 = 0.5 pg/ml for MCF-7 cell line, and no significant toxicity was observed in
HEK cells. Following this, an acridine orange/EtBr staining of MCF-7 cells treated
with nanoparticles (0.5, 1, 2 pg/ml) showed dense red-colored cells undergoing
apoptosis. To check nuclear irregularities and fragmenting, DAPI staining was per-
formed on the same cell line treated with similar concentrations of gold nanoparti-
cles; untreated cells showed no significant changes, whereas treated cells showed
bright blue patches indicative of nuclear fragmenting and chromatin condensation.
Further cell cycle arrest analysis was carried out using flow cytometry; MCF-7 cells
were treated with gold nanoparticles 0.5, 1, and 2 pg/ml, and it was observed that
55.13%, 52.11%, and 51.10%, respectively, showed cells in the GO-G1 phase which
were reduced compared to the control. This was accredited to reduction in cyclin
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expression which is a significant protein involved in cell cycle progression from the
G1 to S phase. They also observed reduction in the G2 and M phase simultaneously
which is again indicative of cells at an arrest in G1/S phase (Clarance et al. 2020).
A similar study synthesized gold nanoparticles from endophytic fungi Alternaria
spp. isolated from the roots of Rauvolfia tetraphylla and checked its antimitotic
activity on the root tips of Allium cepa. For 10 mg/ml of the nanoparticles, a mitotic
index of 26.2% was reported and for 5 mg/ml an index of 21.9%. The results were
compared to standard mitotic index of quercetin (17.4% at 1 mg/ml) (Hemashekhar
et al. 2019). A report that focused on the synthesis of AuNPs using endophytic fun-
gus Chaetomium globosum studied the anticancer activity by treating HeLa cells at
the concentration range of 10—100 pg/ml. MTT assay data showed an ICs, value of
59.19 pg/mL (Ningaraju et al. 2021).

CuONPs were synthesized using A. ferreus, and the anticancer activity was elu-
cidated. Human colon cancer cell line HT-29 was treated with the nanoparticles, and
the 1Cs, value was determined using the MTT assay; 22 pg/ml was the resultant
concentration at which 50% cells experienced a growth inhibition. To further dem-
onstrate the anticancer potential, Hen’s egg-chorioallantoic membrane test was per-
formed to show angiogenesis inhibition (Fig. 5.4c). Three concentrations of
CuONPs were tested (20, 40, 60 pL) at intervals of 2 h and 18 h. After 2 h, 16.66,
20, and 36.36% and after 18 h, 50, 70, and 81.82% angiogenesis inhibitions were
observed for the respective concentrations 20, 40, and 60 pL. These studies demon-
strate the incredible anticancer potential of these nanoparticles (Mani et al. 2021).

3.4 Wound-Healing Activity

Many metal nanoparticles also exhibit wound-healing property by wound contrac-
tion initiated by fibroblast and causing keratinocyte-mediated reepithelialization.
Some nanoparticles are capable of enhancing recruitment and proliferation of kera-
tinocytes as well as differentiation of fibroblasts to myoblasts and thus augmenting
wound closure by contraction (Sau et al. 2017) (Fig. 5.5a). The endophytic fungus
Talaromyces purpureogenus was used to synthesize AgNPs, and the cellular wound-
healing potential was demonstrated. NIH3T3 (mouse fibroblast) cells were cultured
and allowed to reach a desired confluence; the cells were then scratched with pipette
tips. Test groups were treated with different AgNPs concentrations and the controls
with plain media. After 48 h of treatment, the wound area decreased for test groups
1, 5, and 10 pg/ml and 1.976, 1.824, and 1.4364 cm?, respectively. Compared to
control group wound area (2.356 cm?), the test group wound areas were smaller.
AgNPs did not show any toxicity toward the cell (Hu et al. 2019). ZnONPs were
synthesized using A. niger by Rasha et al. (2021), and their wound healing was
evaluated based on degree of wound closure on rats infected with Klebsiella pneu-
moniae carbapenemase (KPC)-producing bacteria. Four groups were made Gl
(infected/untreated), G2 (uninfected/untreated), G3 (infected/imipenem ointment
treated), and G4 (infected/ZnONPs treated). Wound healing and closure were
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Fig. 5.5 Wound-healing activity mycosynthesized nanoparticles. (a) Schematic showing mecha-
nism of wound healing activity of nanoparticles. (b) Wound recovery in mice after treatment with
Aspergillus niger synthesized ZnONPs; G-1, K. pneumoniae infected and untreated control; G-2,
uninfected and untreated control; G-3, K. pneumoniae infected and treated with imipenem; and
G-4 (K. pneumoniae infected and treated with ZnONPs (Rasha et al. 2021). Reproduced with
permission

observed for 3,7, 11, and14 days. On day 14, wound healing percentage was deter-
mined by statistical analysis, G1 (63%), G2 (64%), G3 (70%), and G4 (96%). A
histopathological observation of the different groups, on day 14, G4 showed a sig-
nificant improvement in wound healing with improved dermis and regenerated epi-
dermis (391 pm) (Fig. 5.5b).

4 Conclusion

In this chapter, we have discussed the mycosynthesis of different metal-based
nanoparticles using endophytes isolated from plants and their major applications in
pharmaceutical sector. The most highlightable feature of this fabrication method is
“green synthesis” as the technique is environmentally friendly, nontoxic, and cost-
effective. Though many studies have been conducted regarding the endophytic syn-
thesis of nanoparticles, still there is no clear idea about the synthesis parameters as
well as the properties of the nanoparticles. It is difficult to explore a vast range of
synthesis parameters, such as pH, temperature, precursor concentration, etc., as the
technique involves live organisms or enzymes that have maximum activity at opti-
mal condition. Therefore, the yield of the nanoparticles cannot be increased by
using extreme parameters. This also limits the properties of the nanoparticles thus
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obtained like charge, shape, surface-to-volume ratio, etc. The protein and other bio-
molecule coating during mycosynthesis though render many beneficial characteris-
tics, but it renders complications on the properties of the fabricated nanoparticles.
The large-scale production of nanoparticles is also very challenging especially for
intracellular route of synthesis as scale-up of fungal culture is itself cumbersome.

The metal-based nanoparticles fabricated by endophytes exhibited similar phar-
maceutical properties as those synthesized by other methods. They presented excel-
lent broad-spectrum antimicrobial, antioxidant, and anticancer effects. However,
the same nanoparticle that exhibits antimicrobial and anticancer properties majorly
via ROS production also shows potential antioxidant properties. This may prove
beneficial and detrimental at the same time. More research is required to establish a
therapeutic window of these particles with proper therapeutic index, so that myco-
synthesized nanoparticles could be rendered safe and effective. Further, most of the
research carried on the pharmaceutical applications of nanoparticles synthesized by
endophytes has been conducted in vitro. More detailed in vivo studies are required
for complete understanding of pharmacokinetics and pharmacodynamics of these
particles. Nonetheless, mycosynthesis of nanoparticles using endophytic fungi has
many advantages over the conventional physical and chemical methods. Large
amount of research has already been conducted in this area. Proper implementation,
execution, and curation of this method could revolutionize the utilization of nanopar-
ticles in pharmaceutical sector.
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Abstract The primary method for preventing postharvest fungal degradation of
fruits and vegetables is the application of chemical fungicides. Increasing public
concern regarding the lingering presence of fungicidal contamination of perishables
and the emergence of resistant pathogen populations have been the main obstacles
to the effective use of fungicides. Recent research has aimed to create and assess
new substitute control methods to reduce dependency on synthetic fungicides. For
the control of fungal deterioration, a number of nonchemical methods have been
suggested. These methods have been found to lessen fruit and vegetable postharvest
rots. However, they all have disadvantages that may make them less commercially
viable. None of the nonchemical control approaches has consistently shown the
ability to provide a reasonable level of disease control that supports acceptance as a
replacement for synthetic fungicides. There has recently been a surge in interest in
employing natural items to halt decomposition and extend the shelf life of perish-
ables. Natural, biologically active compounds have the potential to replace synthetic
fungicides. Significant genera of anamorphic postharvest infections include
Penicillium, Aspergillus, Geotrichum, Botrytis, Fusarium, Alternaria,
Colletotrichum, Dothiorella, Lasiodiplodia, and Phomopsis. Coordinated posthar-
vest infection management strategies should be implemented to reduce the loss of
fresh fruits and vegetables qualitatively and quantitatively during food supply chain.
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1 Introduction

Fruit and vegetable postharvest losses are substantial due to fungal plant disease
deterioration. Fruit is particularly susceptible to pathogenic fungus due to its low
pH, greater moisture content, and nutritional makeup (Moss 2002). According to
Eckert and Ratnayake (1983), plant pathogens account for less than 10% of the
100,000 fungal species, and less than 100 fungal species cause majority of posthar-
vest illnesses. According to international organizations that monitor the world’s
food resources, reduced postharvest losses are one of the most likely options for
fulfilling future food needs (Kelman 1984; FAO 2019).

Food loss and waste represent a significant global challenge, leading to an esti-
mated annual loss of approximately one-third of total production, which amounts to
1.3 billion tons of food worldwide (Dos Santos et al. 2020; Lipinski et al. 2013).
Remarkably, fruits and vegetables contribute to 40-50% of global losses, with 54%
occurring during production, postharvest, handling, and storage stages, while 46%
are attributed to processing, distribution, and consumption, resulting in an annual
total loss of US$750 billion (FAO 2013; Gustavsson and Stage 2011; Ali et al. 2021).

The primary causes of postharvest losses in both developed and developing
nations encompass inadequate packaging, insufficient quantity planning during pro-
curement, and excessive handling by producers, traders, and consumers (Gustavsson
and Stage 2011; Lebersorger and Schneider 2014; Mendonca et al. 2020).
Furthermore, a significant deficiency in the adoption of good manufacturing prac-
tices is observed in numerous distribution establishments worldwide. This inade-
quacy is manifested through unsatisfactory hygienic conditions, increasing the risks
of contamination during handling and exposure, consequently amplifying losses
and fostering the incidence of food-borne diseases (Denis et al. 2016; Manzini and
Accorsi 2013; Farber et al. 2021). The occurrence of postharvest decay in harvested
fruit results in notable financial losses. To address this issue, fungicides have con-
ventionally been employed as the primary means of control. Nevertheless, there is a
rising public concern regarding food safety and environmental impacts associated
with fungicide usage, alongside the emergence of pathogen-resistant populations.
Consequently, there is a growing interest in exploring and developing alternative
methods to fungicides to effectively manage and prevent postharvest fruit decay
(Nunes 2012; Zhang et al. 2020).

It is common practice to use fungicides to treat postharvest diseases. The appli-
cation of hot air, curative, and hot-water brushing lowers the frequency of illness
and boosts antagonist effectiveness. To effectively manage the disease, for example,
dipping in hot water (at 50 °C for 5—-10 min, depending on the amount of produce in
combination with the fungicide) is also utilized. Fungicides are frequently used to
address postharvest infections; however, botanicals and biocontrol agents may
reduce their need. When using stored goods, biological products and biopesticides
have a huge potential to prevent postharvest illnesses of vegetable crops. The
biopesticides Ecogen US (AspireTM), Azotobactor (Bio-SaveTM), and Anchor
(Yield PlusTM) are used in conjunction with products containing a low amount of
fungicide, salt solutions (calcium chloride or sodium bicarbonate at 1-2%), and
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other food additives to increase the effectiveness against postharvest diseases.
EcoTrol, Sporan (a fungicide), and Mataran (a weedicide) are three rosemary oil-
based EcoOSMART formulations certified as secure plant defenders. As a result, crop
disease can be treated with environmentally friendly postharvest treatments.

2  What Are Endophytes?

The term endophyte (endo = within, phyte = plant) was coined by the father of mod-
ern plant pathology, Anton de Bary in 1866 for “any organism growing within plant
tissues” (Collinge et al. 2022). Endophytic microorganisms live inside plant tissues
throughout their lives or during certain life cycles without causing visible damage
or morphological changes in their hosts (Gouda et al. 2016). Endophyte research
has revealed potential applications in agriculture, forestry, and medicine. They can
be employed as biofertilizers to boost agricultural yield, biocontrol agents to com-
bat plant diseases, or as a source of novel bioactive chemicals for pharmaceutical
applications (Arora and Ramawat 2017; Uzma et al. 2018; Passari et al. 2020).

Endophytes have a symbiotic connection with the plant, offering various benefits
such as plant growth and development by improving nutrient intake, encouraging
root growth, and creating growth-promoting substances like phytohormones (Mishra
et al. 2016; Santoyo et al. 2016; Abdalla et al. 2020). Endophytes possess the ability
to enhance a plant’s resistance to various environmental stressors such as drought,
heat, and infections. Additionally, they aid in the plant’s defense mechanisms
against herbivores and pathogens through the production of secondary metabolites
with antibacterial or insecticidal properties (Schulz and Boyle 2014). Endophytes
represent biological reservoirs of novel natural products, opening new avenues in
the frontiers of drug discovery. The discovery of the well-known anticancer drug
paclitaxel stimulated research into endophytic biology, yielding promising “drug
candidates” with antibacterial, immunosuppressive, antioxidant, and anti-
neurodegenerative properties (Uzma et al. 2018; Thirumurugan et al. 2018).
Endophytes include fungi such as Claviceps, Neotyphodium, and Piriformospora,
as well as bacteria such as Bacillus and Pseudomonas.

2.1 Bacterial Endophytes

Bacterial endophytes are the second most frequent, colonizing plant species locally
or systemically residing within cells, intercellular gaps, or the vascular system
(Zinniel et al. 2002). Endophytic bacteria invade plants’ internal tissues without
signs of illness or harmful effects on the host, and out of nearly 300,000 plant spe-
cies on the earth, each plant is a host to one or more endophytes (Passari et al. 2016;
Bangar et al. 2022). Endophytic bacteria can reduce or prevent the negative impacts
of certain pathogens on host. They benefit their host plant through similar
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mechanisms for rhizosphere-associated bacteria (Gray and Smith 2005). Endophytic
bacteria trigger a phenomenon known as induced systemic resistance (ISR), which
is phenotypically similar to systemic-acquired resistance (SAR). SAR arises when
plants successfully engage their defense mechanism in response to primary patho-
gen infection, mainly when the pathogen triggers a hypersensitive reaction that lim-
its it to a small necrotic lesion of brown desiccated tissues. ISR is efficient against a
variety of diseases. However, unlike SAR, the inducing bacterium does not cause
visible symptoms in the host plant (Kloepper and Ryu 2007).

Endophytes support plant growth through a variety of similar mechanisms.
These include phosphate solubilization potential, indole acetic acid synthesis, and
siderophore production (Lee et al. 2004). Endophytes have also been linked to
various additional favorable impacts on plant development, including as osmotic
regulation, stomatal regulation, root shape modification, increased mineral
absorption, and changes in nitrogen buildup and metabolism (Compant et al.
2005). The recent areas where these plant growth-promoting bacterial endophytes
are being used are in the developing areas of forest regeneration and phytoreme-
diation of contaminated soils (Fig. 6.1). Many endophytes belong to bacterial
genera found in soil, such as Pseudomonas, Burkholderia, and Bacillus.
Antibiotics, anticancer chemicals, volatile organic compounds, antifungal, antivi-
ral, insecticidal, and immunosuppressive substances are all secondary metabolic
products. While many biologically active compounds have been isolated from
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Fig. 6.1 Role of endophytic actinobacteria in enhancing the plant growth promotion of plants.
(Adopted from: Narsing Rao et al. 2022, Open Access)
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endophytic organisms, they remain a relatively untapped source of novel natural
products (Christina et al. 2013).

2.2 Fungal Endophytes

Fungal endophytes are the most common, diversified, and well-studied endophytes
for their function in plant stress resilience (Lugtenberg et al. 2016). Fungal endo-
phytes are categorized into clavicipitaceous and non-clavicipitaceous groups based
on their taxonomy, evolutionary relatedness, ecology, and host range (Santangelo
etal. 2015). Calvicipitaceous endophytes include the genera Balansia, Balansiopsis,
Atkinsonella, Echinodothis, Epichloe, Myriogenospora, Neotyphodium, and
Parepichloe, which are commonly associated with grasses, which rely on their host
throughout their life cycle as mutualists (Hardoim et al. 2015; De Silva et al. 2016).
These endophytes develop in the intercellular gaps of aboveground plant tissues and
are transmitted horizontally and vertically depending on the species (Santangelo
et al. 2015). Non-clavicipitaceous endophytes such as Fusarium, Colletotrichum,
Phomopsis, and Xylaria are found in most terrestrial plants and do not rely on plants
to complete their life cycle (De Silva et al. 2016; Jayawardena et al. 2016).

Fungal endophytes are widely known for providing plant fitness benefits by
allowing the plant host to adapt to biotic and abiotic challenges (Card et al. 2016).
Endophytic fungi produce a wide range of secondary metabolites with various bio-
active compounds expressed as defensive weapons to protect the host plant from
pests and diseases and improve the plant’s immune system. In contrast, some
metabolites show specific interactions and communications with the plant host
(Rodriguez et al. 2009). Specific fungal endophytes adapt to stress in a habitat-
specific manner under different environmental conditions. The molecular and bio-
chemical mechanisms behind how this habitat-adapted symbiotic interaction results
in plant tolerance to high stress are unknown. Endophyte-enhanced plant growth
promotion is another conferred beneficial trait that at least for the root-colonizing
endophyte Piriformospora indica is likely achieved through enhanced nutrient
uptake and translocation and by the modulation of phytohormones involved in
growth and development (Singh et al. 2021).

Because of their tremendous biodiversity, fungal endophytes offer a largely
untapped opportunity to discover novel natural products with distinct chemical
structures tuned through (co-)evolution with higher plants. Recent screening tech-
nology advancements have revealed that fungal endophytes have enormous poten-
tial for creating novel physiologically active chemicals with interesting medical or
agricultural applications (Aly et al. 2011; Peng et al. 2021). These chemicals have
the potential to play a significant role in organism communication, plant protection,
and plant adaptability to habitat and environmental changes. For many, synthetic
agricultural agents have been and will be pulled from the market due to safety and
environmental concerns. Secondary metabolites produced by fungal endophytes
provide up fresh opportunities for pest and disease management (Qin et al. 1996).
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Endophytic fungi have biotechnology potential in variety life science applica-
tions including anticancer drugs (taxol, L-asparaginase, L-glutaminase, tyrosi-
nase, and methioninase) (El-Gendy et al. 2016, 2018b), antibacterial agents
(essramycin, ayamycin, benzopyrones derivatives, and coumarine derivatives)
(El-Gendy et al. 2018a, b), antifungal agents (saadamycin and prodigiosin)
(EI-Bondkly et al. 2012), antiviral agents (ElI-Gendy et al. 2014), and in the bio-
logical control of various plague and contaminants. Endophytes’ distinctive prod-
ucts include steroids, alkaloids, terpenoids, quaternions, isocoumarin and
quinones derivatives, phenolic, flavans, and xanthones compounds, and peptides
with medicinal and biotechnology applications (Mohamed El-Bondkly et al.
2020) (Table 6.1).

2.3 Actinobacterial Endophytes

Actinobacteria are Gram-positive bacteria prevalent in soil and form one of the larg-
est bacterial phyla (Barka et al. 2016; Passari et al. 2020). The taxonomy of actino-
bacteria has developed throughout time, with the most recent roadmap splitting the
phylum into 6 classes, 46 orders, and 79 families, with 16 new orders and 10 new
families added (Salam et al. 2020). Actinobacteria have a wide range of morpholo-
gies, including rod shape (Acidiferrimicrobium), coccoid (Micrococcus), rod-
coccoid (Arthrobacter), and bent rods (Sinomonas) forms, as well as fragmenting
hyphal forms (Nocardia) and forms with permanently differentiated branched
mycelia (e.g., Streptomyces and Frankia). Some produce elongated filaments on the
substrate but no true mycelium (Rhodococci), while others do not (Corynebacterium),
and still others are distinguished by the production of branched substrate hyphae
that break up into flagellated motile elements (Oerskovia) (Narsing rao et al. 2022).
The effect of Streptomyces spp. isolated from the rhizosphere on five legumes (soy-
bean, kidney bean, chickpea, lentil, and pea) indicated that soil microbial popula-
tions were increased, as were soil nutrients and organic matter content (AbdEglawad
et al. 2020).

In salt stress-treated soils, actinobacteria predominated, particularly members of
the family Nitriliruptoraceae, which was proposed as the most sensitive biomarker
responding to high salinity (Wang et al. 2019). Micrococcus yunnanensis,
Corynebacterium variabile, and Arthrobacter nicotianae were halotolerant actino-
bacteria with ACC deaminase activity that improved Canola plant development
under salt stress (Siddikee et al. 2010). Because of their abundance in soil and the
rhizosphere, their propensity to infect plant roots and surfaces, and their ability to
create secondary metabolites, actinobacteria are regarded ideal candidates for plant
growth promoters (Narsing Rao et al. 2022).
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Table 6.1 Fungal endophytes as potential tool in control of postharvest losses
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Plant origin of

S. | Name of the fungal | fungus
no. | endophytes endophytes Against pathogens | Conclusion References
1. | Beauveria. bassiana | Coffee Hypothenemus Pathogenic action Vega et al. (2008)
hampei verified
Banana Cosmopolites Reduction of larval Akello et al. (2008)
sordidus survival
Tomato Helicoverpa Reduced infestation Qayyum et al. (2015)
armigera
Sorghum Sesamia Reduced infestation Mantzoukas and
nonagrioides Grammatikopoulos (2020)
Opium poppy | Iraella luteipes Reduction of larval Lopez and Sword (2015)
survival
Cotton Aphis gossypii Reduced reproduction | Gurulingappa et al. (2010)
Chortoicetes Reduced growth rate Gurulingappa et al. (2010)
terminifera
Melon Aphis gossypii Reduced reproduction, | Gonzdlez-Mas et al.
no effect on natural (2019)
enemies
Fava bean Helicoverpa Reduction of larval Vidal and jaber (2015)
armigera survival
Liriomyza Reduced population Paper et al. (2015)
huidobrensis
Acyrthosiphon Reduced population Juliet Akello and Sikora
pisum (2012)
Aphis fabae Reduced population Jensen et al. (2019)
Common bean | Helicoverpa Reduction of larval Vidal and jaber (2015)
armigera survival
Liriomyza Reduced population
huidobrensis
White jute Apion corchori Reduced infestation Biswas et al. (2013)
Soybean Aphis glycines Insignificant effect on Clifton et al. (2018)
pest population
Helicoverpa Decreased larval food Russo et al. (2019)
gelotopoeon consumption
Grapevine Planococcus ficus Reduced infestation Rondot and Reineke
(2018)
Empoasca vitis Reduced infestation Rondot and Reineke
(2018)
Pepper Myzus persicae Increased pest mortality | Mantzoukas and
Reduced development | Lagogiannis (2019)
and fecundity
Strawberry Myzus persicae Reduced feeding Jaber and Araj (2018)
Cauliflower Bemisia tabaci Reduced pest survival | Manoussopoulos et al.
(2019)
Pecan Melanocallis Reduced pest Ramakuwela et al. (2020)
caryaefoliae population
Monellia caryella Reduced pest Ramakuwela et al. (2020)
population
Lemon Diaphorina citri Reduced reproduction | Mantzoukas and

and survival

Eliopoulos (2020)

(continued)
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S. | Name of the fungal

Plant origin of
fungus

no. | endophytes endophytes Against pathogens | Conclusion References
2. | Lecanicillium Cotton Aphis gossypii Reduced reproduction | Gurulingappa et al. (2010)
lecanii
3. | Lecanicillium Cauliflower Plutella xylostella Increased larval Manoussopoulos et al.
muscarium mortality (2019)
4. | Aspergillus Cotton Chortoicetes Reduced growth rate Gurulingappa et al. (2010)
parasiticus terminifera
5. | Metarhizium Fava bean Acyrthosiphon Insignificant effect on Juliet Akello and Sikora
anisopliae pisum pest population (2012)
Pepper Myzus persicae Increased pest mortality | Mantzoukas and
lagogiannis (2019)
Rape seed Aphis fabae Reduction of larval Batta (2013)
survival
Plutella xylostella Reduction of larval Batta (2013)
survival
Strawberry Myzus persicae Reduced feeding Jaber and Araj (2018)
6. | Metarhizium Soybean Aphis glycines Increase of pest Clifton et al. (2018)
brunneum population
Cauliflower Bemisia tabaci Reduced pest survival | Manoussopoulos et al.
(2019)
Melon Aphis gossypii Reduced reproduction | Gonzdlez-mas et al. (2019)
and survival
7. | Metarhizium Sorghum Sesamia Reduced infestation Mantzoukas and
robertsii nonagrioides Grammatikopoulos (2020)
8. | Clonostachys rosea | Coffee Hypothenemus Pathogenic action Vega et al. (2008)
hampei verified
9. | Purpureocillium Cotton Aphis gossypii Reduced reproduction | Gurulingappa et al. (2010)
lilacinum
10. | Isaria fumosorosea | Sorghum Sesamia Reduced infestation Mantzoukas and
nonagrioides Grammatikopoulos (2020)
Pepper Myzus persicae Increased pest mortality | Mantzoukas and
Lagogiannis (2019)
Lemon Diaphorina citri Reduced reproduction | Mantzoukas and

and survival

eliopoulos (2020)

3 Postharvest Losses (PHL) of Fruits and Vegetables in Food
Supply Chain (FSC)

The world’s population is expected to reach 9.7 billion by 2050. To deal with this,
worldwide edible crop production may need to expand by up to 119% (Berners-Lee
et al. 2018). Alternatively, food waste and spoilage must be drastically reduced. As
a result, the food industry faces serious challenges to meet current and projected
demand. Aside from challenges relating to food transport and storage infrastructure,
water resilience, and the impacts of climate change, there is too much food waste,
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including livestock and crop disease. Fungi (molds and yeasts) are significant con-
tributors to this, undermining the resilience of the food supply chain at critical
stages from the infection of seeds and growing crops to spoilage postharvest and in
processed foods, during processing, transport, and storage. Despite the favorable
contributions of other fungi to food production, such as organic acids, mycoprotein,
baking, brewing, and cheese production, these problems persist (Davies et al. 2021).

Globalization of the food trade is one of the reasons contributing to the rising
incidence of foodborne outbreaks caused by microorganisms (Aung and Chang
2014). Bacterial pathogens are the most common contaminants in food products
followed by viruses, pesticide residues, and mycotoxins (Van Boxstael et al. 2013).
The presence of hazardous bacteria on food surfaces increases the potential of
cross-contamination, which can result in food poisoning and/or food loss. Food
safety in manufacturing and producing foods is important to protect the consumer
from potential health risks and reduce food losses. Food safety and quality are criti-
cal in supply networks to ensure food security and allow food to flow from surplus
to deficit areas in local, national, and global markets (Bryden 2012; Bosona and
Gebresenbet 2013).

The Food and Agriculture Organization (FAO) estimates that the world generates
enough food to feed everyone. However, over one in every four calories produced to
feed people is not consumed yearly, and around one-third of all food production (1.3
billion tonnes) is either lost or discarded during production in the FSC. The FAO
estimates that around 30% of grains, 20% of dairy products, 35% of fish and sea-
food, 45% of fruits and vegetables, 20% of meat, 20% of oilseeds and pulses, and
45% of roots and tubers are lost or wasted. The FSC is “the entire supply chain from
agricultural production, harvest, or slaughter, to primary production and/or manu-
facturing, storage, and distribution, to retail sale or use in catering and by consum-
ers” (Kuo and Chen 2010). Food waste and losses can occur at any point of the FSC,
including agricultural production, postharvest, processing, distribution, and con-
sumption. Food loss most typically refers to food products meant for human con-
sumption that were lost during manufacturing, storage, shipping, and processing,
primarily due to microbial infection and/or deterioration (Uyttendaele et al. 2006).
Fruit and vegetable food losses and waste are higher in most nations other than
products such as dairy and meat (Buzby and Hyman 2012). Fruit and vegetables
suffered losses of up to 20-30% in the FSC in China, while meat and aquatic items
suffered losses of more than 15% (Liu et al. 2013). According to FAO, fruit and
vegetable losses in the FSC in Latin America exceeded 70%, whereas dairy and
meat product losses were only 22% and 25%, respectively. Inadequate refrigeration
facilities in the FSC, particularly during transit, have been identified as a significant
contributor to these losses.

Microorganisms can be either free-living or parasitic, depending on their
environment. Most microorganisms are unicellular, although some are multicel-
lular, such as bacteria, fungus, archaea, protista, and viruses. Agricultural prod-
ucts that are to be stored for an extended period of time are exposed to a wide
range of microorganisms, which cause degradation of the food product either
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directly via rot or indirectly by creating a disagreeable taste. Microorganisms
include prokaryotes (bacteria), which are single-celled organisms with no defi-
nite nucleus or other organelles, and eukaryotes, which can be single-celled
(yeasts) or multicellular (moulds) (Bist and Bist 2020). Fruits and vegetables
are especially sensitive to microbiological deterioration caused by fungi, bacte-
ria, yeast, and molds due to their high moisture and nutrient content. During the
postharvest phase, fungi and bacteria cause significant loss of fruits and vegeta-
bles (Yahaya 2019). Pathogens cause rots in plants and render them unfit for
human consumption by producing mycotoxin. Alternaria, Fusarium, Penicillium,
Aspergillus, Geotrichum, Phytophthora, and Botrytis species have been identi-
fied as prevalent pathogens associated with postharvest illnesses of tomato
fruits, accounting for up to a 10-30% loss in the yield of tomato crops (Etebu
et al. 2013).

4 Postharvest Disease Management

Worldwide, postharvest vegetable losses are seen as a result of bacterial and fungal
infestation. New challenges have been brought about by trade liberalization and
globalization, and significant work is needed to reduce vegetable losses. Some of
the majorly used methods adopted to control postharvest disease are chemical and
biological methods.

4.1 Chemical Control

Chemical fungicides are widely used to treat vegetable postharvest disease.
During the crop season, fungicides should be treated strategically as systemic
fungicides or at the field level for postharvest diseases that infect products before
harvest. Fungicides are widely used postharvest to prevent infections from emerg-
ing during storage and handling or to reduce infections that have already taken
hold in produce surface tissues. Postharvest fungicides are typically fungistatic
rather than fungicidal. Fungicides are applied to the product as waxes, coatings,
fumigants, treated wraps, box liners, dips, sprays, and fumigants (Ampatzidis
et al. 2017). Dip and spray techniques are widely used in postharvest treatments.
Triazoles, such as prochloraz and imazalil, are commonly used by dipping or
spraying to combat gray mold, benzimidazoles, such as benomyl and thiabenda-
zole, to treat postharvest illness, and fumigants, such as sulfur dioxide. Dipping in
hot water for 5-10 minutes at 50 °C, in addition to the fungicide, can effectively
manage the illness, and the crop’s size determines this. Sodium hypochlorite is
used to disinfect produce, removing any disease spores on the surface (Waard
et al. 1993).
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4.2 Biological Control

Produce with unapproved pesticides, pesticide residues beyond allowable limits,
and improper labelling and packing is rejected by international markets. Biological
control of postharvest diseases has much potential, since postharvest environmental
variables like temperature and humidity can be precisely adjusted to meet the needs
of the biocontrol agent. The issues of developing commercial goods and postharvest
biocontrol have garnered much attention (Droby et al. 2001). Biological control
employs microbes such as fungi, bacteria, actinomycetes, and viruses (bacterio-
phages) to prevent postharvest loss in fresh fruits ad vegetables (Loganathan et al.
2016; Chaurasia et al. 2018). These bioagents, like chemicals, can regulate or inhibit
disease. The Indian bioagent market is valued at Rs. 690 crores or 2.89% of the
country’s entire pesticide sector. It is expected to grow 2.3% annually in the coming
years (Cheng et al. 2010). According to the Insecticide Act of 1968, only 18 differ-
ent types of biopesticides have been registered in India thus far. The most promising
bioagents include Trichoderma viride, T. harzianum, Pseudomonas fluorescens, and
Bacillus subtilis, which produce physiologically active compounds such as antibiot-
ics and bacteriocin as well as induce and stimulate systemic resistance in plants.
When given before to infection, biocontrol medications are predicted to suppress
bacteria more efficiently. The yeast species Pichia and Debaryomces are antago-
nists against vegetable postharvest infections by limiting competition at wound
sites. Chitosan, for example, has a direct fungicidal action on a wide range of post-
harvest illnesses while also improving host defense systems. Trichoderma has
strong antifungal activity regarding Botrytis cinerea, S. sclerotiorum, Cortictum
rolfsii, and other significant biotic stressors. The most widely employed biocontrol
agents for postharvest diseases include microbial pesticide active components of
Streptomyces griseoviridis K61 against bacterial soft rot, gray mold, and
Phytophthora, Trichoderma harzianum against Phytophthera, Botrytis, and
Rhizoctonia.

To adhere to the pathogen and parasitize its hyphae, antagonistic yeast creates a
biofilm. According to Bar-Shimon et al. (2004), the ability of yeast to produce lytic
enzymes and withstand high salt concentrations is connected to its efficiency as a
biocontrol agent. The role of glucanases in the biocontrol activity of the yeast
C. oleophila was investigated using molecular techniques, and the biocontrol activ-
ity was increased by overexpressing antimicrobial peptides. There were three post-
harvest biological products on the market in the year 2000: AspireTM (USA and
Israel), Bio-SaveTM (USA), and Yield PlusTM (South Africa). However, Aspire
was involved in the product’s early composition, which incorporated various food
additives, a small amount of postharvest fungicide, or salt solutions (1-2%) of cal-
cium chloride or sodium bicarbonate. To increase effectiveness, these things were
combined with physical treatments such as calcium pressure infiltration, hot air,
curing, hot-water brushing, and combinations of the aforementioned. The antago-
nists may be coupled with a sugar analogue (2-deoxy-D-glucose) to increase bio-
efficacy. Natural materials such as acetic acid, jasmonates, glucosinolates, propolis
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fusapyrone and deoxyfusapyrone, chitosan, essential oils, active components of
various plants, and plant extracts are used to cure fruit deterioration caused by plant
pathogenic fungus (Droby et al. 2003a, b).

Flavor Compounds

Many antimicrobial constituents and inducible compounds found in fruits and veg-
etables have yet to be thoroughly studied as biological control agents for posthar-
vest disease (Culter et al. 1986). These elements could be isolated and employed in
the production of other perishables. Flavor molecules are secondary metabolites
with characteristics like volatility, fat, and water solubility. They are quite effective
in postharvest protection due to their volatility, low water solubility, and quick
absorption. Many of these substances are nontoxic to mammals, and treated perish-
ables produce fewer objectionable odors. Several volatiles can have an effect despite
their low quantities.

Certain fruit volatiles released by ripening peaches are particularly fungicidal,
according to Wilson et al. (1987). To combat the green peach aphid, acetaldehyde
has been sprayed on head lettuce as a fumigant (Stewart et al. 1980). Shaw (1969)
postulated that the fruit’s considerable synthesis of acetaldehyde and ethyl acetate
in response to these circumstances gave strawberries resistance to rot in high CO2
storage. Prasad and Stadelbacher (1973) used acetaldehyde vapor to combat Botrytis
cinerea. B. cinerea and Rhizopus stolonifer, two bacteria that cause strawberry fruit
rot, have been tested using acetaldehyde (Avissar and Pesis 1991). Postharvest
microorganisms such as Erwinia carotovora, Pseudomonas fluorescens, Monilinia
fructicola, and various yeast species have also been found to be suppressed by acet-
aldehyde. In vitro experiments have revealed that the fruit and vegetable pathogens
P. digitatum, R. stolonifer, Colletotrichum musae, and Ervinia caratovora are resis-
tant to several plant volatiles such as acetaldehyde, benzaldehyde, cinnamaldehyde,
ethanol, benzyl alcohol, nerolidol, and 2-nonanone. When peaches were fumigated
in the lab to prevent Rhizopus rot, benzaldehyde entirely prevented spore germina-
tion of B. cinerea at 25 111 and M. fructicola at 125 gl1 (Wilson et al. 1987).

Jasmonates

Jasmonates are naturally occurring plant growth regulators that have been shown to
influence plant development and stress responses (Sembdner and Parthier 1993).
When fatty acids are oxidized using oxygenase, they produce jasmonates, an olypine
subclass. According to various lines of evidence, jasmonates are crucial signal mol-
ecules in plant defense responses to pathogen attacks. Plant tissues or cell cultures
exposed to plant defense system elicitors acquire jasmonic acid, according to Nojiri
et al. (1996). Jasmonates have been found to activate several genes involved in the
production of phytoalexins, including those that produce thionin (Andresen et al.
1992), osmotin (Xu et al. 1994), a new ribosomal inactive protein (RIP) (Chaudhry
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Fig. 6.2 Mode of action of jasmonates in controlling postharvest pathogens. (Adopted from
Asghari et al. 2019, Open Access)

et al. 1994), and a variety of other antifungal proteins. According to a recent study,
methyl jasmonate (MJ) vapors can be successfully utilized as a postharvest therapy
in strawberries to prevent gray mold rot caused by B. cinerea (Moline et al. 1997).
An overview of controlling postharvest pathogens using jasmonates is illustrated in
Fig. 6.2.

Chitosan

Chitosan and its derivatives are antifungal and plant-protective. They can activate
plant defense mechanisms against pathogenic attacks at very low dosages.
Additionally, they have the potential to be employed in creating wettable coatings
for seeds and fruits, whether in the form of a solution, powder, or wettable coatings
themselves (Choi et al. 2002). Chitosan has been found to treat blue mold in har-
vested “Red Delicious™ apple fruit effectively by promoting resistance instead of
just inhibiting the illness (Capdeville et al. 2002). Importance of chitosan in control-
ling postharvest pathogens is projected in Fig. 6.3.
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Fig. 6.3 Mode of action of chitosan in controlling postharvest pathogens. (Adopted from Sharif
et al. 2018, open access)

Essential Oils

The antifungal action of essential oils is widely recognized, and investigations on
the effects of essential oils on postharvest infections have been conducted (Meepagala
et al. 2002). The advantage of essential oils lies in their biological activity in the
vapor phase, making them desirable as potential fumigants for safeguarding stored
goods. Several studies (Bellerbeck et al. 2001; Hidalgo et al. 2002) have shown that
the majority of essential oils exhibit the ability to prevent postharvest fungal growth
in vitro. However, only a limited number of essential oils have been thoroughly
examined for their practical effectiveness in vivo. Some essential oils offer protec-
tion against biological deterioration of stored items. Moreover, experimental find-
ings indicate that essential oils can prolong the shelf life of fruits and vegetables by
inhibiting fungal decay. According to Dubey and Kishore (1988), essential oils
extracted from Melaleuca leucadendron, Ocimum canum, and Citrus medica leaves
may effectively hinder the production of biodeterioration by Aspergillus flavus and
Aspergillus versicolor in various food products. The required quantities of these oils
for action were observed to range between 500 and 2000 g/ml. Dixit et al. (1995)
investigated the potential of essential oils in mitigating postharvest degradation in
fruits and vegetables.Vegetable oils are a relatively new development in the control
of plant diseases in plant pathology. Castor, linseed, mustard, sunflower, safflower,
peanut, mineral oils, palmarosa, red thyme, and liquid paraffin are some of the anti-
fungal oils that are applied to harvested fruits to stop disease penetration and lessen
respiration. Composite coatings comprised of proteins (casein, soy), lipids (waxes,
mineral oils), and polysaccharides (cellulose, pectin, starch, alginate, and chitosan)
are frequently used to stop fruit and vegetable rot. Waxing particular fruits and
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Fig. 6.4 Mode of action of essential oil in controlling postharvest pathogens. (Adopted from
Anirban Sil et al. 2020, Open access)

vegetables is often used to improve look and reduce water loss by 30—40% when a
product is exposed to less-than-ideal temperature and relative humidity conditions
(Azizah et al. 2009). Antioxidants are occasionally employed to prevent oxidative
rancidity, degradation, and discoloration. Probable mechanisms of how essential oil
helps to combat postharvest pathogens are shown in Fig. 6.4.

5 Conclusion

Fruit and vegetable postharvest illness, which can be lethal, can arise from different
factors affecting production of crops. Some of these illnesses harm the crops prior to
harvest, while others result from surface damage during or after harvest. For effective
management of postharvest diseases, it is crucial to assess the entire production and
postharvest handling processes. Various preharvest factors can also be responsible for
disease development, even after harvesting the crops. Traditionally, fungicides have
been essential for controlling postharvest diseases, but as insecticide usage decreases
in fruits and vegetables, researchers are exploring new treatment methods. Surveys
indicate that about 27% of respondents ship their products directly to distributors
without postharvest processing. By employing various postharvest management strat-
egies to reduce respiration and halt the degradation of fruits and vegetables, we can
effectively handle the postharvest losses. Moreover, farmers and sellers must have the
necessary information to effectively prevent fruit and vegetable rotting (Fig. 6.5).
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Natural fungicides show promising potential as safe alternatives to synthetic
ones in the future. However, their use to prevent postharvest degradation of perish-
able crops is still in its early stages. The ongoing search for natural substances may
yield safer alternatives to currently utilized pyrethroids and azadirachtin, which are
known for their excellent fungicidal properties in various regions worldwide. Before
making any recommendations, it is essential to conduct organoleptic testing to
ensure that the product does not adversely affect the fruit’s quality indicators, such
as acidity, flavor, and fragrance. Since fruits have a limited shelf life after harvest,
the treatment should be effective even for short-term use. Determining the lowest
practical effective dose for the natural fungicide is crucial to optimize its applica-
tion. To assess the practical potency of promising compounds identified in vitro
investigations, safety limit profiles and other testing methods should be considered
while acknowledging the benefits of botanicals as postharvest fungitoxicants.
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Abstract Fungal endophytes are present in every species of living plant throughout
the earth forming a balanced symbiotic relationship with the plants. They produce
diverse range of bioactive compounds that protect the host plant from biotic and
abiotic stress contributing to the plant’s ecological success as well as their own.
These bioactive compounds can be beneficial to not only the plants but also to
human and the environment. A multitude of secondary metabolites produced by
fungal endophytes showed antimicrobial activity against many plant and human
pathogens including the antibiotic-resistant pathogens. They also produce antipara-
sitic compounds which can be used to eliminate deadly diseases including malaria.
Many bioactive compounds produced by fungal endophytes also showed anticancer
activity by disrupting the cell cycle, inducing apoptosis, and disrupting important
pathways and gene expression. Furthermore, they also play a huge role in soil reme-
diation. In this chapter, we discuss in detail fungal endophytes and their symbiotic
relationship with their plant host. We also discuss the various bioactive compounds
they produce and the different biological activities of these bioactive compounds.

Keywords Fungal endophytes - Secondary metabolites - Human pathogens -
Malaria - Anticancer activity

C. Lalbiaktluangi - C. R. Mistry - M. Kaur - N. Giri - R. K. Shaikh - A. Nagar - A. Singh -
U. Sarkar - S. Sravan K - O. Kalita - R. Boro - R. Kumar - M. K. Yadav (<)
Department of Microbiology, Central University of Punjab, Bathinda, Punjab, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 153
B. P. Singh et al. (eds.), Endophytic Fungi, Fungal Biology,
https://doi.org/10.1007/978-3-031-49112-2_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-49112-2_7&domain=pdf
https://doi.org/10.1007/978-3-031-49112-2_7

154 C. Lalbiaktluangi et al.

1 Introduction

Endophytes are a group of microorganisms that reside within the tissues of plants,
forming a symbiotic relationship. They are primarily fungi that colonize the internal
parts of plants without causing any visible harm or disease symptoms. Fungal endo-
phytes are found in various plant species, including grasses, trees, shrubs, and herbs,
and can be present in different plant tissues such as leaves, stems, and roots (Zhang
et al. 2006). Microbial endophytes have formed a mutualistic relationship with their
plant hosts where the host plant provides the endophytes with the necessary nutri-
ents and a place to live. Endophytic compounds aid host plants in resisting various
biotic and abiotic stresses and enabling them to endure harsh environments (Vyas
and Bansal 2018). Fungal endophytes produce a wide range of bioactive com-
pounds, including alkaloids, terpenoids, phenolics, and polyketides, which play a
crucial role in their interaction with the host plant and other organisms. These bioac-
tive compounds can contribute to the ecological success of both the endophyte and
the host plant by deterring herbivores, inhibiting the growth of competing microor-
ganisms, or providing a defense against pathogens (Rai et al. 2021). Many species
of endophytic fungi found in plants have also been found to be capable of suppress-
ing plant diseases and promotes growth of host plant (Passari et al. 2015).

The secondary metabolites of fungal endophytes are beneficial for both humans
and plants due to their different biological activities including antimicrobial, anti-
oxidant, anti-inflammation, anticancer activities. Due to their propensity to create
substances that aid in plant growth, they increase soil fertility and stimulate plant
growth. They have also drawn much interest because of their capacity to produce a
variety of bioactive substances with potential medical applications. Bioactive sub-
stances having antibacterial, anticancer, cytotoxic, and insecticidal activities are
known to be produced by these fungi. Endophytic fungi that produce bioactive sub-
stances might also be exploited commercially by the pharmaceutical industry
(Mishra et al. 2016; Vyas and Bansal 2018).

The need for new antimicrobial drugs and interest in natural methods of patho-
gen control has grown due to pathogenic microorganisms’ rising antibiotic resis-
tance. The majority of microorganisms that produce secondary metabolites are
fungi. Extracellular enzymes including cellulases, proteinases, lipases, and ester-
ases are known to be produced by them. Metabolites produced by endophytes such
as amines and amides have been proven harmful to insects but not to mammals.
Fungal endophytes have been discovered in many plant species analyzed and are an
essential part of plant micro-ecosystems. Auxins, cytokinins, and gibberellins,
among other hormones that promote plant growth, have been observed to be pro-
duced along with the solubilization of insoluble phosphates. They also protect
plants from diseases by creating antagonistic substances, triggering host defense
mechanisms, or posing a threat to nutrients and colonization sites (Vyas and
Bansal 2018)
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2 Need to Explore Endophytic Fungi

Fungal endophytes play an important role in the growth and survival of their host
plant. For example, they help plants establish abiotic stress tolerance and disease
resistance (Rodriguez and Redman 2008; Ganley et al. 2008), improve nutrient
uptake, inactivate the virulence of diseases, lessen the impact of competitive species
(Wang et al. 2007), and promote plant growth and development (Bae et al. 2008).
Utilization of the symbiotic relationship between these fungal endophytes and host
could be a potential alternative for the production of improved crops that can with-
stand ever-changing climate.

A number of antimicrobial and anticancer compounds have been isolated from a
wide range of fungal endophytes. It is estimated that almost all species of terrestrial
plants will possibly contain at least one or more endophyte species (Fadiji and
Babalola 2020); so plenty of fungal endophytes containing bioactive compounds
that may be beneficial to human are left to be explored. A new era in the develop-
ment of food, chemical, medicinal, and industrial units can be resulted from using
fungal endophytes.

3 Classification of Fungal Endophytes

Endophytic fungi are a taxonomically complex and polyphyletic group, making cat-
egorization difficult. Fungal endophytes have been categorized using a various
schemes based on one or more biological characteristics. The oldest categorization
system for fungal endophytes divided them into two main groups: non-
clavicipitaceous endophytes (NC-endophytes) and clavicipitaceous endophytes
(C-endophytes), based on phylogeny, ecological functions, and life history strate-
gies (Fig. 7.1). Clavicipitaceous endophytes, commonly known as grass endophytes
or class 1 endophytes, are made up primarily of members of the Clavicipitaceae
family (Hypocreales, Ascomycota). There are 27 identified genera in this group,
which also include a number of free-living symbiotic organisms. On the other hand,
non-clavicipitaceous endophytes are a hugely varied polyphyletic group with poorly

Fig. 7.1 Classification of

fungal endophytes Endophytic
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defined taxonomical members. NC-endophytes are associated with both vascular
and nonvascular plants, and the majority of them are Ascomycota or Basidiomycota
members of the Dikarya subkingdom (Gakuubi et al. 2021)

Other classification criteria for endophytic fungi have arisen due to the continu-
ing expansion of the study of endophyte fungal biology. These consist of categoriza-
tion based on traits such as host range, route of infection and transmission,
reproductive techniques, colonization sites for hosts, and the place of the fungi
along the spectrum of interactions with their hosts. Some studies have concentrated
on fungal endophytes from specific plants, such as medicinal plant endophytes,
coniferous tree endophytes, mangrove endophytes, and fungal endophytes of
grasses. For example, fungal endophytes have been classified according to the host
plant types. There are two basic groups of fungal endophytes recognized in terms of
means of transmission: those that are transferred vertically and those that are trans-
mitted horizontally. The former comprises fungal strains that are mostly passed
down by seeds from host generation to host generation. In contrast, the latter con-
sists of fungi that are passed down through spores or other vegetative propagules
between various members of a population (Gakuubi et al. 2021).

Similar classifications have been made for fungal endophytes based on their pro-
pensity to colonize particular host plant tissues. According to studies, fungal endo-
phytes frequently exhibit selective tissue colonization, whereby particular fungal
strains are more likely to be localized in particular locations on the host plant than
to colonize the host systemically. Thus, there are foliar fungal endophytes, which
are found in the leaves, bark, and stems of hosts, and root endophytic fungi, which
are often isolated from the roots of the hosts. The distinction between symptomatic
and asymptomatic fungal endophytes is based on the expression of infection, which
is another popular criterion for classifying fungal endophytes. Other common clas-
sification criteria for fungal endophytes include their mode of reproduction, which
can be either sexual or asexual (Gakuubi et al. 2021).

4 Bioactive Compounds Isolated from Endophytic Fungi

Endophytic fungi form captivating communities that live within the tissues of host
organisms, either between or within cells. These fungi offer benefits to their hosts
while also gaining advantages for themselves. They serve as a natural source of
novel bioactive compounds with diverse structures, encompassing alkaloids, flavo-
noids, benzopyranones, phenolic acids, steroids, quinones, terpenoids, and more.
These bioactive metabolites have a broad range of biological activities and find
applications in various fields, including antimicrobial agents, agrochemicals, antibi-
otics, immunosuppressants, and antiparasitic drugs (Rai et al. 2021). Fungi can pro-
duce over 20,000 secondary metabolites, and a significant majority of these
compounds, around 80%, exhibit bioactive properties (Lacerda et al. 2022). Popular
fungal genera like Fusarium, Penicillium, Aspergillus, Sclerotium, Alternaria,
Colletotrichum, Curvularia, Cladosporium, Myxormia, etc. are particularly valu-
able sources for obtaining bioactive compounds.
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The bioactive compounds derived from fungal endophytes’ extracts can undergo

purification and characterization using various techniques such as high-performance
liquid chromatography (HPLC), thin-layer chromatography (TLC), nuclear mag-
netic resonance (NMR), infrared spectroscopy (IR), matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF), electron spray ionization (ESI), and
fast atom bombardment (FAB) (Rai et al. 2021).

Some of the well-studied secondary metabolites of endophytic fungi are briefly

discussed below:

1.

Brefeldin-A (BFA) is a compound produced by certain endophytic fungi that has
a variety of biological activities, including tumor suppression, antibacterial
action, and antiviral properties. BFA is thought to directly block the transport of
glycoproteins from the endoplasmic reticulum to the Golgi apparatus, preventing
the formation and release of viruses from infected cells (Lacerda et al. 2022).

. Betulinic acid is a natural compound found in a variety of fungi, including

Phomopsis, Syncephalastrum, Botryosphaeriales, and Aspergillus. It is a penta-
cyclic triterpenoid, which means it is a type of compound that is made up of five
carbon rings. Betulinic acid has been shown to inhibit topoisomerase I, an
enzyme that is important for DNA replication. This suggests that betulinic acid
may be able to inhibit the growth of cancer cells. Additionally, betulinic acid has
been shown to inhibit HIV, the virus that causes AIDS. This makes betulinic acid
a potential candidate for the development of new antiviral drugs (Lacerda
et al. 2022).

. Pestalotheol C is a compound produced by an endophytic fungus Pestalotiopsis

theae. It is a compound with multiple biological activities, including anti-HIV,
antibacterial, and antifungal properties. It is thought to work by disrupting the
HIV-1 virus’s ability to replicate, which it does by binding to a specific protein
on the surface of the virus, preventing it from entering the cell (Lacerda
et al. 2022).

. Leucinostatin A is a nonapeptide complex derived from a fungal endophyte of

Acremonium sp. in liquid culture, isolated from the plant 7. baccata. It shows a
diverse range of biological activity, including anticancer, phytotoxic, antiviral,
antimalarial, and antifungal properties. Leucinostatin A is also known to produce
a glycosylated bioactive compound, leucinostatin A f-di-O-glucoside (Rai
et al. 2021).

. Quinones are natural compounds with a variety of biological activities, including

cytotoxicity, antimicrobial activity, antiviral activity, and anti-inflammatory
activity. Hinnuliquinone is a quinone that was isolated from the fungus
Nodulisporium hinnuleum, which is associated with the plant Quercus coccifera.
Hinnuliquinone has anti-HIV activity, and it inhibits the HIV-1 protease, an
enzyme that is essential for the virus to replicate and mature. This inhibition can
help to control the spread of HIV (Lacerda et al. 2022).

. Isoindolone derivatives are a type of secondary metabolites that contains an

isoindole ring produced by various microorganisms, including fungi, bacteria,
and actinomycetes. They have a wide range of structures and biological activi-
ties, including phytotoxicity. Phytotoxins are compounds that are toxic to plants.
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Zinnimidine, porritoxin, pyrimidine, and emeriphenolicins are some examples
of isoindolone derivatives that are phytotoxins (Lacerda et al. 2022).

7. Rugulosin, a natural compound, exhibits cytotoxic properties. It belongs to the
polyketide family, composed of multiple smaller molecules known as “ketides.”
Rugulosin induces cell necrosis, resulting in cell death. Additionally, it triggers
degradation of fatty acids within cells, which can contribute to cellular damage
and eventual cell death (Alam et al. 2021).

8. Altersolanol A is an anthraquinone derivative that was isolated from a fungus
found in the plant Nyctanthes arbor-tristis. It has antibiotic properties and can
induce cell death by apoptosis. Altersolanol A is a kinase inhibitor. By blocking
the activity of kinases, altersolanol A can induce cell death by apoptosis.
Altersolanol A also induces apoptosis by cleaving caspase-3 and caspase-9,
which are enzymes that are involved in the apoptotic pathway. Altersolanol A
can also decrease the expression of antiapoptotic proteins, which can further
promote apoptosis (Alam et al. 2021).

5 Antimicrobial Activity of Endophytic Fungi
and Associated Metabolites

Today, antimicrobial resistance is one of the most significant burdens in health care.
The number of antimicrobial resistant strains isolated increased every year increas-
ing the virulence and pathogenicity of many microbes. Secondary metabolites pro-
duced by secondary metabolites provide an attractive alternative to standard
antibiotics currently in use. Different classes of compounds including phenols,
piperazine, quinones, and quinolones have been isolated from endophytic fungi. A
few of the compounds and their antimicrobial activity are briefly described below:

(a) Crude Extracts

Aqueous extracts of endophytic fungi can be prepared using different solvents
including ethanol, methanol, ethyl acetate, etc. Multiple studies regarding the
antimicrobial activity of endophytic crude extracts have been carried out; we
have listed out a few examples of these studies in this section. The ethyl acetate
and n-butanol extracts of two strains of fungi Arthrinium arundinis and
Papulaspora immersa isolated from the roots of Smallanthus sonchifolius
exhibitantimicrobial activity againstdifferent pathogens including Pseudomonas
aeruginosa, Staphylococcus aureus, Escherichia coli, and Kocuria rhizophila
(Ramos et al. 2010). Tayung et al. (2012) also found that Curvularia sp. 2 and
Fusarium sp. 1 isolated from Ipomoea carnea exhibit antimicrobial activity
against Bacillus subtilis and Escherichia coli.

Endophytic fungi are also isolated from a number of medicinal plants in dif-
ferent parts of the world. Four strains of endophytic fungi, Cochliobolus inter-
medius, Phomopsis sp., G1-74 (non-identified — NI), and G23-100 (NI), isolated
from a medicinal plant Sapindus saponaria sp., have been found to be capable
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Table 7.1 Antimicrobial activity of various endophytic fungi crude extracts
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Host plant Endophytic Fungi | Solvent | Active against References
Smallanthus | Papulaspora Ethyl Pseudomonas aeruginosa, Ramos
sonchifolius | immersa acetate Staphylococcus aureus, and etal.
Kocuria rhizophila (2010)
n-Butanol | Pseudomonas aeruginosa and
Escherichia coli
Arthrinium Ethyl Escherichia coli and
arundinis acetate Pseudomonas aeruginosa
n-Butanol | Escherichia coli and
Pseudomonas aeruginosa
Ipomoea Curvularia sp. 2, Ethyl Bacillus subtilis and Escherichia | Tayung
carnea Fusarium sp. 1 acetate coli et al.
(2012)
Sapindus Cochliobolus Ethyl Escherichia coli, Salmonella Garcia
saponaria L. | intermedius, G1-74 | acetate typhi, Staphylococcus aureus, etal.
Phomopsis sp. and Micrococcus luteus and (2012)
G23-100 NI Enterococcus hirae
Vochysia Aeromicrobium Ethyl Methicillin-sensitive and Gos et al.
divergens ponti acetate methicillin-resistant (2017)
Staphylococcus aureus (MSSA
and MRSA), Pseudomonas
aeruginosa, Acinetobacter
baumannii, Klebsiella
pneumoniae, Stenotrophomonas
maltophilia

of eradicating five strains of pathogens (Garcia et al. 2012). Gos et al. (2017)
also found that extracts of actinomycetes isolated from a medicinal plant,
Vochysia divergens, exhibit antimicrobial activity against clinically important
pathogens like methicillin-sensitive and methicillin-resistant Staphylococcus
aureus (MSSA and MRSA), Pseudomonas aeruginosa, and Klebsiella pneu-
moniae. Potential applications of crude extracts of endophytic fungi against
major pathogens are illustrated in Table 7.1.

(b) Alkaloids

Alkaloids are a big class of organic compounds containing nitrogen atoms in
their structure. Many endophytic compounds also contain a wide range of alka-
loid compounds having antimicrobial activity. Fumigaclavine C and Pseurotin
A, alkaloids produced by endophytic fungi Aspergillus fumigatus isolated from
Bauhinia guianensis, have been found to inhibit the growth of various patho-
gens including Escherichia coli, Bacillus subtilis, Staphylococcus aureus, and
Pseudomonas aeruginosa (Pinheiro et al. 2013). In 2019, Zhang et al. (2019)
isolated six prenylated indole/oxindole alkaloids which have antibacterial
against Escherichia coli, Micrococcus luteus, Pseudomonas aeruginosa, and
Ralstonia solanacearum. They also showed antifungal activity against fungal
pathogens such as Alternaria alternata, Cochliobolus heterostrophus, Botrytis
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cinerea, Fusarium oxysporum, etc. The alkaloids were obtained from the
endophytic Fusarium sambucinum isolated from fresh leaves of Nicotiana
tabacum. Mou et al. (2021) also isolated three new alkaloids, cytochrysins A—C
from Cytospora chrysosperma, an endophytic fungus which is isolated from the
plant Hippophae rhamnoides. Cytochrysins A and C were found to be capable
of inhibiting multidrug-resistant Enterococcus faecium and methicillin-resistant
Staphylococcus aureus (MRSA), respectively. Lastly, chromenopyridin A,
N-methoxy-1-pyridone alkaloid is also obtained from the endophytic fungus
Penicillium nothofagi isolated from Abies beshanzuensis. This alkaloid has
been found to exhibit antibacterial activity against Staphylococcus aureus (Zhu
et al. 2022) (Table 7.2).

Phenolics

Phenolic compounds consist of a wide range of organic compounds containing
an aromatic ring with at least one hydroxyl group. Xanthoascin is a phenolic
compound isolated from Aspergillus sp. which is obtained from the leaves of
Ginkgo biloba plant. Xanthoascin showed better activity than streptomycin
against the plant pathogen Clavibacter michiganensis. The mechanism of action
was found to be disruption of cellular membrane followed by nucleic acid and
protein leakage from the cell (Zhang et al. 2015). Another phenolic compound,
4-(2,4,7-trioxa-bicyclo[4.1.0]heptan-3-yl) phenol, also showed strong activity
against Bacillus subtilis, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Micrococcus luteus, Escherichia coli, and Candida albicans. This novel pheno-
lic compound was isolated from the fungus Pestalotiopsis mangiferae found in
Mangifera indica Linn (Subban et al. 2013) (Table 7.2).

Terpenoids

Terpenoids are compounds which contain one or more 5-carbon isoprene units.
A number of terpenoids having antimicrobial activity have been isolated from
endophytic fungi. Six terpenoid compounds, namely, fusariumin A and B,
agathic acid, asperterpenoid A, and trametenolic acid guignardone N were iso-
lated from the fungus Fusarium sp. YD-2 found in the plant Santalum album.
Fusariumin A showed potent activity against Pseudomonas aeruginosa and
Staphylococcus aureus, while asperterpenoid A showed moderate activity
against Micrococcus luteus and Salmonella enteritidis (Yan et al. 2018). Another
terpenoid bipolarin E isolated from fungal endophyte Bipolaris sp. TJ403-B1
found in wheat showed antibacterial property against Enterococcus faecalis and
Pseudomonas aeruginosa (Meng-Ting et al. 2019). Li et al. (2020) isolated har-
zianol I from Trichoderma atroviride B7 which showed potent antibacterial
activity against Micrococcus luteus, Staphylococcus aureus, and Bacillus subti-
lis. The endophytic fungus was obtained from Colquhounia coccinea var. Mollis
(Table 7.2).

Coumarin

Coumarins are compounds composed of fused benzene and a-pyrone rings.
Diaporone A, a dihydroisocoumarin derivative isolated from the fungus
Diaporthe sp. an endophyte found in Pteroceltis tatarinowii, was found to
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Table 7.2 Antimicrobial activity of different classes of compounds isolated from endophytic fungi

Class of | Endophytic
Name of compound compound | fungi Plant host Active against | References
Fumigaclavine C and | Alkaloid | Aspergillus Bauhinia Escherichia coli, | Pinheiro
pseurotin A Sfumigatus guianensis Bacillus subtilis, | et al.
Staphylococcus | (2013)
aureus, and
Pseudomonas
aeruginosa
Cytochrysins A and C | Alkaloid | Cytospora Hippophae Enterococcus Mou et al.
chrysosperma rhamnoides | faecium and (2021)
MRSA
Chromenopyridin A Alkaloid | Penicillium Abies Staphylococcus | Zhu et al.
nothofagi beshanzuensis | aureus (2022)
Xanthoascin Phenolics | Aspergillus sp. | Ginkgo biloba | Clavibacter Zhang
michiganensis | et al.
(2015)
4-(2,4,7-trioxa- Phenolics | Pestalotiopsis Mangifera Bacillus subtilis, | Subban
bicyclo[4.1.0] mangiferae indica Linn Pseudomonas etal.
heptan-3-yl) phenol aeruginosa, (2013)
Klebsiella
pneumoniae,
Micrococcus
luteus,
Escherichia coli
and Candida
albicans
Asperterpenoid A Terpenoid | Fusarium sp. Santalum Micrococcus Yan et al.
YD-2 album luteus and (2018)
Salmonella
enteritidis
Fusariumin A Terpenoid | Fusarium sp. Santalum Pseudomonas Yan et al.
YD-2 album aeruginosa and | (2018)
Staphylococcus
aureus
Bipolarin E Terpenoid | Bipolaris sp. Wheat Enterococcus Meng-Ting
TJ403-B1 faecalis and etal.
Pseudomonas (2019)
aeruginosa
Harzianol [ Terpenoid | Trichoderma Colquhounia | Micrococcus Liet al.
atroviride B7 coccinea var. | luteus, (2020)
mollis Staphylococcus
aureus and
Bacillus subtilis
Diaporone A Coumarin | Diaporthe sp. Pteroceltis Bacillus subtilis | Guo et al.
tatarinowii (2020)
Phomoisocoumarins C | Coumarin | Phomopsis Hypericum Xanthomonas Quet al.
and D prunorum ascyron citri (2020)

(continued)
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Class of | Endophytic
Name of compound compound | fungi Plant host Active against References
(+)-2,2’-epicytoskyrin | Quinones | Diaporthe sp. Uncaria Mycobacterium | Oktavia
A (epi) and GNBP-10 gambir tuberculosis et al.
(+)-1,1"-bislunatin (2020)
(bis)
3-hydroxy-6- Quinones | Phomopsis sp. Nicotiana Methicillin- Wu et al.
hydroxymethyl-2,5- tabacum L resistant (2021)
dimethylanthraquinone Staphylococcus
and aureus (MRSA)
6-hydroxymethyl-3-
methoxy-2,5-
dimethylanthraquinone
w-hydroxyemodin Quinones | Penicillium Silybum Methicillin- Graf et al.
restrictum marianum resistant (2020)
Staphylococcus
aureus (MRSA)
Fusarnaphthoquinone | Quinones | Neocosmospora | Rhizophora | Acidovorax Klomchit
B sp. apiculata citrulli etal.
(2021)

)

inhibit Bacillus subtilis growth (Guo et al. 2020). Phomoisocoumarins C and D
are another example of coumarin produced by endophytic fungus Phomopsis
prunorum found in Hypericum ascyron. They showed activity against a plant
pathogen Xanthomonas citri pv. phaseoli var. fuscan (Qu et al. 2020) (Table 7.2).

Quinones

Quinones are a group of cyclic organic compounds containing two carbonyl
groups. Two bisanthraquinones, (+)-2,2"-epicytoskyrin A (epi) and (+)-1,1"-bis-
lunatin (bis) isolated from Diaporthe sp. GNBP-10, an endophytic fungus of
the plant Uncaria gambir, were found to inhibit Mycobacterium tuberculosis
growth (Oktavia et al. 2020). Wu et al. (2021) purified two anthraquinones,
3-hydroxy-6-hydroxymethyl-2,5-dimethylanthraquinone and 6-hydroxymethyl-
3-methoxy-2,5-dimethylanthraquinone from the fungus Phomopsis sp. isolated
from Nicotiana tabacum L. The two compounds showed antibacterial activity
against methicillin-resistant Staphylococcus aureus (MRSA).
®-Hydroxyemodin, an anthraquinone isolated from Penicillium restrictum
(strain G85), an endophyte of Silybum marianum, also showed anti-MRSA
activity by inhibiting the quorum sensing system (Graf et al. 2020).
Fusarnaphthoquinone B, isolated from Neocosmospora sp. MFLUCC 17-0253,
an endophyte of Rhizophora apiculata, showed antibacterial and antibiofilm
properties against a plant pathogen Acidovorax citrulli (Klomchit et al. 2021)
(Table 7.2).
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6 Antiparasitic Compounds Derived
from Fungal Endophytes

Fungal endophytes are known to produce a wide range of bioactive compounds,
including alkaloids, terpenoids, phenolics, and polyketides, which play a crucial
role in their interaction with the host plant and other organisms (Martinez-Luis et al.
2011). A few examples of antiparasitic compounds are briefly discussed below:

1. Beauvericin

Beauvericin is a cyclic peptide mycotoxin produced by various endophytic fungi.
It has shown promising antiparasitic activity against a range of parasites, includ-
ing Trypanosoma brucei (the causative agent of African sleeping sickness) and
Plasmodium falciparum (the causative agent of malaria). Beauvericin exerts its
antiparasitic effects through multiple mechanisms, including disruption of ion
channels and inhibition of parasite mitochondrial respiration. Research studies
have demonstrated its potential as an antimalarial and antitrypanosomal agent
(Zhang et al. 2016).

2. Cytochalasins

Cytochalasins are fungal metabolites that have shown promising antiparasitic
activity. For example, cytochalasin D, derived from endophytic fungi, has dem-
onstrated significant activity against Plasmodium spp. by inhibiting parasite
growth and disrupting cytoskeletal structures. Cytochalasin D has also exhibited
antiparasitic effects against Trypanosoma spp. and Leishmania spp. through dis-
ruption of microtubule assembly and inhibition of parasite proliferation (Zhang
et al. 2016).

3. Emodin
Emodin is a natural compound commonly found in various fungi, including
Aspergillus, Penicillium, and Fusarium species. It exhibits antiamoebic activity
against Entamoeba histolytica, the causative agent of amoebic dysentery. Emodin
has been shown to inhibit the growth and adherence of E. histolytica trophozo-
ites and induce apoptotic cell death in the parasite (Franco et al. 2017).

4. Lactones
Fungal lactones have demonstrated antiamoebic activity against E. histolytica.
For example, 8-O-methyl-maytenin, a natural lactone derivative produced by
endophytic fungi, exhibits potent antiamoebic effects. It inhibits the growth and
motility of E. histolytica trophozoites by affecting their cytoskeletal structure
and disrupting cellular processes (Franco et al. 2017).

5. Ergosterol Peroxide
Ergosterol peroxide, a steroidal compound produced by fungi, has also shown
antiamoebic activity. It has been reported to inhibit the growth and motility of
E. histolytica trophozoites by inducing apoptosis and affecting membrane per-
meability (Chen et al. 2007).
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Terpenoids

Terpenoids derived from fungal sources have demonstrated potential antiamoe-
bic activity. For instance, f-caryophyllene oxide, a sesquiterpene oxide produced
by various fungi, exhibits antiamoebic effects against E. histolytica by inhibiting
parasite growth and inducing cell death (Khalid 2018).

These examples represent some of the antiamoebic compounds derived from
fungi. Further research is ongoing to explore the potential of fungal metabolites
and identify new compounds with antiamoebic activity. These compounds hold
promise for the development of novel therapeutics against amoebic infections.

Anticancer Activity of Endophytic Fungi

Earlier, chemotherapeutic agents were used in the treatment of cancer, but they
cause cell toxicity. That’s why an alternative method is discovered in which antican-
cer compounds are derived from endophytic fungi to treat various types of cancers
such as Kaposi’s sarcoma, lung, prostrate, breast, and ovarian cancer. Natural anti-
cancer compounds obtained from endophytic fungi can stop the progression of
development of cancer cells and induce apoptosis (Tiwari and Bae 2022; Dos Santos
et al. 2022).

(a)

(b)

Paclitaxel

Paclitaxel, an anticancer drug, has been derived from many endophytic fungi
like Seimatoantlerium nepalense, Chaetomella raphigera, Alternaria alternata,
and 7. andreanae (Sonaimuthu and Johnpaul 2010). Paclitaxel can be effec-
tively used for the treatment of Kaposi’s sarcoma which is a skin cancer, formed
by the abundant increase of abnormal cells, ovarian cancer, prostate cancer, and
lung cancer (Pandi et al. 2013). In the several events of cell cycle, the cytotoxic-
ity shown by paclitaxel is high. Paclitaxel maintains the structure of microtu-
bules during their polymerization and resists the depolymerization by binding
with tubulin protein, which can affect the microtubule assembly. From previous
studies, it has been concluded that on combining paclitaxel with cacl2 (calcium
chloride) (4 mM), the process of depolymerization can be slowed down, because
faster depolymerization can cause interference of unstable microtubules with
the spindle network, formed during cell division in cell cycle. The disruption of
the microtubule network brought on by elevated levels of Bax and Bcl-2, which
result in the arrest of the cell cycle during the G2-M phase, is another important
function of paclitaxel in cell signaling pathways, and during the mitotic G1
phase, these events triggered apoptosis in arrested cells (Weaver 2014; Pasquier
et al. 2004; Kampan et al. 2015) (Fig. 7.2).

Podophyllotoxin

Podophyllotoxin drug is derived from Dysosma veitchii and Sinopodophyllum
hexandrum endophytic fungi (Xianzhi et al. 2003). It could eliminate the meta-
static cells at their premature level; thus, it is widely used in the treatment of
testicular, lung, leukemia, ovarian, and prostate cancer (Uzma et al. 2018).
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Fig. 7.2 Mechanism of action of paclitaxel. (Adapted from Kampan et al. (2015))

Podophyllotoxin can cause the death of cancer cells. Etoposide and tenipo-
side are two precursors of podophyllotoxin which are toxic to topoisomerase 11
(enzyme used in DNA replication process), and they halt the replication process
by binding tightly with topoisomerase II. Podophyllotoxin increases the levels
of topoisomerase II by blocking their activities. Binding of podophyllotoxin
with topoisomerase II can cleave the DNA duplex to a great extent which results
in the breakage of double-stranded DNA that enhances the chance of DNA
damage (Fig. 7.3). DNA alterations brought on by insertions, deletions, and
genetic recombination resulted in a significant buildup of DNA damage that
triggered cell death (Kumar et al. 2021).

(¢c) Camptothecin

During clinical trials, the camptothecin shows satisfactory results by inducing
apoptosis in the cancerous cells of bladder, ovaries, liver, and lungs (Li et al.
2017). During DNA replication process, the topoisomerase I binds with the
double-stranded DNA. Camptothecin shows anticancer properties by suppress-
ing the catalytic activity of topoisomerase II through non-covalent binding.
Consequently, p21, p53, and mTOR expression were all enhanced. However,
the molecular events such as nuclear factor erythroid-related factor 2 and extra-
cellular signal-regulated kinase that cause cell death due to apoptosis are
enhanced by camptothecin (Beretta et al. 2013; Pommier 2006) (Fig. 7.4).
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(d)

(e

®)

Vinblastine

The endophytic fungi that produce vinblastine from their hosts are Fusarium
oxysporum and Catharanthus roseus (Lee and Shim 2020; Lingqi et al. 2000).
Vinblastine has been used in the treatment of lymphoblastic leukemia and the
cancer cell lines (HepG-2) with the ICM (7.48 pg/mL) (Puri et al. 2018; El-
Sayed 2021). The reason behind the antibiotic activity of vinblastine is that
during the mitotic phase of cell cycle, the polymerization of spindle fibers by
the tubulin proteins is inhibited. Vinblastine blocks the polymerization by bind-
ing with receptor’s site of tubulin protein which results in assembly of microtu-
bules and improper functioning of tubulin. This led to the death of cell due to its
arrest in the anaphase stage for a longer period (Martino et al. 2018). PEGylated
niosomal formulation of vinblastine (Pn-VB) produced via a thin-film hydra-
tion process (Amiri et al. 2018) was found stable, effective at encapsulation,
and more potent at eliminating lung cancer TC-1 cells in comparison to vinblas-
tine. The vinblastine molecule interacts with the dynamic equilibrium formed
between a-tubulin and B-tubulin’s association and dissociation to attain high
activity in elimination of cancer cells. Vinblastine is composed of a vinblastine
molecule and a catharanthine moiety molecule, both of which are the basis for
causing toxicity to cancer cells (Zhou et al. 2019).

Hypericin

Thielavia subthermophila endophytic fungi produce hypericin within their
H. perforatum host plant (Kusari et al. 2012). Hypericin has been used as an
anticancer drug against T-cell lymphoma by having an ability to inhibit several
genes and activate the assembly of capases (Garnica et al. 2003). Hypericin can
cause DNA damage by interacting with ROS. The molecular events that
enhanced the expression of PARP are increase in the levels of p21, p27, cyclins
B/D1/E, and activation of caspases -3,8 due to the release of cytochrome c from
the inner protein of mitochondria which results in the cell arresting at the G-2
phase of cell cycle thus inducing apoptosis and cell death (Agostinis et al. 2002;
Dong et al. 2021) (Fig. 7.5).

Hypericin is an effective anticancer compound and studies found that differ-
ent amounts of hypericin (0.021, 0.2, and 0.02 pM) can promote apoptosis and
cause cell death in breast cancer cell line (MCF-7), human lymphoma cancer
cell line (U937), and human skin carcinoma cancer cell line (A431) and
expressed metastatic invasion getting halt by 60-90% (Ferenc et al. 2010;
Vandenbogaerde et al. 1997; Paba et al. 2001).

Diosgenin

In preclinical trials, diosgenin is found to be effective against various cell lines
of cancer such as breast, lung, hepatic carcinoma, chronic myeloid leukemia,
prostate, and colon cancer by controlling the abnormal growth of metastatic
cells, proliferation of tumor cells, and inducing apoptosis (Biswas et al. 2020).
Anticancer effects of 50% and 36.18% were observed when varying doses of
diosgenin such as 50 and 100 mg/kg were given to mice suffering from prostate
and hepatic (HepG2) cancers (Chen et al. 2016). According to a different study,
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Fig. 7.5 Mechanism of action of hypericin. (Adapted from Dong et al. (2021), open access and
requested for permission to reproduce)

administration of diosgenin to rats with colon cancer at a dosage of 0.1% for up
to 48 weeks (about 11 months) resulted in positive anticancer effects, i.e., the
incidence of both invasive and noninvasive colon cancer was greatly reduced by
up to 60% (Lai et al. 2022). Another experimental investigation indicated that
administration of diosgenin to mice at a dose of 10 mg/kg resulted in encourag-
ing anticancer effects against breast cancer cell lines (MDA-231) that were 23
times greater than those seen in the control groups (Srinivasan et al. 2009).

In the Hep?2 skin carcinomas, diosgenin triggered apoptosis via the AKT and
JNK pathways, which were activated by caspases. In hypoxia-sensitive
BGC-823 gastric cancer cells, it also reduced the expression of E-cadherin,
integrin Sa and 6b, invasion, migration, and angiogenesis. Additionally, it was
revealed that diosgenin binds to E-cadherin and is thus implicated in the angio-
genesis of the BGC-823 gastric cancer cells (Mao et al. 2012). Recent investiga-
tions show that diosgenin has the capacity to connect with NF-kB triggered
survival cyclin D1 and Cdk-2 and subsequently reduce their expressions in the
breast metastatic/cancer cells (Liu et al. 2020). Diosgenin, a steroidal sapoge-
nin, has been mentioned as a potential cancer treatment strategy. Specifically in
cancer cells, it induces ROS-mediated autophagy, blocks the PI3K/Akt/mTOR
pathway, and produces cytotoxicity (Bhardwaj et al. 2021) (Fig. 7.6).

Diosgenin works at a molecular and cellular levels in the NF-kB and STAT3
signaling pathways to stop the uncontrolled growth of cancer cells by inducing
apoptosis. Through the NF-kB signaling pathway, diosgenin lowers the level of
TNF-a, and through STATS3, it reduces the level of IL6 by angiogenesis and cell
migration, functioning as an effective anticancer medication for the early treat-
ment of malignancies (Chiang et al. 2007; Sethi et al. 2018).
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Fig. 7.6 Mechanism of action of diosgenin. (Adapted from Sethi et al. (2018), open access and
requested for permission to reproduce)

(g) Toosendanin

Toosendanin (TSN) has unique biological properties and was highly valuable in
both scientific research and therapeutic practice (Wu et al. 2013). Preclinical
studies have gathered evidence that TSN has an anticancer impact on many
cancer cells in vivo and in vitro (Zhang et al. 2019). The molecular mechanism
behind the inhibition of the PI3K/AKt, MEK/Erk, and MAPK/JNK pathways in
leukemia, colorectal cancer, hepatocellular carcinoma, prostate cancer, lym-
phoma, and breast cancer includes apoptosis and stopping of the initiation of
cell cycle. According to a recent glioblastoma study, TSN prevented cancer
cells in U87 and U6 from proliferating by triggering apoptosis through estrogen
receptor-dependent machinery (Cao et al. 2016).

Several cancer cell lines are extremely cytotoxic to the triterpenoid TSN, and
when it was applied to AGS and HGC-27 cells, the researchers discovered that
it decreased the cell viability, halted the cell development by inducing G1/S
arrest, and encouraged caspase-dependent apoptosis. The p38 MAPK pathway
may play a role in TSN-induced cell death. In these trials, TSN showed thera-
peutic potential for the treatment of gastric cancer (Zhou et al. 2018).

In a study on cell viability, it was shown that TSN and isotoosendanin (ITSN)
were cytotoxic to a variety of tumor cells, but they were particularly effective
against triple-negative breast cancer cells such MDA-MB-231, BT549, and
4T1. In the presence of TSN (20 nM) or ITSN (2.5 nM), cell death was seen in
MDA-MB-231 and 4T1 cells. After exposure to TSN (20 nM) or ITSN (2.5 nM),
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Fig. 7.7 Mechanism of action of toosendanin. (Adapted from Zhang et al. (2022), open access and
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pro-caspase-3 and Bcl-xL expression were likewise decreased in MDA-MB-231
and 4T1 cells. Natural substances TSN and ITSN inhibit the growth of TNBC
by inducing necrosis, apoptosis, and autophagy, according to research findings
(Zhang et al. 2022) (Fig. 7.7).

8 Endophytic Fungi in Soil Remediation

Remediating contaminated soils and (ground) water is a promising area to take
advantage of plant-endophyte relationships. Numerous endophytes that promote
plant growth can help their host plant overcome stress reactions brought on by con-
taminants, which leads to increased plant growth (Weyens et al. 2009). Endophytes
with the proper degradation routes and metabolic skills can be of further assistance
to plants during the phytoremediation of organic contaminants, resulting in more
effective contaminant degradation and a decrease in both phytotoxicity and evapo-
transpiration of volatile contaminants (Weyens et al. 2009). Endophytes with a
metal-resistance/sequestration system can reduce metal phytotoxicity and impact
metal translocation to the aboveground plant parts in the phytoremediation of haz-
ardous metals. Additionally, endophytes that can deal with or, much better, enhance
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the extraction of the metals and degrade organic contaminants offer intriguing strat-
egies to enhance the phytoremediation of mixed pollution (Weyens et al. 2009).
Hazardous substances and carcinogens derived from industrial and agricultural
sources have a significant negative influence on human health and are linked to
toxicity and ecological imbalance. Utilizing a plant’s metabolic system, phytoreme-
diation is the process of removing harmful substances from the environment, such
as heavy metals, xenobiotics, and toxic compounds (Khan et al. 2011). An in situ,
solar-powered remediation method called phytoremediation (the use of plants and
the associated microbes to clean up a site) causes little site disturbance and requires
little upkeep, making it affordable and well-liked by the general public.
Phytoremediation proves to be a viable alternative to currently available conven-
tional remediation methods, because they are frequently expensive and environmen-
tally invasive, especially for the treatment of large contaminated areas with diffuse
pollution. The levels of contaminants, which are toxic for the organisms involved in
remediation, the bioavailable fraction of the contaminants, which is too low, and, in
some cases, evapotranspiration of volatile organic pollutants from soil or groundwa-
ter to the atmosphere are some of the challenges that large-scale applications of
phytoremediation still face (Weyens et al. 2009).

By creating organic ligands through the microbial breakdown of soil organic
matter, exudation of metal ions, and other processes, rhizosphere microorganisms
can improve solubility and alter the speciation of metals and metalloids. Using
ligand exchange, metabolites and microbial siderophores can compound cationic
metals or desorb anionic species (Wenzel 2009). Siderophores made by microbes or
plants may immobilize cadmium, copper, and zinc cations depending on the surface
charge of soil minerals and pH levels below metal-specific levels. Modeling of cop-
per solubility and transport in the root zone in the absence and presence of organic
ligands has shown the complexity of interactions between ligands and metals; how-
ever, ligands do not always increase the solubility of metal, but pH is a key deter-
mining factor of mobilization and immobilization, together with metal bioavailability
and bioavailability (Wenzel 2009).

Contaminants frequently change the structure and density of endophytic com-
munities by disrupting the microbe-rhizosphere interface, which has a significant
impact on the interactions between plants and microbes. As a result, the existence of
metal- or xenobiotic-resistant endophytic fungal strains and subsequent phytoreme-
diation positively affect a plant’s ability to develop, survive under stress, and toler-
ate salinity and acidity, as well as other metabolic processes (Rajkumar et al. 2010).

Total petroleum hydrocarbons (TPHs) degrade at much greater rates in Pharbitis
nil L. and its microbial community-driven plot-culture studies compared to the con-
trols (controls) (27.63-67.42% vs. 10.20-35.61%). Due to the presence of remedia-
tion facilities, different TPH fractions are not significantly different, although
saturated hydrocarbon removal is much higher than that of other components. When
the amount of petroleum hydrocarbons in the soil was less than 2.0%, the biomass
of P. nil did not significantly decrease (Zhang et al. 2010).

The endophytic fungi, along with the growth-promoting rhizobacteria and the
arbuscular mycorrhizal fungi (AMF), have demonstrated an efficient mechanism in
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heavy metal and contaminant tolerance and biosequestration, even though the role
of endophytic bacteria in phytoremediation has been extensively studied (Pawlowska
et al. 2000) (Fig. 7.8).

Tall fescue (Lolium arundinaceum) cultivated in greenhouses in polluted solu-
tions was used to study the impact of endophyte infection on plant development,
cadmium (Cd) uptake, and Cd translocation. Under both control and Cd-stress cir-
cumstances, endophyte infection markedly enhanced the host grass’s tiller count
and biomass.

No Colonization AM-Colonization

Increased resistance to
foliar pathogens

[Increased drought tolerance]

[Increased salt tolerance]

SAR-like responses
(SA and JA dependent)

Local restance to
root pathogens
H,0 Increased resistance
to heavy metal toxicity
Systemic resistance
to root pathogens

Phosphate depletion zone

Fig. 7.8 Symbiotic relationship between plant and endophytic fungi. (Adapted from Jacott
et al. (2017))
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In tall fescue, endophyte infection boosted both Cd transport from the root to the
shoot and Cd accumulation. Endophyte-infected (EI) tall fescue had a phytoextrac-
tion efficiency that was 2.41 times greater than endophyte-free plants under a
20 mg L' Cd stress. Endophyte/plant associations can be a model for endophyte-
assisted phytoremediation of soils polluted with metals. Cd accumulation in EI tall
fescue was insufficient for practical phytoextraction applications (Ren et al. 2011).

The idea of using mutualistic fungal endophytes to biologically improve plants
to manage plant parasitic nematodes utilizing nonpathogenic strains of Fusarium
oxysporum and, to a lesser extent, species of Trichoderma has gained attention.
Nonpathogenic strains of Fusarium oxysporum have been used extensively in
research on the biological enhancement of plants with fungal endophytes (Sikora
et al. 2008). Bananas, tomatoes, and rice have been the main crops researched thus
far for biological enhancement utilizing endophytes. However, the idea of using
nonpathogenic fungi that colonize the endorhiza for biological control is still very
new (Sikora et al. 2008).
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Abstract Endophytes are a group of microbes residing mutually within the tissues
of their host plant without causing any overt symptoms. Secondary metabolites pro-
duced by fungal endophytes are used in the treatment of many diseases including
protozoan diseases like malaria and visceral leishmaniasis (also known as kala-
azar). These two parasitic diseases together cause mortality and morbidity to mil-
lions of people globally. There are drugs available to treat these diseases, but the
increasing resistance among the protozoan parasite to present-day drugs has driven
the scientific community in search of novel sources of pharmacologically active
compounds of therapeutic value, and medicinal plants derived from fungal endo-
phytes have shown substantial potential for this cause. Compounds like Taxol, qui-
nine, cytochalasins, cyclodepsipeptide, fusaripeptide A, cochlioquinone A,
purpureone, isocochlioquinone A, citrinin, terrenolide S, and curvulin derived from
fungal endophytes have been used for their anti-plasmodial and antileishmanial
property, respectively. This book chapter reviews natural bioactive compounds
derived from fungal endophytes with various antiparasitic biological activities.
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1 Introduction

Endophytes are endosymbionts that live within the internal tissues of their host
body (Stone et al. 2000). Endophytic microbes may belong to fungi, bacteria, or
actinomycetes. They are ubiquitous in nature and present in all species of vegetation
without causing any visible symptoms (Wilson 1995) and overt negative effect on
their host (Carroll 2017). De Bary (1866) defined endophytes for the first time as
“any organism that grows within host tissue” (Gouda et al. 2016). Later after years
of research, more appropriate definition of endophytes was stated as “any organism
which colonizes the inner tissues of host plant at some stage of their life cycle”
(Gouda et al. 2016; Petrini 1991). A single host plant may have more than one
microbe as endophytic species at an instant of time, and their colonization depends
on several factors, such as genotype and physiological condition of the host plant,
as well as the environmental conditions. Fungal endophytes thrive well inside the
tissues of the plant as they derive nutrition and shelter from their host. The microen-
vironment within the host tissue is much more stable than outside as required for the
survival of the endophytes, and in return, they assist the host by producing second-
ary metabolites like growth factors (Hermosa et al. 2012), comply with stress condi-
tions such as heavy metal ions or edaphic stresses (Rodriguez et al. 2004; Worchel
et al. 2013), and also provide competitive advantages to the host against various
pathogens causing critical damage to plant (Arnold et al. 2003). Several studies
have revealed that secondary metabolites produced by fungal endophytes resemble
those of the host, probably because of horizontal transfer of genetic material
between the host and the endophyte. Fungal endophytes produce several bioactive
secondary metabolites such as terpenoids, tannins, saponins, phenolic compounds,
resins, etc. which have therapeutic applications in the treatment of various ailments
such as malaria, kala-azar, cancer, fever, etc. The advantage of using fungal endo-
phytes over medicinal plant for mass production of these metabolites is that the
secondary metabolite production time is shorter and can be cultivated in small area
(culture media), and preservation of endogenous native medicinal plant species can
also be achieved (Soares et al. 2017). Drugs like Taxol are derived from endophytic
fungus Taxomyces andreanae, which resides within the bark of yew tree (Taxus
brevifolia) (Stierle et al. 1993; Stierle et al. 1995; Zhang et al. 2009) and camptoth-
ecin from Nothapodytes foetida (Joseph and Priya 2011), which are pharmacologi-
cally active compounds as they are widely used in the treatment of cancer and
antifungal infections, respectively. Few other examples of bioactive compounds are
phomopsichalasin isolated from fungal endophyte Diaporthe sp., having antibacte-
rial property (Soares et al. 2017). Similarly, cryptocandin is an antifungal drug
obtained from fungi Cryptosporidiosis cf. quercia (G. A. Strobel et al. 1999), while
cercosporin is an antiparasitic drug obtained from endophytic fungus Mycosphaerella
spp- (Moreno et al. 2011).

Among the pool of diseases, protozoan diseases are causing major health con-
cerns around the globe affecting people both socially and economically. Protozoan
diseases like malaria (Plasmodium spp.), different forms of leishmaniasis
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(Leishmania spp.) such as cutaneous and visceral leishmaniasis, amoebic dysentery
(Entamoeba spp.), etc. are in an alarming situation and are majorly concentrated in
developing countries among tropical and subtropical regions. Malaria and leish-
maniasis are vector-borne parasitic diseases transmitted by female Anopheles mos-
quito and sand fly (Phlebotomus), respectively. The complexity of these diseases
and the ever-evolving nature of parasites had put the researcher on their toes to deal
effectively with increasing morbidity due to these infections. According to WHO,
malaria and leishmaniasis together added up to 249 million new clinical cases and
led to the death of around 687,000 people in the year 2021. Nowadays, scientists are
focusing on natural bioactive secondary metabolites as potential drugs for treatment
rather than chemosynthesis of drugs. The increasing resistance among microbes
against already present drugs has attracted the attention of the scientific community
toward the urgent need of bioactive compounds for management of several diseases.
Coevolvement of the host along with the endophytes is necessarily important for the
mutualistic functioning of this association (Lee et al. 2021).

In this book chapter, we will discuss about different fungal endophyte-derived
bioactive secondary metabolites with potential novel anti-protozoan drug activities
which could play a pivotal role in prevention/treatment of protozoan diseases like
malaria and kala-azar.

2 Fungal Endophytes and Their Secondary Metabolites
Having Antimalarial Properties

As mentioned above, endophytic fungi reside within the tissues of the host plant
without causing any visible symptoms. Studies have revealed that no plants have
been found without symbiotic association with endophytic fungi to date (Strobel
and Daisy 2003). A large number of species diversity is one of the major character-
istic properties of fungal endophytes which is evaluated by the fact that more than
30 fungal endophytes can be found to be associated with a plant at a time (Nisa et al.
2015). Medicinal plants have been exploited over the centuries for the treatment/
prevention of various ailments, but the discovery of fungal endophytes associated
with the medicinal plants secreting the secondary metabolites of similar medicinal
values has changed the current focus of the natural bioactive chemists to these
metabolites from fungal endophytes. Studies by WHO revealed that more than 80%
of the world’s population uses secondary metabolites from medicinal plants in some
form or the other (Kaul et al. 2012).

The solemnity malaria brings in can be estimated by WHO’s World Malaria
Report 2022 documenting 247 million cases in 2021 with an increased 2 million
cases from last year. There are more than 120 species of Plasmodium that have been
discovered to date, among which only six species, namely, Plasmodium falciparum,
P. infantum, P. malariae, P. ovale, P. vivax, and P. knowlesi, are responsible for
human infections (Varo et al. 2020). Among these six species, P. falciparum and
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P. vivax together cause the majority of infections. Several fungal endophyte-derived
secondary metabolites having antimalarial activity had been reported, and efforts
are being made to obtain novel natural drugs with better efficacy to address the
increasing resistance of Plasmodium species for already present drugs.

Previously used drugs in the treatment of malaria were mainly confined to three
groups of compounds, which are quinolines, antifolates, and artemisinin deriva-
tives. In the traditional system of medicine, Ch’ang shan was the oldest known
remedy for the treatment of malaria since 200 BC (Anand and Sharma 1997).
Grinded roots of Dichroa febrifuga lout or hydrangea leaves were used and the
active ingredient was febrifugine (Anand and Sharma 1997), but unfortunately, this
could not be implemented in clinical treatment due to its toxicity. A few of the novel
secondary metabolites (crude extract) from the stem bark of Morinda lucida sup-
presses the growth of P. falciparum completely. The extract had seven natural com-
pounds which worked synergistically to suppress the plasmodial growth. These
compounds were asperuloside, asperulosidic acid, stigmasterol, p-sitosterol, cyclo-
artenol, campesterol, and 5,15-O-dimethylmorindol, which alone did not have any
antimalarial activity but collectively inhibits P. falciparum growth (Chithambo
et al. 2017).

For the very first time, quinine was isolated from the bark of Cinchona spp. in the
seventeenth century by Pelletier and Caventou (Maehara et al. 2011) which was the
first successful plant extract used for malarial treatment. Thereafter, several alterna-
tives such as chloroquine (CQ), mefloquine, and primaquine had been developed
and used as antimalarial drugs. Afterward, it was reported that fungal endophytes of
Diaporthe sp. associated with Cinchona ledgeriana produce similar alkaloid com-
pounds like quinine, quinidine, cinchonidine, and cinchonine (Maehara et al. 2011).
As shown in Fig. 8.1, quinine has gametocidal activity against malarial parasite as
well as blood schizonticide. The theoretical mode of action for quinine and related
antimalarial drugs states about the toxicity of these drugs to parasite. Specifically,
they interfere with the parasite and prevent digestion of hemoglobin. Consequently,
continued accumulation of partially degraded hemoglobin builds up toxicity and
leads to parasite starvation and elimination.

Later, antifolates were discovered which contain combination of dihydrofolate
reductase (DHFR) enzyme inhibitors, as proguanil, chlorproguanil, pyrimethamine,
and dihydropteroate synthase (DHPS) enzyme inhibitors, such as dapsone and sul-
fadoxine (Luzzatto 2010). Artemisinin was discovered in 1970 from Artemisia
annua (Tu 2011) and has changed the entire perspective of malarial treatment.
Artemisinin and its derivatives (artesunate, artemether, dihydro-artemisinin) are
fast-acting endoperoxide compounds and potent antimalarials in the elimination of
P. falciparum in the areas where CQ resistance prevails (Mackinnon and Marsh
2010). In all countries where resistance to monotherapies is prevalent, artemisinin-
based combination therapies (ACTs) are recommended by WHO since 2001, for
treating falciparum malaria.

Experimentally, it has been found that a cyclopdepsipeptide compound fusari-
peptide A derived from the endophytic fungi of Fusarium spp. associated with root
tissues of Mentha longifolia (Labiatae) has antimalarial activity against
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Fig. 8.1 Diagrammatic illustration of various compounds having antileishmanial and antimalarial
propertiesy. Amphotericin B interacts with ergosterol formation on the membrane of protozoan
parasite leading to porosity in the membrane (1); citrinin acts against promastigote stage of L. mex-
icana (2); promastigote transforms into amastigote stage inside macrophages which are targeted
by group of compounds like purpureone, palmarumycin CPyg, and cochlioquinone A and isoco-
chlioquinone A against L. donovani and L. amazonensis, respectively (3,4). Similarly, in malaria,
the sporozoite introduced by Anopheles invades liver cells and transforms into schizont (5); qui-
nine works against both gametes and schizont stage of parasitic development (6,8). Pulixin inter-
feres with the interaction between FREP-1 (midgut protein) and parasite (9), while compounds
such as crude extract of Neocosmospora rubicola AMb2 and preussiafuran A and preussiafuran B
act against the promastigote stage of parasite (7)

chloroquine-sensitive P. falciparum D6 (Sierra Leone) (Ibrahim et al. 2018).
Similarly, fungal endophytes associated with different organs of plants provide a
wide range of antimalarial drugs belonging to different group of compounds such as
mycotoxins, cytochalasins, and trichothecenes from different strains. Polyketides,
Dicerandrol D, display antimalarial activity and low toxicity at nanomolar concen-
tration (Calcul et al. 2013). Two dibenzofuran compounds, preussiafuran A and pre-
ussiafuran B isolated from Preussia spp., found associated with Enantia chlorantha
oliv had shown to have an anti-plasmodial activity against the erythrocytic phase of
chloroquine-resistant P. falciparum (Talontsi et al. 2014). Fungal endophytes
Neocosmospora rubicola AMb2 isolated from medicinal plant Annona muricata
produce secondary metabolite which have potent antimalarial activity against both
pf3D7 (IC50 = 0.30 pg/ml) and pfDd2 (IC50 = 0.42 pg/ml) after 4 hours of incuba-
tion, and complete clearance of parasite after 32 hours of incubation is observed in
an experimental setup. This extract arrests the trophozoite stage of plasmodial
infection (Fig. 8.1) (Toghueo et al. 2019).

Recently, a new anti-plasmodial compound named Pulixin has been reported
from the fungus Purpureocillium lilacinum which prevents transmission of parasite
by interfering with the interaction between fibrinogen-related protein-1 (FREP-1)
of Anopheles and Plasmodium (Table 8.1) (Niu et al. 2021). Two compounds
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Table 8.1 List of antimalarial and antileishmanial compounds with their mode of action

S.
no | Name of compound Mode of action References
Antimalarial compounds
1. | Pyrimethamine, proguanil, | Inhibits dihydrofolate reductase (DHFR) | Luzzatto (2010)
and chlorproguanil enzyme
2. | Atovaquone Interferes with mitochondrial electron Srivastava et al.
transport and also blocks cellular (1997)
respiration
3. | Artemisinin Inhibits PfATP6 of Plasmodium Eckstein-Ludwig
falciparum et al. (2003)
4. | Pulixin Interferes with PREF-1 and Plasmodium | Niu et al. (2021)
interaction
5. | Crude extract of Arrest of trophozoite stage Toghueo et al.
Neocosmospora rubicola (2019)
AMDb2
Antileishmanial compounds
1. | Amphotericin B Binds to cell membrane and leads to Stone et al. (2016)
formation of pores ion leakage and
death
2. | Citrinin Effects of oxidative stress and altered de Oliveira Filho
enzymatic antioxidative responses et al. (2017)
3. | Miltefosine Activation of the sphingosine-dependent | Pinto-Martinez
plasma membrane Ca’* channel et al. (2018)
4. | Paromomycin Causes inhibition of protein synthesis by | Khan et al. (2013)
binding to 16S ribosomal RNA

(flavasperone-1, aurasperone-A) extracted from Aspergillus niger an endophytic
fungus from Terminalia catappa have been reported to have anti-plasmodial activity
(Kouipou Toghueo et al. 2021), and various other organic extracts of this species are
used as preventive measures against malaria.

3 Fungal Endophytes and Their Secondary Metabolites
Having Antileishmanial Properties

Leishmaniasis comes within the group of neglected tropical diseases (NTD) as it is
not listed in the global health agenda and has been ignored by international funding
agencies as well national organizations. Leishmaniasis is caused by over 20 species
of protozoan parasite Leishmania, and around 90 species of sand flies are respon-
sible for transmitting leishmaniasis (https://www.who.int/news-room/fact-sheets/
detail). Infected sand flies feed on blood for the development of their eggs during
which it can infect their host with leishmanial parasite (Zhou et al. 2007). Depending
upon the causative strain of parasite, there are three manifestations of leishmaniasis:
cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and the most
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fatal one is visceral leishmaniasis (VL) in which parasites infect visceral organs of
the body such as the bone marrow, liver, and spleen. Leishmaniasis mostly affects
impoverished nations across the globe and is majorly confined to developing coun-
tries. Approximately around 700,000 to 1 million new cases are reported annually
with a death toll of around 70,000. Not all those infected by the parasite end up
acquiring leishmaniasis, but only a fraction of them will eventually develop the
disease. The lack of effective vaccinations and safe, inexpensive medications for the
prevention and treatment of human protozoan infections has worsened the disease’s
significant impact. Unfortunately, the effectiveness of currently available treatments
is being exposed to risk as parasite resistance spreads.

As listed in Table 8.1, treatment options for leishmaniasis are limited to few of
the drugs like pentavalent antimonial, amphotericin B, miltefosine, and paromomy-
cin. But most of these drugs have some or other kind of side effects, and more
alarmingly, there is increased resistance to them (Guerin et al. 2002). Pentavalent
antimonials were the first drug used for the treatment of leishmaniasis, but the asso-
ciated side effects such as nausea, vomiting, weakness, myalgia, abdominal colic,
diarrhea, and skin rashes and complications like hepatotoxicity, cardiotoxicity, and
nephrotoxicity can also occur (Jolliffe 1985). As shown in Fig. 8.1, second-line drug
like amphotericin B has been used in the treatment of leishmaniasis as it inhibits the
formation of ergosterol, thus causing membrane instability and parasite lysis. The
main disadvantages associated with leishmanial drugs are their toxicity, and so to
counteract the toxicity, several modifications have been performed on already avail-
able drugs such as lipid modification of amphotericin B which reduces its toxicity.
To address the challenges of toxicity and increasing resistance toward available
drugs, bioactive secondary metabolites from the fungal endophytes appear as an
upstanding alternative. Two natural secondary metabolite, cochlioquinone A and
isocochlioquinone A isolated from the fungal endophytes Cochliobolus spp. associ-
ated with plant Piptadenia adiantoides (Fabaceae), were found to be lethal against
amastigote phase of Leishmania amazonensis with an inhibition concentration
(ICsp) value of 1.71 and 4.09, respectively (Campos et al. 2008). The same bioactive
secondary metabolite was isolated from the endophytes associated with leaves of
Vernonia polyanthes (Do Nascimento et al. 2015).

Purpureone is a secondary metabolite isolated from Purpureocillium lilacinum
from Aspergillus sp. strain F1544 and is highly effective against the amastigote
form of Leishmania donovani with IC50 of 0.99 pM (Lenta et al. 2016). Another
compound named citrinin isolated from Penicillium janthinellum resists the growth
of promastigote stage of Leishmania mexicana with an IC50 value of 56.6 pM
(Marinho et al. 2005).

A butanolide derivative compound called terrenolide S isolated from the fungal
endophytes Aspergillus terreus associated within the roots of Carthamus lanatus
(Asteraceae) along with few previously known compounds such as stigmasta-5,7,22-
trien-3-$-ol and stigmast-4-en-3-one has been reported to show antileishmanial
activity against Leishmania donovani with IC50 value of 11.24 pM, 15.32 pM, and
27.27 uM (Elkhayat et al. 2016). Similarly, three compounds, curvulin, spirostaphy-
lotrichin U, and spirostaphylotrichin R isolated and identified from the extracts of
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Eichhornia macrophyte species, have been documented to possess antileishmanial
activity against Leishmania amazonensis and can be further explored as antileish-
manial agent (de Almeida et al. 2018). A compound palmarumycin CP,, identified
from the extract of Panamanian fungal endophytes Edenia spp., showed the anti-
leishmanial activity against Leishmania donovani in the macrophage stage of para-
sitic life cycle (Ortega et al. 2014). Many more similar compounds having in vitro
antileishmanial activity are under investigation.

4 Future Perspective and Concluding Remarks

It had been a journey of more than a century since causative agents of these diseases
had been identified. Over this period, there have been many scientific advancements
in computational tools and scientific approaches capable of reducing diseases and
associated mortality, majorly the discovery and development of drugs (antimalarial/
antileishmanial) against these protozoan parasites and insecticides against vectors.
To progress toward the complete eradication of these protozoan parasites, pharma-
ceutical sectors, government organizations, and academics altogether have to work
in a coordinated way to maintain financial incentives. In recent years, recrudescence
of resistance among the vectors and parasites for already present drugs diminishing
their effectiveness is a major threat leading to increased mortality. Various organ-
specific toxicities associated with drugs also limit the use of these drugs. To coun-
teract the problem of developing resistance to parasites, various alternative drugs
have been discovered from different sources. Once an isolated analyte is passed
through computational tools for determination of its structure, it further has to pass
through different in vitro and in vivo assays to confirm its high efficacy, minimum
toxicity, and maximum safety. Isolation of secondary metabolite from fungal endo-
phytes can provide us with a pool of drugs showing antimalarial and antileishmanial
activity, respectively. Also, endophytes with their metabolites for disease protection
have more advantages over chemical drugs and conventional bioformulations.
Metabolites isolated from fungal endophytes have various properties such as it
enhances defense against pathogens. Therefore, formulation of a cocktail of com-
pounds derived from fungal endophytes may provide novel combinatorial drugs for
treatment of protozoan disease. Recently, the field of endophytes has gained attrac-
tive popularity as a stage for pharmaceutical therapeutics which is more affordable,
but a few of the odds associated, such as purity of fungal endophytes and low yields
of metabolites, need to be addressed for optimum utilization, which can be over-
come by advancement in scientific intervention and high-throughput method.
Thereafter, for large-scale production of the isolated drug, different pharmaceutical
firms can be approached to use large-scale cell culture bioreactors for mass produc-
tion of drug extracted from fungal endophytes.
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Chapter 9

Bioinformatics Approaches in Studying
the Fungal Endophyte-Derived Bioactive
Compounds with Pharmacological
Relevance

Satyendra Singh, Ketan Kumar, Abhishek Rao, and Vijay Kumar Prajapati

Abstract Fungal endophytes (FEs) are endosymbionts that live inside the plant and
produce compounds that protect the host from predators like grazing animals, pests,
and insects. FEs are the repository of novel bioactive compounds, potentially treat-
ing various lifestyle and communicable diseases like microbial diseases, viral dis-
eases, parasitic diseases, etc. Bioinformatics plays an essential role in the
high-throughput screening of thousands and millions of compounds in a single click
at a short time. Several tools and web servers are available to explore compounds,
library preparation, protein and ligand preparation, grid generation for specific
docking, ADME prediction to predict drug-like properties, docking for high-
throughput ligand screening, and finally, molecular dynamics simulation to check
the stability of docked protein-ligand complexes. Because of the occurrence of
widespread drug resistance as a result of unprescribed and misused antibiotics, there
is an urgent need for novel bioactive compounds, and bioinformatics is the first
prominent choice for researchers in this strategy. Virtual screening through bioinfor-
matics decreases the number of compounds. Hence, it will be very straightforward
for researchers to test a limited number of compounds against specific diseases in
in vitro and in vivo studies and reduce prerequisite validation.
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1 Introduction

Since after origin of life on earth, living together with the different organisms, a
symbiotic lifestyle has been identified based on fitness benefits or impacts on the
host. Considering plants in their natural habitats is symbiotic with a highly diverse
group of bacteria and fungi as endophytes. Endophytes are a group of microorgan-
isms that sporulate within plant tissues and develop fully within plant tissues,
including roots, stems, and/or leaves (Rodriguez et al. 2009). With the decline in the
breakthrough rate of new active novel chemical substance entities, it has become
evident to explore plant sources extensively for various therapeutic purposes.
Endophytic microorganisms play an important role in this lookup for natural bioac-
tive compounds, with potential use in the health sector and in drug discovery (Lam
2007). Fungal endophytes (FEs) have been associated with plants for more than 400
million years (Krings et al. 2007), and these FE species vary in their symbiotic and
ecological function. The clavicipitaceous endophytes (C-endophytes), which infect
some grasses, and the non-clavicipitaceous endophytes (NC-endophytes), which
can be recovered from asymptomatic tissues of nonvascular plants, ferns and allies,
conifers, and angiosperms, have previously been recognized, reflecting differences
in evolutionary relatedness, taxonomy, plant hosts, and ecological functions. For
clavicipitaceous and non-clavicipitaceous endophytes, several colonization tech-
niques have been identified, and based on colonization pattern, they have been dif-
ferentiated into four functional classes, C-endophytes as class 1 and NC-endophytes
into class 2, 3, and 4 (Rodriguez et al. 2009). C-endophytes are a small clique of
phylogenetically associated clavicipitaceous species that are difficult to cultivate
and only found on grasses (Bischoff and White 2005). They establish systemic
intercellular infections that extend through the shoot meristem, populating the inter-
cellular gaps of freshly formed shoots. NC-endophytes colonizing above- and
belowground plant tissues, as well as aerial tissues (Gao and Mendgen 2006), and
being horizontally and/or vertically transmitted (Redman et al. 2002) were classi-
fied as class 2, while those colonizing aerial tissues of various hosts, particularly
trees, and being horizontally transmitted were classified as class 3 endophytes, and
those restricted to roots’ cortical cell layer (O’dell et al. 1993) and morphologically
similar to mycorrhizal fungi were classified as class 4 endophytes. They are endo-
symbionts that colonize plants and provide a source of new bioactive secondary
metabolites that might be used as antibacterial, anti-insect, and anticancer agents.
The bioactive compounds that they can synthesize can be used by plants as growth
enhancers, as a defense against pathogens, and be beneficial in developing new
drugs, summarized in Fig. 9.1.

A very few of these compounds have been studied yet for their therapeutic appli-
cation, and several groups of researchers around the globe are evaluating and exem-
plifying advanced biotechnological techniques for regimental applications (Joseph
and Priya 2011). In contrast to the cost-effective and time-consuming conventional
synthetic molecules used in drug discovery, there is a constant demand for promis-
ing potential wide-range therapeutic agents that are effective against life-threatening
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Fig. 9.1 Different biological activities (antibacterial, anticancer, anti-inflammatory, antiparasitic,
antidiabetic, antifungal) have been shown by the fungal endophytes. Novel computational drug
discovery approaches (high-throughput virtual screening, binding energy calculation, and molecu-
lar dynamics simulation) may lead to potential drug candidates for in vitro and in vivo experiments
to tackle various diseases

viruses, have low toxicity, and have a promising future in human health and safety
concerns. Novel bioactive isolates of FEs are molecules with many H-bond accep-
tors and donors, increased hydrophilicity, and higher molecular stiffness for dealing
with protein-protein interaction (Atanasov et al. 2021).

2 Interaction Between Fungal Endophyte and Plant

FEs are the micromycetes that live inside living plant tissues, do not cause disease
in the host, and remain asymptotically. Internally, they invade plant tissue such as
stems, inflorescences, leaves, petioles, buds, fruits, seeds, and dead hyaline cells.
They can also be present in plant roots without forming a mycorrhizal-type symbi-
otic association (Huang et al. 2019). Different fungi interact with higher plants, and
genetic linkages between plant-arbuscular mycorrhizal fungus associations and root
nodule symbioses have been established, suggesting coevolution of fungal endo-
phytic populations with one another and with their hosts (Gherbi et al. 2008).

The successful colonization of endophytes in a plant relies on several factors,
including the host species, developmental stage of the host, inoculum density, and
environmental factors. FEs have a significant influence on plant evolution and com-
munities and return for nourishment. This symbiotic endophyte relationship
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benefits the host plant by improving fitness by bestowing abiotic and biotic stress
tolerance, improving biomass while also reducing water usage or decreasing fitness
by reallocating nutrients. Endophytes can be “obligate” that spend most of their
lives, if not all of their lives, inside plants or “opportunistic” that thrive outside plant
tissues and enter plants sporadically. Examples of such are Balance, Epichlo, and
Neotyphodium and members of Hypocrea and Trichoderma, respectively. An inter-
mediate of the above is the “facultative” group, which includes the great majority of
endophytes and takes nutrients offered by the host plant, and its mutualist relation-
ship is ambiguous and a source of discussion (Hardoim et al. 2015).

The interactions between host plants and endophytes in a natural habitat are
poorly understood. It has been hypothesized that the endophyte relationship is char-
acterized by a finely calibrated balance between fungal virulence and plant defense
(Saikkonen et al. 1998; Schardl et al. 1991; Schulz et al. 2002). The relationship
between the fungal endophyte and the plant host might be mutualistic if endophytic
colonization resulted in higher phenolic defense metabolites than pathogenic infec-
tion (Schulz et al. 2002). Imbalances in nutrition exchange, as well as hereditary
variables, describe the transition from a mutualistic to a parasitic relationship (Kogel
et al. 2006). According to certain theories, miscommunication may also unwittingly
begin disease processes under physiological stress and/or senescence (Rodriguez
and Redman 2008). The preponderance of data suggests that culturable endophytes
linked with woody plant leaf are more likely to be colonized from the outside (hori-
zontal transmission) than vertical transmission (Arnold and Lutzoni 2007).
Aboveground organs colonized locally and intercellularly by FEs tend to be antago-
nistic, whereas roots colonized systemically and inter- and intracellularly by FEs
are more likely to be mutualistic (Schardl et al. 1991; Schulz et al. 2002). They
produce exoenzymes necessary to penetrate and colonize their host using the apo-
plastic medium as the growth medium. Endophytes improve the host’s stress and/or
biotic stress tolerance, such as drought, disease, and metal toxicities by increasing
reactive oxygen species generation versus increased antioxidant compound produc-
tion by endophyte-infected plants, which denature host cell membranes, allowing
nutrients to leak out of plant cells and be absorbed by fungal hyphae (Herrera-
Carillo et al. 2009; White Jr and Torres 2010). Endophytic natural chemicals have
antibacterial characteristics, and they have been related to protecting the host plant
against phytopathogenic microorganisms, which improve disease tolerance in many
cases (Gunatilaka 2006). Endophytes have also been shown to produce a wide range
of antioxidant chemicals, including phenolic acids and their derivatives, isobenzo-
furanones, isobenzofurans, mannitol, and other carbohydrates. This antioxidant
ability may contribute to their host’s increased stress tolerance (Aly et al. 2011).
Endophytes promote host fitness and competitiveness by boosting germination suc-
cess and growth rate, by strengthening the host’s ability to absorb nutritional materi-
als, or by raising the yield of plant growth hormones such as indole-3-acetic acid,
indole-3-acetonitrile, and cytokinins (Hartley and Gange 2009; Tan and Zou 2001;
Zhang et al. 2006). Endophytes with appropriate degradation pathways, metal
sequestration, or chelation systems were also able to increase host plant tolerance to
heavy metal presence, assisting their hosts in surviving in contaminated soil (Weyens
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et al. 2009). Plants give spatial structure, moisture protection, and nutrition to the
following generation of hosts in exchange. The host plant may also give substances
necessary for the endophyte’s life cycle to be completed and for its development and
self-defense (Rudgers et al. 2004).

3 Fungal Endophyte: Drug Discovery Approach
Through Bioinformatics

The traditional drug discovery approach is expensive, laborious, and time-
consuming. The process begins with identifying potential targets followed by drug
molecules and their optimization, then in vitro and in vivo studies are also per-
formed. After that, preclinical studies are conducted to decide whether these mole-
cules are capable and can be developed as drug molecules or not (Malathi and
Ramaiah 2018). Scientists have developed a wide range of bioinformatics software,
tools, and web servers to deal with these issues to reduce time, money, and human
resources. Computational tools help reduce potential drug candidates from hun-
dreds of thousands to two-digit numbers; then, these potential compounds can be
easily studied in in vitro and in vivo (Wooller et al. 2017).

3.1 Compound Library Preparation: Through Literature
Survey or Structure Designing by Tools
Like ChemBioDraw

A compound library is a collection of compounds used for high-throughput screen-
ing for drug development. In the case of fungal endophytes, the related library that
contains bioactive compounds can be downloaded directly from the databases. If the
fungal endophyte library is not present or has not been studied earlier for the screen-
ing process, then the compound library can be prepared by surveying the literature,
including studies related to fungal-based endophytes. These bioactive compounds
can be identified from the previously published research paper and downloaded
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in the desired for-
mat, most probably in .sdf format. The PubChem database is freely accessible and
maintained by the National Center for Biotechnology Information, comes under US
National Institute of Health. Another method for library preparation is the genera-
tion of compound structures by using chemical structure development software like
ChemBioDraw Ultra 14.0 (https://www.adeptscience.de/products/lab/chembio-
draw/chembiodraw-ultra-suite.html), MarvinSketch (https://www.chemaxon.com/
products/marvin/marvinsketch/), ChemDraw, etc. It contains all the tools required
for drawing chemical structures and chemical reactions; chemists and biochemists
widely use this application for databases, research, and publication purposes.


https://pubchem.ncbi.nlm.nih.gov/
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Published results or data from analytical techniques like HPLC, GC-MS, etc. some-
times provide the chemical structure. These structures can be developed by
ChemBioDraw and can be exported in .sdf format for further studies.

3.2 Ligand Preparation

Prior to docking, ligand preparation is an important step. The compounds (ligands)
downloaded from databases or designed with the help of tools are not in the correct
order because of the wrong conformation, deprivation of hydrogen bonding, and
atomic clashes. During ligand preparation, these blunders should be rectified with
the help of computational tools. That can be done by removing atomic clashes, add-
ing polar hydrogen, removing nonpolar hydrogen, optimizing hydrogen bonds,
removing salts, and executing other calculations, like adding Kollman and Gasteiger
charges. Ligand preparation through the LigPrep module of Schrodinger Suite
requires input files in .sdf format, and the result should be exported in .maegz for-
mat. For ADT (AutoDock Tools) .pdb format as an input file and ligand should be
exported in .pdbqt format. Ligands were converted in three-dimensional geometries
during ligand preparation, also ionizing the molecules at physiological pH, i.e.,
pH =7 =2, and a possible number of stereoisomers of these compounds were gener-
ated. Schrodinger uses one of its programs, Epik, to predict pKa values of the ion-
ization groups present in the ligand by using Hammett and Taft’s empirical equations
(LigPrep_Schrodinger_2017 2017; Sastry et al. 2013; Shelley et al. 2007). Software
and online tools used for ligand preparation for docking are listed in Table 9.1.

Table 9.1 Tools for ligand preparation

S. Tools/
no. | software Websites/weblinks References
1 LigPrep https://www.schrodinger.com/products/ligprep | LigPrep (2018)
2 Gypsum-DL | https://durrantlab.pitt.edu/gypsum-dl/ Ropp et al. (2019)
3 OpenBabel https://sourceforge.net/projects/openbabel/ O’Boyle et al. (2011)
4 MGL tools http://mgltools.scripps.edu/downloads Dallakyan (2010)
5 POAP https://github.com/inpacdb/POAP Samdani and Vetrivel
(2018)
6 PyRx https://pyrx.sourceforge.io/ Dallakyan and Olson
(2015)
7 MarvinSketch | https://www.chemaxon.com/products/marvin/ | ChemAxon (2013)
marvinsketch/
8 Frog2 https://bioserv.rpbs.univ-paris-diderot.fr/ Miteva et al. (2010)
services/Frog2/
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3.3 Estimation of Druggable Property by ADME/T Prediction

Investigating druggable properties at the initial stage is crucial for drug discovery
and development because drug development is very costly in terms of money and
human resources. To reduce the failure of drug candidates in a later stage, it is essen-
tial to check ADME (absorption, distribution, metabolism, and excretion) and toxic-
ity properties. In silico ADME analysis helps select potential drug candidates and
reject the molecules with less probable ones, reducing the research and develop-
ment failure in terms of efficacy and safety (Han et al. 2019; van de Waterbeemd
and Gifford 2003; Xiong et al. 2021). ADME prediction by using computational
tools also predicts human oral bioavailability by checking different parameters of
the drug molecules that are already present in the databases and comparing them
(Falcon-Cano et al. 2020). ADMETlIab 2.0 (Xiong et al. 2021) (https://admetmesh.
scbdd.com/) is the next version of the ADMETlIab tool and is widely used to check
the ADMET properties, i.e., pharmacokinetics and toxicity. ADMETIab 2.0 plat-
form predicts seven different drug-like properties, for example, (1) absorption
(Caco-2 permeability and MDCK permeability), (2) distribution (PPB, VD, and
Fu), (3) metabolism, (4) excretion (CL), (5) toxicity (bioconcentration factor, IGCj,
LCs,FM, and LC5,DM), (6) pharmacology properties (Log S, Log D7.4, and Log P),
and (7) physiochemical properties. ADME/T prediction tool of SwissADME (Daina
etal. 2017), Accelrys Discovery studio software, admetSAR-2.0 (http://lmmd.ecust.
edu.cn/admetsar2/), and pre ADMET (available at http://preadmet.bmdrc.org/) (Lee
et al. 2003) can also be used to predict pharmacokinetics, physiochemical, lipophi-
licity, water solubility, toxicological, and drug-likeness properties. PAINS (pan-
assay interference compounds) (Baell and Holloway 2010) is used for the removal
of compounds having poor pharmacokinetic activity (https://www.cbligand.org/
PAINS/). QikProp application of Schrodinger Suite has widely used software for
ADME prediction. Therefore, QikProp is used worldwide in academic/research
institutions (for educational purposes). Pharmaceutical companies predict different
drug parameters by using QikProp at commercial levels based on which a drug
candidate can be selected or rejected. Some important properties are MW (molecu-
lar weight of the compound), FISA (hydrophilic component of SASA), SASA (total
solvent accessible surface area), FOSA (hydrophobic component), PISA (SASA’s
carbon and attached hydrogen component), QplogS (aqueous solubility prediction),
QPlogHERG (IC50 value prediction of HERG K+ channel), QPlogo/w (partition
coefficient of octanol and water prediction), QPPCaco (apparent Caco-2 cell perme-
ability for gut-blood barrier), QPPMDCK (expected apparent MDCK cell permea-
bility in nm/s), QPlogKp (skin permeability prediction), QPlogBB (blood/brain
partition coefficient prediction), and QPlogKhsa (binding to human serum albumin
prediction) (Naik et al. 2020; QikProp 2021). Table 9.2 shows the prediction tools
for drug-like properties.
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3.4 Identification of Essential Drug Targets

Identification of a putative drug target is crucial, and several things should be con-
sidered during the drug target identification process. For example, drug targets
should not have similarities with the host. While targeting the pathways, the same
pathway should not appear in the host. BlastP can overcome this issue by checking
the similarity between the query sequence and the protein structures previously
deposited to the protein data banks. The search should be restricted to the host pro-
teins, and a nonredundant database would be selected for better results. Some serv-
ers like KEGG Automatic Annotation Server (KAAS) (https://www.genome.jp/
kegg/kaas/) predict functional annotation of the genes based on the BLAST or
GHOST by comparing with manually arranged KEGG gene databases (Moriya
et al. 2007). Another server named iDTI-ESBoost (http://farshidrayhan.pythonany-
where.com/iDTI-ESBoost/) is currently used to identify drug target based on struc-
tural and evolutionary information. The server analyzed several parameters to detect
the interaction between the drug and targets like evolutionary features, structural
information, and the molecular fingerprinting of the drug (Rayhan et al. 2017).

3.5 Protein (Drug Target) Preparation and Grid Generation

For docking, the protein’s crystal structure downloaded from the protein data bank
(PDB) may contain errors, like attachment of nonprotein parts, for example, hetero-
atoms (HETATM), water (SOL), and salts (Na*, CI'). It is necessary to remove all
these nonprotein parts from the pdb file during the protein preparation. The addition
of missing hydrogen bonds and their optimization and removal of water molecules
and cofactors are essential. Some protein structures may be present in a dimeric
state or contain more than one chain. However, they may be functionally more
active in their monomer form; dimer state and other chains may cause hindrance
during the docking. Hence, depending on the functioning of the protein, it is essen-
tial to save the cleaned protein structure in monomeric form for further docking
steps. Missing side chains and missing loops should also be added, and protein
should be prepared in the presence of appropriate force fields (Sastry et al. 2013).
Protein preparation wizard provided by Schrodinger LLC is a widely used applica-
tion for protein preparation in academics and the industrial level (Friesner et al.
2006; Halgren et al. 2004).

In a protein, some specific residues act as the active site residues. These active
site residues are responsible for the protein’s folding, stability, and catalytic activity
(Sun et al. 2001). During the molecular docking step, it is essential to specify the
active site residues at the time of docking so that the ligand can be bound to the cata-
Iytic residues of the target. There are different computational tools like receptor grid
generation tools of maestro provided by Schrodinger, discovery studio tool,
autodock grid generation tool, etc. These tools define the particular area in the target
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protein, surrounding active site residues. Coordinates surrounding active site resi-
dues in the x, y, and z axes must be provided (David et al. 2018). If the active site
residues are not identified yet or available, then active site residues will be predicted
using tools like site map for binding site prediction an application of Schrodinger
Suite. Docking without providing specific active site residues is called blind
docking.

3.6 Molecular Docking and Interaction Study

High-throughput screening or virtual screening is very effective in screening com-
plete databases (containing hundreds of thousands of small molecules) compared to
the traditional approach (Moitessier et al. 2008). Virtual screening is of mainly two
types: ligand based and structure based. Ligand-based virtual screening is used
when the active molecules are well known and very little or no information is avail-
able for the receptor. Structure-based virtual screening is preferred when the target
or receptor is well known and the active molecules are not explicit. Molecular dock-
ing is an example of structure-based virtual screening. The main idea behind this
approach is to find out the best-fitted molecule that can efficiently bind with the
essential protein/target (Bailey and Brown 2001). Scores are obtained after molecu-
lar docking like docking score; glide score is used to screen the potential molecules
from the library. The glide application of the Schrodinger Suite is widely used for
protein-ligand docking studies. Softwares, online tools, and web servers that are
commonly used for docking are listed in Table 9.3.

3.7 Estimation of Binding Energy

Potential compounds are selected to estimate binding free energy based on the
scores obtained after molecular docking, like docking and glide scores. Prime appli-
cation provided by the Schrodinger Incorporation is widely used for relative binding
free energy calculation. Prime and other tools use MM-GBSA (Molecular Mechanics
and Generalized Born Solvent Accessibility) to calculate binding free energy in
biomolecular systems. MM-GBSA dG Bind is the complex energy minus the recep-
tor and ligand energy (Pattar et al. 2020). The highest negative binding energy value
shows the most stable compound, and the unit for binding free energy is kcal/mol.
MM-GBSA dG Bind values are the relative binding energy, and on this value, fur-
ther compounds are selected to check the stability of complexes at the atomic level
(Jacobson et al. 2004; Naik et al. 2021).
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Table 9.3 Tools for molecular docking
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Tools/software
S. | for ligand
no. | docking Websites/weblinks References
1 | AADS http://www.scfbio-iitd.res.in/dock/ActiveSite_new. | Singh et al.
jsp (2011)
2 | AMDock https://github.com/Valdes-Tresanco-MS Valdés-Tresanco
et al. (2020)
3 | AutoDock4 https://autodock.scripps.edu/ Morris et al.
(2009)
4 | AutoDock Vina | https://vina.scripps.edu/ Trott and Olson
(2010)
5 | DockIT http://www.haptimol.co.uk/downloads.htm Iakovou et al.
(2020)
6 | GEMDOCK http://gemdock.life.nctu.edu.tw/ Bitencourt-
Ferreira and de
Azevedo Jr
(2019)
7 | Glide https://www.schrodinger.com/products/glide Halgren et al.
(2004)
8 | Molegro virtual | http://molexus.io/molegro-virtual- Bitencourt-
docker docker/#:~:text=Molegro%20Virtual %20 Ferreira and de
Docker%?20is%20an,binding%20modes%200f%20 | Azevedo (2019)
the%20ligands
9 | Sanjeevini http://www.scfbio-iitd.res.in/sanjeevini/sanjeevini. | Jayaram et al.
isp (2012)
10 | SwissDock http://www.swissdock.ch/ Grosdidier et al.
(2011)

3.8 Molecular Dynamics Simulation (RMSD
and RMSF Analysis)

Molecular dynamics simulation is the final step in selecting or dropping the com-
pound for in vitro or in vivo experiments. Molecular dynamics verifies the stability
of finalized compounds at the microscopic level. It tells about the different flexible
regions of the biomolecule that undergo structural changes when the same solvents
and conditions are added/provided as available in the physiological environment
like temperature and pressure. Water molecules, salts, and ions are also added dur-
ing the dynamics because they play an essential role in protein functioning and
ligand binding. The biomolecular complex that shows stability during the dynamics
seems more accurate than the unstable one (Hollingsworth and Dror 2018).

Root mean square deviation, commonly known as RMSD, is used to compare the
docked molecules against the reference structure of the biomolecule. RMSD is the
average deviation of the structure for the total period of dynamics period; continued
increase in RMSD shows protein is not steady. Whereas RMSF is the root mean
square fluctuation, it shows the average fluctuation of each particle (protein
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Table 9.4 Tools for molecular dynamics simulation

S. no. | Tools/software | Websites/weblinks References

1 Amber https://ambermd.org/ Case et al. (2005)

2 CHARMM https://www.charmm.org/ Brooks et al. (2009)

3 GROMACS http://www.gromacs.org/ Abraham et al. (2015)
4 NAMD https://www.ks.uiuc.edu/Research/namd/ Phillips et al. (2020)
5 Desmond https://www.schrodinger.com/products/desmond | Zhu et al. (2014)

residues) present in the structure. Higher RMSF values mostly show the presence of
loop regions in the structure with a high level of conformational flexibility that con-
firms the structure is not well defined (Barnett et al. 2021; Batut et al. 2018).
Softwares and web servers for molecular dynamics simulation are shown in
Table 9.4.

4 TImportance of Fungal Endophytes in Medicine

Endophytic fungi are vital to medicinal host plants because they help them produce
a variety of important chemicals, enzymes, and biopesticides while enduring biotic
and abiotic stress. They also help in plant defense and growth and produce plant
growth-promoting factors, natural compounds, and secondary metabolites from
medicinal plants that help control plant pathogens (Al-Ani 2017; Egbuna and
Sawicka 2019). Different bioactive compounds that possess antimicrobial, antitu-
mor, antithrombotic, antioxidants, insecticides, and growth-promoting activity have
been produced by these endophytic fungi of pharmaceutical or agricultural uses
(Zhang et al. 2014). FEs can produce novel compounds, so researchers have isolated
endophytic fungi from plants to produce phenols, quinones, flavonoids, terpenoids,
peptides, alkaloids, and steroids (Kaul et al. 2012; Yu et al. 2010). Stierle and Strobel
reported that the most famous drug Taxol has been isolated from the endophytic
fungus Taxomyces andreanae from the bark of Taxus brevifolia (Stierle et al. 1993).
Taxol is, commonly known as paclitaxel (PTX), is a natural source of cancer drug
that shows antineoplastic activity and interferes with the growth and metastasis of
cancer cells. US FDA has approved paclitaxel to treat ovarian and breast cancer
(Cremasco et al. 2009). Vinblastine and vincristine are the two famous cancer drugs
and are already in use against Hodgkin’s disease and acute lymphoblastic leukemia,
respectively. Both vinblastine and vincristine are isolated from the endophytic fungi
Fusarium oxysporum from Catharanthus roseus plant and are structurally similar
except for the presence of methyl group in vinblastine and aldehyde functional
group attached to the nitrogen of indole (Agrawal 2007; Kumar et al. 2013).
Infectious diseases caused or transmitted by parasites are called parasitic diseases.
Two main agents responsible for parasitic diseases are protozoa and helminths.
Endophytic fungi Phomopsis archeri produce the natural compound Pharmaceris
A-C, exhibit antimalarial activity against the most severe and commonly found
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species, Plasmodium falciparum which is highly fatal, and may cause cerebral
malaria (Hemtasin et al. 2011). Leishmaniasis and trypanosomiasis are parasitic
diseases caused by protozoa. Natural compounds cochlioquinone A and isocochlio-
quinone A extracted from Cochliobolus sp. of endophytic fungi have been reported
to kill up to 90% amastigote form of Leishmania amazonensis (Campos et al. 2008).
Moreno et al. isolated cercosporin and its analog from a new species of endophytic
fungi Mycosphaerella sp. They also checked the effect of these compounds on dif-
ferent parasites like Leishmania donovani, Trypanosoma cruzi, and Plasmodium
falciparum, which are causative agents of leishmania, Chagas disease, and malaria,
respectively; and both compounds show great potency against these parasites
(Moreno et al. 2011). Hinnuliquinone is a metabolite isolated from endophytic
fungi that shows inhibitory activity against both wild-type and clinically resistant
HIV-1 protease, which is an essential enzyme target for drug discovery and respon-
sible for the replication of HIV (Singh et al. 2004).

5 Conclusion and Future Prospective

Fungal endophytes are the treasure of novel bioactive compounds with a wide range
of biological activities like anticancer, antimicrobial, antiviral, antiparasitic, antitu-
bercular, antioxidant, insecticidal, and immunomodulatory (Kaul et al. 2012; Yu
etal. 2010). Bioactive compounds isolated from endophytic fungi also produce phy-
tohormones, enzymes, plant growth promoters, defensin compounds, etc. that help
in plants’ growth, development, and defense and give rise to the production of novel
secondary metabolites (Bamisile et al. 2018; Kaur 2020). Different research groups
have tested compounds isolated from endophytic fungi against various life-
threatening diseases. As we already know, the discovery of novel compounds is
significant for drug discovery. In this approach, bioinformatics plays a crucial role
in screening millions of compounds and reducing them to very little, particularly up
to two digits. Researchers have developed many tools and web servers to predict
compounds’ drug-like properties that give insight into the selection or refusal of
compounds as a drug candidate. The researchers use laboratory and clinical research
data to develop bioinformatics tools and select compounds that follow these param-
eters. The compounds that show good scores against diseases have fewer failure
chances, and in the future, it will be easy for researchers to test the limited number
of compounds against specific diseases in in vitro, in vivo, and clinical trials.
Bioinformatics reduces time, money, and resources that will be invested in the study
(Fig. 9.1) (Bayat 2002).
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Fungal Endophytes and Their Associated
Secondary Metabolites
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and Vibhav Gautam

Abstract The microbial communities that reside in the plant endosphere without
exhibiting any apparent disease symptoms are known as endophytes, and they have
the most distinct relationships in close proximity with their host plants in compari-
son to other plant-associated microbiota. The sturdy foundation for natural meta-
bolic scaffolds with a wide range of applications is provided by bioactive secondary
metabolites from endophytic fungus. The highly significant metabolites of these
filamentous fungi are encoded by gene clusters, but many of these gene clusters are
hidden in lab-like environments. Due to this reason, various approaches involving
genetic modification(s) and/or metabolomic interventions are essential for stimulat-
ing such dormant gene clusters and enhancing metabolite production. In this chap-
ter, chemical profiling of fungal endophyte-derived bioactive compounds has been
discussed using omics-based approaches. The study about the association between
plants and fungal endophytes using a variety of techniques, including genome
sequencing, comparative genomics, microarray, next-generation sequencing,
metagenomics, and metatranscriptomics, has also been covered in this topic.
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1 Introduction

Endophytes are endosymbionts that persist in plants asymptomatically for at least a
portion of their life cycle, primarily consisting of bacteria, fungus, and actinomy-
cetes (Rai et al. 2022a, b; Verma et al. 2022). They have evolved as a vital source of
novel metabolites, industrially significant enzymes, and stress-relieving agents for
the host plant, yet leaving many unexplored facets of endophytic life. The functions
of individual endophytes arise due to their ongoing and intricate interactions with
the host plant and other microorganisms (Kaul et al. 2016). They can be regarded as
a promising source of natural metabolites with a wide range of possible medical
benefits, for example, as antibacterial, antibiotics, antiviral compounds, anticancer
agents, antioxidants, insecticides, etc. (Atri et al. 2020; Gupta et al. 2022; Kaul et al.
2012; Keshri et al. 2021; Rai et al. 2021, 2022a, b; Strobel and Daisy 2003).
Bioactive and chemically unique substances are produced by endophytic fungus
associated with medicinal plants (Verma et al. 2023). The bioactive compounds
made by endophytic fungi come from many biosynthetic pathways and are classi-
fied into a wide range of structural classes, including terpenoids, steroids, quinones,
phenols, and coumarins (Ranjan et al. 2019). Despite numerous publications on
endophyte-derived bioactive chemicals, commercial manufacturing of these sub-
stances is still lagging behind. Additionally, endophytes can help the host plants by
improving their nutrient uptake, promoting plant growth, and tolerating biotic and
abiotic stress (Johnson et al. 2003).

Many aspects of these endophytes are yet to be discovered leading to the devel-
opment of a need for integrative understanding of the capabilities of endophytes. In
order to clarify the treacherous depths of endophytism, contemporary genomic
investigations incorporating meta-omics and comparative studies may prove to be
beneficial. A better understanding of the host infection process and the function of
endophytes could be used to enhance agricultural management in terms of promot-
ing plant growth, biocontrol, and bioremediation. Some of the approaches being
utilized or that could be used to understand the interaction between plants and endo-
phytes include genome sequencing, comparative genomics, microarray, next-
generation sequencing, metagenomics, and metatranscriptomics. To study
endophytes and their alleged function in host plant ecology, contemporary methods
and approaches need to be investigated. With the turn of the twentieth century,
research on fungal metabolites entered the “omics” era, and the sequencing of more
and more fungal genomes allowed for high-throughput efforts to study the genes
and biosynthetic pathways involved in the production of secondary metabolites
(Salvi et al. 2022a, b). The organization of a wide variety of fungal secondary
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metabolism genes in clusters was previously demonstrated (Keller et al. 2005) to
characterize the genes and pathways involved in the biosynthesis of well-studied
secondary metabolites, such as penicillin (Diez et al. 1990; Fierro et al. 1995; Smith
et al. 1990 and cephalosporin (Gutiérrez et al. 1992). Fungal genome analysis vali-
dates these findings by using different omics-based techniques.

A significant advancement has been made in understanding the composition and
abundance of plant-associated microbial diversity, as well as the function of the
plant microbiome in influencing the host’s responses, with the advent of omics tech-
nologies (primarily metagenomics, metatranscriptomics, metaproteomics, and
microbial metabolomics) (Kaul et al. 2016). The “expressed” (RNA and protein
components, respectively) portion of the microbial genome (Guo et al. 2021; Liao
et al. 2019) is revealed by metatranscriptomic and metaproteomic techniques,
whereas metagenomic investigations of plant materials give an overview of the
quantity and functional potential of the plant-associated microbiota (Mishra et al.
2021; Sessitsch et al. 2012). However, since metabolites represent the final stage of
gene expression, high-throughput quantitative analysis of metabolites would offer
the most accurate depiction of an organism’s physiological state. Typically, there
are different levels of metabolite analysis that can be carried out, including (i) target
analysis (precise measurement of the concentration of a small number of known
metabolites), (ii) metabolite profiling (nontargeted measurement of metabolite lev-
els), (iii) metabolic fingerprinting (generates a total profile or fingerprint, represent-
ing a snapshot of the metabolism, without precise quantification of metabolites),
and (iv) detection and quantification of thousands of metabolites defining the phe-
notype of the biological system (Porzel et al. 2014; Shulaev et al. 2008).

The integration of omics into this field is relatively new, even though most break-
throughs and findings about endophytic fungi-plant mutualism are based on conven-
tional scientific methodologies. The conventional methods included toxicity and
bioactivity evaluations by performing in vitro and in vivo assays. Most of the find-
ings in this field have been largely influenced by these methods. A workflow for
omics-based study of fungal endophytes and their bioactive compounds is shown in
(Fig. 10.1). There are relatively new techniques significantly emerging in the field
of omics, particularly high-throughput techniques like whole genome sequencing,
RNA-Seq (transcriptomics), metagenomics, two-dimensional fluorescence differ-
ence gel electrophoresis (2D-DIGE) for proteomics, and microfluidics-coupled
mass spectrometry devices for metabolomics (Fig. 10.2) (Gupta et al. 2021). The
omics-based insights can be useful in several ways and be utilized to develop mul-
tiresistant plants that are crucial to the economy.

2 Genome Analysis

The endophyte-host interaction on a basic physiological level is still unexplored,
and therefore in order to effectively manipulate the mutualistic link between them,
it is crucial to identify, isolate, and characterize the genes involved in such benefi-
cial interactions. A novel approach for closely examining endophytism and
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Fig. 10.2 The visual depiction illustrates an overview of omics-based technologies explored in
this chapter. These methods leverage state-of-the-art platforms focused on fungal endophytes and
their metabolites, enabling advanced profiling at the molecular level, encompassing genomics
(genes), transcriptomics (transcripts), proteomics (proteins), and metabolomics (metabolites)

revealing the characteristics needed to harbor plants as a habitat has been made
available through endophyte genome analysis. This has indicated the genes essen-
tial for the endophytic lifestyle that are found frequently in the genomes of endo-
phytes, including genes for nitrogen fixation, the production of phytohormones
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(IAA, GA, etc.), the acquisition of minerals (Fe, P, etc.), stress tolerance, adhesion,
and other genes pertaining to colonization (Firrincieli et al. 2015; Fouts et al. 2008;
Martinez-Garcia et al. 2015). Whole genome analysis can unravel otherwise hidden
information that is inaccessible by conventional characterization techniques. Many
examples of such studies have revealed significant information to uplift the research
in this field, which are as follows: the fungal endophyte of Brassica crops,
Leptosphaeria maculans associated with the host plant by switching between differ-
ent modes of life including parasitic, saprotrophic, necrotrophic, and endophytic. Its
genome has an AT-rich block, a genomic survival mechanism unique to fungal
genomes, which contains effector genes and transposable element families scattered
with point mutations, allowing rapid sequence diversification and adaptability to
host-directed limitations (Rouxel et al. 2011). In order to acquire knowledge of
endophyte-associated bio-saprotrophism, the genomes of Piriformospora indica
and other fungi with various lifestyles were examined (Zuccaro et al. 2011).
Research on the genome of Empetrum nigrum has demonstrated its capacity of
producing metabolites that are destructive to host plant pathogens such as
Xanthomonas albilineans, Fusarium verticillioides, Ceratocystis paradoxa, and
Colletotrichum falcatum as well as increasing the biomass of the sugarcane root
system, concluding the evidences for Epicoccum nigrum to serve as a biocontrol
agent (Favaro et al. 2012).

To comprehend the biology of Ascocoryne sarcoides (an endophyte of Picea
mariana), amalgamation study of genomes, transcriptomics, and metabolomics was
applied to explore the formation of C8 volatiles, a class of unusual secondary
metabolites (Gianoulis et al. 2012). The identification of genes for paclitaxel pro-
duction, which most likely developed independently of the host plant metabolic
pathway, was made possible by whole genome sequencing and study of Penicillium
aurantiogriseum (Yang et al. 2014). One such species is Pestalotiopsis fici, an endo-
phyte of Camellia sinensis (tea), which generates significant secondary metabolites
like pestaloficiol, pestalofones, pestalodiols, chloropupukeananin, chloropestolides,
chloropupukeanone, and chloropupukeanolides and is thought to be responsible for
the inhibition of HIV-1 replication (Wang et al. 2015). With a high capacity for natu-
ral product synthesis and evidence that these may have helped it adapt to an endo-
phytic lifestyle, its genome study revealed an abundance of carbohydrate-active
enzymes, including pectinases and a rich set of secondary metabolite production
genes (Wang et al. 2015).

The whole genome of fungal endophytes like Piriformospora indica (Zuccaro
etal. 2011), Rhodotorula graminis (Firrincieli et al. 2015), Harpophora oryzae (Xu
et al. 2014), and Xylona heveae (Gazis et al. 2016) of economically significant
plants have been analyzed deciphering the genes necessary for their nutrient intake,
colonization, biotic and abiotic stress tolerance, etc. Gaeumannomyces sp., an endo-
phytic fungus isolated from Phragmites communis, has a unique genome sequence
indicating its potential to synthesize a variety of anti-inflammatory secondary
metabolites (Kim et al. 2017; Lee et al. 2017). It has also been discovered that host
genomes with slight genetic changes influence the outcomes of symbiotic interac-
tions (Rodriguez et al. 2008). Various genotype-specific interactions may increase,
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decrease, or have no influence on the host plant’s ability to withstand stress (Cheplick
et al. 1989). An early horizontal transfer of a gene encoding the fungal enzyme
f-1,6-glucanase, which is capable of dissolving cell walls, has been demonstrated
by the assembly of the perennial ryegrass’ genome and transcriptome. It has been
suggested that this enzyme enables certain Epichloe species to withstand both biotic
and abiotic stress. The Loliinae and Dactylidinae families of plants both include
orthologs of this gene (Shinozuka et al. 2017). Such thorough genomic research can
considerably aid in the discovery of features with agronomic value, as evidenced by
the identification of this class of critical endophytic enzymes linked to stress toler-
ance. The symbiotic interactions of Piriformospora indica (order Sebacinales) have
also been studied using this approach to unravel its potential as a plant probiotic
(Qiang et al. 2012).

2.1 Multigenome Analysis

Comparison of multiple genomes termed as multigenome analysis is extremely ben-
eficial in understanding the genetic and metabolic diversity of comparable microor-
ganisms that participate in various sorts of interactions with plants and animals. A
narrow line appears to separate the colonization of a host plant by a bacterium as
asymptomatic endophyte or a pathogen (Kaul et al. 2016). Zuccaro et al. (2011)
analyzed the genome of Piriformospora indica, comparing it with those of fungi
belonging to various classes which indicated the existence of genes relevant to both
saprotrophic and biotrophic behaviors (Zuccaro et al. 2011).

When comparing the genomes of endophytic isolates and their non-endophytic
counterparts, characteristics that are expected to be unavoidable for initiating and
sustaining plant microbial relationships are revealed. The research is also useful for
understanding the genetic underpinnings of niche adaptation (Lopez-Fernandez
etal. 2015). Genomes of endophytic species that are closely related but have various
functional roles in the host plant can also be compared to learn how adaptable they
are and how their evolution has progressed. The genomes of three different P. anan-
atis strains have been compared by the researchers, and each of the three strains
displayed a different approach to interact with the host plant after being separated
as maize seed endophytes. Genome comparisons showed variations between the
strains for the genes associated with secretory proteins, integrases, transposons, and
phages (Sheibani-Tezerji et al. 2015).

Endophytic isolates’ genomes were compared to non-endophytic isolates’
genomes, revealing traits that are likely to be indispensable for establishing and
maintaining plant microbial relationships. A multigenome comparative examination
of more than ten Clavicipitaceae family members for gene clusters of four classes
of alkaloids revealed that changes in the alkaloid loci’s peripheral genes are account-
able for their pharmacological specificities (Schardl et al. 2013). Thus, understand-
ing the metabolic diversity among the constituents of a microbiome can be achieved
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through comparative genome analysis of endophytes for various metabolite gene
clusters, and this insight can then be utilized in metabolic engineering.

2.2 Metagenomics

The analysis of sequencing information from microbial members of distinct eco-
logical communities is known as metagenomics which eliminates the necessity for
individual species isolation and cultivation. There is a significant need to reveal the
metabolic potential and beneficial qualities of endophytes in order to comprehend
and regulate their contribution to the host plants. The inability of many endophytes
to be cultured makes determining endophytic microbial functions challenging
wherein metagenomic approach could be helpful in unleashing the endophytic
potential of such microorganisms (Dinsdale et al. 2008). High-throughput metage-
nomic analysis of microbial communities has improved the understanding of the
structure, functions, and community dynamics. These approaches, however, have
only been used for fungal endophyte screening since late 2013. High-throughput
sequencing, often known as next-generation sequencing (NGS), has made metage-
nomic investigations accessible and has stimulated the rapid, remarkable character-
ization of microbiomes (Akinsanya et al. 2015; Barik et al. 2020). These
next-generation technologies, together with systems biology, have enabled research-
ers to investigate these endophytic residents while also investigating their interac-
tions with the host. Simultaneously, data mining has made it exceedingly simple to
identify biochemical routes for novel metabolites. High-throughput investigations
have allowed for the unbiased identification of metabolites across the genomes and
transcriptomes of newly discovered endophytes, as well as the acquisition of new
sources of already commercialized natural bioactive metabolites. For the first time,
a study published in late 2013 described the use of next-generation sequencing for
large-scale analysis of the internal transcribed spacer (ITS) region of resident endo-
phytic species in Eucalyptus grandis from South Africa (Kemler et al. 2013). The
genomes of filamentous fungi such as Aspergillus spp. have indicated that they have
a higher proportion of secondary metabolite biosynthetic gene clusters than
expected, and it has also been evidenced that Aspergillus nidulans can synthesize a
variety of polyketides, non-ribosomal peptides, and indole alkaloids (Brakhage
et al. 2008). Illumina sequencing was used in a separate study in order to uncover a
network exhibiting co-occurrence trend of symbiotic connections in fungi linked
with the roots of a monodominant forest (Toju et al. 2016). Using 454 pyrosequenc-
ing techniques, they also established the cohabitation of mycorrhizal fungi and
endophytic fungi in the roots of many plant species which would almost certainly
include intricate interactions between the two ecotypes, which may be researched
further employing metaproteomics, metatranscriptomics, or metaproteogenomics
(Toju et al. 2013). A comprehensive examination of endophytic fungi articles from
the earliest available literature through March 2018 revealed that the frequency
of the traditional approach-based studies on endophytic fungi is around ten times
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more than that of omics-based studies. ITS region sequencing was used for a limited
number of samples in early research on fungal species for identification of endo-
phytic fungus prevailing in Aquilaria malaccensis, a medicinal tree, the majority of
which belonged to the phylum Ascomycota (Premalatha and Kalra 2013).

3 Transcriptomics and Metatranscriptomics

Transcriptomics has been identified as a viable tool for studying the microbial com-
munities related to various plants since it can reveal novel information on the altera-
tions in gene expression linked with fungal-plant mutualism. It entails comparing
transcriptomes of groups of interacting species and aids in understanding the
response of microbial communities to variable environments. Understanding the
interactive factors responsible for endophytism, production of secondary metabo-
lites, and substances that promote plant growth can be aided by comparative expres-
sion analysis of the transcriptome of plants with and without endophyte infestation
as well as of endophytes inside and outside of the host.

To learn more about endophyte biology and how it relates to plant health,
researchers conducted a number of experiments. “Epulorhiza sp.” transcriptome
report is one of the earliest reports and observation of overexpression of genes
involved in pyrimidine metabolism which was identified from the roots of an orchid
called Anoectochilus roxburghii (Li et al. 2012a, b). Transcriptomes can be analyzed
using existing whole genome sequences or built from scratch; both procedures are
known to obtain a very accurate snapshot of gene expression status, and both exist
on endophytic fungi (Chetia et al. 2019). While genomic and metagenomic investi-
gations identify the presence or absence of certain genes, expression studies of indi-
vidual genes in diverse microenvironments are required to fully comprehend the
endophytic phenomena. A thorough examination of the differentially expressed
genes in both the host plant and the symbiotic microorganisms would shed light on
the fundamental nature and mechanism of the two mutualistic connections. Dual
RNA-seq transcriptional profiling provides a deeper understanding of the gene
expression in both symbiotic partners at the same time (Kaul et al. 2012). Several
experiments were carried out in order to discover more about endophyte biology
and its relationship to plant health. SOLID-SAGE transcriptomic analyses of
endophyte-free and Epichloe festucae (a fungal endophyte)-infected Festuca rubra
have revealed approximately 200 plant-associated genes (including antifungal gene)
that are expressed differently in the two plant samples. They reasoned that the
homologous gene product, which is secreted in nature, could play a role in giving
“disease resistance,” which is a hallmark property of endophyte-infected fescue
(Ambrose and Belanger 2012). Transcriptomics has also been employed to identify
genes involved in secondary metabolite production with potential commercial use.
One study used integrated genomes, transcriptomics, and metabolomics to impli-
cate the cellulose biodegradation and potential biofuel production capability of
Ascocoryne sarcoides which is one of the significantly characterized endophytic
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fungal species (Gianoulis et al. 2012; Wang et al. 2019) identified many putative
gene clusters involved in endophyte-derived bioactive chemical production by
P. fici. Transcriptional changes may occur in the endophyte genome owing to plant
stress tolerance, for example, in the transcriptome of heavy metal tolerant Exophiala
pisciphila, multiple glutathione-S-transferase genes were obtained (Shen et al.
2015). In one of the studies, it was discovered that the expression of 200 genes con-
nected to the endophyte Festuca rubra differed from that of Epichloe festucae,
which was infesting the host plant. However, the correlation between the data from
the various genomes and the transcriptomes can complete our comprehension of the
facts (Ambrose and Belanger 2012).

Transcripts or RNAs are directly isolated from the environment or community
for the metatranscriptomic analysis. By profiling the expressed transcripts and con-
necting them to the current ecophysiological settings, this sort of analysis estab-
lishes a direct relationship between the genetic makeup of the community and the
corresponding functionality in situ. In wheat roots infected with the bacterial endo-
phyte A. brasilense, differential regulation of genes for nutrient availability was
discovered using dual RNA sequencing method for comparative transcriptional pro-
filing (Li et al. 2012a, b). This made it easier for the team to understand the funda-
mental mutualism they had. By comparing metatranscriptomic analyses, it was
possible to determine whether soybean host plants had endophytes and free-living
microorganisms infesting them. This allowed researchers to identify the source of
the infestation (Molina et al. 2012). These are some of the recent approaches to
community RNA analysis that offer a significant amount of knowledge and insight,
however, they also have some limitations. It is frequently difficult to directly extract
the RNA with frequently low concentration from an environmental sample. For this
reason, extra amplification stages have been utilized in earlier research to boost the
concentration of initial transcripts (Frias-Lopez et al. 2008).

With the examples explained above, we can conclude that genome-based studies
provide a solid foundation for effective transcriptomics making the combined
genomic and transcriptomic analysis more reliable in decoding symbiont endo-
phytic lifestyles. These transcriptomic analysis reports, generated using microarray,
serial analysis of gene expression, and more recent forms of second-generation
sequencing, have provided us with beneficial sequence data with derived putative
functions inferred from homology, enabling the estimation of endophytic traits and
metabolic pathways ranging from nutrient acquisition and storage, quorum sensing,
reactive species detoxification, and biosynthesis.

4 Proteomics and Metaproteomics

Post-genomic analysis, such as proteomics and metaproteomics, is gaining popular-
ity as researchers realize that genomic and metagenomic analysis is still unable to
decipher the real-time in situ functional information about the community. The pro-
cess of directly identifying and evaluating the predominant functioning of the
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microbial population in an environmental sample is known as metaproteomics. It
evaluates the microbial functional profile directly. The advancement of bioinformat-
ics and computational techniques also offers a more reliable source for protein iden-
tification (Schneider and Riedel 2010). A limited number of stand-alone experiments
on proteomic profiling of fungal endophytes are also documented in literature, in
addition to the potential protein sequence data generated by transcriptomic analysis.
The widespread endophyte P. indica from the Sebacinales order, which colonizes
the roots of practically all known terrestrial plants, has been the subject of two
proteome-based investigations. This species is recognized for encouraging plant
growth both under pressure and typical circumstances. It has been shown how this
endophyte affects barley plants under various levels of drought stress (Ghabooli
et al. 2013). The sample protein in metaproteomics must be a distinctive one in
terms of both quality and quantity. In order to understand the impact of any param-
eter on the production of secondary metabolites, among other things, metaproteomic
analysis of endophytes has been carried out by direct lysis method, which involves
extracting the total protein of the endosphere (the microenvironment where the
plant and endophyte association is established) (Maron et al. 2007).

Through host adaptation to environmental stress, plant mutualistic symbionts
provide long-term abiotic stress tolerance. Under both well-watered and water-
stressed situations, P. indica increased root and shoot biomass of colonized plants.
They claimed that P, indica-mediated drought stress tolerance is barely achieved via
photosynthetic acceleration, energy release, and improved antioxidative capacity in
colonized plants as a consequence of proteomic and mass spectrometry analysis. An
in-depth understanding of the relationship between plants and endophytes is made
possible by proteomics. The fungal endophyte Serendipita indica, formerly known
as Piriformospora indica, which colonizes the root tissues of the majority of ter-
restrial plants, is the subject of a proteome-based study that has been published.
Mass spectrometry has been used to identify a total of 45 differentially expressed
proteins that are involved in ROS scavenging, photosynthesis, signal transduction,
metabolism, and plant defense response (Yadava et al. 2015). They indicated that
P. indica increases the foliar potassium (K*)/sodium (Na*) ratio, which is consid-
ered as a reliable predictor of salt stress tolerance along with calcium (Ca?*) buildup
that could have altered stress signal transduction by employing proteomic analysis.
An efficient approach for extracting cellular proteins from endophytic fungi was
described in another work by Yadava et al. (2015) for two-dimensional gel electro-
phoresis to acquire proteomic data of P. indica. With a focus on its probable role in
symbiosis and the general growth and development of the plant (Shrivastava et al.
2018), comprehensive proteomic analysis was used to define the connection between
endophyte Piriformospora indica and Brassica napus plant. Another group of
investigators showed that P. indica induces a systemic response to salt stress by
altering the physiological and proteomic responses of the plant host (Alikhani et al.
2013). Such findings enhance the minimal information on plant-endophyte connec-
tions, and additional combinatorial investigations utilizing a four-way approach
(genome, transcriptome, proteome, and metabolome) will offer a better
understanding.
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Metaproteomics is the study of the metabolic processes that occur within a com-
munity at the time of sampling and the determination of the functional expression
of the metagenome. It is also referred to as whole-community proteomics. The four
critical phases of any metaproteomic analysis are as follows: (i) protein extraction
and purification; (ii) denaturation and reduction; (iii) protein separation, digestion,
and MS analysis; and (iv) protein identification based on spectroscopic data. To
strengthen the reliability of an environmental proteomic analysis, the collected data
must be validated using supplementary approaches, such as transcriptomic analyses
or phenotypic testing. This approach must be able to overcome additional problems
inherent in natural environment samples, such as high organism/protein complexity,
over- or underrepresentation of certain organisms/proteins, heterogeneity of organic
and inorganic pollutants, and so on (Schneider and Riedel 2010). A group of
researchers discovered that the fungal endophyte Gilmaniella sp. AL12 decreased
the plant immunological response of A. lancea, possibly contributing to the favor-
able plant-endophyte interaction (Yuan et al. 2019). Furthermore, endophyte-plant
interaction increased the production (biomass and sesquiterpenoid content) in
A. lancea by boosting the source (photosynthesis), extending the sink (glycolysis
and the TCA cycle), and improving metabolic flux (sesquiterpenoids biosynthesis-
related genes). The transcriptional and translational regulation of Gilmaniella sp.
AL12 on physiological functions and associated regulatory mechanisms in A. lan-
cea shoots was discovered in this work which provides a theoretical foundation for
therapeutic herb cultivation and contributes to a better understanding of plant-
endophyte interactions. The proteomic analysis of Undifilum oxytropis using 2-DE
was carried out to find enzymes involved in the swainsonine production pathway (Li
et al. 2012a, b). Furthermore, this protein data can also be used in a reverse genetics
strategy to generate primers for searching the genes in several pathways. The expres-
sion levels of proteins between pathogenic plant and mutualistic Undifilum species,
as in the case of pathogenic and saprophytic Alternaria species, may also provide
information about the nature of plant disease (Lawrence et al. 2008). Multivariate
analysis based on liquid chromatography or gas chromatography mass spectrometry
is used in most of the large-scale proteomic research (Chetia et al. 2019). After iso-
lation of bioactive compounds, proteomic analysis, and structural characterization
with the aid of devices like mass spectrometry, disease-specific stem cells like can-
cer stem cells (CSCs) are used for targeted therapy of cancer (Rai et al. 2023a, b;
Rai et al. 2020). Using GC/MS analysis of the ethyl acetate (EA) extract of the
fungus Colletotrichum gloeosporioides, it was possible to determine the molecular
modifications driven by the anticancerous bioactive chemicals produced by the fun-
gal endophyte in the tumor microenvironment of human breast cancer cell lines (Rai
et al. 2023a, b).

Many other such proteomics- and metaproteomics-based research have helped to
explore the in-depth evaluation of endophyte-plant relationship in order to delve
deeper into the field for leveraging the potential of endophytes as plant probiotics.
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5 Metabolomics

Metabolomics examines metabolites, such as small components found in cells, tis-
sues, or other living things, as well as biofluids. The metabolome is the collective
term for this minute subset of chemicals and how they interact with biological sys-
tems. The remarkable expansion of the metabolomic field is crucial for the researcher
to gather data on the production and characterization of fungal secondary metabo-
lites. Furthermore, it offers chances to investigate new fungal ecological niches with
a variety of untapped secondary metabolite diversities and their production and
functional characteristics. In order to categorize distinct sample groups and the dis-
tribution of metabolites when subjected to various experimental settings, the huge
metabolomic findings received from analytical techniques require multivariate anal-
ysis. As a result, improvements in analytical technologies combined with multivari-
ate analysis provide a summary of the reported metabolites that are supported by
visual depiction (Nagarajan et al. 2021).

The ability to detect many unidentified compounds has been expanded by the
development of numerous technologies, including high-resolution mass spectrom-
etry, liquid chromatography with tandem mass spectrometry (LC-MS/MS), nuclear
magnetic resonance (NMR), and metabolite mass spectrometry imaging (MSI).
Ultra-high performance liquid chromatography (UHPLC), liquid chromatography
with ultraviolet (LC-UV), liquid chromatography with mass spectrometry (LC-MS/
MS), and gas chromatography with mass spectrometry (GC-MS) and high-
performance thin layer chromatography (HPTLC) fingerprinting are highly sensi-
tive detector machines with exceptional selectivity (like co-eluting separation of
analytes through m/z ratio of an ionized molecule and physical compound separa-
tion by chromatographic technique). These machines can identify hundreds of met-
abolic compounds present in fungal extract (El-Elimat et al. 2013; Klitgaard et al.
2014; Salvi et al. 2022a, b).

Analytical reproducibility is regarded as one of the most crucial factors in metab-
olomic studies. Among the most common studies used for this function are principal
component analysis (PCA), partial least square discriminant analysis (PLS-DA),
and orthogonal partial least square discriminant analysis (OPLS-DA) which have
been employed in order to identify novel proline-containing cyclic non-ribosomal
peptides from Xylaria ellisii which is a leaf and stem endophyte of Vaccinium
angustifolium (Ibrahim et al. 2020) and investigate the fungal endophytes connected
to the well-known antimalarial herb Artemisia annua for their capacity to produce
additional antimalarial drugs (Alhadrami et al. 2021). Another study used untar-
geted metabolomic analysis to investigate the effect of histone deacetylase (HDAC)
inhibition on the production of a bioactive metabolite by an endophytic Aspergillus
nidulans. Studies using quantitative and differential methods revealed that 61 and
47 metabolites, respectively, were upregulated and downregulated by a factor of
more than 100. Transcriptomic elucidation shows that HDAC inhibitors usually
result in an upregulation of the biosynthetic machinery. Their findings, however,
suggest that secondary metabolome responses are much more complex than an



10  Omics-Based Approaches in Studying Fungal Endophytes and Their Associated... 221

increase in the diversity of bioactive metabolites (Keshri et al. 2021). Solamargine,
assumed to be one of the plant’s unique metabolites, was discovered to be produced
by Aspergillus flavus as a result of recent studies that examined the endophytes that
are associated with the medicinal herb Solanum nigrum (El-Hawary et al. 2016).
Numerous instances of fungi acting as endophytes have been documented, and they
have been shown to synthesize different bioactive metabolites that resemble those
that were initially produced by the host plant. The discovery of the paclitaxel-pro-
ducing endophytic fungus Taxomyces andreanae, which was isolated from the
Pacific yew Taxus brevifolia, is the best-known illustration of this. Another antican-
cer medication is vincristine, which was first discovered in cultures of Catharanthus
roseus’ endophytic fungus, Fusarium oxysporum. A comparative metabolomic
analysis using 11 distinct growing conditions has been published on Aspergillus
terreus, an endophyte of Opuntia ficus-indica (Adpressa and Loesgen 2016). They
demonstrated that their LC-MS-based analytical method can be used to easily track
the environment-modulated variations in metabolite production for the discovery of
novel bioactive compounds along with the identification of a novel compound,
7-desmethyl citreoviridin, in addition to 16 other known fungal metabolites. Another
study indicated that vincamine and its analogues can be produced alternatively by
using the fungal endophyte Geomyces sp. from Nerium indicum via LC-MS-based
metabolomics (Na et al. 2016).

In order for endophytes to create bioactive chemicals, a variety of plant species
and components as well as environmental conditions must coexist (Giauque and
Hawkes 2013; Guevara-Arayaet al. 2020; Harrison and Griffin 2020). Environmental
factors have been shown to play a significant role in determining the endophytic
communities in plants, including cultivation history (Correa-Galeote et al. 2018),
climate, and season (Hosseyni-Moghaddam and Soltani 2014; Oita et al. 2021;
L. Wang et al. 2019; Zimmerman and Vitousek 2012). The mechanics of the plant-
fungi interactions have evolved in entirely new perspectives as a result of some
metabolomic research. For example, the use of global metabolomic analysis by
GC-MS analysis demonstrated that P. indica suppresses the formation of reactive
species in the host plant to encourage more favorable conditions for symbiotic asso-
ciation (Hua et al. 2017). From the experiment with Chinese cabbage, it was revealed
that the presence of the endophyte may prepare the host plant for biotic or abiotic
stress by considerably increasing the expression of gamma-aminobutyric acid
(GABA) in its roots.

It will be feasible to determine the biological underpinnings and diversity of
symbiont endophytic fungi and forecast various results of plant-fungal interactions
based on genomic or environmental variations owing to the benefits afforded by the
various types of biological analysis. These findings have implications for agricul-
tural methods, particularly for the management of stressful circumstances without
owing to chemical alternatives in an environmentally beneficial manner (Chetia
et al. 2019). The reliability of the database and the quality of the raw data therefore
determine the validity and success of the experiment in metabolomics, where the
detection and identification of metabolites involve the comparison of experimental
MS/MS spectra to library spectra (a procedure known as dereplication). A unified
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procedure for the detection and quantification of all kinds of metabolites does not
exist due to the chemical diversity of metabolites. Small laboratories cannot use this
technology since it is expensive and necessitates specialized equipment and facili-
ties. The uses of metabolomics are constrained by the absence of standards and
reference libraries for metabolites. Another issue is that it is impossible to identify
a particular microbial species as being responsible for the production of metabolites
in a natural community (biological source and biosynthetic pathway). Lastly, the
findings are susceptible to impurities and experimental artifacts. Nevertheless,
metabolomics has expanded our knowledge of how plants and microbes interact,
and these problems can be solved with additional technical research and develop-
ment (Mishra et al. 2022).

6 Conclusion

To achieve the employment of endophytes as plant probiotics, a thorough under-
standing of the endophyte-host relationships is needed which can be achieved using
a multidisciplinary approach by understanding the variables necessary for both the
formation and sustenance of their symbiotic relationship. Such research studies are
also crucial for establishing the ability of endophytes to help their host plants
develop more resilient to stress and grow efficiently. In order to develop models to
anticipate and understand endophyte-mediated activities, complementing data from
contemporary “omics” investigations in conjunction with other system biology
methodologies is crucial. But a detailed scrutiny of such studies included above
reveals that the species that are being investigated are spread disproportionately.

Additionally, this will be very helpful in illuminating and better comprehending
the network of the intricate connections between endophytes and the host plant as
well as other connected microorganisms. The relationship between plants and endo-
phytes can be understood using research on plant-pathogen interactions as a starting
point. To accurately expose the genetic and metabolic capabilities, ecology, and
evolution of endophytes, advanced approaches can be applied to fungal endophytes.
As the third generation of sequencers can produce more accurate sequences with
better length, next-generation sequencing technologies have dramatically advanced
in terms of data accuracy. Even though there are many outstanding instances of
multidimensional studies on fungal endophytes, it is found that most genomes or
transcriptomes have poor coverage and intermediate sequencing depths.
Re-sequencing and analysis can be used to enhance these assemblies. In order to
utilize their biotechnological potential more effectively and sustainably, this can
assist in understanding the role of such varied microbial communities in both the
plant microbiome and the natural ecosystem. Lastly, the information currently
known about fungal endophytes connected with plants can be used to create plant
probiotics, a more environmentally conscious approach, and explore their potential
utilization in the areas of drug development and agriculture.
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Abstract Endophytic fungi (EF) have attracted a lot of attention over the past cen-
tury because of their capacity to produce novel bioactive chemicals with a variety of
biological properties, which are then used for medical, pharmacological, and agri-
cultural purposes. EF maintain the ecological and physiological characteristics of
the host plant by living inside the plant tissues without displaying any disease
symptoms. Innovative lead chemicals created by EFs, such as paclitaxel and penicil-
lin, cleared the path for the investigation of new bioactive compounds for industrial
application. Despite this, not much research has been done in this important and
special field. The current chapter is concerned with the importance of EFs in the
synthesis of new bioactive metabolites with a range of biological activities, such as
antibacterial, antiviral, antifungal, antiprotozoal, antiparasitic, antioxidant, immu-
nosuppressive, and anticancer activities. Special attention is given to the antioxidant
activity of the metabolites produced by EFs in light of the significant application of
these substances as potential therapeutics for major, life-threatening illnesses,
thereby driving the necessity to escalate research into novel, more potent, and rea-
sonably priced antioxidants medications. The potential obstacles in the large-scale
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bioprospecting in vitro production of antioxidants were also highlighted in this
chapter, as were the strategies to overcome these hurdles.

Keywords Endophytes - Phytochemicals - Antioxidants - Secondary metabolites -
Symbiosis - Bioactive compounds - Endophytic fungi - Biotransformation

Abbreviations
BGCs Biosynthetic gene clusters
CPT Camptothecin

CRISPR  Clustered regularly interspaced short palindromic repeats
DAM Deacetylmycoepoxydiene

DPPH 2,2-diphenyl-1-picrylhydrazyl

EF Endophytic fungus

EFs Endophytic fungi

GGPP Geranylgeranyl diphosphate

GIcNAc  N-acetyl-D-glucosamine

HDACs  Histone deacetylases

PP Isopentenyl pyrophosphate

LC Liquid chromatography

LC-MS  Liquid chromatography mass spectroscopy
NPs Natural products

OSMAC  One strain-many compounds

ROS Reactive oxygen species

SABA Suberohydoxamic acid

SAHA Suberoylanilide hydroxamic acid
SM Secondary metabolite

vOC Volatile organic compounds

1 Introduction

Endophytes are microorganisms that inhabit the internal tissues of living plants
without inflicting any apparent harm (Bacon and White 2000) but can become dan-
gerous as the host senesces (Rodriguez and Redman 2008). They develop parasitic
or symbiotic associations with host plants throughout their life cycle. Endophytes
appear to be able to imitate the chemistry of their hosts, thanks to horizontal gene
transfer from the host plant. Most endophytes are spread horizontally by airborne
spores to their host plants. Some endophytes, however, might be vertically trans-
ferred on to succeeding plant generations through seeds (Hartley and Gange 2009).
Once they enter into the host tissue, they remain dormant for the host plant’s life or
amore extended period until environmental conditions favor the fungus or the host’s
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ontogenetic condition changes to benefit the fungus (Sieber 2007). Endophytes syn-
thesize chemicals inside the plants (Nisa et al. 2015). The possibility of utilizing
endophytes as an alternate and continual source of these molecules has increased
because they can synthesize bioactive metabolites compared to the hosts. Recent
advancements in screening methods have opened up the immense potential of endo-
phytes as a producer of bioactive chemicals with prospective medical or agronomic
applications (Zhang et al. 2006). Thus, there is enormous potential for discovering
novel natural compounds from previously understudied endophytic microbes that
live in various niches and environments (Guo et al. 2008).

Endophytic fungi (EFs) are prospective sources of natural compounds. They are
the most thoroughly explored group among endophytic microorganisms for biotech-
nological research and applications. Hundreds of new EFs have been isolated, iden-
tified, and systematically researched in the past ten years. They produce more than
200 distinct bioactive substances with a wide range of biological functions and struc-
tural variations. They are more efficient and discerning in modern biology owing to
their distinctiveness. Chemists discovered the importance of fungi as a great source
of bioactive chemicals post-penicillin discovery from Penicillium notatum in 1928.
With the discovery of widely used prescription drugs like penicillin from the fungus
P. notatum, griseofulvin from the fungus P. griseofulvum, lovastatin from the fungus
Aspergillus terreus, and cyclosporin A from the fungus Tolypocladium inflatum,
researchers realized that fungi are another alternative natural source for the isolation
of novel chemicals with potential for medicinal use. It contains a broad range of
bioactive substances that can be converted into various pharmacological activities,
including antibacterial, anticancer, anti-inflammatory, antidiabetic, antitubercular,
and immunosuppressive agents. As a result, scientists have considered EFs for the
past 20 years, examining their diversity, interactions with hosts, and potential bioac-
tive byproducts. Owing to their precision, affordability, and low toxicity, these bio-
active molecules significantly impact modern medicine and have substantial
therapeutic potential for severe diseases such as cancer, diabetes, and neurological
disorders. These EFs may be more effective for humans with the aid of contempo-
rary technologies, such as genetic engineering and microbial fermentation.

2 Diversity and Distribution of Fungal Endophytes in Nature

The geographic distribution of the biota based on biodiversity across several levels,
including species, function, and phylogenesis, is described as a continuous gradient
distribution of attributes. Even though little is known about the mechanisms of bio-
diversity growth in a particular geographic area, fungi mediate a variety of pro-
cesses and may be quite important in their habitats (Vandenkoornhuyse et al. 2002).
A variety of endophytic bacteria can live naturally in a space and time-supportive
refuge created by many layers of plant tissue. According to a well-established esti-
mate of a 1:4 or 1:5 ratio of vascular plants to fungal strains, there may be more than
one million EF strains yet to be found (Sun and Guo 2012). These ratios are skewed
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because of our incomplete knowledge of the diversity of EFs and the inability of
rare species and those categorized as non-sporulating, non-cultivable, or aseptic to
be thoroughly studied in current laboratory isolation and fermentation efforts
(Alvear-Daza et al. 2021).

The Clavicipitaceous/Balansiaceous group (C-group), and the non-
Clavicipitaceous/non-Balansiaceous group are the two categories into which EF
communities can be categorized. Based on the reproductive pattern and host occur-
rence, these categories can be divided (NC-group). C-group EFs propagate vertically
from parents to offspring by infecting host seeds, which then infect host ovules. The
target tissues for their colonization are active rhizomes and shoots of the host plants,
and the host range is restricted to grass species (Poaceae). According to Carroll
(1988), C-group species are prototypical obligatory endophytes that release protec-
tive or supportive bioactive substances to either defend their hosts from attacks by
herbivores or to aid the hosts in thriving in situations that are prone to drought (Poveda
2021). Non-grass-host-related NC-group EFs (Ascomycota and Basidiomycota) are
found all over the world, from the tropics to the poles, and they have a wide variety of
hosts, including nonvascular, vascular, and woody plant groups. By creating spores or
conidia, which aid in horizontal proliferation, or the induction of symbiosis, they
spread sexually or asexually. These EFs are not directly connected with the host
plants because of their capacity to exist in a dormant state until they notice the chemi-
cal changes brought on by host plants suffering wounds, injuries, or other environ-
mental stresses (Mishra et al. 2021a, b). The NC colonization of roots or the
rhizosphere is extensive, planned, systematic, intercellular, and intracellular, in con-
trast to the aerial organs, which are frequently localized, limited, and largely intercel-
lular. Several mycobiomes from the NC-endophytic category include dark septate
mycobiota, Piriformospora indica, and Fusarium species (Schulz et al. 2002).

3 Fungal Endophyte Interactions with Host Plants

From the Arctic to tropical rain forests, practically every plant species examined to
date has been confirmed to possess endophytes (Tan and Zou 2001). According to
the discovery of plant-associated microorganisms in fossilized plant organs like
stems or leaves, host-endophyte connections may have existed since the emergence
of higher plants on Earth millions of years ago (Gutierrez et al. 2012). Endophytes
have been found in a variety of plant tissues, including leaves, stems, roots, fruits,
seeds, and bark (Zhang et al. 2006). Although it has been hypothesized that bacteria
and fungi are the most prevalent plant-associated microorganisms, endophytic fungi
appear to be more numerous than their bacterial counterparts (Spiteller 2015). On
Earth, there are more than 300,000 different species of higher plants. According to
certain theories, a single plant species may harbor a large number of endophytic
bacterial and fungal strains (Kharwar et al. 2011). Therefore, it is clear that endo-
phytes constitute a crucial component of microbial biodiversity when considering
the intricate community of endophytic species that exist in plants (Zhang et al. 2006).
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It has been hypothesized that endophytes that colonize the interior organs of
plants receive nourishment and/or defense from their host plant. In exchange, endo-
phytes may increase their hosts’ resistance to various abiotic challenges including
low pH, heavy metals, or temperature fluctuations (Jia et al. 2016; Tan and Zou
2001). For instance, endophyte-infected grasses have been demonstrated to be sig-
nificantly more resilient to environmental pressures than their endophyte-free coun-
terparts (Zhang et al. 2006). In addition, reports suggest that endophytes may aid in
the growth of plants. Some endophytes can create phytohormones like indole-3-
acetic acid and/or a variety of chemicals that aid in plant growth, including vitamins
and siderophores, which may contribute to this impact (Tan and Zou 2001; Zhang
et al. 2006). Additionally, endophytes have been shown to improve the uptake of
nutrients like nitrogen and phosphorus, demonstrating the critical function that
these microbial communities play in the health and environmental adaptability of
plants (Jia et al. 2016; Ludwig-Miiller 2015).

Fungi can colonize the intercellular or intracellular sections of the same plants,
but systematic and extensive colonization is more likely to occur in the roots than in
the aerial leaves or stems of plants. To maintain the correct reproduction of EFs in
aerial organs, colonization in aerial organs predominantly relies on the host’s apo-
plastic fluid (Schulz et al. 2002). Depending on the physiological state or particular
conditions that host plants undergo, fungi create three forms of interactions with
hosts: beneficial symbiotic (mutualistic endophytes), non-beneficial commensalis-
tic (virulent endophytes), and pathogenic (virulent pathogens) (Fig. 11.1). Fungal
strains can raise, have no apparent effects on, or decline host fitness following these
three means of association (Kogel et al. 2006).

3.1 Symbiotic Relationship with Host Plants

In a symbiotic relationship, EFs and host plants both experience this advantageous
mutualistic continuity and finally succeed in terms of evolution and ecology (Jia
et al. 2016). According to several studies, EFs change the way that host plants use
nutrients, improve their ability to withstand metals and drought, and boost growth
(MejAa et al. 2014; Poveda 2021). They also improve the effectiveness of the host
plants’ defenses against pests, herbivorous animals, and infections from pathogenic
microbes (Cui et al. 2021). Due to these advantages, host plants offer symbiotic
housings and extra accommodations for proliferation, such as a sufficient source of
nutrients and guard, to help fungi safely continue their life cycles all through colo-
nization (Fig. 11.1a). Although the precise mechanism of the collaboration between
EFs and plants has yet to be determined, EFs may provide host plants with these
potential benefits in many different ways. Enhancing the plant’s immune system by
generating a large number of bioactive SMs as defense mechanisms is one of these
methods. The host plant’s physiological alterations brought on by an increase in
SMs are thought to further activate the plant defense system (Poveda et al. 2020a).
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(b) Commensalistic EFs

Fig. 11.1 A schematic representation of relationship between plant and endophytic fungi (EF)
including interaction between (a) symbiotic EFs and plants, (b) commensalistic EFs and plants,
and (c) pathogens and plants. [Created with BioRender]

According to numerous studies comparing the impact of pathogenic and endo-
phytic fungi on host plants, EFs help host plants’” defensive mechanisms by produc-
ing bioactive SMs and herbicidal compounds in their hosts (Figueiredo et al. 2008;
Kaur and Kaur 2020; Rai et al. 2021). According to reports, endophytes secrete
bioactive secondary metabolites that increase host plant resilience to herbivores and
hinder the colonization of microbial plant diseases (Gutierrez et al. 2012; Tan and
Zou 2001). This increases the host plant’s tolerance to biotic stressors. For instance,
it has been shown that the presence of fungal endophytes on the ryegrass Lolium
perenne increased the production of hydroxycinnamic acids and glycosylated flavo-
noids, including chlorogenic acid, which is the primary chemical responsible for the
antioxidant activity of the plant extract (Ludwig-Miiller 2015; Qawasmeh et al.
2012). In addition, several antimicrobial metabolites generated by plant-associated
microorganisms have been found and/or identified, including ergot alkaloids, afla-
toxin, patulin, and trichothecenes (Spiteller 2015; Zhang et al. 2006). These sub-
stances are thought to be crucial in the competition between endophytes and other
microbes in the host plant’s microenvironment.

During the rapid destruction of Arabidopsis thaliana plants by Fusarium oxyspo-
rum, an in vitro tripartite interaction investigation demonstrated that
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Paraconiothyrium variabile dramatically reduced plant death by up to 85%
(Bérenstrauch et al. 2020). The following experiments supported this theory. Big
bluegrass (Poa ampla Merr.) ethanol extracts were tested on mosquito larvae, and
the outcomes showed that only extracts from plants that had been inoculated with
Neotyphodium typhonium were successful in repelling the insect, while extracts
from plants that hadn’t been exposed to the fungus were not active (Ju et al. 1998).
An additional method that an EF benefits the host plant is by promoting growth of
the plant through the production and provision of plant hormones such as auxins,
cytokines, and gibberellins, supported by the identification of a similar mechanism
for the manufacture of gibberellin in higher plants and fungi (Kumar et al. 2013).
Studies have shown that endophytes can enhance plants’ growth and reproduction
by interacting with ethylene-targeted transcription factors or by enhancing their
defense mechanisms, similar to what ethylene and jasmonic acid do (Di et al. 2016;
Forni et al. 2017; Van der Ent et al. 2009; Yang et al. 2019). An EF called
Neotyphodium settles in tall fescue ryegrass, where it offers the host plants resil-
ience and protection in harsh environments. In exchange, ryegrass supplies the con-
ditions for the growth of fungi through ryegrass seeds that are infected with fungal
hyphae (Tan and Zou 2001).

3.2 Commensalistic Association with the Host

EFs quickly sporulate and interact with host plants in a commensalistic or latent
pathogenic association, by means of or without any appreciable positive benefits on
plant physiology (Hiruma et al. 2016). According to studies, these endophytes live
in hosts as latent pathogens under normal circumstances (Cui et al. 2021; Gérzynska
et al. 2018; Photita et al. 2004; Zakaria et al. 2016; Fig. 11.1b), whereas other stud-
ies have described various species and genera of EFs from host plants as active
pathogens under unusual physiological stresses (Photita et al. 2004; Fig. 11.1c).
Fusarium, Cladosporium, Nigrospora, Colletotrichum, Periconiella, Cordana,
Verticillium, Curvularia, Deightoniella, Phoma, and Guignardia are examples of
endophytic fungi that have been discovered as the potential pathogens (Cui et al.
2021; Photita et al. 2004).

Long before the onset of disease symptoms, these EFs remain dormant or latent
in the host plants’ tissue. The dormancy phase is crucial in these situations because
it establishes when the fungus is virulent as a pathogen and when it is innocuous as
an endophyte. During the virulent phase, EFs manifest clear symptoms and alter the
physiology and morphology of the host plant in unfavorable circumstances.
Malnutrition, disruption of the ontogenetic state (Sieber 2007), biotic stresses,
abrupt climate changes (like high temperatures and high humidity), and senescence
are just a few of the hostile circumstances that cause EFs to lose their equilibrium
with their hosts and transform from latent to active virulent pathogens, although
there are no obvious disease symptoms before transition (Photita et al. 2004; Poveda
et al. 2020b). Effectors, enzymes, nutrient status, and secondary metabolites are
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thought to work in concert to decide whether an interaction is pathogenic or endo-
phytic (Di et al. 2016; Hiruma et al. 2016; Poveda et al. 2020b).

4 Endophytic Fungi-Mediated Biotransformation
of Secondary Metabolites

Less adaptable microorganisms are less likely to get sufficient resources and prolif-
erate in abundance when the available resources are insufficient to meet the needs
of the community. As a result, the former might not be able to withstand challenging
circumstances. Organisms have developed two distinct competing survival strate-
gies. One tactic is to create allelochemicals that stop their rivals from growing and
eliminate whatever negative side effects they might have left behind (Poveda 2021).
The other is to synthesize allelochemicals that aid in the establishment of relation-
ships between their producers and symbiotic hosts or symbionts. Even in severely
unfavorable settings, both partners can survive and reproduce securely, thanks to
these symbiotic interactions (Macias-Rubalcava et al. 2014). This symbiotic orien-
tation of EFs and their plant hosts results into allowing each EF to accumulate in a
certain eukaryotic host group, under the notion of enduring coevolution in biotic
communities (Ji et al. 2009).

Biotransformation describes unique chemical changes or alterations in mole-
cules caused by biocatalysts or biotic (microbial, plant, or animal) systems (Smitha
et al. 2017; Koztowska et al. 2018). In addition to chemical processes (including
oxidation, reduction, hydrogenation, hydrolysis, hydroxylation, and glycosyl conju-
gation), bioconversion may also entail stereoselective procedures that allow the cre-
ation of enantiomerically different molecules. Microorganisms, especially
endophytes, are chosen for bioconversion because of their high surface-to-volume
ratio, rapid growing rate and faster metabolism, and lower toxicity and endurance
(the latter of which is crucial for the food and pharmaceutical industries) (Hegazy
et al. 2015; Yildirim et al. 2020). There have been reports of biotransformation reac-
tions being carried out by both bacterial and fungal endophytes (Ekiz et al. 2018;
Tian et al. 2021).

The majority of these allelochemicals are SMs, a class of typically low-molecular-
weight and strikingly diverse molecules that were previously thought to have no
apparent physiological impact on the growth, evolution, and reproductivity of the
organisms that synthesize them (Fox and Howlett 2008; Yu and Keller 2005).
Volatile organic compounds (VOCs), a diverse family of chemicals, allow their pro-
ducers, such as plants and microorganisms, to defend themselves from pest or
pathogen attacks or to send warnings intra- or interspecifically during such attacks
(Poveda 2021). It has been shown that these natural metabolites play significant
functions in the growth and development of organisms in unintended ways despite
the term “secondary” previously being used to denote their “inessentiality” (Deepika
et al. 2016). By limiting competition from other species, SMs act as agents to aid
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endophytic fungi in competing and surviving under challenging circumstances.
Additionally, they might injure members of the same species. Examples of these
SMs include those that aid organisms in accessing scarce resources, surviving in a
particular hostile niche, and impeding rivals (Xie et al. 2019). For instance, thiorida-
zine, a phenothiazine neuroleptic medication, underwent stereoselective biotrans-
formation by some endophytic fungi, which includes Glomerella cingulata,
Phomopsis sp., Diaporthe phaseolorum, and Aspergillus fumigatus (Borges et al.
2007). By hydroxylating cyclocanthogenol, the EF Alternaria eureka 1E1BLI
serves as a biocatalyst (Ekiz et al. 2018). In a different investigation, it was shown
that the uncommon chemical ginsenoside Rg3 can be produced by the endophytic
bacterium Flavobacterium sp. from Panax ginseng (Fu 2019). Artemisinic acid, the
precursor to the antimalarial medicine artemisinin, has recently been shown to
undergo biotransformation by the fungus Penicillium oxalicum. Both human colon
cancer cell lines and promyelocytic leukemia cell lines are significantly cytotoxi-
cally affected by these metabolites (Tian et al. 2021).

Endophytes have received a lot of attention as possible lead structures for drug
discovery because of their ecological significance as a rich source of secondary
metabolites with distinct biological activity (Kaur and Kaur 2020; Ludwig-Miiller
2015). At the present, terpenoids, alkaloids, peptides, and polyketides are only a few
of the many chemically unique secondary metabolites from endophytes that have
been found and identified (Spiteller 2015). The growing number of patents that have
been registered in the last ten years explaining the possible uses of these fungi in
many fields, including the manufacture of bioactive natural products (Gokhale et al.
2017), serves as another example of the impact of endophytes.

5 Endophytic Fungi Are a Natural Source of Antioxidants

Reactive oxygen species (ROS, such as O*~ and OH") and free radical-meditated
reactions have been shown to damage biomolecules (such as lipids, proteins, and
DNA) through oxidation, leading to conditions like aging, coronary heart disease,
diabetes, cancer, atherosclerosis, Alzheimer’s, and other neurodegenerative diseases
(Chen et al. 2018a, b; Collin 2019; Finkel and Holbrook 2000; Hensley et al. 2000;
Sharifi-Rad et al. 2020). As free radical scavengers, antioxidants—which also
include vitamins, minerals, and enzymes—are the substances that safeguard cells
from oxidative damage by preventing or lowering ROS and free radicals. When
pathologies or diseases occur, these free radicals are reduced by cellular processes
that act to impede normal structure and function. Antioxidant medicines are used to
treat, prevent, and combat these diseases, and these treatments are highly efficient
against ROS-related diseases. It has been suggested that ROS strengthens the
immune system by facilitating cell signaling. Antioxidant substances are used for
good in many industries, including the food, pharmaceutical, and agricultural sec-
tors. Despite the health risks linked to oxidative stress, there is a significant need for
safer, more effective, and affordable natural antioxidants. Numerous investigations
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have shown that compounds with antioxidant activity include flavonoids, phenolic
acids, phenylpropanoids, tannins, melanin, and lignin (Patipong et al. 2019; Smith
et al. 2015). There is strong evidence that the production of various antioxidant
chemicals by EFs is what gives host plants the ability to withstand stress. After
5 minutes of treatment, the endophyte Fusarium oxysporum from the leaves of
Otoba gracilipes demonstrated antioxidant activity with a maximum scavenging
effect of 51.5% on 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Caicedo et al. 2019).
Among other substances, flavonoids and phenolics have been demonstrated to have
very potent antioxidant activities (Liu and Liu 2018). Alternaria alternata AE1, an
EF isolated from Azadirachta indica, was recently the subject of investigations that
demonstrated it produced secondary metabolites with strong antioxidant character-
istics (Chatterjee et al. 2019). Investigation of new chemicals from fungal endo-
phytes offers an alternative source because many antioxidants are not approved for
clinical use due to health concerns. For instance, the flavonoid kaempferol is pro-
duced by the endophytic Mucor fragilis fungus in the host plant Sinopodophyllum
hexandrum (Huang et al. 2014). Some of the antioxidants released by endophytic
fungi species are listed in Table 11.1.

6 Challenges in Endophytic-Fungi-Based Large-Scale
Production of Antioxidants

When new pharmacological compounds with complex implications are discovered
through the bioprospecting of EF, the pharmaceutical sector could be greatly
affected. However, little is understood about plant-endophyte dynamics, poor pro-
duction, and yield loss since subculturing and scaling-up cultures constitute some
significant bottlenecks. Global trends, taking into account the dwindling supply of
antibiotic arsenals, are defined by rising demand and consistent supply of innova-
tive, high-value metabolites. Less knowledge about EF interactions with other bac-
teria further hinders endophyte utility, even though the plant-endophyte relationship
is still poorly known. The use of tissue culture techniques has declined as a result of
genetic instability in plant tissue culture and slow fungal development (Charlwood
and Rhodes 1990). In this sense, fermentation technologies offer a compelling
method for obtaining valuable compounds from fungi. These techniques have spe-
cific advantages in terms of lower costs, quick development, and optimum growth
conditions for the successful biosynthesis of the desired SMs as well as sustain-
able yield.

The procedure is complicated by the factors in increased operations, such as
medium viscosity, pH, temperature, oxygen solubility, time of cultivation, their
optimization, and others. For the large-scale targeted synthesis of a desired metabo-
lite, the culture conditions must be appropriately tuned and controlled (Pan et al.
2019). Although there has been very little documented research on endophyte chas-
sis, genetic manipulation approaches yet need further refinement for the activation
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Table 11.1 Compounds having antioxidant properties isolated from fungal endophytes

Fungal endophytes | Host plants Compounds Structure References
Phialocephala Rhodiola rosea Salidroside HO. HO,., 4 OH Cui et al.
fortinii O\/\D o~0F | (2016)
p-tyrosol e NH,
A OF
Phomopsis sp. Rhizophora Phochrodine C oo A Chen et al.
stylosa d (2018a, b)
Phochrodine D woo L
~ Y
Mucor fragilis Sinopodophyllum | Kaempferol . - Huang et al.
hexandrum N (2014)
Fusarium Tylophora indica e Chaturvedi
chlamydosporum etal. (2014)
Penicillium sp. Ginkgo biloba Adenosine LN Yuan et al.
YY-20 " V0 ow (2014)
noJ:ﬁ L
Fusarium sp. Fritillaria Gallic acid . 1 F. Pan et al.
unibracteata QA[’" (2017)
HO' L
Phloridzin o
§
MO 0,40, oM
HO' m’()ﬂ L
Rutin °”
o OH OHHG (o] o
St e g o
n:(‘):m
OH
Colletotrichum Forsythia Phillyrin HoN0 o P Zhang et al.
gloeosporioides suspensa I (2012) and
%O\ Chen et al.
©7 1(2016)
Fusarium Macleaya cordata | Sanguinarine o % Wang et al.
proliferatum N N\ O (2014)
LIS
Pseudocercospora | Elaeocarpus Terreic acid § Prihantini and
sp. sylvestris mﬁc Tachibana
o " (2017)

6-Methylsalicylic
acid

(continued)
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Table 11.1 (continued)
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Fungal endophytes | Host plants Compounds Structure References
Fusarium sp. Kandelia candel | Marmesin 00 o, Huang et al.
ZZF41 LI (2010)
Nigrospora Ocimum Chavicol HO\@\/\ Atiphasaworn
MFLUCC16-0605 | basilicum N et al. (2017)
10-epi-y-
eudesmol
Z-lanceol
Nezukol
Curcumenol
Aspergillus Mangifera casturi | Dihydropyran @] Nuraini et al.
minisclerotigenes | Kosterm (2019)
Aspergillus oryzae Kojic acid I o " oH
HO
0
Cephalosporin sp. | Trachelospermum | Graphislactone-A Song et al.
Jjasminoides (2005)
Pestalotiopsis Terminalia
microspora morobensis
Xylaria sp. Scapania Syringin 1 $ Li et al. (2016)
verrucosa (eleutheroside B) s “'T""r”“»"
Annulohypoxylon | Cinnamomum Quercetin ~ | Nicoletti and
ilanense cassia Fiorentino
(2015)
Sesamin

4-ketopinoresinol

of BGCs for enhanced production. Combinational synthesis of complex metabolites
draws attention to related issues that can be solved by using elicitors to boost metab-
olite production along a specific metabolic pathway. The intricate structure of
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metabolites and undesirable pathway intermediates, which limit enzyme action, are
further difficulties. The negative impacts of endophytic fungi in the management of
diseases are currently a cause for worry. For instance, because endophytes are
thought of as latent pathogens capable of generating diseases, they may be harmful
to the host plant and cause infection (Eaton et al. 2011). To prevent negative conse-
quences and improve biocontrol techniques, it is essential to have a thorough aware-
ness of the risk factors connected to EFs.

6.1 Unculturable EFs

The majority of endophytic fungi are unculturable under in vitro conditions (Staley
and Konopka 1985). The dearth of knowledge of the precise growth needs (culture
media, pH, temperature, and growth rate) of these bacteria is the main cause of their
unculturability. However, by using the proper growth medium, reducing the inocu-
lum amount, and allowing for longer incubation periods of up to two to three
months, the wide variety of the bacterial and fungal communities acquired in cul-
ture might be amplified (Davis et al. 2005). The search for ideal culture media and
growth conditions to guarantee the retrieval of a variety of culturable endophytes is
a frequently overlooked facet of endophyte research. In other words, the inability of
many common culture mediums to accurately mimic the in planta environment of
endophytes presents a considerable barrier to the ability to cultivate native endo-
phytes. Using a variety of culture media (Czapek Dox, malt extract, corn meal
extract, Sabouraud dextrose, and potato dextrose media), Murphy et al. (2015)
examined the advent of root EFs from Hordeum murinum and discovered that the
variety of the isolated EFs and their biomass are significantly influenced by the type
of media used. The bulk of experimental research, however, certainly fall short of
isolating the largest number of the potential EFs present in host tissues because they
do not employ different and diverse mediums for endophyte isolation.

Furthermore, several other problems make it difficult to characterize EF isolates
with accuracy. First of all, it can be challenging to distinguish between endophytic
and epiphytic fungi and tissues (Sessitsch et al. 2012). Second, the numerous stages
during culture-dependent techniques require a lot of time and resources, which
places significant limitations on the ability to find bioactive chemicals in EFs. Third,
the ambiguity and misunderstanding surrounding fungal nomenclature might cause
contradicting reports in the literature by causing inaccurate taxonomic and species
identification. In the past, naming species relied on physical characteristics includ-
ing the size and form of conidia; the presence or absence of setae, acervuli, and/or
appressoria; as well as other elements like colony growth, color, and texture (Hyde
et al. 2009).

Low sensitivity of (plant or microbial) metabolite is another factor to take into
account. False-negative results from detection methods can prevent the discovery of
promising endophytic bacteria. For instance, one analysis using the HPLC tech-
nique revealed that not any of the EFs isolated from the black pepper blooming
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plant (Piper nigrum) produced piperine, the alkaloid chemicals in black pepper that
give it its pharmacological qualities and biting quality. However, reanalysis of the
same EF using high-sensitive LC-MS/MS methods showed that Mycosphaerella
sp.-related fungi were responsible for producing the plant metabolite (Chithra
et al. 2014).

6.2 Inadequate and Unstable Yields

Many endophytes display substantial disparity in the production of the “plant”
metabolites that they harvest. The formation of the natural products of EFs, espe-
cially SMs, requires the induction of stimulus from host plants or symbiosis. In
artificial axenic culture, EFs might not be able to create the same substances they
can in a symbiotic continuum due to the absence of these plant-mediated stimuli or
signals. Under axenic monoculture conditions, attenuation, a phenomenon that
results from the sequential subculturing of fungal isolates, leads to the decline in the
SM production of the successfully isolated and cultured EFs and has an extensive
negative influence on the impending commercial production efforts (Cdnovas et al.
2017; Strobel and Daisy 2003). Some potential causes of this attenuation include
the absence of host signals and/or biosynthetic precursors, the absence of other
coexisting or stimulating microbial endophytes, the absence of favorable environ-
mental conditions or selection pressures necessary to maintain metabolite produc-
tion, and/or the silencing of the SM gene clusters. Li et al. (1998) confirmed the
absence of a host stimulus as the cause of attenuation by stating that adding host
extract to the fungal growth media could increase paclitaxel yield in attenuated
Periconia cultures (from 118 to 350 ng/l). Furthermore, Kusari et al. (2014) found
that the expression levels of BGCs encoding for SMs may be impacted by the
buildup of mutations in the microbial genome throughout multiple rounds of sub-
culturing. By the seventh generation of subculturing, the researchers discovered
arbitrary, non-synonymous changes in the open reading frames of multiple F. solani
(endophyte) genes, which led to a decline of the enzyme activity necessary for
camptothecin (CPT) production. An intriguing case is presented in a recent study on
CPT generation by an EF isolated from Nothapodytes nimmoniana (Mohinudeen
et al. 2021). While the highest CPT-producing strain displayed severe attenuation
upon subculturing in the axenic state (after an initial decline in CPT levels from 403
to 200 g/g dry weight), the second-highest CPT-producing strain (Alternaria burnsii
NCIM1409) demonstrated sustained production of the metabolite even after 12
rounds of subculturing (Mohinudeen et al. 2021). The degradability of SMs
extracted from target EFs must also be addressed. The in vitro or axenic cultured
compounds that are taken out of a symbiotic continuum may be quite unstable. As
a result, creating these essential natural components in an artificial medium is dif-
ficult. These results underline the importance of maintaining the strain and passage
difficulties as well as suggest that interactions between the environment and either
the plant host, and perhaps, other components could be essential for maintaining the
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translation of the BGCs that produce desired metabolites. As a result, maintaining
the “competency” of successfully isolated EFs in culture while monitoring their
in vivo stimulation under quasi-natural circumstances is difficult.

6.3 Intricate Plant-Endophyte Cross Talk

The final result/physiological response of the holobiont is controlled by the interac-
tions among plant endophyte and endophyte-endophyte under natural circumstances
(Mishra et al. 2021a, b). When microorganisms are isolated from their host and
cultivated in a monoculture environment (in vitro axenic monocultures), the natural
communication network within plants is disturbed. The proportional participation
of the two symbiotic partners for the generation of metabolites must be investigated
because we currently possess a relatively inadequate knowledge of plant-endophyte
cross-talk mechanisms.

7 Strategies for Bioprospecting EF's for In Vitro Production
of Antioxidant

The target metabolite produced undesirable/low yields despite intensive attempts to
isolate and select endophytes for high-value products. Even if new chemical com-
pounds like camptothecin, paclitaxel, kaempferol, quercetin, podophyllotoxin, and
huperzine A were discovered when EF were isolated, there are still significant pro-
duction and commercialization constraints. Scientific instruments and methods are
being developed to define the dynamics of host-EF interactions and increase the
supply of pharmacologically significant compounds as the field of endophytes gains
prominence in a variety of environmental applications. To successfully target and
produce high yields of the required metabolites, co-integration of
genetic/metabolomics strategies and bioprocess methods may be used.

7.1 Stimulation of Cryptic Pathway Genes in EFs by
Genome Mining

To induce the expression of silent BGCs, several techniques have been devised. This
is because EF can create a wide range of structurally diverse and physiologically
active secondary metabolites. Strong bioinformatic techniques and the availability
of the genomic sequences of numerous endophytic bacteria have made it possible to
predict and identify potential genes involved in SM production. The microbial genes
encoding for SMs are often organized in the genome and are known as “cryptic”
BGCs due to the absence of functional information on the metabolites produced by
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these clusters (Katz and Baltz 2016). Consequently, the genes that encode for SM
are either suppressed or expressed at extremely low rates in a typical lab setting.
However, scientists have shown that by using techniques like changing culture con-
ditions, coculturing with other bacteria, adding certain elicitors, and genetic modi-
fications, it is possible to make otherwise “cryptic” BCGs express more strongly or
more actively.

7.2 EF Strain Improvement

Various techniques, such as mutagenesis (Zhou et al. 2005), genetic engineering
(Wei 2012), genome shuffling (Zhang et al. 2018), and genome editing (Mishra
2019), could be used to genetically modify endophytes for increased output of
metabolites. Expression of silent BGCs has been observed to be induced by several
genetic engineering techniques, including the overexpression of transcription fac-
tors, promoter engineering, and the generation of gene knockouts. Various strain
improvement strategies have been applied to get enhanced SM yield from EFs.

Metabolic Engineering of EFs

Researches on the genetic manipulation of EFs focus on the endophyte chassis to
increase the production of specific metabolites. By adding important pathway genes
via genetic transformation to increase the yield of high-value SMs in axenic cul-
tures, genetic manipulation of EFs specifies potential future outcomes. Gene over-
expression and genome reorganization with mutagenesis have both been studied
concerning the genetic modification of taxol-biosynthesizing endophytes (Ahamed
and Ahring 2011; El-Gendy et al. 2016). For a genetic change of the EF genome,
induction of SMs, and screening of mutants, random mutagenesis techniques are
employed (El-Gendy et al. 2016). Through the protoplast fusion of two strains—
UL50-6 and UV40-19—taxol production was boosted (endophyte strain HDF-68),
resulting in a 20-25% upsurge in taxol yield (Zhao et al. 2014).
Deacetylmycoepoxydiene (DAM), an anticancer metabolite, is generated by the
endophytic fungus Phomopsis sp. Wang et al. (2016) demonstrated this, and the
genome shuffle of eight parental protoplasts produced a high-yielding strain (made
>200-fold DAM) in the transgenic endophytic strain. Similar to this, earlier research
on EF Pestalotiopsis microspores sought to unravel the protoplast transformation-
based taxol synthesis route (Long et al. 1998). Extrachromosomal DNA was found
in the transformants as a result of these surprising findings, pointing to a crucial role
in growth and adaptation.

As aresult of the commercialization and translational success of taxol, numerous
studies on taxol-producing endophytes have been conducted, with the use of genetic
manipulation defining a crucial stage in the endophyte machinery. In this course, a
variety of methods for altering the endophyte’s genome have been tried to intensify
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the metabolic flow, either by restricting competitive pathways or by reorienting the
supply of precursors, and strain improvement techniques that increase the yield of
specified metabolites. In an interesting study of pathway restoration, the inhibition
of the sterol biosynthesis pathway in Alternaria alternata TPF6 produced a consis-
tent amount of taxadiene (Bian et al. 2017). The taxadiene-biosynthetic cluster was
heterologously overexpressed in mutant Escherichia coli T2 and T4 by engineering
the mevalonate pathway followed by an Agrobacterium tumefaciens-mediated
transformation of the taxadiene-producing platform into A. alternata TPF6. The
drastically increased taxol yield caused by the pathway restoration raises the pos-
sibility of using genetic engineering to increase the yield of metabolites. With the
advent of the CRISPR-Cas system, when used to modify filamentous fungi’s
genomes, the potential for how natural products is made has transformed. The
CRISPR-Cas9 tool attempts to transport the Cas9 gene direct DNA in cassettes and
forms an active Cas9/guide RNA complex. By using the CRISPR-Cas genome
manipulation method for the conversion of EF, it may be possible to increase the
validation of BGCs and the production of specific metabolites.

Mutagenesis of EFs

Understanding and utilizing the metabolic potential of EFs to improve the produc-
tion of high-value SMs is crucial if endophytes are to be exploited on a commercial
scale. Strain enhancement procedures may be used to improve yield and other fea-
tures, such as the use of nitrogen/carbon sources, changes in shape, and decrease in
undesirable products, to address the problem of low-yielding endophyte strains
(Fidan and Zhan 2019). In addition to genetic engineering, endophyte mutagenesis
through protoplast fusion or random screening has many advantages and promising
futures. Employing mutagens, either chemical (nitrosoguanidine, diethyl sulfate,
ethyl methyl sulfonate) or physical (X-rays, y-rays, microwave, etc.), changes in the
genetic makeup of microbial strains were examined a specific relevant genotype
using random approaches. Using two or more mutagens or one mutagen repeatedly
can also cause mutations (Zhou et al. 2010). Although the process has to be charac-
terized, endophytic fungal mutations result in regulatory gene alterations that mod-
ify phenotypic traits and increase the synthesis of secondary metabolites (Adrio and
Demain 2006). Kai et al. (2009) detailed the mutagenesis in endophytes and the
selection of hygromycin-resistant strains for increased taxol production. Mutagenesis
in EFs is tried using mycelia, spores, or protoplasts and was found useful with
exceptional success for the mutation of taxol-producing endophytes (Pan et al.
2017; Paramanantham et al. 2019). Although mutagenesis provides a prospective
approach, endophyte mycelium mutation marks the drawback of genetic deviation
in the progeny, and it is challenging to optimize situations for EF spore mutagene-
sis, signifying that protoplast fusion is the most effective means to trigger mutagen-
esis (Kai et al. 2009) highlighting the advantages of this approach in mutagenesis of
EF strains and in increasing the yield of the targeted metabolites (Zhao et al. 2014;
Zhou et al. 2005). These conditions included the right amount of time and culture
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conditions. The amalgamation of two mutant protoplasts of Nodulisporium sylvi-
Jforme led to the development of an enhanced strain of high-yielding taxol producer
(HDF-68) (Zhao et al. 2014), pointing to mutagenesis as a potent method for yield
improvement with some caveats.

7.3 Simulation and Optimization of the In Vitro Conditions

The dearth of information regarding the circumstances in which a BGC that encodes
for SM is expressed is a significant barrier to the finding of bioactive substances
originating from endophytes. Diverse microbial communities naturally coexist in
the same plant endosphere niche, engaged in substantial cross talk between plant
and endophyte as well as between endophyte and endophyte (Mishra et al. 2021a,
b). As a result, one key factor in the in vitro cultured endophytes’ failure to synthe-
size plant metabolites may be their axenic monoculture. Numerous studies have
demonstrated the importance of interactions between microbes in starting or pro-
moting the establishment of BGCs in endophytes. For instance, coculturing the
endophytes Fusarium tricinctum and Bacillus subtilis significantly boosted the syn-
thesis of enniatin A1 and B1 (Ola et al. 2013). Similar results were obtained when
the taxol-producing endophytic fungus Paraconiothyrium SSM001 was cocultured
with two other endophytic species from the genera Alternaria and Phomopsis
(Soliman and Raizada 2013). Therefore, it could be necessary to coculture fungi
with fungi and bacteria with bacteria, under in vitro conditions in order to simulate
the microbe-microbe interactions that take place in plants. In addition to coculturing
endophytic microorganisms, adding plant extracts to microbial cultures is another
method for simulating the natural environment of endophytes. By virtue of the
proper pH, cofactors, enzymes, etc., the addition of host plant extract gives the
endophyte a “nearly native environment” that encourages the creation of the neces-
sary chemical.

One strain-many compounds (OSMAC) are streamlined but effective method
that entails comprehensive modification of various cultivation variables (such as
growth media composition, pH, incubation time, optimum temperature, aeration,
and addition of enzyme inhibitors) to allow the expression of numerous bioactive
compounds from a single microbial strain (Bode et al. 2002). This approach has
emphasized the amazing synthetic variability of endophytic strains and the variation
in metabolic parameters seen with slight modifications in cultivation
characteristics.
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7.4  Use of Elicitors

Elicitors, or substances that cause the synthesis of SMs, can be classed as either
biotic (such as microorganisms or extracts like chitin or pectin) or abiotic (such as
heavy metals, UV radiation, salicylic acid, methyl jasmonate, etc.) (Thakur et al.
2019). It has been discovered that adding elicitors to microbe culture media causes
them to express BGCs in an in vitro setting. For instance, the output of taxol was
significantly increased by including sodium acetate as a precursor, copper sulfate as
an inducer of oxidase activity, and salicylic acid as an elicitor to taxol (Qiao et al.
2017). Likewise, it was discovered that utilizing methyl jasmonate as an elicitor and
optimizing fermentation conditions led to a 50- to 75-fold increase in the endophyte-
mediated synthesis of the plant product CPT (Pu et al. 2013). A quick and clever
technique to increase the production of the desired metabolite is to add the neces-
sary precursor(s) to the axenic cultures of endophytes. Enhancing the endophyte-
mediated synthesis of CPT and taxol has been done so with success. For instance,
Venugopalan et al. (2016) showed that adding 0.5 mM tryptamine as a precursor
and optimizing the fermentation conditions increased CPT synthesis by almost 150
times. According to Soliman and Riazada, (Soliman and Raizada 2013), adding the
precursors, geranylgeranyl diphosphate (GGPP) and isopentenyl pyrophosphate
(IPP), to the culture of the endophytic fungus Paraconiothyrium SSMO001 increased
the production of taxol by many folds.

Epigenetic modifiers are a particular class of elicitors that impact the degree of
gene expression by changing the heterochromatin and euchromatin architecture. In
fungi, the BGCs are heterochromatin present, and epigenetic mechanisms, such as
DNA methylation and histone deacetylation, control the expression and silencing of
genes (Pettit 2011). Epigenetic modifiers such as 5-aza-2’-deoxycytidine (azacyti-
dine), hydralazine hydrochloride, suberoylanilide hydroxamic acid (SAHA), suber-
ohydoxamic acid (SBHA), N-acetyl-D-glucosamine (GIcNAc), trichostatin A,
valproic acid, etc., may instigate the translation of BGCs by preventing DNA meth-
yltransferases and histone deacetylases (HDACs). These epigenetic modifiers are
capable to start chromatin remodeling and activate BGCs for bioactive secondary
metabolite production. To develop novel approaches for isolating secondary metab-
olites from fungi, a comprehensive understanding of SM biosynthesis and control
must first be established (Venugopalan and Srivastava 2015). BGC-specific tran-
scriptional upregulation, promoter exchange, or using inducible promoters for regu-
lation of gene expression are potential methods for finding or isolating high-value
metabolites. These methods can also be applied to EF to transform natural product
networks.
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7.5 Deep Learning and High-Throughput Approaches

Chemoinformatics, the discovery of anticancer and antibiotic drugs, and metabolo-
mics have all benefited from the development of machine learning and deep learn-
ing techniques (Lusci et al. 2013; Mitchell 2014). These methods have been
particularly helpful for exploring organic chemicals (Mitchell 2014), predicting
bioactivity on the basis of chemical structure, and mapping BGC combinations to
chemical groups. The next critical step would be the creation of chemoinformatics
and bioactivity-focused informatics that support and complement bioprospecting.
Research on systematic computational learning techniques for predicting chemical
structural diversity from EFs based on integrated comparative metabolomics and
chemical compound analysis, coupled with biotic interaction network analysis,
could lead to the development of a model of correlations between planta biochem-
istry and plant microbiome ecology. These frameworks can also be changed to
achieve certain goals. A different deep learning framework might focus on bioac-
tivities (such antiviral, antifungal, antibacterial, anti-protozoan, or anticancer) or the
most complex synthesis of structures, like list chemical forms, bonds, or chirality
groups. Given that the strength of these techniques lies in their capacity to handle
unidentified interactions, recent thinking on the subject holds that it is crucial to
avoid reductionism (Martinez-Mayorga et al. 2020). Therefore, we suggest that
researchers begin by becoming familiar with databases of encoded natural product
chemical structures combined with libraries of synthetic organic chemistry and
organismal metadata, particularly from habitat and metagenomic data.

But what about uncultivable EFs, considering that the idea that endophytes are
more easily cultivated than plants is the driving force behind a lot of research on
endophyte NPs (Gangadevi and Muthumary 2009)? Chemical structure prediction
based on computational learning will be especially useful for uncultivatable endo-
phytes to avoid the requirement for isolation and synthesis, but such methods can
also focus the search for targets for subsequent experimental (and computational)
unsilencing. Hidden or muted biosynthetic capacities seem to be the norm rather
than the exception in plant microbiomes, according to the bioinformatic finding of
BGCs. This important scientific issue has been addressed by the use of cocultiva-
tion, OSMAC experiments, heterologous expression experiments, high-throughput
elicitor screening, transcription factor decoys, and in planta approaches. However,
there hasn’t been much of a concentrated attempt to use computational learning
techniques to address this issue. This may come as a surprise given that tools for
genome data mining are available to uncover various regulatory signaling processes,
metabolic flux, metabolic pathway regulation, and holobiont metabolic relation-
ships including pathway complementation. Computational learning techniques
could make advantage of the training data that is already accessible from high-
throughput elicitor or expression experiments, OSMAC arrays, as well as in planta
or coculture holometabolic and holoregulomic data.
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8 Conclusion and Future Outlook

Antioxidants are biological molecules that stop chemical compounds from oxidiz-
ing. Certain foods and plant materials have a high amount of antioxidants. Reactive
oxygen species (ROS) and free radicals can induce pathological consequences that
are detrimental and pronounced, such as DNA damage, cancer, and degenerative
disorders like Alzheimer’s disease. Antioxidants shield cells from these effects. The
investigation of antioxidants in medicinal plants shows promise as an alternate rem-
edy for treating human diseases caused by reactive oxygen species. Antioxidants are
emerging as a potential and different natural biological therapy in contemporary
medicine for the treatment of human ailments. To treat reactive oxygen species
(ROS) linked to diseases like cancer, hypertension, cardiovascular diseases, neuro-
degenerative diseases, diabetes mellitus, atherosclerosis, rheumatoid arthritis, isch-
emia/reperfusion injury, and aging, new antioxidants from plants and microorganisms
are effective and safe chemopreventive therapies. Pestacin, coumarin, isopestacin,
phloroglucinol, salidroside, p-tyrosol, borneol, and rutin are few examples of mol-
ecules from EFs having antioxidant activity. These molecules are excellent at pre-
venting damage from oxygen-derived free radicals and ROS. Even though research
on antioxidants has been done, few of them have received approval for usage in
clinical settings; as a result, the necessity for ongoing research for a unique and
effective antioxidant became crucial.

Due to the significant potential for the compounds released by EF-host symbiotic
interactions in sustainable agriculture and biomedicine, endogenous biology is cur-
rently attracting more and more attention. Secondary metabolites are crucial to
facilitate multidimensional biochemical communication between EFs, host plants,
and pathogens in their community. Several genetic mechanisms precisely regulate
the production of SMs during symbiosis, including gene clustering, transcription
factors, the alteration of the host’s genetic makeup in the presence of EFs, and hori-
zontal gene transfer (HGT) between EFs and plants. These control systems might
have started to develop at the same time as EF-host symbiosis. The biological and
ecological functions of endophytism, tremendous potential for the development of
modern medications, sustainable agriculture, and industry and its underlying mech-
anisms recently gained a lot of research attention. Even while EF research is of
interest to scientists, there are still a lot of obstacles to overcome in the next few
decades. The current “omics” era’s tools, such as genomics, epigenomics, transcrip-
tomics, and proteomics, as well as their related meta-omics (metagenomics, meta-
transcriptomics, and metaproteomics), will be incredibly helpful in enlightening the
murky areas of myco-endophytisms and in addressing the difficulties to disclose
additional evidence on these symbionts and their relations within the core niches of
host plants. Additionally, building new molecular models of these EF-host interac-
tions will be more efficient and fruitful through concerted research involving omics
techniques and other fields, such as combinatorial chemistry. For effectively discov-
ering the concealed genes involved in the manufacture of SMs and novel chemicals
in axenic culture, as well as for a deeper understanding of the endophyte-host
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relationship in natural environments, extensive molecular research may still be
required. Therefore, research on the bioprospecting of endophytic fungi as biologi-
cal agents that will ensure sustained human health as well as the identification of the
pharmacological roles of fungal endophytes can both benefit from the screening of
fungal endophytes for potential bioactive metabolite synthesis.
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Chapter 12

Genetic, Epigenetic, and Physicochemical
Strategies to Improve the Pharmacological
Potential of Fungal Endophytes

Check for
updates

Mayur G. Naitam, Viabhav Kumar Upadhyay, A. K. Lavanya, Aman Jaiswal,
Geeta Kumari, M. N. Jha, Himanshu Mahawar, and Rajeev Kaushik

Abstract Endophytic fungi are ubiquitous microorganisms that reside within
healthy plant tissues without causing any apparent harm to the host. The myriad of
diverse pharmacological properties makes these fungi a valuable source of bioactive
compounds. Research on fungal endophytes has gained significant momentum in
recent years, with an increasing focus on their potential for pharmaceuticals. The
present scenario of endophytic fungi’s pharmacological potential involves identify-
ing novel compounds, elucidating their mechanisms of action, and evaluating their
efficacy and safety. Numerous studies have documented the discovery of endophytic
fungi bioactive metabolites with potent immunomodulatory, antimicrobial, antican-
cer, and antioxidant properties. The demand for such compounds in the pharmaceu-
tical industry is high owing to their therapeutic potential and low toxicity. Improving
the yield and quality of bioactive compounds from endophytic fungi is crucial for
meeting market demand. Various approaches, including genetic, epigenetic, and
physicochemical methods, have been employed to enhance the production of bioac-
tive metabolites. Genetic manipulation of fungal endophytes using techniques such
as CRISPR/Cas9 and RNA interference has shown promising results in increasing
the yield of biologically active compounds. Epigenetic modifications and physico-
chemical treatments such as elicitation and fermentation optimization have also
been explored to improve bioactive metabolite production. Endophytic fungi have
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enormous pharmacological potential, which has substantial implications for drug
research and development. The market need for such compounds can be met by
increasing the production of bioactive substances from endophytic fungi utilizing a
variety of methods.

Keywords Endophytes - Immunomodulatory potential - Antimicrobial potential -
Genetic manipulation - Pharmacological potential

1 Introduction

Fungal endophytes are fungi that thrive in the actively growing plant tissues of dif-
ferent parts of plants without harming the host. These fungi form mutualistic rela-
tionships with their host plants, providing them several benefits such as protection
from herbivores, pathogens, and environmental stresses. In exchange, the plant pro-
vide nutrients and a safe and stable niche for the fungal endophytes to grow and
reproduce (Jeewon et al. 2019). Endophytic fungi have been found in virtually all
plant species studied to date and can be found in various plant tissues such as leaves,
stems, roots, and fruits. Additionally, they can be found in many different ecosys-
tems, including forests, grasslands, wetlands, and deserts. Aspergillus, Penicillium,
Fusarium, and Trichoderma are among the genera most frequently identified to
contain endophytic fungus (El-Gendy et al. 2018). These microorganisms are found
in various plant species, including medicinal plants, and are known to produce a
wide variety of bioactive substances with pharmacological applications. A wide
variety of secondary metabolic by-products with significant pharmacological activi-
ties, including antibacterial, antiviral, anticancer, and anti-inflammatory properties,
are produced by endophytic fungi (Gouda et al. 2016). These metabolites have the
potential to be drug candidates for the treatment of a variety of diseases.
Endophytic fungal metabolites’ pharmacological potential has received increased
attention in recent years. Many of these substances have been found to have strong
biological effects, and researchers are investigating their potential for use in the
development of novel medications (Gouda et al. 2016). The need for new drugs is
growing, and endophytic fungi are a promising source of novel bioactive com-
pounds. As a result, there is an increasing need to investigate and capitalize on the
potential of these microorganisms for the development of new drugs (Jeewon et al.
2019; Gouda et al. 2016). Fungal endophytes have been used to create a number of
drugs, including the anticancer drug Taxol, the immunosuppressant cyclosporin A,
and the cholesterol-lowering drug lovastatin (Demain 2014). These medications
have demonstrated the potential of endophytic fungus as a source of novel medica-
tions. Fungal endophytes produce diverse range of bioactive substances, such as
alkaloids, terpenoids, flavonoids, and polyketides. Many of these compounds have
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demonstrated antimicrobial, antiviral, antiparasitic, anticancer, antidiabetic, and
anti-inflammatory properties (Demain 2014; Demain and Martens 2017). The
global pharmaceutical market is expected to reach $1.5 trillion by 2023, with
demand for new drugs expected to rise further (Singh et al. 2023; Kakkar 2021).
Endophytic fungi may be a source of new drugs to meet this demand. However, the
production potential of these microorganisms remains largely untapped, and meth-
ods for large-scale cultivation of these microorganisms must be explored and
optimized.

The endophytic fungal secondary metabolites have drawn attention of pharma-
ceutical industry owing to their novel pharmaceutical properties. Furthermore,
endophytic fungal secondary metabolites have several advantages over other
sources. They are frequently more diverse and complex, with greater specificity and
selectivity for their biological targets (Kusari and Spiteller 2011; Kusari et al. 2012).
In addition, compared to other sources, such as aquatic organisms or terrestrial
plants, fungal endophytes produce much higher yields of these metabolites.
Endophytic fungal secondary metabolites have shown promise in the therapy of
cancer, infectious diseases, metabolic disorders, and inflammatory conditions.
Taxol, a powerful anticancer drug, was first isolated from the endophytic fungus
Taxomyces andreanae, which was discovered in the bark of the Pacific yew tree
(Stierle et al. 1995). Similarly, cyclosporine, an immunosuppressive drug used to
prevent organ rejection in transplant patients, was discovered in the soil by the
endophytic fungus Tolypocladium inflatum (Adeleke and Babalola 2021).
Cordycepin, a nucleoside analogue with antiviral and anticancer properties; griseo-
fulvin, an antifungal agent for treating ringworm infections; and epothilones, a
group of anticancer drugs with mechanisms of action similar to taxemes, are other
examples of metabolites from fungal endophytes with significant pharmacological
potential (Adeleke and Babalola 2021; Aly et al. 2011a, b).

The global demand for new drugs to treat various diseases is rapidly increasing,
with a market size of more than $1 trillion expected by 2025. The current drug
development pipeline, however, is insufficient to meet this demand, with high costs,
lengthy development times, and high failure rates limiting the count of novel drugs
that reach the market. As a result, alternative sources of biologically active com-
pounds must be investigated in an effort to provide a more sustainable and efficient
approach to drug discovery. However, the prospects of endophytic fungi remain
largely untapped, and more investigation and development are required to fully
exploit their pharmacological potential. Advances in genetics, epigenetics, and
physicochemical strategies have opened up new avenues for improving endophytic
fungi bioactive compound production, which will be discussed in detail in the fol-
lowing sections of this review.
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2 Present Scenario of Pharmacological Drugs
from Fungal Endophytes

Possibilities for fungal endophytes as a formidable tool in pharmaceuticals are
brightened by their capacity to create a variety of bioactive chemicals as prospective
candidates for medication development. Numerous drugs of endophytic fungal ori-
gin are already being for treatment of several diseases. Probably, the most notable
example is the immunosuppressant drug cyclosporine from Tolypocladium infla-
tum, which is used in organ transplant patients (Koster and Uges 2015). Another
example is lovastatin, a drug developed from Aspergillus terreus, which is used to
lower cholesterol levels in the blood (Goswami et al. 2013). Griseofulvin, an antibi-
otic produced by Penicillium griseofulvum, is used for treating skin, hair, and nail
fungal infections (Deore et al. 2019). These drugs have proven to be extremely
effective and have completely transformed the medical industry. Many fungal endo-
phytic bioactive compounds have been identified having therapeutic potential and
are broadly categorized as follows:

Antibacterial: Fungal endophytes have been found to produce a diverse range of
antibacterial compounds. Beauvericin, for example, a compound produced by
the fungus Beauveria bassiana, has been shown to have antibacterial activity
against a variety of bacteria, including Staphylococcus aureus and Escherichia
coli (Narasimha et al. 2010; Jakubczyk and Dussart 2020). Similarly, the fungus
Bacillus brevis’s compound gramicidin S has been shown to be effective against
a variety of gram-positive bacteria (Berditsch et al. 2007).

Antiviral: Fungal endophytes have also been found to produce antiviral compounds.
For instance, Penicillium sp. produces a compound called arugosin C that inhib-
its the replication of human immunodeficiency virus (HIV) (Kharwar et al.
2011). Similarly, the fungus Chaetomium globosum’s compound chaetoglobosin
A has been shown to have antiviral activity against herpes simplex virus type 1
(HSV-1) (Rajamanikyam et al. 2017).

Antiparasitic: Several endophytic fungi have also been reported to produce anti-
parasitic compounds. For example, the fungus Aspergillus sp.-produced com-
pound emodin has been shown to have antiparasitic activity against Plasmodium
falciparum, the parasite responsible for malaria (Chinnasamy et al. 2023; Gong
et al. 2022). Similarly, the fungus Penicillium citrinum’s compound citrinin has
been shown to be effective against the parasite Leishmania donovani, which
causes leishmaniasis (Meng et al. 2015).

Antimicrobials: Fungal endophytes have also been found to produce antimicrobial
compounds with a broad spectrum of activity. Fusaric acid, for example, a com-
pound produced by the fungus Fusarium oxysporum, has been shown to have
antimicrobial activity against a variety of microorganisms, including bacteria,
fungi, and yeast (Poleto et al. 2021). Similarly, isofusidienol, a compound pro-
duced by Aspergillus fumigatus, has been shown to inhibit the growth of several
gram-positive and gram-negative bacteria (Hussain et al. 2017; Zhao et al. 2011).



12 Genetic, Epigenetic, and Physicochemical Strategies to Improve... 263

Anticancer: Endophytic fungal metabolites have shown promising anticancer prop-
erties owing to their capacity to trigger cell cycle arrest, promote apoptosis, and
inhibit angiogenesis. Several endophytic fungal metabolites, including pacli-
taxel, camptothecin, and griseofulvin, have been discovered to be effective anti-
cancer agents (Li et al. 2018). Paclitaxel, a well-known anticancer drug derived
from Taxus brevifolia, an endophytic fungus, is another example (Agung et al.
2019). It functions by binding to microtubules and preventing their breakdown
during cell division, which results in cell death. Similarly, camptothecin, which
is produced by a variety of endophytic fungi, inhibits the activity of topoisomer-
ase I, an enzyme required for DNA replication, causing apoptosis (Singh et al.
2021). Another endophytic fungal metabolite with anticancer properties is gris-
eofulvin. It works by inhibiting mitosis and interfering with microtubule forma-
tion, resulting in cell cycle arrest and cell death (Singh et al. 2008). Aside from
these compounds, many other endophytic fungal metabolites have demonstrated
anticancer activity, making them a promising stockpile of new cancer therapeu-
tics. Endophytic fungal metabolites, in general, represent a vast and largely
untapped source of natural compounds with potential therapeutic applications in
cancer treatment. In order to fully understand their mechanisms of action and
maximize their efficacy and safety, more investigations are required.

Antidiabetics: Endophytic fungal metabolites have shown potential as antidiabetic
agents attributing their ability to regulate blood glucose levels by stimulating
insulin secretion and improving insulin sensitivity. Some examples of endo-
phytic fungi-derived metabolites having antidiabetic properties are berberine,
beauvericin, and cytochalasin D (Kaul et al. 2017).

Anti-inflammation: Endophytic fungal metabolites can also reduce inflammation by
inhibiting pro-inflammatory cytokines and enzymes. Compounds with potent
anti-inflammatory effects, such as cordycepin, emodin, and curcumin, have been
encountered as potential candidates for treating inflammatory disorders (Kaul
et al. 2017).

Antitumor: Endophytic fungal metabolites that induce cell cycle arrest, promote
apoptosis and inhibit angiogenesis have all been shown to have antitumor prop-
erties (Kumar et al. 2021). Paclitaxel, camptothecin, and griseofulvin are exam-
ples of such compounds (Kumar et al. 2021; Evidente et al. 2014).

In addition to the aforementioned bioactive compounds, endophytic fungi also
produce an array of metabolites with substantial pharmaceutical potential.
Endophytic Aspergillus, for example, produces a diverse range of bioactive com-
pounds, including secondary metabolites such as alkaloids, terpenoids, and
polyketides (Orfali et al. 2021), and among them, compounds such as fumagillin,
have shown anticancer activity (Guruceaga et al. 2019). Furthermore, Aspergillus-
derived compounds like gliotoxin and viriditoxin have anti-inflammatory and
immunosuppressive properties, making them potential treatments for autoimmune
diseases (Orfali et al. 2021). Several in vitro and in vivo studies have shown that
Pestaloficiolide A produced by Pestalotiopsis fici is another promising endophytic
fungal metabolite with antitumor potential (Sui et al. 2016). Similarly, endophytic
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Fusarium produces secondary metabolites like fusaric acid, which has anticancer
potential (Ahmed et al. 2023). Endophytic fungi also produce antimicrobial sub-
stances having potential to be used for the development of new antibiotics. For
example, the endophyte Phomopsis sp. has been found to produce antibacterial
metabolites against a variety of pathogenic bacteria, including methicillin-resistant
Staphylococcus aureus (MRSA) (Lechner et al. 2004). Alternaria, another fungal
endophyte, produces a variety of secondary metabolites including alternariol and
alternariol monomethyl ether, which have antimicrobial activity (Qader et al. 2021).
Along with these substances, endophytic fungi also produce a wide range of anti-
oxidants, insecticides, and neuroprotective substances. These compounds could be
used in a variety of fields, including food preservation, agriculture, and medicine
(Rai et al. 2021).

Endophytic fungal metabolites have a vast and largely untapped pharmaceutical
potential. Many bioactive compounds have been identified, but many more remain
undiscovered. It is possible to identify new endophytic fungal strains and their asso-
ciated metabolites with potential pharmaceutical applications using advanced
screening and analytical techniques. Finding new drugs to treat severe conditions
like cancer, bacterial and viral infections, diabetes, and inflammation may be facili-
tated by novel methods for enhancing the therapeutic potential of endophytic fungal
strains.

3 Present Production Potential of Pharmacologically
Important Endophytic Fungal Metabolites

The global market for microbial natural products, including endophytic fungi, has
been expanding rapidly due to significant therapeutic benefits. The increasing rate
of long-lasting illnesses such as diabetes, heart disease, and cancer necessitates the
development of new and effective treatment options for these natural products
(Singh et al. 2011). The global market for natural products was valued at $207.6
billion in 2017 and is anticipated to grow at a compound annual growth rate (CAGR)
of 6.3% from 2018 to 2025 (PFPM 2020). Though the commercialization is gaining
importance, there are several constraints in the production of endophytic fungal
metabolites due to several factors such as low metabolite yields from wild-type
strains, difficulty of cultivating some fungal endophytes in the laboratory, and a lack
of understanding of many secondary metabolite biosynthetic pathways (Kusari
et al. 2012; Aly et al. 2011a, b). The present production potential of some of the
pharmacological endophytic fungal metabolites is presented in Table 12.1.

To circumvent these barriers, several strategies for upscaling the potential to pro-
duce endophytic fungal metabolites have been developed. To boost the yield of tar-
get metabolites, one approach is to optimize cultivation conditions such as culture
medium, pH, temperature, and aeration. Another approach is to use genetic and
epigenetic strategies to engineer fungal strains to upregulate the expression of
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Table 12.1 Present production potential of endophytic fungal metabolites having pharmacological

properties
Metabolite Fungal species Production | Pharmacological use | References
Taxol Taxomyces 11.5 g/ Anticancer Andrea et al.
andreanae (1993)
Camptothecin Camptotheca 2.5 mg/g Anticancer Kusari et al.
acuminata (2009)
Podophyllotoxin | Podophyllum 0.1-1.5 mg/g | Anticancer, antiviral | Giri and
peltatum Lakshmi Narasu
(2000)
Ergot alkaloids | Claviceps purpurea | Up to Migraine treatment | Kralova et al.
150 mg/L (2021)
Asperlicin Aspergillus 7 mg/L Antifungal Kusari and
alliaceus Spiteller (2011)
Mycophenolic Penicillium 220 mg/L Immunosuppressive | Dong et al.
acid brevicompactum (2015)
Griseofulvin Xylaria sp. 129 mg/L Antifungal Li et al. (2018)
Cordycepin Cordyceps militaris | 30 mg/L Anticancer, antiviral | Luthra et al.
(2015)
Lovastatin Aspergillus terreus | 14.9 mg/g Cholesterol lowering | Ravuri and
Shivakumar
(2020)
Terpestacin Aspergillus terreus | 15.8 mg/L Antifungal, antitumor | Jiang et al.
(2020)
Verruculogen Aspergillus 3.0 mg/L Neurotoxin Uzma et al.
fumigatus (2019)
Penicillic acid Penicillium 5.4 mg/L Antibacterial Kusari et al.
crustosum (2012)
Mycotoxin T-2 | Fusarium 120 pg/g Toxin, antitumor Bae et al. (2009)
sporotrichioides
Citrinin Penicillium 20.3 mg/L Nephrotoxic, Kusari et al.
citrinum antimicrobial (2012)

biosynthetic genes or activate silent gene clusters for secondary metabolite produc-
tion (Kusari et al. 2012; Shweta et al. 2010). In addition, physicochemical methods
such as UV irradiation, chemical elicitors, and physical stress have been employed
to induce secondary metabolite production in endophytic fungi. Despite significant
advances in the fabrication of endophytic fungal metabolites, commercialization of
these natural products remains limited. The production of natural products from
endophytic fungi is difficult and often involves time-consuming and costly pro-
cesses. Furthermore, regulatory issues such as intellectual property rights and qual-
ity control standards may have an impact on the commercialization of these products
(Aly et al. 2011a, b). Despite these obstacles, the growing demand for natural prod-
ucts derived from fungal endophytes suggests that these products have a high com-
mercialization potential. The development of new strategies for the efficient and
cost-effective production of these natural products, as well as the establishment of
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appropriate regulatory frameworks, will be crucial in realizing the full potential of
endophytic fungal metabolites in the pharmaceutical industry.

4 Approaches for Improving Fungal Strains
for Pharmacological Properties

Fungi are attributed as significant sink of biologically active compounds with thera-
peutic potential. However, many fungal strains produce these compounds in meager
quantity or do not produce them at all. To address this issue, various approaches
have been established to improve the pharmacological properties of fungal strains.
Genetic approaches involve the manipulation of genes responsible for the synthesis
of bioactive metabolites, such as through gene deletion or overexpression. Epigenetic
methods such as histone modification or DNA methylation alter the expression of
genes without interfering the genetic code. Physicochemical approaches involve the
manipulation of environmental variables, such as nutrient availability or tempera-
ture, to augment the synthesis of bioactive compounds. These approaches have
demonstrated great promise in enhancing the pharmacological characteristics of
fungal strains that may be combined to accomplish even greater enhancements. By
enhancing the production of biologically active compounds in fungal strains, these
approaches have the promising prospects to provide new sources of drugs for vari-
ous therapeutic applications (Fig. 12.1).

4.1 Genetic Approach

For improving the pharmacological potential of fungal endophytes, genetic engi-
neering has emerged as a powerful tool. This method entails modifying the fungal
genome to upsurge the specific secondary metabolite production or to introduce
new biosynthetic pathways. Gene overexpression, gene knockout, and heterologous
expression are examples of genetic engineering strategies. Genetic approaches can
significantly improve the pharmacological properties of endophytic fungi.
Researchers can introduce new traits, modify existing ones, and escalate the produc-
tion of target compounds by manipulating the genetic material of these organisms
(Kusari and Spiteller 2011). We will discuss about the genetic strategies that are
deployed to improve fungal strains for pharmacological applications.

(i) Gene editing: CRISPR/Cas9 gene-editing technologies enable researchers to
meticulously modify the genetic material of fungal endophytes (Song et al.
2019). Using this technique, particular genes associated with the biosynthesis
of pharmacological important chemicals can be deleted, added, or modified.
For example, in Aspergillus nidulans, researchers used CRISPR/Cas9 to delete
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Fig. 12.1 Different approaches for improving pharmacological properties in fungal strains

a gene involved in the biosynthesis of a pigment, resulting in increased produc-
tion of lovastatin, a cholesterol-lowering drug (Shi et al. 2019; Zou et al. 2020).

(ii) Heterologous expression: Heterologous expression transfers genes from one
organism to another to synthesize a specific chemical and has been utilized to
increase a range of pharmacologically active chemical compounds in fungal
endophytes (Khan et al. 2014). For instance, to develop vinblastine, a potent
anticancer drug, researchers transferred DNA from Catharanthus roseus
(plant) to Colletotrichum gloeosporioides (fungal endophyte) (Chandra 2012).

(iii) Overexpressing the key enzymes: The production of target substances in fungal
endophytes can be increased by overexpressing essential enzymes involved in
their production. This method has been applied to boost the synthesis of a vari-
ety of compounds such as lovastatin, Taxol, and camptothecin (El-Sayed et al.
2020). For example, the production of lovastatin was significantly increased
when a crucial enzyme involved in its synthesis was overexpressed in the
Aspergillus terreus (Zhgun et al. 2018).

(iv) Gene knockout: The procedure of deleting a target gene to eliminate or reduce
the synthesis of a specific compound or enzyme is known as gene knockout.
This method is useful when the target gene is involved in a negative regulatory
pathway or encodes an enzyme that competes with the target enzyme for the
same substrate. The production of fungi-derived substances, including second-
ary metabolic products, antibiotics, and mycotoxins, has been enhanced using
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gene knockout technology. Successful application of gene knockout in fungi is
the improvement of mycotoxin aflatoxin B1 production by Aspergillus flavus.
Aflatoxin B1 production was completely eliminated by deleting the regulatory
gene aflR, which controls the expression of the genes involved in aflatoxin
biosynthesis (Yu et al. 2004).

(v) Coculture: Coculture refers to the growing of two or more organisms together
to promote the synthesis of particular compounds, and this technique is used to
increase the production of pharmacologically active compounds. The cocultur-
ing of Penicillium sp. (endophytic fungus) with Streptomyces sp. (the bacte-
rium) enhanced the synthesis of a unique polyketide with potent antimicrobial
properties (Peng et al. 2021).

(vi) Synthetic biology: The design and construction of novel genetic circuits or
metabolic pathways to achieve specific changes in gene expression or function
are known as synthetic biology (Tucker and Zilinskas 2006). This method
genetically modifies the fungi to promote the production of novel compounds
or enzymes with improved properties or to upsurge the yield of existing com-
pounds. The application of synthetic biology in fungi for establishing a syn-
thetic pathway by Saccharomyces cerevisiae for the synthesis of the opioid
alkaloid thebaine is one such example (Walker and Pretorius 2018). A yeast
strain capable of producing thebaine was created by introducing multiple genes
from the opium poppy Papaver somniferum (Galanie et al. 2015).

Genetic approaches can be way forward to enhance the therapeutic potential of
fungal endophytes, introducing new traits, modifying existing ones, and increasing
the synthesis of target compounds, making them a potential sink of novel drugs.

4.2 Epigenetic Approach

The term “epigenetic” was invented by Waddington and refers to cellular changes in
target gene expression levels in response to certain stimuli that occur through altera-
tions in the chromosome rather than modifications in the DNA sequences or protein
coding but instead regulate or affect the expression of target genes (Waddington
1942). The epigenetic regulation of gene function has reached pivotal importance in
life sciences in the last decades. These modifications are broadly categorized into
three different mechanisms, vize., DNA methylation, histone modification, and
noncoding RNA (ncRNA)-associated gene silencing (Berger et al. 2009)
(Table 12.2). These mechanisms have been studied extensively in Aspergillus nidu-
lans and Neurospora crassa, and can be used as a tool for fungal strain improve-
ment. Epigenetic modifications can be heritable, but they are also transient and
rapidly reversible. Thus, they are more flexible than direct changes to the genetic
code. Epigenetic modifications serve as a bet-hedging strategy by which the phar-
macological property of the fungi can be improved. The studies of epigenetic
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Table 12.2 Production of pharmacologically significant chemicals/compounds stimulated by
epigenetic modification of fungi

Fungi Epigenetic approach Effect(s) References
Hygromycin DNA methyltransferase | Ability to reduce the DNA | Mooibroek et al.
resistance genes in | (DNMT) inhibitors such | methylation-mediated (1990), Birch
Schizophyllum as 5-azacytidine and silencing of antibiotic etal. (1998), and
commune and 5-aza-2'-deoxycytidine resistance Cheng et al.
Neurospora crassa; (2003)
phleomycin

resistance gene in

Phanerochaete

chrysosporium

Nuclear localized | Putative Transcriptional control of | Luger and

protein LaeA S-adenosylmethionine several secondary Hansen, (2005)

coding gene laeA | binding motif presence in | metabolite families, and Happel and

from Aspergillus protein LaeA might serve | lovastatin (effective in Doenecke (2009)

spp. as a histone methylating | lowering cholesterol and
agent the risk of atherosclerotic

cardiovascular disease),
penicillin, and gliotoxin
(antifungal and as an
antiviral agent)

Aspergillus Inactivation of hdaA gene | Increased norsolorinic acid | Cichewicz (2010)

nidulans encoding histidine and penicillin production
deacetylase inhibitors
(HDAC)

Aspergillus spp. Physical (UV-255 nm), Increased lovastatin Kaur et al.
cyclic mutagenesis and production (3912 mg/l). (2009), Jaivel and
chemical (ethyl methane | Effective in cancer Marimuthu
sulphonate) mutagenesis- | treatment, (2010), and
based strain improvement | hypercholesterolemia, Upendra and

Parkinson’s disease, Khandelwal
Alzheimer’s disease, (2016)
atherosclerosis, and lower

bad cholesterol and fats in

the blood

Xylaria psidii Using DNA Enhanced resveratrol Kundu and Surh
methyltransferases and production (52.32 pg/ml). | (2008) and
histone deacetylase Effective against heart Dwibedi et al.
(HDAC) inhibitors such | diseases, anticancer, (2019)
as suberoylanilide anti-inflammatory,
hydroxamic acid (SAHA) | antidiabetic, and antiaging
and dMNTs 5-azacytidine
(AZA)

Aspergillus Proteasome inhibitors Overexpress the genes for | Albright et al.

nidulans when treated with SAHA, | fellutamides A-D (potent (2015)
an HDACi inhibitor of the

mycobacterium
tuberculosis proteasome)

(continued)
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Fungi Epigenetic approach Effect(s) References
Botryosphaeria Chemical epigenetic Enhanced the production of | Vasanthakumari
rhodina manipulation: DNA camptothecin (CPT) as et al. (2015)

methyltransferase,
cultured in the presence
of 5-azacytidine

compared to wild type.
CPT was reported to have
anticancer activity

Marine-derived
fungus
Cochliobolus
lunatus

Chemical epigenetic
manipulation: DNA
methyltransferase,
5-azacytidine

Stimulated the production
of diethylene glycol
phthalate ester monomers
and oligomers (used as a
plasticizer in tablet and
skin care preparation)

Chen et al. (2016)

Penicillium
brevicompactum

Use of HDAC inhibitors,
nicotinamide during
growth

Tenfold increase in the
production of bioactive
phenolic metabolites,
syringic acid, sinapic acid,
and acetosyringone
exhibited potent in vitro
free radical scavenging,
and antiproliferative
activities against liver
carcinoma cells (HepG2)

El-Hawary et al.
(2018)

Five species of
Talaromyces and
Penicillium
Jjanthinellum

Different combinations of
SBHA, procainamide,
and hydralazine

Increased antibacterial
activity against Listeria
monocytogenes. Inhibition
of the acetylcholinesterase
activity

Lima et al. (2018)

Drechslera sp.

Suberohydroxamic acid
(SAHA), VPA,
octanoylhydroxamic acid
(OHA)

Increased production of
benzophenone, used to
treat skin diseases

Siless et al.
(2018)

mechanisms involved in the regulation of secondary metabolites’ (SMs) production
by fungi are gaining importance (Gacek and Strauss 2012; Aghcheh and
Kubicek 2015).

®

(ii)

DNA methylation: DNA is posttranslationally modified in fungi by DNA meth-
yltransferases (DNMTs), resulting in the conversion of cytosine to its corre-
sponding 5-methylcytosine (5-mC) product. Typical methylation levels ranging
from 0.25% to 1.5% of cytosines in Aspergillus flavus and Neurospora crassa,
respectively, have been reported in metabolically active fungi (Chen et al.
2017; Parashar et al. 2018).

Histone modifications: Histones are highly abundant chromatin-associated
proteins having important roles, wherein it functions as scaffolds for nucleo-
some assembly by providing a substrate for DNA binding. It also participates
in the control of transcriptional regulation, which is essential for proper cell
function. Histones act as substrates for several posttranslation modifications
(PTMs) which include methylation, acetylation, and phosphorylation. Histone
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modifications can alter gene expression levels by allowing or restricting bind-
ing of transcription factors, enhancers, or chromatin remodeling proteins.
These modifications lead to changes in chromatin organization that allow
selective accessibility for transcription factors to specific genomic regions
while restricting the binding of transcription machinery to other genomic loca-
tions (Bannister and Kouzarides 2011).

(iii)) RNA-based pathways include RNA interference (RNAi) and noncoding RNAs:
RNAI is a mechanism mediated by small RNAs (sRNAs) produced through a
core RNAi pathway involving RNA-dependent RNA polymerases and the
endonuclease Dicer (Villalobos-Escobedo et al. 2016). Processed sRNAs
selectively target complementary RNAs and either induce degradation or
inhibit translation of the target RNA. In some instances, the RNAi machinery
can also recruit heterochromatin proteins to target genes, thus inhibiting gene
expression (Martienssen and Moazed 2015). Other noncoding RNAs are long
noncoding RNAs (IncRNAs) that are generally larger than 200 bp, which dis-
tinguishes them from small nuclear RNAs. IncRNAs are mainly found in the
nucleus and are subjected to degradation by exosomes, are considered as tran-
scriptional noise, and hence, play roles in epigenetic gene regulation (Moran
et al. 2012; Dimond and Fraser 2013).

(iv) Chemical epigenetic — using small molecules to manipulate the fungal epig-
enome: Selectively or semi-selectively inhibiting DNA and histone posttrans-
lational modifying proteins and creating probe inhibitors that are effective at
altering human disease-related processes.

(v) Molecular methods for altering the epigenome: The application of molecular
techniques to manipulate the performance of fungal genes (e.g., deletion or
promotion), resulting in novel opportunities for directly probing the genetic
basis by which fungi control secondary metabolite production.

4.3 Physicochemical Approach

Physicochemical strategies are used to improve the pharmacological potential of
fungal endophytes by optimizing growth conditions, manipulating nutrient avail-
ability, and using elicitors or stress-inducing agents. In addition to genetic and epi-
genetic approaches, these strategies seek to improve the physical and chemical
conditions of fungal growth and metabolism to increase the production of bioactive
compounds (Taritla et al. 2021).

Optimizing culture conditions such as temperature, pH, nutrient availability, and
aeration can have a significant impact on the biosynthesis of secondary metabolites
in fungi. High temperatures and an acidic pH, for example, have been shown to
increase bioactive compound production in some fungal endophytes (Ramos and
Said 2011; Taritla et al. 2021). Elicitors, which are compounds that induce stress
responses in fungi and trigger the production of secondary metabolites, are another
physicochemical approach. Plant hormones, heavy metals, and various chemical
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compounds are examples of elicitors that regulate the synthesis of bioactive sub-
stances in fungal endophytes. Furthermore, coculturing and biotic stress can be used
as a physicochemical strategy for increasing the synthesis of fungal bioactive
metabolites (Ramos and Said 2011). Stressors, such as pathogens and other
microbes, stimulate the secondary metabolite production by inducing defense
mechanism in fungi. Besides these, genetic engineering techniques such as genome
editing can be used to improve the pharmacological potential of fungal endophytes.
Overall, physicochemical methods play a significant role in enhancing the pharma-
cological prospects of endophytic fungi and, when combined with genetic and epi-
genetic methods, can result in the development of novel therapeutic metabolites.

(i) Optimization of media composition: The composition of the culture medium
can have a significant impact on fungi growth and secondary metabolite pro-
duction. To maximize the yield of the desired compound, the media composi-
tion must be optimized by adjusting the levels of nutrients, carbon and nitrogen
sources, vitamins, and minerals (Ramos and Said 2011). Aspergillus terreus
improved its production of lovastatin, a cholesterol-lowering drug, as an exam-
ple of a successful application of media optimization in fungi. The production
of lovastatin was increased by up to ninefold by optimizing the media compo-
sition, which included the addition of soybean meal (Luthra et al. 2015; Lai
et al. 2002).

(ii) Physical treatments: Various physical treatments, including ultrasound, elec-
tric fields, and radiation, have been shown to stimulate secondary metabolite
production in fungi. These treatments can cause fungi to respond to stress,
resulting in increased production of valuable compounds (Deng et al. 2020).
The improvement of the production of the antifungal compound cordycepin by
Cordyceps militaris is one example of the successful application of physical
treatments in fungi. When the fungus was subjected to ultrasound treatment, its
capacity to produce cordycepin increased by 2.5-fold with respect to untreated
control (Wellham 2022).

(iii) Manipulation of environmental factors: The physical and chemical conditions
of a fungal culture such as temperature, pH, and aeration, etc. can be manipu-
lated to enhance the production of valuable compounds (Shu-Ting and Miles
2004). By adjusting the culture’s temperature and pH, Taxus chinensis’production
of the anticancer agent Taxol was enhanced (Wang et al. 2001).

5 Conclusion

In conclusion, endophytic fungi have the potential to produce a wide range of bioac-
tive compounds with potent biological activities. Genetic, epigenetic, and physico-
chemical approaches have emerged as powerful tools for improving the
pharmacological potential of endophytic fungi. However, more study and develop-
ment are required to improve these methods and explore endophytic fungi’s full
ability to be the source of novel bioactive substances. Therefore, further research
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into the biology of endophytic fungi is required, as well as the development of more
effective and sustainable techniques for their large-scale cultivation as well as gen-
eration of pharmacologically pertinent molecules. In the end, the possibility of dis-
covering new medicines from endophytic fungi opens up a fascinating new field of
drug discovery and has important ramifications for the future of healthcare.

6 Future Prospects

The potential of fungal endophytes in producing novel bioactive compounds for
pharmaceutical use is vast, and research in this area is expected to continue growing
in the future. Deployment of genetic, epigenetic, and physicochemical strategies for
improving the pharmacological potential of endophytic fungi is a promising avenue
for advancing this field. Discussed below are some potential outcomes for these
tactics in the future:

Identification and characterization of new fungal endophytes: The range of poten-
tial pharmaceutical applications must be expanded by unearthing new fungal
endophytes with distinctive bioactive substances. With advancement of more
complex methods for isolating and identifying fungal endophytes, more untapped
endophytes are anticipated to be revealed.

Synthetic biology: Synthetic biology has revolutionized genetic engineering by
allowing for the genetic modification of endophytic fungi to enhance bioactive
compound production. As synthetic biology techniques advance, new biosyn-
thetic pathways will be introduced into fungal endophytes, producing novel and
distinctive bioactive compounds.

Epigenetic modifications: A promising strategy for increasing the potential of thera-
peutically important fungal endophytes is epigenetic modification. New possi-
bilities for altering expression levels without altering the fundamental gene
makeup have been made possible by advancements in our understanding of epi-
genetic mechanisms.

Metabolic engineering: It is a powerful approach for the generation of high-value
metabolites, modifying the metabolic pathways of an organism for increased
biosynthesis of the target compound. Recent advances have shown promise in
enhancing the bioactive compound production from fungal endophytes.

Microbial cocultures: Coculturing fungal endophytes with other microorganisms
can have synergistic effects and lead to the production of unique compounds that
are not synthesized by the endophyte alone, as well as higher yields and improved
pharmacological properties.

These genetic, epigenetic, and physicochemical strategies for improving the
pharmacological potential of fungal endophytes offer exciting prospects for the dis-
covery of new bioactive compounds, and with continued research and development,
yields of vital and rare targeted compounds of pharmacological significance can be
generated.
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Abstract Biotic stresses caused by plant pathogens like bacteria, viruses, and fungi
have been a significant problem globally. Many chemically derived products have
been used for decades to mitigate these problems. While these agrochemicals have
been proven to be effective, the indiscriminate use of these toxic chemicals has
adversely affected the environment leading to health risks in humans and animals
and also results in the emergence of pathogens with chemical resistance. This calls
for an urgent need to develop more ecofriendly products from natural sources.
Fungal endophytes with the potential to colonize internal tissues of plants without
causing diseases are the most suitable alternative to mitigate plant pathogens since
they are known to inhabit a wide variety of bioactive compounds that have been
proven to possess advantageous features like antibacterial, nematocidal, antifungal,
and herbicidal properties. This chapter highlights the different types of fungal endo-
phytes that can be used as biocontrol agents against phytopathogens, the methods of
their isolation, and their bioactive compounds with their prospects to be formulated
as sustainable natural biocontrol agents.
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1 Introduction

Plants are homes to vast communities of microbial populations that may reside
above or below the organs embedded in the soil. These microbial populations have
been reported to act as controlling agents against phytopathogens (plant pathogens)
(Bruisson et al. 2019). Extensive and uncontrolled use of chemically derived pesti-
cides has exponentially led to the exaggeration of complications such as resistance
against synthetic chemicals used for disease control, subsequent nutrient loss, and
release of harmful residues in the soil resulting in the decrease of their water hold-
ing capacity, fertility, and loss of microflora (Sharma et al. 2022). Humans bear this
consequence as a cycle as these chemicals eventually reach our food through bio-
magnification and crop bioaccumulation (Najam and Alam 2023). Therefore, there
is an urgent need to tap into safer natural sources for obtaining bioactive compounds
for controlling phytopathogens/manufacturing of biopesticides (Chouhan et al.
2022). Fungal endophytes are the richest untapped reservoirs of novel metabolites
in healthy plant tissues. Exploring these endophytic fungi for their biocontrol poten-
tial against plant pathogens can greatly relieve the need to use harmful pesticides
that could further harm the environment (Chaudhary et al. 2022).

Globally, phytopathogens like bacteria, viruses, and fungi are the biotic stressors
that cause adverse effects on crops. It has continued to be a problem with the
increased resistance against major pesticides used commercially (Kim et al. 2004).
The indiscriminate use of these agrochemicals has resulted in pathogens exhibiting
multiple resistance against several agrochemicals (Talibi et al. 2014). This has also
posed a threat to many of the animals, both terrestrial and aquatic, since the overuse
of toxic chemicals in high concentrations has accumulated in the soils and reached
the rivers, in turn affecting the populations of organisms that feed or live in these
environments (Bai et al. 2013). Along with the decrease in crop productivity, health,
and subsequent decrease in the yield of the crop plants, the biotic stresses causing
diseases to plants have also resulted in the excessive production of reactive oxygen
species that adversely affect the physiological and molecular functioning of the
plants. Endophytes will soon prove to be the safest and most effective weapons for
combatting plant diseases due to their ability to colonize the tissues of plants with-
out causing any disease in them (Shi et al. 2017).

Endophytic fungi are of wide varieties and are present in nearly all plants. They
reside within the internal tissues of host plants and are reported to form complex
relationships with the host plants, including mutualism, commensalism, and, very
rarely, parasitism (Jia et al. 2016). Besides providing tolerance against biotic and
abiotic stresses and promoting the plant’s growth and nutrition intake, they provide
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a wide range of bioactive metabolites that protect their hosts against pests and
pathogenic microorganisms (Gouda et al. 2016). This indicates the importance of
endophytic fungi as rich sources of bioactive compounds to protect against plant
pathogens in the agricultural sector. Different metabolites that may be used to pro-
duce agrochemicals, such as alkaloids, terpenoids, isocoumarins, peptides, etc., are
reported to be inhabited by these fungal endophytes. The metabolites possess sev-
eral mitigating attributes, such as antibacterial, nematocidal, antifungal, herbicidal,
and insecticidal properties (Yamazaki et al. 2020).

2 Fungal Endophytes

Endophytes are prevalent and can form associations with different groups of organ-
isms in plants. They can also protect against pests (Hartley and Gange 2009). They
mostly live in mutualistic relationships within the plants in roots and different parts
of the plant without causing detrimental effects such as chlorosis, necrosis, and
lesions in the host plants (Hardoim et al. 2015). While a few fungal endophytes have
been reported to cause harm to their host plants after incubation, fungal endophytes
have been generally known to have mutualistic relationships with their hosts. Some
also exist commensally with their hosts (Sikora et al. 2007). According to Petrini
(1991), the pathogenicity of some fungal endophytes may be suppressed or dormant
and activated in certain environmental conditions under stress or aging of the host
plants. Some cases also support this statement when the hosts are infected but do not
expose symptoms until environmental changes occur and lead to the exposure of
these symptoms under stresses or maturity of either pathogens or host plants
(Alvarez-Loayza et al. 2011).

Many studies have reported the benefits of endophytic fungi to the host plants,
including the detrimental effects to the pests that feed on the plants inhabited by the
endophytes (Rodriguez et al. 2009). The results of several studies have shown that
plants that are colonized by endophytic fungi have been protected from extensive
damage and the pests that prey on these plants lose their productivity (Gurulingappa
et al. 2011; Gathage et al. 2016; Rodriguez et al. 2009). The substantial decrease in
the developmental rate of pests, obstruction in their feeding habits, and growth
retardation of the pests leading to the increase in mortality of the pests feeding on
these plants are some of the mechanisms that are incorporated by endophytic fungi
(Akello and Sikora 2012; Lacey and Neven 2006; Martinuz et al. 2013).

Since endophytes reside within the tissues of host plants, they create barriers
against phytopathogens that may colonize the host plants (Moy et al. 2000).
Endophytes are rich sources of secondary bioactive metabolites like tannins, terpe-
noids, saponins, steroids, and phenolic acids. Besides these, they also act as antago-
nists of insect pests, anticancer, anti-inflammatory, and antimicrobial properties
(Gouda et al. 2016). Endophytes also produce chemicals that hinder the maturation
of other antagonists, including the progression of pathogens, and endure biotic
stresses like rhizospheric nematodes and other insects and abiotic stresses like
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drought, saline conditions, and high-temperature changes (Khan et al. 2012). An
investigation conducted by Knoch et al. (1993) stated that endophytic fungi are
involved in the indirect dispersal of seeds through ants. The findings were that
Neotyphodium coenophialum-infected seeds of Festuca arundinacea L. (Schreb)
were sheltered against two types of seed-invading ants — Pogonomyrmex rugosus
and Pogonomyrmex occidentalis. The seeds infected with Neotyphodium coenophi-
alum were then collected by these two types of ants, thus helping in the dispersal of
seeds periodically.

3 Isolation of Fungal Endophytes

Khalil et al. (2021) isolated endophytic fungi from the leaves and stems of Ephedra
pachyclada by first washing the plant segments with running water and cutting the
leaves in equal sizes from the middle portions of the leaf to include the midrib. The
leaf segments were then subjected to surface sterilization by using double-distilled
water for 60 s, 70% alcohol (ethanol) for 60 s, and 2.5% sodium hypochlorite for
4 min and finally rinsing with distilled water three times. 100 uL from the final
water used for rinsing was then inoculated by using spread plate technique on Malt
Extract Agar (MEA) medium and incubated for 24 h to check the effectiveness of
the sterilization. The sterile plant parts were then cut into five pieces each (approx.
5 mm), and twenty segments of the leaf were inoculated or placed on the MEA plate
(five leaf segments per plate), enhanced with 0.05 g of streptomycin sulfate per
100 ml of the medium to inhibit the growth of unwanted bacteria, and incubation
was done at 28 °C + 2 °C. The Petri plates were checked daily for fungal growth,
and single isolates were then reinoculated on fresh MEA media plates to purify the
isolates. Deepthi et al. (2018) isolated fungal endophytes from the leaves of
Elaeocarpus sphaericus (Gaertn.) K. Schum. and Myristica fragrans Houtt. The
leaves were rinsed with tap water for 10 min, dipped in 1% sodium hypochlorite for
3—4 min, and then washed with 70% ethanol for 1 min. Lastly, double-distilled
water was used to wash the leaf segments three times. The excess water of the sur-
face of the leaves was then blotted using sterile filter paper, and the water from the
final rinse was streaked onto PDA (potato dextrose agar) media plates to check the
efficacy of the sterilization process. The sterilized leaf segments were then cut into
Icm each and inoculated in Petri dishes with PDA media (HiMedia, Mumbai, India)
enhanced with 100mg/ml chloramphenicol and incubated at 28 °C + 2 °C. Individual
tips of hyphae emerging from each plant segment were then transferred to fresh
PDA media.

The Uvaria grandiflora plant leaf discs were used as sources for isolating fungal
endophytes- Colletotrichum spp. and Nigrospora spp. following modified steps.
The leaf discs of the plant were sterilized using immersion in 70% ethanol followed
by immersion in 0.5% sodium hypochlorite for 1 min and 30 s for the latter. The
leaves were then rinsed with sterilized distilled water, and sterilized tissue paper
was used to blot the excess moisture from the surface of the leaves. These explants
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were then placed in Petri plates containing half-strength Malt Extract Agar (MEA)
(Hi-Media, Mumbai, India) amended with 450 pg/mL of streptomycin (Sigma
Aldrich, USA). On each MEA plate, six explants were inoculated and the imprints
of the explants were also taken on the media plates. Two uninoculated media plates
were also exposed to ensure the sterility of the environment in which the work is
being carried out. The Petri plates were then incubated at room temperature for
7-14 days to allow the growth of endophytic fungi. Spore touch method was
employed to obtain pure fungal cultures from the colonies that arise from the incu-
bated explants and subcultured in freshly prepared Malt Extract Agar (MEA). MEA
was also prepared in test tube slants and utilized to prepare stock cultures of pure
fungal colonies (Notarte et al. 2019).

Fresh leaves, stems, and fruits of healthy Solanum mauritianum were used for
the isolation of culturable endophytic fungi to investigate their antimicrobial and
antimycobacterial activities against three pathogenic bacteria: M. bovis, M. smeg-
matis, and K. pneumoniae. Surface sterilization of the plant parts was performed by
rinsing them with running water followed by immersing them in 70% ethanol
(250 ml) for 60 s and 5% sodium hypochlorite (250 ml) for 5 min each. Then, the
plant parts were rinsed three times separately using 3 L of sterile water. The steril-
ized plant parts were then cut into 5 mm each using a sterile scalpel and placed onto
Petri plates with three different nutritional media: potato dextrose agar (PDA),
nutrient agar (NA), and Sabouraud dextrose agar (SDA) to obtain maximum diver-
sity of endophytic fungi. Incubation was done at 25 °C for 1-2 weeks in the dark.
After 1 week, emerging hyphae were subcultured in fresh media for purification
(Pelo et al. 2020).

Mishra et al. (2016) isolated fungal endophytes from healthy leaves, stems
(twigs), and the bark of Schima wallichii plant which was collected from Dampa
Tiger Reserve Forest, Mizoram. The plant parts were first washed with running
water to remove dirt and dust particles and cut into 2-3 cm pieces each. Seventy
percent ethanol was firstly used for surface sterilization for 1 min and then 3%
sodium hypochlorite was used for 3 min of immersion of the plant parts, and then
immersed in 70% ethanol again for 30 s followed by a rinse with sterile distilled
water. A sterile scalpel was used to remove the outer layer of the plant segments.
The stem and bark parts were cut lcm each, while the leaves were sliced 5 mm each.
The water used for the last rinse of the plant tissues were spread onto Petri plates
containing nutritional media to check the effectiveness of the surface sterilization
methods, and for the presence of epiphytic fungal growth, the plant tissues were
imprinted on PDA media. Different types of nutritional media such as potato dex-
trose agar (PDA) media, Czapek Dox agar (CDA) media, and malt yeast extract agar
(MYA) media were employed, which were enhanced with 50 mg/L of streptomycin
to inhibit the growth of bacteria. The culture plates were incubated for 3—5 days at
27 °C for three to five days under 12 h white light/12 h of darkness. To check the
growth of emerging hyphae from the plant tissues, the culture plates were observed
for 2-3 weeks. The emerging tips of hyphae from the sterile plant tissues were
transferred to freshly prepared culture media without antibiotics. Stock cultures
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were prepared by preserving the pure fungal cultures in 30% glycerol stored
at —80 °C.

4 Antagonism of Fungal Endophytes

“Biological control” is a term that is used to describe the suppression of pathogenic
microbial activities in disease development using organisms with antagonistic
potential (Fig. 13.1) (Stangarlin et al. 2011). Different pests like nematodes, bacte-
ria, fungi, and viruses are some examples that may cause diseases or recur the devel-
opment of plants and their growth (Segaran and Sathiavelu 2019). Inhibition of
pathogens by other microbes is mostly due to the various antimicrobial or bioactive
compounds they produce and is most extensively investigated (Ting et al. 2010).
Plant pathogens are sensitive toward various antibiotics which are produced by dif-
ferent strains of biocontrol agents such as alkaloids, terpenoids, sesquiterpenoids,
and polypeptide compounds. 3,11,12-trihydroxycadalene is a sesquiterpenoid
derivative which was isolated from a fungal endophyte Phomopsis cassia with anti-
fungal property toward Cladosporium sp. (Gao et al. 2010). The utilization of bio-
control agents such as biopesticides has increased exponentially in the global
market. The biopesticide market has increased by 0.2% among the overall use of
pesticides since the year 2000 (Nieuwesteeg 2015). The in vitro dual culture tech-
niques were employed to analyze the effects of the antagonistic endophytic fungi
isolated from the plants against different plant pathogens. Some of them are listed
in Table 13.1. Direct methods of biological control involve production of lytic
enzymes and antibiotics.

b

\ Host plant
@

PDA: Media for isolation

Sterilization and Inoculation . .

Endophytic fungi .
Biocontrol agents .

Fig. 13.1 Overview of fungal endophytes as biocontrol agents
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In contrast, competition between space and nutrition, enhancement of plant
growth, and induction of systemic resistance are the indirect methods to antagonize
the plant pathogens (Mmbaga et al. 2018). In biocontrol mechanisms, the organisms
directly contribute to various mechanisms like parasitism, competition, and antibio-
sis against plant pathogens. Various types of biological control processes direct
plant disease caused by pathogenic microorganisms. Endophytic organisms are
directly involved in the biocontrol mechanisms such as competition and antibiosis
against phytopathogens (Ownley et al. 2010). The production of elevated anti-
pathogenic compounds has enhanced the host plant’s defense mechanism against
phytopathogens and pests. The endophytes also contribute to the different defense
mechanisms of the host plants due to their secretion of various secondary metabo-
lites (Katisky et al. 2018).

Clay and Schardl (2002) have investigated the potential of Clavicipitaceae sp. of
fungus that they have isolated from the blades of the grass, against different plant
pathogens like Rhizoctonia sp., Puccinia coronata, and Alternaria triticina which
are known to cause oat crown rust disease, yellow dwarf disease, and leaf blight in
the host plants. The alkaloids — ergovaline, lolitrems, and lolines — produced by the
fungal endophytes showed antifungal activity against these phytopathogens.
Coumarin derivatives such as gibepyrone A and pyrrolo(1,2-a)pyrazine which were
produced by Fusarium oxysporum and Pochonia chlamydosporia also showed inhi-
bition against crown rot and leaf blight disease causing Sclerotium sp. and
Colletotrichum sp. in Dendrobium lindleyi plant (Bungtongdee et al. 2019). Wilt
disease caused by Staphylococcus haemolyticus, Ralstonia sp., and Xanthomonas
sp. was also inhibited by Alternaria sp. Samif01 — a fungal endophyte which was
isolated from Salvia miltiorrhiza Bunge due to the composition of the compound
alternariol 9-methyl ether (Lou et al. 2016). The extracts of endophytic fungi,
Epicoccum nigrum and Alternaria sp., which consists of beauvericin and other
metabolites also tested positive for their inhibition against human and animal patho-
gens- Salmonella sp., and Leishmania donovani which cause gastroenteritis and
leishmaniasis (Dzoyem et al. 2017; Tantry et al. 2018). Park et al. (2019) conducted
experiments on the stems of a ginseng plant where they isolated Trichoderma citri-
noviride, an endophytic fungus, and tested it against different phytopathogens like
Botrytis cinerea, Alternaria panax, Cylindrocarpon sp., and Phytophthora cacto-
rum which causes root rot diseases and showed that the ginsenosides present in the
endophyte cause the inhibition against these pathogens. The crude extract of the
endophytic fungi — Rhizopus vagum — was isolated from Zingiber officinale Rosc.
The scanning electron microscopy confirmed the inhibition against the soft rot
pathogen Pythium myriotylum and various other plant pathogens (Anisha et al.
2018). Among 16 endophytes isolated from the stems of flowering dogwood or
Cornus florida plant, Mmbaga et al. (2018) found that Nigrospora sphaerica, a
fungal endophyte, showed antagonism toward the different root rot disease causing
pathogens such as Fusarium sp. and Macrophomina phaseolina. Another rot dis-
ease causing pathogen — Aspergillus aculeatus — was also inhibited by a fungal
endophyte, Paenibacillus polymyxa isolated from Morinda citrifolia L. which com-
prised of the compound, tenllone 1(1) (Liu et al. 2019). Fourteen endophytic fungi
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isolated from the trees of Olea europaea L. were tested for their inhibitory activity
toward ripe and bitter rot disease-causing pathogens and every isolate showed inhi-
bition toward Colletotrichum acutatum (Landum et al. 2016). Talapatra et al. (2017)
conducted studies on the fungal endophyte Trichoderma viride isolated from the
leaves of Spilanthes paniculata and tested for their inhibitory activity against the
leaf spot and defoliation causing pathogens Alternaria solani, Fusarium solani, and
Colletotrichum capsici and resulted in positive antagonism. Among 82 endophytes
isolated with different genera, 11% of the isolates showed activity against at least
one pathogen, and Penicillium commune displayed complete inhibition toward the
white mold-causing pathogen Sclerotinia sp., which can be attributed to the com-
pound 3-methyl, I-butanol (Katoch and Pull 2017). Lasiodiplodia pseudotheobro-
mae, Fusarium sp., and Xyriales sp., isolated from Houttuynia cordata (Thunb.),
have showed positive inhibition toward wilt rot disease causing Fusarium oxyspo-
rum, Sclerotium rolfsii, and Alternaria brassicicola (Aramsirirujiwet et al. 2016).
The fungal endophytes — Talaromyces funiculosus, Rhexocercosporidium sp.,
Fusarium sp., and Purpureocillium lilacinum — are also promising biocontrol agents
against bitter rot disease-causing pathogens like Fusarium solani and Colletotrichum
gloeosporioides due to their flavonoid, alkaloid, polysaccharide, and saponin con-
tent (Yao et al. 2017).

5 Fungal Endophytes as Biocontrol Agents

In 1914, C.F. von was the first to utilize biological weapons to combat plant patho-
gens. Agrochemicals can be broadly distinguished into two parts namely — pesti-
cides and fertilizers. Pesticides can be further divided into fungicides, insecticides,
and herbicides which can be used against weeds, pathogens, and insects (De Silva
et al. 2019). Extensive usage of chemical pesticides and fertilizers may threaten the
environment, causing soil and water contamination, endangering the nontarget
organisms, animals, and plants. It may even lead to the induction of resistance of the
weeds and pests against pesticides (Stangarlin et al. 2011). Misuse of pesticides also
leads to the formation of toxic by-products. Induced resistance against pesticides
and hazardous effects on the ozone layer along with overall contamination of the
environment are various problems that arise due to the misuse of these chemical
pesticides. Therefore, the use of these chemically derived compounds proves to be
inefficient and hazardous to nature (Goudjal et al. 2014). The first two generations
of pesticides comprise of organic substances rendering multisite inhibition with
defense responses against various pests and pathogens. The third-generation pesti-
cides are manufactured with lower toxicity compounds that are site specific and are
used for managing plant diseases and pests (Silva et al. 2018). Since chemically
derived pesticides have been proven to be the most effective toward eliminating
pests and pathogens, without considering the detrimental effects on the environ-
ment, farmers worldwide have chosen chemically derived pesticides as agents for
control. Inconsiderate and irresponsible usage of these chemicals has transformed
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many plant pathogens to become resistant to antibiotics and other pathogens (Adnan
et al. 2019).

The ecological microbiomes of endophytic fungi are complex and their bioactive
compounds are still underexplored. So, these are promising biocontrol agents
against plant pathogens and other human and animal pathogens as well (Zheng et al.
2017). Due to the EU regulations and the emergent pesticide-resistant plant patho-
gens leading to the failure in pathogen control, the use of many pesticides in agri-
culture is now withdrawn. So, this gives rise to the need of more sustainable and
effective approaches toward the control of phytopathogens. Integration of physical,
chemical, and biological control methods is now required to effectively and sustain-
ably manage the control plant pathogens (Malandrakis et al. 2018). Due to its effi-
cient reproducibility, plant growth promotion, nutrient utilization, and ability toward
rhizosphere alteration and survivability in adverse conditions, it makes Trichoderma
a competent agent against numerous plant pathogens (Adnan et al. 2019). By inte-
gration of various eradication and protection methods, pollution of environment,
loss of crop yields, and control of plant pathogens can be maintained by incorporat-
ing biological control agents such as fungal and bacterial endophytes producing
effective secondary metabolites such as alkaloids, sesquiterpenes, terpenoids, tan-
nins, and other phenolic compounds (Arwiyanto 2014) as shown in Table 13.1.

6 Economic Impact of Plant Pathogens

Though pathogens have had detrimental effects on the healthcare sectors through
infections on humans and animals, plant pathogens have specifically caused adverse
effects on the food supply globally. According to the Food and Agriculture
Organization of the United Nations (FAO), a loss of 20-40% of yield has occurred,
estimated to be approximately 220 billion dollars per year. This is also attributed to
climate change which have encouraged the spread of plant pathogens (Ristaino
et al. 2021). India being the second-highest producer of wheat in the world has also
endured severe losses in wheat production due to the wheat blast disease caused due
to the spread of the plant pathogenic fungus Magnaporthe oryzae Triticum which
was firstly identified in Brazil and reported in Bangladesh in 2016 and further spread
to India and other neighboring countries as well. The sudden climate change to an
atypically warm weather during the preharvest season is believed to be the cause of
the outbreak of the wheat blast disease in 2016 besides anthropogenic activities that
may have generated the transfer of the pathogens to other regions as well (Fones
et al. 2020). Plant pathogens specifically parasitic nematodes have gained signifi-
cance globally due to their impacts both in economy and global food supply. Food
crops in particular have been estimated to have lost 10.7% of their yield due to
pathogenic infections, and other crops of economic importance have suffered losses
as high as 14%, averaging up to 12.33% (Chen 2020). Developing countries like
India have also suffered losses at around 14.6%. According to the current prices, Rs.
400 million worth of crop produce was lost in Rajasthan in the 1960s due to the
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Molya disease caused by the nematode Heterodera avenae, and Anguina tritici was
also the cause of a loss of Rs. 450 million worth of wheat produce. Similar to these
incidences, root lesions in coffee plants caused by Pratylenchus have damaged the
coffee worth Rs. 200 million (Chaloner et al. 2021). M. incognita is a major cause
of crop production losses all over the world. India has also been the main cause of
food crop losses in vegetables like lady’s finger, brinjals, tomatoes, and cucumbers.
In Southeast Asia, the rice and wheat crops have endured major losses due to the
plant pathogen — Meloidogyne graminicola (Fahad et al. 2021). Owing to the global
climate change and emergence of more pesticide and antibiotic-resistant plant
pathogens, there is an emergent need to address the current food and economic cri-
sis and adopt more sustainable and eco-friendly ways for the management of plant
pathogens to increase crop production all over the world (Durham and Mizik 2021).

7 Future Prospects

Fungal endophytes play vital roles toward the development of the host plants, in
their physiology, and agricultural niches. Endophytic fungi as microbial biocontrol
agents are promising sources with effective environmentally sustainable mecha-
nisms to combat plant pathogens and their diseases. The extensive distribution of
endophytes is prominent in close association with their host plants, providing vari-
ous benefits such as production of secondary metabolites/bioactive compounds that
promote plant growth, induce stress tolerance, and control plant pathogens.
However, unstable environmental conditions challenge the steady growth and pro-
duction of fungal endophytes as biocontrol agents in field conditions. Successful
utilization of fungal endophytes as biocontrol agents requires extensive research.
Initial studies should include the identification of fungal endophytes and under-
standing their morphology and optimal growth conditions in specific environments.
The association between the fungal endophytes and their host plants and their inter-
actions in different environmental conditions also require an in-depth study to reveal
the extent of their benefits toward the protection of plants against plant pathogens
and other stresses. Since the complex interaction between the endophytic fungi and
the host plant may switch from mutualistic to opportunistic, the potent endophytes
should be analyzed in planta under various environmental conditions with abiotic
stresses.

Recent advancements in the field of molecular science have unveiled novel and
distinctive information on endophytes to provide a better understanding of the
diverse microbial interactions along with plant-microbe interactions. High-
resolution microscopic instruments and enhanced fluorescent proteins have endowed
to better understanding of plant-microbe interactions. The research on fungal endo-
phytes as biocontrol agents provides inspiring and promising opportunities for the
development of more sustainable agents to combat plant pests and pathogens, and
management of plant diseases, simultaneously encouraging the enhancement of our
knowledge in the fungal diversity, their complex mechanisms, and interactions with
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different biological ecosystems and metabolites produced. Furthermore, better
understanding of fungal microbiomes will lead to promising novel sources of plant
biocontrol agents, greatly enhancing the agricultural sectors in plant disease control,
thus increasing crop yield.
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