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ABSTRACT

Endophytes are a potent source of bioactive compounds that mimic plant-based metabolites. The
relationship of host plant and endophyte is significantly associated with alteration in fungal
colonisation and the extraction of endophyte-derived bioactive compounds. Screening of fungal
endophytes and their relationship with host plants is essential for the isolation of bioactive
compounds. Numerous bioactive compounds with antioxidant, antimicrobial, anticancer, and
immunomodulatory properties are known to be derived from fungal endophytes. Bioinformatics
tools along with the latest techniques such as metabolomics, next-generation sequencing, and
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metagenomics multilocus sequence typing can potentially fill the gaps in fungal endophyte
research. The current review article focuses on bioactive compounds derived from plant-
associated fungal endophytes and their pharmacological importance. We conclude with the
challenges and opportunities in the research area of fungal endophytes.

1. Introduction

Plant kingdom shows tremendous association with
various kinds of microorganisms, which are capable
of producing structurally unique and a diverse range
of bioactive compounds. These plant-associated
microorganisms derived bioactive compounds may
act as an antibiotic, inducer, and regulator (AlSheikh
et al. 2020; Erb and Kliebenstein 2020; Funes et al.
2020). From the past few decades, various medicinal
plants are being utilised for the extraction of natural
bioactive compounds, as the semisynthetic and syn-
thetic drugs show long-term negative impact
(Subbulakshmi et al. 2012). Natural bioactive com-
pounds are small molecules synthesised by either
plants or plant-associated microorganisms such as
endophytes. Fungal endophytes reside inside the
plant tissues and live symbiotically without showing
any apparent harmful symptoms. However, some-
times it is difficult to differentiate the endophytic
and pathogenic fungi, especially when both microor-
ganisms show similar kind of genetic signature.
Numerous subspecies of fungal endophyte have
shown both characteristics, i.e. endophytic as well as
pathogenic properties (Schouten 2019a). Fungal

endophytes are natural reservoir of novel bioactive
compounds with medicinal importance (Newman and
Cragg 2016). As per a recent report, more than 70% of
the anticancer and antimicrobial agents derived from
endophytic fungi are natural bioactive compounds or
their derivatives (Newman and Cragg 2020). Some
reports have also shown that more than 51% of fun-
gal-endophyte-derived bioactive compounds have
unknown structure, which shows the biotechnologi-
cal significance of such fungal groups to the finding of
new drugs (Schulz et al. 2002). The plant kingdom
provides shelter to millions of endophytic species,
and the species richness and diversity of fungal endo-
phyte depends upon the climatic conditions such as
rainfall and atmospheric humidity in which the plant
grows (Selvanathan et al. 2011). The chemical profile
of the plant could influence the bioactive compounds
derived from fungal endophytes (Kusari et al. 2012).
Studies have shown that fungal endophytes are
potent source of structurally diverse and novel bioac-
tive compounds, belonging to various classes such as
flavonoids, alkaloids, steroids, polyphenols, terpe-
noids, and tannins (Gouda et al. 2016; Rustamova
et al. 2019).
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In the last decade, biology and chemistry of fungal
endophytes associated with plants have emerged as
an interesting topic to understand the pharmaceuti-
cal importance of bioactive compounds derived from
fungal endophytes. A study on relationship between
chemical and structural activity provides an insight
into the diverse biological activity of bioactive com-
pounds derived from fungal endophytes (Abe et al.
2018). On the other hand, biological studies provide
better understanding of fungal diversity, host-endo-
phyte relationship, enhanced production of fungal-
endophyte-derived bioactive compounds, and their
mechanism of action against various diseases.
Bioactive compounds derived from fungal endo-
phytes have shown significant impact in hypocholes-
terolaemia, immunological diseases, diabetes, and
oxidative-stress-related problems, which are briefly
described in the later section of the review. Inspite
of biological properties, the bioactive compounds
derived from fungal endophytes have also been
found to be helpful in crop improvement and dimin-
ishing the negative effect of abiotic stress through the
production of phytohormones such as gibberellins
(Khan A. L. et al. 2015). The present review sum-
marises about the plant-endophytes relationship
and the possible factor affecting the diversity and
distribution pattern of fungal endophytes. In later
sections, we have described the fungal-endophytes-
derived natural bioactive compounds. Uses of fungal-
endophytes-derived bioactive compounds in drug
discovery against various diseases and other medical
application are also described in brief. The review also
presents the challenges and future perspective asso-
ciated with fungal endophyte research.

2. Plant-endophytes relationship

Endophytic fungi colonise inside the host tissue and
help in producing the plant hormones, bioactive com-
pounds, and promote the accumulation of secondary
metabolites (Shwab and Keller 2008; Wagas et al.
2012). In a symbiotic relationship, plant helps fungal
endophyte by providing nutrients, shelter, and seed
dissemination, whereas fungal endophytes transform
the bioactive compounds synthesised by the host-
plant into multifunctional products (Schouten
2019b). Fungal endophytes are also known to influ-
ence the biosynthesis of enzymes, phytohormones,
and bioactive compounds of plants (Khan Abdul

Latif et al. 2016; Satheesan and Sabu 2020). The cross-
talk between plant-endophyte and endophyte-endo-
phyte has been reported to trigger the biosynthesis of
bioactive compounds (Kusari et al. 2012). However,
our understanding of host (plant)-endophyte (fungal)
relationships is still inadequate in terms of biochem-
istry and physiology. The intricacies of the fungal
endophytes and host plants are thought to be varying
from microbe to microbe and host to host (Verma
et al. 2009). Endophytes are known to be harboured
inside the living plant host that may be growing in
extremes of weather conditions including deserts,
geothermal soils, and coastal regions (Ali et al. 2018).
Therefore, revealing the relationships of the host
plant and fungal endophytes may aid in the manu-
facturing of drugs with enhanced quality through the
application of modern biological tools and manipula-
tion of medicinal plant growth conditions (Firdkova
et al. 2007). The genomic integrity of fungal endo-
phytes could be modified through the application of
the latest biological tools such as clustered regulatory
interspaced short palindromic repeats-Cas9 (CRISPR-
Cas9), zinc finger nuclease (ZFN), and transcription
activator-like effector nucleases (TALEN) (Chen and
Gao 2013; El-Sayed et al. 2017; Li D et al. 2017). The
host-endophyte and endophyte-endophyte relation-
ship could be explored in a better way through
genetic engineering by CRISPR-Cas9 techniques
along with the advancement of specific fungal endo-
phytic strain. Application of CRISPR-Cas9 to fungal
endophytes can help to obtain an enhanced quantity
of specific bioactive compounds (El-Sayed et al. 2017;
Yan et al. 2018). Nielsen et al. applied the CRISPR-Cas9
technique to identify a gene that produces polyke-
tide-nonribosomal peptide from Talaromyces atroro-
seus (Nielsen et al. 2017). In similar ways, modern
biological tools are also competent for exploration
of the relationship of host-plant, and subsequently,
the bioactive compounds can be efficiently produced
for drug development.

An understanding of potential factors affecting the
growing condition of the host plant is required which
ultimately affects the fungal colonisation and the pro-
duction of bioactive compounds. For example,
a particular factor can influence the distribution ranges
of host plants which in turn influence the species of
fungal endophytes, their richness, spore germination,
and metabolism. Furthermore, the production and
extraction of bioactive compounds from endophytic



fungi are affected by various factors including environ-
mental condition, geographical location, season of sam-
ple collection, and genotype of host and endophyte
(Shukla et al. 2014; Morales-Sanchez et al. 2020).
Besides this, some of the other limiting factors including
gene overexpression, co-culturing, precursor feeding,
and use of adsorbent resins are also known to modulate
the production of bioactive compounds (Wang M et al.
2016; Li H et al. 2018). Some of the factors known to
affect the production of bioactive compounds are
described below.

2.1 Atmospheric moisture and temperature

The population of fungal endophytes in plant tis-
sues can be affected indirectly by environmental
conditions such as humidity, temperature, and illu-
mination. It is reported that fungal endophytes
associated with medicinal plants could synthesise
a high amount of nutrients under high mean
annual atmospheric moisture and low mean annual
sunshine hour (Wu L et al. 2013). For example, in
the Yellowstone National Park, fungal endophyte
Curvularia protuberata associated with grass
Dichanthelium lanuginosum has been reported to
survive at high temperature (Marquez et al. 2007).
Similarly, Loayza et al. have evaluated the func-
tional aspects of fungal endophyte Diplodia mutila
screened from lIriartea deltoidea. Under the influ-
ence of high illumination (408 + 17.3 pmol m™2s™
+ SE), Diplodia mutila are shown to cause tissue
necrosis and cell death through inducing the ROS
(reactive oxygen species) production. On the con-
trary, low illumination (208.2 + 6.1 pmol m=2s
+ SE) maintains endosymbiotic development
(Alvarez-Loayza et al. 2011). Recently, it has been
reported that under high temperature, quantity of
bioactive compounds achieved from carrot peel
was maximum with excellent anti-oxidant activity
(Nguyen and Le 2018). However, only a few and
specific fungal endophytes could survive success-
fully under unfavourable conditions such as cold
climate, temperate condition, insignificant concen-
tration of oxygen, respiration rates, and pH.
Therefore, colonisation of a limited number of fun-
gal species is found in the respective host plant
(Shu et al. 2010).
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2.2 The geographical location of host plants

The majority of the fungal endophytic community,
their diversity, and abundance are shown to be influ-
enced by the geographical location of the host plant
and local environment (Mo et al. 2008). Statistical
analysis of fungal communities of white snakeroot
(Ageratina altissima) demonstrated that
a community of fungal endophytes strongly resists
the anthropogenic and biotic disturbance (Christian
et al. 2016). It has been shown that fragmentation of
the environment can produce negative impact on the
occurrence of endophytic fungi. Decreased fragment
size has decreased the colonisation of fungal endo-
phyte (Helander et al. 2007). Based on geographical
location, a varying degree of the fungal endophytes
are isolated and identified from the plants of different
zones including Antarctic (Yu et al. 2014), Arctic
(Botnen 2020), Temperate zone (Unterseher 2011),
and Tropical zone (Ting 2020). Plants growing in the
tropical zone are reported to produce an increased
amount of fungal-endophyte-derived bioactive com-
pounds in comparison to any other zonal plant-
associated endophytes (An 2002; Arnold and Lutzoni
2007).

2.3 Age of host plant tissue

Wide range of fungal endophyte species colonises in
plant tissues such as vascular ducts, parenchyma, and
dermis of different age groups. Study on Calotropis
procera shows that species richness and colonisation
of fungal endophytes were highest in aged leaves.
The study also showed the presence of fungal endo-
phytes of Xylaria sp. in young leaves (Nascimento
et al. 2015). Previous studies have suggested that
colonisation of fungal endophytes depends on sea-
son and type of tissue (i.e. stem, root, leaf, stem bark,
twig) (Tejesvi et al. 2005; Mishra et al. 2012). Thus, age
and type of host plant tissue assist the colonisation
and interaction of fungal endophytes to their host
plants.

2.4 Genetic background

The relationship of fungal endophyte with their host
plants (i.e. either mutualistic or parasitic) depends
upon the host genotype, genotype of the endophyte,
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and environment in which they grow (Unterseher and
Schnittler 2010; Salam et al. 2017). Relationship
between fungal endophyte and host plant is estab-
lished by minor variations in gene expression of fun-
gal endophyte against the reaction of host plant or
through identification of host plant and fungal reac-
tion (Estrada et al. 2013; Sarsaiya et al. 2019).
Therefore, symbiotic association, i.e. positive, nega-
tive, or neutral, is managed by minor variation in
genetic constituent of both fungal endophyte and
host plant. For example, signal molecule Nod factor
Lipo-chitooligosaccharides (LCO) activates the com-
mon symbiotic pathway in arbuscular mycorrhizal
and rhizobia-legume associations (Gough and
Cullimore 2011). A study has revealed that colonisa-
tion of Mucor sp. in Arabidopsis thaliana could be
promoted by the secretion of strigolactone (SL) from
host plant root (Rozpadek et al. 2018). Therefore, it
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can be concluded that the genetic background of
host plant influences the colonisation of fungal endo-
phyte, which in turn affects the qualitative and quan-
titative extraction of fungal-endophytes-derived
bioactive compounds.

3. Endophytes: reservoir of bioactive
compounds

Fungal endophytes are potent source of a wide range
of bioactive compounds. Bioactive compounds
derived from fungal endophytes are utilised for drug
discovery to manage various health ailments. The
entire procedure involved in the isolation and char-
acterisation of bioactive compounds from fungal
endophytes to eventually commercialise them is illu-
strated in Figure 1. Few notable bioactive com-
pounds such as paclitaxel, podophyllotoxin, vinca
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Figure 1. Sequential events involved in the isolation and characterisation of bioactive compounds derived from fungal
endophytes. For the isolation of a fungal endophyte associated with a medicinal plant, plant tissue samples are grown on selected
media. After a certain period of a time, fungal endophytes grow on a media plate. Further, individual fungal strain can be identified
using microscopic and molecular approaches after sub-culturing of fungal endophytes. Molecular identification involves isolation of
genomic DNA of fungal endophytes followed by polymerase chain reaction (PCR) of internal transcribed spacer (ITS) region. BLASTn
analysis of raw sequences obtained from sequencing of PCR products leads to the identification of the fungal strain. For large-scale
production of the fungal strain, strains are grown in liquid culture. Fungal-endophyte-derived bioactive compounds are isolated in
ethanol or methanol extract. Biological assays are applied to test the efficiency of extracted bioactive compounds. Isolated bioactive
compounds are subjected to nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-MS)-based studies for
the molecular identification and quantification. Genome editing approach may be applied to enhance the production of most
effective bioactive compounds which could be further tested for drug discovery and development after preclinical and clinical trials.



alkaloids, camptothecin, hypericin, emodin, azadir-
achtin, and deoxypodophyllotoxin are isolated from
plant-associated fungal endophytes (Kaul et al. 2012).
Some of the well-known fungal genera such as
Penicillium,  Fusarium,  Aspergillus,  Sclerotium,
Myxormia, Alternaria, Colletotrichum, Cladosporium,
Diaporthe, and Curvularia are excellent source for the
production of bioactive compounds (Chepkirui and
Stadler 2017; Toghueo 2020). Along with the afore-
mentioned fungal genera, several other endophytes
are also known to produce bioactive compounds with
a significant role in disease management (Jia et al.
2016). Fungal-endophytes-derived bioactive com-
pounds are classified under broad functional groups -
alkaloids, steroids, flavonoids, phenolic acids, benzo-
pyranones, quinines, tannins, xanthones, terpenoids,
and many others. Bioactive compounds isolated from
the extract of fungal endophytes can be purified and
characterised through high-performance liquid chro-
matography (HPLC), thin-layer chromatography (TLC),
nuclear magnetic resonance (NMR), infrared spectro-
scopy (IR), matrix-assisted laser desorption/ionisa-
tion — time of flight (MALDI-TOF), electron spray
ionisation (ESI), fast atom bombardment (FAB). Some
of the major bioactive compounds utilised in the
management of human health ailments are discussed
below.

3.1 Paclitaxel

Paclitaxel (C47H5:NO;,4) (Figure 2a) is an anticancer
(“cytotoxic” and “antineoplastic”) drug used in the
chemotherapeutic treatment of numerous cancers
including lung, breast, ovarian, prostate, bladder,
and melanoma. The generic name of paclitaxel is
taxol. Taxol belongs to class “taxane” and is
a polycyclic diterpenoid. Initially, the presence of
taxol was determined in the inner bark of Taxus bre-
vifolia (Pacific yew tree) in 1971 (Wani et al. 1971).
Taxol production is not limited to particular fungus
species (Gupta S et al. 2019). Numerous fungal endo-
phytes are known to colonise in different host plant
including angiosperms that produce taxol such as
Seimatoantlerium nepalense from Taxus wallichiana
(Bashyal 1999), Seimatoantlerium tepuiense from
Venezuelan Guyana (Strobel Gary A, Ford Eugene,
et al. 1999); Metarhizium anisopliae, Pestalotiopsis ter-
minaliae, and Tubercularia sp. fungal strain TF5 in
batch culture (Gangadevi and Muthumary 2009;
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Hussain et al. 2015). Moreover, a list of other fungal
endophytes including Fusarium, Mucor, Alternaria,
Cladosporium, Phoma, Botryodiplodia, Metarhizium,
Periconia,  Pestalotiopsis, ~ Botrytis, =~ Taxomyces,
Aspergillus, Tubercularia, Pestalotia, and Pithomyces
are also reported to produce paclitaxel or its analo-
gues (Zhou et al. 2010; Kasaei et al. 2017).

Initially, the fungal crude extract was shown to
possess an excellent cytotoxic activity on the cancer
cell lines (Belotti et al. 1996). Later on, paclitaxel
entered towards different phases of clinical trials after
its potency as an anticancer bioactive compound was
proved. However, the foremost hurdle was faced in
terms of the low quantity of taxol production. After
years of research, the efforts came out with the identi-
fication and isolation of taxol precursor, i.e. deacetyl-
baccatin Il from European yew tree T. baccata (Hook
et al. 1999; Truus et al. 2012). Recently, genome
sequence analysis of endophyte Penicillium aurantio-
griseum revealed how anticancer compound paclitaxel
is produced (Yang Y et al. 2014). Identification of fun-
gal endophytes having the ability to produce taxol is
now possible through polymerase chain reaction (PCR)
based methods. Heinig et al. screened the fungal
endophyte Taxomyces andreanae associated with the
inner bark of Taxus spp. plant to re-examine whether
endophytic fungi could produce taxol independently
or not. The genome sequence analysis of fungal endo-
phyte Taxomyces andreanae revealed an interesting
fact that taxol could not be synthesised independently
from endophytes (Heinig et al. 2013).

3.2 Hypericin

4,5,7,4',5'7'-Hexahydroxy-2,2"-dimethylnaphtho-

dianthrone (Hypericin) (Figure 2b) is a naturally
occurring naphthodianthrone compound, the
main constituent of Hypericum plant (St. John's
Wort) (Kusari et al. 2008). The stem tissue of the
medicinal  plant Hypericum perforatum was
screened with the aim of isolation of fungal endo-
phytes. An anthraquinone derivative emodin has
ability to synthesise hypericin. It is one of the top-
selling natural herbal medications because of its
antioxidant, antiviral, antibiotic, and non-specific
kinase inhibition properties. Moreover, hypericin is
widely being applied as an antidepressant, anti-
inflammatory, injury healer, antimicrobial, seasonal
affective disorder, as well as sinusitis reliever
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Figure 2. Chemical structure of bioactive compounds derived from the fungal endophytes. (a) Paclitaxel, (b) Hypericin, (c)
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(Strobel 2003; Zhao et al. 2010). Currently, the role
of hypericin in the treatment of cutaneous T-cell
Lymphoma is under investigation. In addition to
Hypericum sp., other species are also reported to
produce hypericin such as the basidiomycete
genus Dermocybe (Garnica et al. 2003). The gene
Hyp-1 is also shown to be involved in the final step
of biosynthetic pathway of hypericin (Bais et al.
2003). Kusari et al. screened H. Perforatum and
showed that fungal endophyte Thielavia subther-
mophila produces hypericin. They have also sug-
gested that production of hypericin is found even
in the absence of candidate gene Hyp-1 (Kusari
et al. 2009). Later on, leaves from H. perforatum
were harvested for the screening of fungal endo-
phytes. Fungal strain Aspergillus sp. TJ23 was iso-
lated and identified as a producer of asperetide,
a polyketide and asperanthone, a derivative of
prenylxanthone (Qiao et al. 2018).

3.3 Podophyllotoxin

Podophyllotoxin (Figure 2c) is an anticancer drug
employed as a precursor in the biosynthesis of cyto-
toxic bioactive compounds including etopophose
phosphate, teniposide, and etoposide (Ardalani et al.
2017). Teniposide and etoposide are being utilised in
various cancer such as lung cancer, testicular cancer,
and other types of leukaemia’s and solid tumours
(Gupta RS et al. 1987, Kiran et al. 2018).
Podophyllotoxin is broadly distributed among plant
genera including Podophyllum, Dysosma, Diphylleia,
and Juniperus (Li J et al. 2013). It binds irreversibly to
tubulin for inhibition of mitotic cell division and inter-
feres with the dynamic equilibrium inducing arrest of
the cell cycle at the G2/M phase (Zhang X et al. 2018).
In one of the study, podophyllotoxin (yield of 277 ug/
g dry weight mycelia) has been extracted using high-
performance liquid chromatography (HPLC) and ultra-
performance liquid chromatography-quadrupole-
time of flight mass spectrometry analyses (UPLC-
QTOF MS) produced from a fungal endophyte of
Fusarium strain WB5121 (Tan et al. 2018).

3.4 Vinca alkaloids

Vinca alkaloids belong to the terpenoid group and are
derived from vindoline and catharanthine monomer
(Noble 2016). Vinca alkaloids isolated from
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Catharanthus roseus (vernacular name “periwinkle”)
were initially used as oral antidiabetic medicine before
the discovery of insulin (Strobel and Hess 1997).
However, experimental analyses failed to generate
any positive result of antidiabetic property (Johnson
et al. 1963; Strobel and Hess 1997; Noble 2016). Vinca
alkaloids are found to be effective in cancer such as
nephroblastoma and acute lymphoblastic leukaemia as
it reduces leukocytes (Moudi et al. 2013). Other alka-
loids with anticancer potency are vinblastine, vinleuno-
sine, vinrosidine, and vincristine (Moudi et al. 2013;
Noble 2016). Vinblastine (Figure 2d) and vincristine
(Figure 2e) are the terpenoid indole alkaloids isolated
from Catharanthus roseus that inhibit cell cycle at
M phase and irreversibly binds with microtubule and
spindle protein in S phase. It is used in the treatment of
cervical cancer and Hodgkin lymphoma (Kaur R et al.
2014). From the fungal endophyte Curvularia verrucu-
losa associated with the leaves of C. roseus, vinblastine
compound was isolated which showed cytotoxic effect
against Hela «cell line with IC5o 85 pg/mL
(Parthasarathy et al. 2019).

3.5 Palmaerones

Seven new bioactive compounds, palmaerones A-G (2
chlorinated and 5 brominated bioactive compounds)
were derived from fungal endophyte Lachnum pal-
mae associated with Przewalskia tangutica. These
bioactive compounds were analysed for antimicrobial
activity against three fungal species (Candida albicans,
Cryptococcus neoformans, and Penicillium sp.) and
two bacterial species (Staphylococcus aureus and
Bacillus subtilis) (Zhao M et al. 2018). Out of seven,
only palmaerone E ((R)-5-bromo-6,7-dihydroxy-
8-methoxy-mellein) (Figure 2f) showed significant
antimicrobial activity against all the microbial strains
with minimum inhibitory concentration value in the
range of 10-55 mg/ml. The cytotoxicity analysis of
these bioactive compounds was performed against
the three human cancer cell lines: SGC7901, HepG2,
and HL-60. Palmaerone E showed weak cytotoxicity
against HepG2 cells with inhibitory concentration
value of 42.8 mM.

3.6 Leucinostatin A

Leucinostatin A (C62H111N11O13) (Figure Zg) is
a nonapeptide complex which shows diverse range
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Figure 3. Bioactive compounds derived from fungal endophytes with pharmacological relevance. Fungal endophytes harbour
inside almost every plant tissue. Fungal endophytes can be isolated from stem, root, and leaves by culturing in the selected growth
media. Fungal endophytes are potent source of number of bioactive compounds which can be utilised in the treatment of number of

human health ailments.

of biological activity against numerous cancer cell
lines (Li H et al. 2005). Leucinostatin A has been
reported to reduce the proliferation of prostate can-
cer cell growth. Leucinostatin A targets insulin-like
growth factor-l (IGF-1) of prostate stromal cells and
thereby show the anticancer property (Kawada et al.
2010). Leucinostatin A also shows phytotoxic, anti-
viral, antimalarial, and antifungal activities
(Deshmukh et al. 2018). Leucinostatin A is derived
from a fungal endophyte of Acremonium sp. in liquid
culture, isolated from T. baccata. Acremonium sp. is
also known to produce a glycosylated bioactive com-
pound leucinostatin A 3-di-O-glucoside, which is ana-
logue of leucinostatin A (Strobel and Hess 1997). The
bioactive compound leucinostatin A 3-di-O-glucoside
show cytotoxic activity against BT-20 (breast cancer
cell line) with a value of LD5g >25 nM, while leucinos-
tatin A had LDs, value of 2 nM against the same cell
line. Genome mining studies for Purpureocillium lilaci-
num deciphered a cluster of about 20 genes which are

responsible for the biosynthesis of leucinostatin A and
B (Wang G et al. 2016).

3.7 Other bioactive compounds

A new bioactive metabolite (S)-5-hydroxyl-2-(1-hydro-
xyethyl)-7-methylchromone was derived from fungal
endophyte Bipolaris eleusines, associated with fresh
potato (Figure 2h). This compound showed weak
antibacterial activity against Staphylococcus aureus
subsp. aureus, and the rate of inhibition was 56.3%
at 128 mg/ml of concentration (He et al. 2019).
Fusarium sp. associated with the plants of Fritillaria
sp. has the ability to produce steroidal alkaloids such
as peimisine (Figure 2i) and peiminine (Figure 2j)
(Pan et al. 2014). Peiminine show anticancer property
by inhibiting the proliferation and colony formation
of cells. It might be involved in cell cycle arrest and
autophagic flux (Pan et al. 2014). Peiminine changes
the expression of microtubule-associated protein 1A/
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Table 1. Anticancer activity as conferred by bioactive compounds isolated from fungal endophytes associated with host plants.

Host plants

Fungal endophytes

Bioactive compounds Mode of action References

Salacia oblonga

Podocarpus
gracilior pilger

Camptotheca
acuminata

Catharanthus
roseus

Podophyllum sp.,
Juniperus
recurva

Alternaria spp.,
Fusarium solani,
Aspergillus niger

Aspergillus terreus

Fusarium solani

Fusarium oxysporum

Fusarium
oxysporum,
Trametes hirsuta

Taxol Disruption of microtubule equilibrium. (Roopa et al. 2015)

Taxol Trigger tubulin polymerisation through binding with (Stahlhut et al. 1999)
tubulin B-subunits heterodimer and, disrupt tumour
cells division

Topoisomerase-I inhibition.

Camptothecin (Ran et al. 2017)

Vinblastine and Vincristine Microtubule destabilising agent, cell cycle inhibition at (Kumar et al. 2013)
metaphase of mitosis.
Irreversibly binds to tubulin and inhibit mitotic division

thus, inducing arrest in G2/M phase of cell cycle.

Podophyllotoxin glycoside, (Kour et al. 2008)
4 -

demethylpodophyllotoxin,

Solanum nigrum SNFSt, SNFL and Solamargine Arrest cell in G2/M phase, interferes with the function and (Atanu et al. 2011, El-

L. SNFF structure of cancer cell membrane, blocks the anti- Hawary et al. 2016)
apoptotic pathway of NF-kp.
Piper nigrum Colletotrichum Piperine G2/M phase arrest in cancer cells. (Chithra et al. 2014)
gloeosporioides

Capsicum Alternaria alternata Capsaicin Induced apoptosis in HL-60 cells. (Devari et al. 2014)
annuum

Silybum Aspergillus iizukae Flavonolignans, silybin A, Promote tubulin polymerisation inhibiting cell division (El-Elimat, Raja, Graf,
marianum silybin B and isosilybin A Faeth, Cech and

Panax ginseng
Tabebuia rosea

Paecilomyces sp
Aspergillus TRL1

Ginsengnosides-Rg3, Rh2
Pulchranin A

Sinopodophyllum  Pestalotiopsis adusta Pestalustaine B

hexandrum

Hypericum Emericella sp. TJ29 Emeridones A-F
perforatum

Pogostemon Cerrena sp. A593 Triquinane-type
cablin sesquiterpenoids

Cerrenins D and E

Inhibition of cyclin-dependent kinases such as CDK1, CDK2

Oberlies 2014)
(Zhang et al. 2006)
(Moussa et al. 2019)

Inhibit the proliferation of T24 cells

and CDK4
Induce apoptosis (Xiao et al. 2018)
- (Li et al. 2019)

- (Liu et al. 2018)

1B-light chain 3 (LC3), p62, and the network of cyclin-
dependent kinase (cyclin D1/CDK) by downregulating
the expression of phosphorylative derivatives Akt,
glycogen synthase kinase 3 beta (GSK3B), 5 AMP-
activated protein kinase (AMPK), and Unc-51 Like
Autophagy Activating Kinase 1 (ULK1) (Zhao B et al.
2018).

Three  bioactive compounds, dothiorelone
K (Figure 2k), dothiorelone L (Figure 2I), and dothior-
elone M (Figure 2m), were derived from fungal endo-
phyte Dothiorella sp. ML002 associated with the stem
tissue of mangrove plant Xylocarpus granatum (Zheng
et al. 2019). These bioactive compounds were cytos-
porone derivatives. The anti-diabetic roles of these
compounds were evaluated by testing the a-
glucosidase inhibitory activity. The bioactive com-
pound dothiorelones K and L displayed inhibitory
activities with the 1Csq value of 22.0 and 77.9 ug/mi,
respectively. From the fungal endophyte Fusarium sp.
associated with the root tissue of plant Mentha long-
ifolia, three ergosterol derivatives (Fusaristerol
B (Figure 2n), Fusaristerol C (Figure 20) and
Fusaristerol D (Figure 2p)) along with two known
compounds ((22E,24 R)-ergosta-7,22-diene-3b-ol and

(22E,24 R)-5b,8b-epidioxyergosta-22en-3b-yl decano-
ate) were isolated. Fusaristerol B, Fusaristerol C, and
Fusaristerol D possessed 5-lipoxygenase (5-LOX) inhi-
bitory potential with ICsy value of 3.61 uM, 7.01 uM,
and 4.79 uM, respectively (Khayat, Ibrahim et al. 2019).
Thus, the derivatives of ergosterol could be potential
bioactive compounds in the formulation of anti-
inflammatory drugs.

4, Biological properties of bioactive
compounds

Fungal endophytes are excellent source of a wide
range of bioactive compounds with pharmacological
importance (Figure 3). Few pharmacologically impor-
tant bioactive compounds derived from fungal endo-
phytes are discussed below.

4.1 Fungal-endophyte-derived anticancer
compounds

Cancer is the second leading cause of death globally.
Due to the high mortality rate associated with cancer,
search for novel anticancer drugs is in progress. In the
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last two decades, fungal endophytes have achieved
much attraction of scientific community due to their
immense potential to synthesise various types of antic-
ancer compounds including Taxol, Podophyllotoxin,
Vinca alkaloids, Graphislactone A, Rohitukin,
Cytochalasin 1-3, Fusarithioamide A, and Malformin
E. The anticancer compounds derived from endophytic
fungi belong to various classes including Alkaloids,
Polyketides, Ergochromes, Depsipeptides, Chromones,
Benzoljlfluoranthenes, Aldehydes, Quinones,
Depsidones,  Esters, Lignans, Cyclohexanones,
Xanthones, Sesquiterpenes, and Diterpenes (Uzma
et al. 2018; Li S-J et al. 2018). The bioactive compound
derived from endophyte Aspergillus iizukae, associated
with the plant Silybum marianum is silybin A and silybin
B. Silypin A and B are known to have an anti-
inflammatory and antitumor activity (El-Elimat et al.
2014; Surai 2015). Bioactive compounds derived from
fungal endophytes are reported to be a precursor in
the synthesis of many anticancer compounds; for
example, the anticancer compound camptothecin is
an important precursor of irinotecan and topotecan
having anticancer activity. Camptothecin and its analo-
gues are under clinical trials against solid tumours of
lung, liver, and ovary and are found to be very effective
(Choi et al. 2011). Camptothecin is not water-soluble
but its water-soluble derivatives such as Camptosar
and Hycamtine are used against colorectal carcinomas
and ovarian cancer, respectively (Li F et al. 2017). Some
of the major anticancer bioactive compounds derived
from fungal endophytes are mentioned in Table 1.

4.2 Bioactive compounds derived from fungal
endophytes for treating immunological disorders

Immunosuppressive drugs are routinely used to treat
auto-immune diseases such as Crohn’s disease, rheu-
matoid arthritis, psoriasis as well as for the prevention
of allograft rejection. Chemical drugs like
Mycophenolate mofetil and Cyclosporine have many
side effects (like hyperglycaemia, osteoporosis, nausea,
vomiting, loss of appetite, and diarrhoea) (Yang CW
et al. 2003; Fotiadis et al. 2005). To overcome such
problems, there is a call for the development of better
immunosuppressive agents. Therefore, fungal endo-
phytes are being studied as an alternative source for
the compounds to treat immunological disorders.
Screening of fungal endophyte Fusarium subglutinans

results in isolation of Subglutinols A and B having
immunosuppressive ability (Lee et al. 1995). In one of
the recent reports, a dibenzofurane compound mycou-
sine  was produced by fungal endophyte
Mycosphaerella nawae ZJLQ129, associated with the
leaf of plant Smilax china (family Liliaceae). However,
its amide derivative mycousnine enamine is shown to
possess the immunosuppressive activity through inhi-
bition of T-cell proliferation but not B-cell proliferation.
The amide derivative suppresses the T-cell surface anti-
gen such as the cluster of differentiation (CD69 and
CD25) and cytokine such as interleukin-2 and inter-
feron-y (Wang et al. 2017). The fungal endophyte
BAK-I isolated from the bark of plant Kigelia Africana
(Lam.) showed immunosuppressive activity against
TNF-a and cytotoxic activity against Leukaemia-THP-1
and Lung A-549 cancer cell lines (Katoch, Khajuria et al.
2015). In another report, Penicillium sp. ZJ-SY asso-
ciated with the leaf of Sonneratia apetala showed
immunosuppressive activity, inhibiting the prolifera-
tion of B and T lymphocytes, induced by lipopolysac-
charide (LPS) and concanavalin A (Con-A), respectively
(Liu H et al. 2016).

Immunomodulatory compounds on the other side
are the drugs that are used for the treatment of dis-
ease by activating the immune response of the body.
It is a new source, utilised in the management of
immunological disorders. Three bioactive compounds
assigned as YS, GS, and BS with immunomodulatory
efficiency are reported from fungal endophyte
Pestalotiopsis leucothes, associated with the host
plant Tripterygium wilfordii. BS shows immunosup-
pressive activity by regulating the peripheral blood
mononuclear cells (PBMNC) and soluble IL-2 receptor
expression that inhibits the production of various
cytokines, tumour necrosis factor (TNF)-alpha and
interferon (IFN)-gamma (Kumar DSS et al. 2005). In
a recent study, four compounds, xanthorrhizol,
p-hydroxybenzoic acid, orsellinic acid, and scalarolide,
were characterised from the crude extract of fungal
endophyte associated with the plant Ageratum con-
yzoides. The crude fungal extract shows antimicrobial
activities against Aspergillus niger, Candida albicans,
Salmonella typhi, and Pseudomonas aeruginosa with
inhibition zone diameters of 2, 3, 5, 8 mm, respec-
tively. The extract also shows immunomodulatory
activity with increase in the level of neutrophils and
total white blood cells in mice (Ujam et al. 2019).



4.3 Antioxidant compounds derived from fungal
endophytes

Bioactive compounds that inhibit oxidation are
termed as an antioxidant compound. Bioactive com-
pounds derived from fungal endophytes show excel-
lent property to scavenge the reactive oxygen species
(ROS) and/or superoxide radicals. Various fungal
endophytes are known to produce polyphenols
which are potent inhibitors of oxidation (Khan Abdul
Latif et al. 2017). Bioactive compounds with antioxi-
dant activity may also possess antitumor, anti-
mutagenic, and anti-inflammatory activities. In one
of the study, DPPH scavenging assay revealed that
fungal endophytes such as Diaporthe sp.,
Colletotrichum sp., and Arthinium sp. associated with
the plant Aquilaria subintegra tend to generate a wide
array of bioactive compounds (3-dihydro agarofuran,
a-agarofuran, &-eudesmol, B-agarofuran, and oxo-
agarospirol) with strong antioxidant activity
(Monggoot et al. 2017). In vitro study shows that fun-
gal endophytes of the Fusarium genus, associated
with the host plant Fritillaria unibracteata, have excel-
lent ability to produce antioxidant compounds such
as phlorizin, rutin, and gallic acid (Pan et al. 2017).
Recently, researchers have shown the apoptotic, cyto-
toxic, and antioxidant property of ethyl extract of the
fungal endophyte Chaetomium nigricolor associated
with C. roseus (Dhayanithy et al. 2019). Thus, fungal
endophytes act as natural sources of an antioxidant
compounds to play a crucial role in chemoprotection
against cancer and other oxidative-damage-
associated diseases.

4.4 Fungal-endophyte-derived anti-diabetic
compounds

Diabetes is a metabolic disease caused by elevated
levels of blood sugar (or blood glucose), resulting in
severe damage to nerves, eyes, blood vessels, heart,
and kidneys. Generally, there are two types of dia-
betes — Type | and Type-Il. More than 95% of diabetes
is of type-ll diabetes or non-insulin-dependent dia-
betes (Bailey and Day 1989). The anti-diabetic drugs
(miglitol, voglibose, and acarbose) used have shown
various side effects viz. diarrhoea, abdominal discom-
fort. The metabolites isolated from the fungal endo-
phytes are seen to exhibit anti-diabetic activity
(Lebovitz 1997; Kimura et al. 2012). Fungal
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endophytes that reside inside the plants are known
to produce bioactive metabolites which help in low-
ering the blood glucose level with antidiabetic nature.
Fungal endophyte Streptomyces sp. associated with
the stem and leaves tissues of Rauwolfia densiflora
and Leucas ciliata plants from Western Ghats of India
produces bioactive compound having a-amylase inhi-
bitory property. The extract isolated from
Streptomyces sp. showed increased uptake of glucose,
therefore, acts as an anti-diabetic agent (Akshatha
et al. 2014). The fungal endophyte Nigrospora oryzae
associated with Combretum dolichopetalum produces
4-des-hydroxyl altersolanol A, 7-hydroxy-abscisic acid,
and 2-cis-4-trans-abscisic acid; all these compounds
are known to have anti-diabetic activity (Uzor et al.
2017). Alpha glucosidase inhibitor reduces the
absorption of glucose in digestive organ by acting
as a carbohydrate hydrolysing enzyme. The fungal
endophyte Xylariaceae sp. QGS 01 associated with
the stem tissue of Quercus gilva is known to produce
an antidiabetic compound 8-hydroxy-6,7-dimethoxy-
3-methylisocoumarine (Indrianingsih and Tachibana
2017). Results of the anti-diabetic assay revealed
that the compound has a potential to inhibit a-
glucosidase from Saccharomyces cerevisiae with an
ICso value of 41.75 pg/mL (Indrianingsih and
Tachibana 2017). In one of the recent report from
our lab, antidiabetic activity of the mycosterol derived
from fungal endophyte Fusarium equiseti associated
with the host plant Gymnema sylvestre show compe-
titive inhibition against a-glucosidase and a-amylase
(Ranjan et al. 2019).

4.5 Bioactive compounds derived from fungal
endophytes against cardiovascular diseases

Cardiovascular disease (CVD) is an ever-growing and
one of the leading causes of death all around the
world. One in four deaths occurs in India due to CVD
with 28.1% of the total death and 14.1% of the total
disability-adjusted life-years (DALYs) in 2016 as com-
pared with 15.2% of total death and 6.9% of DALYs
death in 1990 (Prabhakaran et al. 2018). The use of
conventional approaches is proven not to be suffi-
cient for treatment of these diseases, driving us to
explore new and effective medicines from fungal
endophytes. Statins are a group of drugs that
decreases the cholesterol level in the blood. It
includes lovastatin and compactin (Barrios-Gonzalez
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and Miranda 2010). Lovastatin, a polyketide metabo-
lite, also known as ‘Merck’s Mevacor’, is an anti-
cholesterol agent. It is produced from a wide range
of fungal endophytes including Aspergillus flavus,
Aspergillus niger, Aspergillus terreus, Trichoderma vir-
ide, Monascus ruber, Penicillium sp., Monascus sp,
Monascus ruber, Pleurotuso streatus, Cinnamomum
sp. (Amin-Hanjani et al. 2001). It inhibits the level of
rate-limiting enzyme 3-hydroxy-3-methyl-glutaryl-
CoA (HMG-CoA) reductase that participates in choles-
terol biosynthesis and converts HMG CoA to mevalo-
nate. Lovastatin stops cholesterol synthesis by acting
as a competitive inhibitor and is used in the treatment
of patients suffering from hypercholesterolaemia
(Alberts 1988). Compactin, also called mevastatin iso-
lated from Penicillium sp., Pythium ultimum, and
Colletotrichum sp., is an HMG-CoA reductase inhibitor.
It lowers serum cholesterol and decreases stroke and
cardiovascular disease (Amin-Hanjani et al. 2001).
Compactin is not used as a medicine but pravastatin
is used as a drug and is commercially available by
trade name Zocor (Barrios-Gonzdlez and Miranda
2010). It is produced from endophytic fungus
Aspergillus terreus and is a lipid-lowering cardiovascu-
lar drug. It inhibits the stimulatory activity of angio-
tensin Il on NADPH oxidase and thereby prevents the
production of superoxide radicals. It prevents stroke,
heart attacks, myocardial infarction, and treats dysli-
pidemia (Gazzerro et al. 2012).

In vitro and in vivo study show that ternatin
(N-methylated cyclic peptide), isolated from endophy-
tic fungi Coriolus versicolor, inhibits the accumulation of
fat in an adipose tissue cell line (3T3-L1) and reduces
mice fat mass (Ito et al. 2009). Nicotinamide riboside is
isolated from the endophytes like Saccharomyces cere-
visiae,  Piriformospora  sp.,  Epichloe sp. and
Colletotrichum sp. of Bacopa monnieri and Azadirachta
indica plants (Chi and Sauve 2013). Administration of
nicotinamide riboside in a mice model of cardiomyo-
pathy, that lacks transferrin receptor protein 1 (TfR1) in
the heart, resulted in prevention of cardiomegaly, mito-
chondrial respiration poor cardiac function, and
impaired mitophagy (Xu W et al. 2015). The adminis-
tration of nicotinamide riboside in a mice model of
cardiomyopathy, lacking transferrin receptor protein 1
(TfR1) in the heart, has shown to prevent cardiomegaly,
mitochondrial respiration, poor cardiac function, and
impaired mitophagy (Xu et al. 2015).

4.6 Fungal-endophytes-derived bioactive
compounds with antimicrobial activity

An antimicrobial agent includes any natural or artifi-
cial agent that kills or prevents the growth of other
microorganisms. It is grouped on the basis of the
microorganism on which it attacks, mode of action,
biological activity, and peptide characteristics. Based
on biological activity, it is classified in antibacterial,
antiviral, antifungal, antitumor, antiparasitic, and
insecticidal (Chung and Khanum 2017; Deshmukh
et al. 2018). Fungal endophytes are known for the
production of bioactive compounds for better substi-
tution of conventional antibiotics. These compounds
are known to invade and kill the harmful disease-
causing microorganisms that affect humans and ani-
mals. Cryptosporiopsis quercina, a fungal endophyte
associated with Tripterigeum wilfordii plants, exhibits
antifungal activity against fungal pathogens
Trichophyton sp. and C. albicans because of the pro-
duction of peptide cryptocandin (Strobel Gary A,
Miller R Vincent, et al. 1999a, 1999b). Another group
of endophytic fungi, residing in Quercus variabilis,
produces bioactive compounds that show growth
inhibition to pathogenic fungi such as A. niger,
Trichophyton rubrum, Microsporum canis, C. albicans,
and Epidermophyton floccosum and bacteria such as
B. subtilis, Escherichia coli, and Pseudomonas fluores-
cens. Endophytic fungus Colletotrichum gloeospor-
ioides associated with the stem of Artemisia
mongolica is known to produce colletotric acid.
Colletotric acid inhibits the growth of B. subtilis,
Sarcina lutea, and Staphylococcus aureus (Zou et al.
2000). Fungal endophyte Streptomyces NRRL 3052,
associated with Kennedia nigriscans (snakevine), pro-
duces wide spectrum antibiotics Munumbicins A, B, C,
and D. These antibiotics are wused against
Mycobacterium tuberculosis, Bacillus anthracis, and
also against malaria parasite Plasmodium falciparum
(Castillo et al. 2002). Endophytic fungus Emericella sp.
(HK-ZJ), associated with a mangrove plant Aegiceras
corniculatum, is known to produce six iso-indoles
derivatives along with austinol, dehydroaustin, austin,
acetoxydehydroaustin, and aspernidine A and B. This
plant shows antiviral activities against influenza
A virus (Zhang G et al. 2011). Endophytic metabolite
hydroanthraquinone  derivative,  6-O-demethyl-
4-dehydroxyaltersolanol A, 7-hydroxy-3, didehydro-
chermesinone B, 7-dimethyl isochromene-6,8-dione
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Table 2. Fungal endophytes associated with host plants and their biological activities against microorganisms.

Plants Endophytic fungi Active against microorganism Activity References

Solanum Paracamarosporium leucadendri, Mycobacterium bovis, Mycobacterium smegmatis, ~ Antibacterial and (Pelo et al.
mauritianum Aureobasidium pullulans, Hyalodendriella Candida albicans antimycobacterial 2020)

sp.

Tripterigeum Cryptosporiopsis cf. Quercina Trichophyton sp., Antifungal (Strobel et al.

wilfordii Cryptococcus neoforrnans, Aspergillus 1999b)
fumigatus

Nyctanthes Alternaria alternate, Shigella sp., Pseudomonas aeruginosa, Antibacterial and (Gond et al.

arbour-tristis Nigrospora oryzae, Salmonella enteritidis, Salmonella paratyphi, antifungal 2012)

Colletotrichum dematium and Chaetomium
globosum

Solanum Nigrum Zygo Rhizopus sp.

Writhtia tinctoria

Aspergillus sp.

Plumbago
zeylanico

Rhizopus sp.
Aravae lanata

Aspergillus sp.

Aralia elata Diaporthe, Alternaria

Pseudomonas sp., Staphylococcus aureus, E. coli
and Pseudomonas aeruginosa
P. aeruginosa, Pseudomonas fluorescens
P. aeruginosa, P. fluorescens

P. aeruginosa, P. fluorescens

Staphylococcus aureus

Antibacterial (Sunkar and
Nachiyar
2011)
(Sunkar and
Nachiyar
2011)
(Sunkar and
Nachiyar
2011)
(Sunkar and
Nachiyar
2011)
(Wu et al. 2012)

Antibacterial

Antibacterial

Antibacterial

Antibacterial

Laguncularia Diaporthe phaseolorum S. aureus and Salmonella typhi Antibacterial (Sebastianes
racemosa et al. 2012)
Panax ginseng Paecilomyces sp. Trichophyton rubrum, A. fumigatus Antifungal (Xu et al. 2009)
Cinnamomum Muscodor albus Rhizoctonia solani, Pythium ultimum and Antifungal (Strobel et al.
zeylanicum Fusarium oxysporum 2001)
Michelia Colletotrichum gloeosporioides Cladosporium cladosporioides and Antifungal (Chapla et al.
champaca C. sphaerospermum 2014)
Kandelia candel Talaromyces sp. Pseudomonas aeruginosa, Sarcina ventriculi, Antibacterial and (Liu et al. 2010)
(L.) Druce E. coli antifungal
Calotropis Alternaria destruens (AKL-3) S. enteric, Sh. flexneri, E. coli, S. aureus Antibacterial (Kaur et al.
gigantea 2020)
Ocimum species - Bacillus cereus, S. aureus, P. aeroginosa, Antibacterial (Pavithra et al.
(Tulsi) Mycobacterium smegmatis and C. albicans 2012)
Indigofera Nigrospora sphaerica, Pestalotiopsis maculans Staphylococcus aureus Antibacterial (Santos et al.
suffruticosa 2015)
Miller

obtained from endophytic fungus Aconitum carmi-
chaelii associated with Nigrospora sp. exhibits inhibi-
tory effect on influenza viral stain and thus used in
development of anti-influenza A virus drugs (Zhang
S-P et al. 2016). Recently, Hypericum perforatum has
been screened for the antimicrobial activity of bioac-
tive compounds derived from endophytic fungi. The
HPLC-UV analysis revealed that one of the isolates
(SZMC 23,769) has the ability to produce hypericin
(320.4 ng/mg dry weight mycelia) while three others
could synthesise emodin. The fungal endophytes of
Alternaria sp. have ability to biosynthesise emodin
while Epicoccum nigrum has ability to synthesise
both the bioactive compounds (Vigneshwari et al.
2019). In another study, the bioactive compound pro-
duced from endophytic fungi Alternaria alternata
associated with leaf tissues of the plant
Catharanthus roseus was explored for anti-microbial
and anti-mycotoxigenic activities (Sudharshana et al.
2019). Recently, our lab has isolated and identified
active fungal endophytes such as Colletotrichum sp.,

Cladosporium sp., and Fusarium sp. associated with
Moringa oleifera while Alternaria sp. and Fusarium sp.
associated with Withania somnifera. The ethanolic
extract of isolated fungal endophytes Colletotrichum
sp. of M. oleifera and Alternaria sp. of W. somnifera
have shown antibacterial activity against both E. coli
and Staphylococcus aureus (Atri et al. 2020). Different
types of endophytic fungi and its action against
microorganism are listed (Table 2).

5. Challenges in the field of fungal endophyte
research

Fungal-endophyte-derived bioactive compounds are
a source of many novel drugs with low toxicity to
combat human diseases. However, approximately
1% of total endophytes have been studied so far,
and still millions of fungal endophytes need to be
studied and characterised. Production of bioactive
compounds from fungal endophytes on industrial
scale is a tedious task; therefore, it needs more
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efficient and advanced approaches like CRISPR-Cas9
and epigenetic modifier for the enhanced production
of bioactive compounds (Magotra et al. 2017). Several
other strategies such as optimisation of culture para-
meter, use of elicitors, and co-culture fermentation
have also been used to enhance the production of
bioactive compounds from fungal endophytes in
laboratory conditions. Furthermore, it has always
been challenging to isolate and characterise the pro-
mising fungal endophytes which have the capacity to
produce bioactive compound(s). The application of
the molecular approach along with bioinformatics
(such as phylogenetic studies) can resolve the pro-
blem of identification of fungal strains at species level.
The identification of fungal endophytes at the level of
species and genus could be assisted by using various
DNA barcodes including internal transcribed spacer
(ITS) regions, COX2 (partner DNA barcode along with
ITS), B-actin, glyceraldehyde 3-phosphate dehydro-
genase (house-keeping gene), and region of transla-
tional elongation factor 1a (TEF1a) (Schoch et al.
2012; Hoang et al. 2019; Sundaresan et al. 2019). The
advantages of approaching DNA barcode based on
ITS are the availability of a number of databases,
appropriate length of the fragment, and increased
amplification of all lineages of fungal endophytes
using universal primers (Schoch et al. 2012).
However, the use of ITS emerges with certain disad-
vantages such as a range of intra- and inter-specific
distances among the unlike fungal groups, which we
need to overcome in the future.

6. Conclusion and future perspective

Fungal endophytes associated with plants are consid-
ered as an important part of microbial diversity due to
their biosynthetic capability of bioactive compounds.
The bioactive compounds derived from fungal endo-
phytes can be an essential source of drug formulation
or for novel drug discovery. The compounds produced
from endophytes play a significant role in human
health care such as in cancer, diabetes, disease related
to microbes, oxidative stress, and inflammation. In the
present era of arising of new diseases, fungal endo-
phytes are an alternative source for the production of
natural compounds. The present review highlights that
several plants harbour fungal endophytes which
synthesise several pharmaceutically important bioac-
tive compounds. The compounds are generally

produced in low quantity and in order to produce
them in large amount several biotechnological tools
such as TALEN (Transcription Activator-Like Effector
Nucleases), CRISPR (Clustered Regulatory Interspaced
Short Palindromic Repeats)-Cas9, and ZFN (Zinc-finger
nucleases) are used. Genetic manipulations could also
be possible through adopting other techniques such as
in vitro regeneration, electroporation technology for
the production of transgenic medicinal plants, combi-
natorial biosynthesis, and genetic transformations. In
future, studies should be focused on the mechanism
behind the plant-endophyte interaction, biogeogra-
phical pattern of endophytes, revealing the basic
mechanism of synthesis of bioactive compounds and
also the strategies to manipulate the identified path-
ways for the derivation of natural bioactive compounds
from fungal endophytes.

Acknowledgements

NR, PKK, AV and SKS would like to acknowledge Centre of
Experimental Medicine and Surgery, Institute of Medical
Sciences, Banaras Hindu University, Varanasi, for funding and
internal grants. NR would also like to thank the University Grants
Commission, New Delhi, for Junior Research Fellowship.
Research in the VG laboratory is supported by SERB-EMEQ pro-
ject (EEQ/2019/000025), University Grants Commission, New
Delhi, India, and internal funding from Banaras Hindu
University, Varanasi, under Institute of Eminence Scheme. SCK
would like to acknowledge Department of Technology,
Savitribai Phule Pune University for internal grants.

Disclosure statement

The corresponding author on behalf of all the author declares
no potential conflict of interest.

Funding

Research in VG laboratory is supported by Science and
Engineering Research Board-EMEQ project (EEQ/2019/
000025), University Grants Commission, New Delhi, India
and internal funding from Banaras Hindu University,
Varanasi, India (under the Institute of Eminence Scheme).

References

Abe H, Kawada M, Sakashita C, Watanabe T, Shibasaki M. 2018.
Structure-activity relationship study of leucinostatin A,
a modulator of tumor—stroma interaction. Tetrahedron. 74
(38):5129-5137. d0i:10.1016/j.tet.2018.05.064.


https://doi.org/10.1016/j.tet.2018.05.064

Akshatha V, Nalini M, D’souza C, Prakash H. 2014.
Streptomycete endophytes from anti-diabetic medicinal
plants of the Western Ghats inhibit alpha-amylase and pro-
mote glucose uptake. Lett Appl Microbiol. 58(5):433-439.
doi:10.1111/lam.12209.

Alberts AW. 1988. Discovery, biochemistry and biology of
lovastatin. Am J Cardiol. 62(15):J10-J15. doi:10.1016/0002-
9149(88)90002-1.

Ali AH, Radwan U, El-Zayat S, El-Sayed MA. 2018. Desert plant-
fungal endophytic association: The beneficial aspects to
their hosts. Biological Forum-An International Journal. 10
(1):138-145.

AlSheikh HMA, Sultan |, Kumar V, Rather |A, Al-Sheikh H,
Tasleem Jan A, Hag QMR. 2020. Plant-based phytochemicals
as possible alternative to antibiotics in combating bacterial
drug resistance. Antibiotics. 9(8):480. doi:10.3390/
antibiotics9080480.

Alvarez-Loayza P, White JJF, Torres MS, Balslev H, Kristiansen T,
Svenning J-C, Gil N. 2011. Light converts endosymbiotic fungus
to pathogen, influencing seedling survival and niche-space
filling of a common tropical tree, Iriartea deltoidea. PloS One.
6(1):1. doi:10.1371/journal.pone.0016386.

Amin-Hanjani S, Stagliano NE, Yamada M, Huang PL, Liao JK,
Moskowitz MA. 2001. Mevastatin, an HMG-CoA reductase
inhibitor, reduces stroke damage and upregulates endothe-
lial nitric oxide synthase in mice. STROKE-DALLAS-. 32
(4):980-984. doi:10.1161/01.STR.32.4.980.

An Z. 2002. Recent and future discoveries 11 of pharmacologi-
cally active metabolites from tropical fungi. Trop Mycol. 2:165.

Ardalani H, Avan A, Ghayour-Mobarhan M. 2017.
Podophyllotoxin: a novel potential natural anticancer
agent. Avicenna J Phytomed. 7(4):285.

Arnold AE, Lutzoni F. 2007. Diversity and host range of foliar
fungal endophytes: are tropical leaves biodiversity
hotspots? Ecology. 88(3):541-549. doi:10.1890/05-1459.

Atanu F, Ebiloma U, Ajayi E. 2011. A review of the pharmaco-
logical aspects of Solanum nigrum Linn. Biotechnol Mol Biol
Rev. 6(1):1-7.

Atri N, Rai N, Singh AK, Verma M, Barik S, Gautam V, Singh SK.
2020. Screening for endophytic fungi with antibacterial effi-
ciency from Moringa oleifera and Withania somnifera. J Sci
Res. 64(1):127-133. doi:10.37398/JSR.2020.640118.

Bailey CJ, Day C. 1989. Traditional plant medicines as treat-
ments for diabetes. Diabetes Care. 12(8):553-564.
doi:10.2337/diacare.12.8.553.

Bais HP, Vepachedu R, Lawrence CB, Stermitz FR,
Vivanco JM. 2003. Molecular and biochemical character-
ization of an enzyme responsible for the formation of
hypericin in St. John’s wort (Hypericum perforatum L.).
J Biol Chem. 278(34):32413-32422. doi:10.1074/jbc.
M301681200.

Barrios-Gonzalez J, Miranda RU. 2010. Biotechnological produc-
tion and applications of statins. Appl Microbiol Biotechnol.
85(4):869-883. doi:10.1007/5s00253-009-2239-6.

Bashyal B. 1999. Seimatoantlerium nepalense, an endophytic
taxol producing coelomycete from Himalayan yew (Taxus
wallachiana). Mycotaxon. 72:33-42.

MYCOLOGY 153

Belotti D, Vergani V, Drudis T, Borsotti P, Pitelli MR, Viale G,
Giavazzi R, Taraboletti G. 1996. The microtubule-affecting
drug paclitaxel has antiangiogenic activity. Clin Cancer Res. 2
(11):1843-1849.

Botnen SS 2020. Biodiversity in the dark: root-associated fungi
in the Arctic.

Castillo UF, Strobel GA, Ford EJ, Hess WM, Porter H, Jensen JB,
Albert H, Robison R, Condron MA, Teplow DB. 2002.
Munumbicins, wide-spectrum antibiotics produced by
Streptomyces NRRL 30562, endophytic on Kennedia
nigriscansa. Microbiology. 148(9):2675-2685. doi:10.1099/
00221287-148-9-2675.

Chapla VM, Zeraik ML, Leptokarydis IH, Silva GH, Bolzani VS,
Young MCM, Pfenning LH, Aradjo AR. 2014. Antifungal
compounds produced by Colletotrichum gloeosporioides,
an endophytic fungus from Michelia champaca.
Molecules. 19(11):19243-19252. doi:10.3390/
molecules191119243.

Chen K, Gao C. 2013. TALENs: customizable molecular DNA
scissors for genome engineering of plants. J Genet
Genomics. 40(6):271-279. doi:10.1016/j.jgg.2013.03.009.

Chepkirui C, Stadler M. 2017. The genus Diaporthe: a rich
source of diverse and bioactive metabolites. Mycol Prog.
16(5):477-494. doi:10.1007/s11557-017-1288-y.

Chi Y, Sauve AA. 2013. Nicotinamide riboside, a trace nutrient
in foods, is a vitamin B3 with effects on energy metabolism
and neuroprotection. Curr Opin Clin Nutr Metab Care. 16
(6):657-661. doi:10.1097/MCO.0b013e32836510c0.

Chithra S, Jasim B, Sachidanandan P, Jyothis M,
Radhakrishnan E. 2014. Piperine production by endophytic
fungus Colletotrichum gloeosporioides isolated from Piper
nigrum. Phytomedicine. 21(4):534-540. doi:10.1016/j.
phymed.2013.10.020.

Choi CH, Lee YY, Song TJ, Park HS, Kim MK, Kim TJ, Lee JW,
Lee JH, Bae DS, Kim BG. 2011. Phase Il study of belotecan,
a camptothecin analogue, in combination with carboplatin
for the treatment of recurrent ovarian cancer. Cancer. 117
(10):2104-2111. doi:10.1002/cncr.25710.

Christian N, Sullivan C, Visser ND, Clay K. 2016. Plant host and
geographic location drive endophyte community composi-
tion in the face of perturbation. Microb Ecol. 72(3):621-632.
doi:10.1007/500248-016-0804-y.

Chung PY, Khanum R. 2017. Antimicrobial peptides as potential
anti-biofilm agents against multidrug-resistant bacteria.
J Microbiol Immunol Infect. 50(4):405-410. doi:10.1016/j.
jmii.2016.12.005.

Ali AH, Radwan U, El-Zayat S, El-Sayed MA. 2018. Desert plant-
fungal endophytic association: The beneficial aspects to
their hosts. Biological Forum-An International Journal. 10
(1):138-145.

Deshmukh SK, Gupta MK, Prakash V, Saxena S. 2018.
Endophytic fungi: a source of potential antifungal
compounds. J Fungi. 4(3):77. doi:10.3390/jof4030077.

Devari S, Jaglan S, Kumar M, Deshidi R, Guru S, Bhushan S,
Kushwaha M, Gupta AP, Gandhi SG, Sharma JP. 2014.
Capsaicin production by Alternaria alternata, an endophytic
fungus from Capsicum annum; LC-ESI-MS/MS analysis.


https://doi.org/10.1111/lam.12209
https://doi.org/10.1016/0002-9149(88)90002-1
https://doi.org/10.1016/0002-9149(88)90002-1
https://doi.org/10.3390/antibiotics9080480
https://doi.org/10.3390/antibiotics9080480
https://doi.org/10.1371/journal.pone.0016386
https://doi.org/10.1161/01.STR.32.4.980
https://doi.org/10.1890/05-1459
https://doi.org/10.37398/JSR.2020.640118
https://doi.org/10.2337/diacare.12.8.553
https://doi.org/10.1074/jbc.M301681200
https://doi.org/10.1074/jbc.M301681200
https://doi.org/10.1007/s00253-009-2239-6
https://doi.org/10.1099/00221287-148-9-2675
https://doi.org/10.1099/00221287-148-9-2675
https://doi.org/10.3390/molecules191119243
https://doi.org/10.3390/molecules191119243
https://doi.org/10.1016/j.jgg.2013.03.009
https://doi.org/10.1007/s11557-017-1288-y
https://doi.org/10.1097/MCO.0b013e32836510c0
https://doi.org/10.1016/j.phymed.2013.10.020
https://doi.org/10.1016/j.phymed.2013.10.020
https://doi.org/10.1002/cncr.25710
https://doi.org/10.1007/s00248-016-0804-y
https://doi.org/10.1016/j.jmii.2016.12.005
https://doi.org/10.1016/j.jmii.2016.12.005
https://doi.org/10.3390/jof4030077

154 N. RAI ET AL.

Phytochemistry. 98:183-189.
phytochem.2013.12.001.

Dhayanithy G, Subban K, Chelliah J. 2019. Diversity and biolo-
gical activities of endophytic fungi associated with
Catharanthus roseus. BMC Microbiol. 19(1):22. doi:10.1186/
$12866-019-1386-x.

El-Elimat T, Raja HA, Graf TN, Faeth SH, Cech NB, Oberlies NH.
2014. Flavonolignans from Aspergillus iizukae, a fungal
endophyte of milk thistle (Silybum marianum). J Nat Prod.
77(2):193-199. doi:10.1021/np400955q.

El-Hawary S, Mohammed R, AbouZid S, Bakeer W, Ebel R,
Sayed A, Rateb M. 2016. Solamargine production by
a fungal endophyte of Solanum nigrum. J Appl Microbiol.
120(4):900-911. doi:10.1111/jam.13077.

El-Sayed AS, Abdel-Ghany SE, Ali GS. 2017. Genome editing
approaches: manipulating of lovastatin and taxol synthesis
of filamentous fungi by CRISPR/Cas9 system. Appl Microbiol
Biotechnol. 101(10):3953-3976. do0i:10.1007/500253-017-
8263-z.

Erb M, Kliebenstein DJ. 2020. Plant secondary metabolites as
defenses, regulators, and primary metabolites: the blurred
functional trichotomy. Plant Physiol. 184(1):39-52.
doi:10.1104/pp.20.00433.

Estrada C, Wcislo WT, Van Bael SA. 2013. Symbiotic fungi alter
plant chemistry that discourages leaf-cutting ants. New
Phytol. 198(1):241-251. doi:10.1111/nph.12140.

Firakova S, Sturdikova M, Mi¢kova M. 2007. Bioactive second-
ary metabolites produced by microorganisms associated
with plants. Biologia. 62(3):251-257. doi:10.2478/511756-
007-0044-1.

Fotiadis C, Xekouki P, Papalois AE, Antonakis PT, Sfiniadakis |,
Flogeras D, Karampela E, Zografos G. 2005. Effects of myco-
phenolate mofetil vs cyclosporine administration on graft
survival and function after islet allotransplantation in dia-
betic rats. World J Gastroenterol. 11(18):2733. doi:10.3748/
wjg.v11.i18.2733.

Funes SC, Rios M, Fernandez-Fierro A, Covian C, Bueno SM,
Riedel CA, Mackern-Oberti JP, Kalergis AM. 2020. Naturally
derived heme-oxygenase 1 inducers and their therapeutic
application to immune-mediated diseases. Front Immunol.
11:1467.

Gangadevi V, Muthumary J. 2009. Taxol production by
Pestalotiopsis terminaliae, an endophytic fungus of
Terminalia arjuna (arjun tree). Biotechnol Appl Biochem. 52
(1):9-15. doi:10.1042/BA20070243.

Garnica S, WEI' M, Oberwinkler F. 2003. Morphological and
molecular phylogenetic studies in South American
Cortinarius  species. Mycol Res. 107(10):1143-1156.
doi:10.1017/50953756203008414.

Gazzerro P, Proto MC, Gangemi G, Malfitano AM, Ciaglia E,
Pisanti S, Santoro A, Laezza C, Bifulco M. 2012.
Pharmacological actions of statins: a critical appraisal in
the management of cancer. Pharmacol Rev. 64(1):102-146.
doi:10.1124/pr.111.004994.

doi:10.1016/j.

Gond SK, Mishra A, Sharma VK, Verma SK, Kumar J, Kharwar RN,
Kumar A. 2012. Diversity and antimicrobial activity of endo-
phytic fungi isolated from Nyctanthes arbor-tristis, a
well-known medicinal plant of India. Mycoscience. 53
(2):113-121. doi:10.1007/510267-011-0146-Z.

Gouda S, Das G, Sen SK, Shin H-S, Patra JK. 2016. Endophytes:
a treasure house of bioactive compounds of medicinal
importance.  Front  Microbiol.  7:1538. doi:10.3389/
fmicb.2016.01538.

Gough C, Cullimore J. 2011. Lipo-chitooligosaccharide signal-
ing in endosymbiotic plant-microbe interactions. Mol Plant
Microbe Interact. 24(8):867-878. doi:10.1094/MPMI-01-11-
0019.

Gupta RS, Bromke A, Bryant DW, Gupta R, Singh B, McCalla DR.
1987. Etoposide (VP16) and teniposide (VM26): novel antic-
ancer drugs, strongly mutagenic in mammalian but not
prokaryotic test systems. Mutagenesis. 2(3):179-186.
doi:10.1093/mutage/2.3.179.

Gupta S, Chaturvedi P, Kulkarni MG, Van Staden J. 2019.
A critical review on exploiting the pharmaceutical potential
of plant endophytic fungi. Biotechnol Adv. 39:107462.
doi:10.1016/j.biotechadv.2019.107462.

He J, Li Z-H, Ai H-L, Feng T, Liu J-K. 2019. Anti-bacterial chro-
mones from cultures of the endophytic fungus Bipolaris
eleusines. Nat Prod Res. 33(24):3515-3520. doi:10.1080/
14786419.2018.1486313.

Heinig U, Scholz S, Jennewein S. 2013. Getting to the bottom of
Taxol biosynthesis by fungi. Fungal Divers. 60(1):161-170.
doi:10.1007/513225-013-0228-7.

Helander M, Ahlholm J, Sieber T, Hinneri S, Saikkonen K. 2007.
Fragmented environment affects birch leaf endophytes.
New Phytol. 175(3):547-553. doi:10.1111/j.1469-
8137.2007.02110.x.

Hoang MTV, Irinyi L, Chen SC, Sorrell TC, Meyer W. 2019. Dual
DNA barcoding for the molecular identification of the
agents of invasive fungal infections. Front Microbiol.
10:1647. doi:10.3389/fmicb.2019.01647.

Hook I, Poupat C, Ahond A, Guénard D, Guéritte F, Adeline M-T,
Wang X-P, Dempsey D, Breuillet S, Potier P. 1999. Seasonal
variation of neutral and basic taxoid contents in shoots of
European Yew (Taxus baccata). Phytochemistry. 52
(6):1041-1045. doi:10.1016/50031-9422(99)00264-2.

Hussain H, Root N, Jabeen F, Al-Harrasi A, Ahmad M, Mabood F,
Hassan Z, Shah A, Green IR, Schulz B. 2015. Microsphaerol
and seimatorone: two new compounds isolated from the
endophytic fungi, Microsphaeropsis sp. and
Seimatosporium sp. Chem Biodivers. 12(2):289-294.

Indrianingsih AW, Tachibana S. 2017. a-Glucosidase inhibitor
produced by an endophytic fungus, Xylariaceae sp. QGS 01
from Quercus gilva Blume. Food Sci Hum Wellness. 6
(2):88-95. d0i:10.1016/j.fshw.2017.05.001.

Ito M, Ito J, Kitazawa H, Shimamura K, Fukami T, Tokita S,
Shimokawa K, Yamada K, Kanatani A, Uemura D. 2009. (-)-
Ternatin inhibits adipogenesis and lipid metabolism in 3T3-


https://doi.org/10.1016/j.phytochem.2013.12.001
https://doi.org/10.1016/j.phytochem.2013.12.001
https://doi.org/10.1186/s12866-019-1386-x
https://doi.org/10.1186/s12866-019-1386-x
https://doi.org/10.1021/np400955q
https://doi.org/10.1111/jam.13077
https://doi.org/10.1007/s00253-017-8263-z
https://doi.org/10.1007/s00253-017-8263-z
https://doi.org/10.1104/pp.20.00433
https://doi.org/10.1111/nph.12140
https://doi.org/10.2478/s11756-007-0044-1
https://doi.org/10.2478/s11756-007-0044-1
https://doi.org/10.3748/wjg.v11.i18.2733
https://doi.org/10.3748/wjg.v11.i18.2733
https://doi.org/10.1042/BA20070243
https://doi.org/10.1017/S0953756203008414
https://doi.org/10.1124/pr.111.004994
https://doi.org/10.1007/S10267-011-0146-Z
https://doi.org/10.3389/fmicb.2016.01538
https://doi.org/10.3389/fmicb.2016.01538
https://doi.org/10.1094/MPMI-01-11-0019
https://doi.org/10.1094/MPMI-01-11-0019
https://doi.org/10.1093/mutage/2.3.179
https://doi.org/10.1016/j.biotechadv.2019.107462
https://doi.org/10.1080/14786419.2018.1486313
https://doi.org/10.1080/14786419.2018.1486313
https://doi.org/10.1007/s13225-013-0228-7
https://doi.org/10.1111/j.1469-8137.2007.02110.x
https://doi.org/10.1111/j.1469-8137.2007.02110.x
https://doi.org/10.3389/fmicb.2019.01647
https://doi.org/10.1016/S0031-9422(99)00264-2
https://doi.org/10.1016/j.fshw.2017.05.001

L1 cells. Peptides.
peptides.2009.02.008.

Jia M, Chen L, Xin H-L, Zheng C-J, Rahman K, Han T, Qin L-P.
2016. A friendly relationship between endophytic fungi and
medicinal plants: a systematic review. Front Microbiol. 7:906.
doi:10.3389/fmicb.2016.00906.

Johnson IS, Armstrong JG, Gorman M, Burnett JP. 1963. The
vinca alkaloids: a new class of oncolytic agents. AACR pub-
lication. Cancer Res. 23(8):1390-1427

Kasaei A, Mobini-Dehkordi M, Mahjoubi F, Saffar B. 2017.
Isolation of taxol-producing endophytic fungi from Iranian
yew through novel molecular approach and their effects on
human breast cancer cell line. Curr Microbiol. 74(6):702-709.
doi:10.1007/5s00284-017-1231-0.

Katoch M, Khajuria A, Sharma P, Saxena AK. 2015.
Immunosuppressive potential of Botryosphaeria dothidea,
an endophyte isolated from Kigelia africana. Pharmaceutical
Biology. 53(1):85-91.

Kaul S, Gupta S, Ahmed M, Dhar MK. 2012. Endophytic fungi
from medicinal plants: a treasure hunt for bioactive
metabolites. Phytochem Rev. 11(4):487-505. doi:10.1007/
s11101-012-9260-6.

Kaur J, Sharma P, Kaur R, Kaur S, Kaur A. 2020. Assessment of
alpha glucosidase inhibitors produced from endophytic fun-
gus Alternaria destruens as antimicrobial and antibiofilm
agents. Mol Biol Rep. 47(1):423-432. doi:10.1007/511033-
019-05145-3.

Kaur R, Kaur G, Gill RK, Soni R, Bariwal J. 2014. Recent develop-
ments in tubulin polymerization inhibitors: an overview. Eur
J Med Chem. 87:89-124. doi:10.1016/j.ejmech.2014.09.051.

Kawada M, Inoue H, Ohba S|, Masuda T, Momose |, lkeda D.
2010. Leucinostatin A inhibits prostate cancer growth
through reduction of insulin-like growth factor-l expression
in prostate stromal cells. Int J Cancer. 126(4):810-818.
doi:10.1002/ijc.24915.

Khan AL, Al-Harrasi A, Al-Rawahi A, Al-Farsi Z, Al-Mamari A,
Wagqgas M, Asaf S, Elyassi A, Mabood F, Shin J-H. 2016.
Endophytic fungi from Frankincense tree improves host
growth and produces extracellular enzymes and indole
acetic acid. PloS One. 11(6):e0158207. doi:10.1371/journal.
pone.0158207.

Khan AL, Gilani SA, Wagas M, Al-Hosni K, Al-Khiziri S, Kim Y-H,
Ali L, Kang S-M, Asaf S, Shahzad R. 2017. Endophytes from
medicinal plants and their potential for producing indole
acetic acid, improving seed germination and mitigating
oxidative stress. J Zhejiang Univ Sci B. 18(2):125-137.
doi:10.1631/jzus.B1500271.

Khan AL, Hussain J, Fau - Al-Harrasi A, Al-Harrasi A, Fau - Al-
Rawahi A, Al-Rawahi A, Fau - Lee |-J, Lee 1J. 2015. Endophytic
fungi: resource for gibberellins and crop abiotic stress
resistance. Crit Rev Biotechnol. 35(1):62-74. eng. 10.3109/
07388551.2013.800018.

Khayat MT, Ibrahim Sabrin RM, Mohamed GA, Abdallah HM.
2019. Anti-inflammatory metabolites from endophytic fun-
gus Fusarium sp. Phytochemistry Letters. 29:104-109.

Kimura T, Suzuki J, Ichikawa M, Imagawa M, Sato S, Fujii M,
Zenimaru Y, Inaba S, Takahashi S, Konoshita T. 2012.

30(6):1074-1081.  doi:10.1016/j.

MYCOLOGY 155

Differential effects of a-glucosidase inhibitors on postpran-
dial plasma glucose and lipid profile in patients with type 2
diabetes under control with insulin lispro mix 50/50.
Diabetes Technol Ther. 14(7):545-551. doi:10.1089/
dia.2012.0015.

Kiran S, Hai Z, Ding Z, Wang L, Liu Y, Zhang H, Liang G. 2018.
Alkaline phosphatase-triggered assembly of etoposide
enhances its anticancer effect. Chem Commun. 54
(15):1853-1856. d0i:10.1039/C7CC0O9365A.

Kour A, Shawl AS, Rehman S, Sultan P, Qazi PH, Suden P,
Khajuria RK, Verma V. 2008. Isolation and identification of an
endophytic strain of Fusarium oxysporum producing podo-
phyllotoxin from Juniperus recurva. World J Microbiol
Biotechnol. 24(7):1115-1121. doi:10.1007/s11274-007-9582-5.

Kumar D, Chadda S, Sharma J, Surain P. 2013. Syntheses, spec-
tral characterization, and antimicrobial studies on the coor-
dination compounds of metal ions with Schiff base
containing both aliphatic and aromatic hydrazide moieties.
Bioinorg Chem Appl. 2013:2013. doi:10.1155/2013/981764.

Kumar DSS, Lau CS, Wan JM, Yang D, Hyde KD. 2005.
Immunomodulatory compounds from Pestalotiopsis leu-
cothes, an endophytic fungus from Tripterygium wilfordii.
Life Sci. 78(2):147-156. doi:10.1016/j.Ifs.2005.04.050.

Kusari S, Hertweck C, Spiteller M. 2012. Chemical ecology of
endophytic fungi: origins of secondary metabolites. Chem
Biol. 19(7):792-798. doi:10.1016/j.chembiol.2012.06.004.

Kusari S, Lamshoft M, Ziihlke S, Spiteller M. 2008. An endophy-
tic fungus from Hypericum perforatum that produces
hypericin.  J Nat Prod. 71(2):159-162. doi:10.1021/
np070669k.

Kusari S, Zuhlke S, Kosuth J, Cellarova E, Spiteller M. 2009.
Light-independent metabolomics of endophytic Thielavia
subthermophila provides insight into microbial hypericin
biosynthesis. J Nat Prod. 72(10):1825-1835. doi:10.1021/
np9002977.

Lebovitz HE. 1997. Alpha-glucosidase inhibitors. Endocrinol
Metab Clin North Am. 26(3):539-551. doi:10.1016/50889-
8529(05)70266-8.

Lee JC, Lobkovsky E, Pliam NB, Strobel G, Clardy J. 1995.
Subglutinols A and B: immunosuppressive compounds
from the endophytic fungus Fusarium subglutinans.
J Org Chem. 60(22):7076-7077. doi:10.1021/
jo00127a001.

Li D, Tang Y, Lin J, Cai W. 2017a. Methods for genetic transfor-
mation of filamentous fungi. Microb Cell Fact. 16(1):168.
doi:10.1186/512934-017-0785-7.

Li F, Jiang T, Li Q, Ling X. 2017b. Camptothecin (CPT) and its
derivatives are known to target topoisomerase | (Top1) as
their mechanism of action: did we miss something in CPT
analogue molecular targets for treating human disease such
as cancer? Am J Cancer Res. 7(12):2350.

Li H, Jiao X, Zhou W, Sun Y, Liu W, Lin W, Liu A, Song A, Zhu H.
2018a. Enhanced production of total flavones from Inonotus
baumii by multiple strategies. Prep Biochem Biotechnol. 48
(2):103-112. doi:10.1080/10826068.2017.1365248.

Li H, Qing C, Zhang Y, Zhao Z. 2005. Screening for endophytic
fungi with antitumour and antifungal activities from Chinese


https://doi.org/10.1016/j.peptides.2009.02.008
https://doi.org/10.1016/j.peptides.2009.02.008
https://doi.org/10.3389/fmicb.2016.00906
https://doi.org/10.1007/s00284-017-1231-0
https://doi.org/10.1007/s11101-012-9260-6
https://doi.org/10.1007/s11101-012-9260-6
https://doi.org/10.1007/s11033-019-05145-3
https://doi.org/10.1007/s11033-019-05145-3
https://doi.org/10.1016/j.ejmech.2014.09.051
https://doi.org/10.1002/ijc.24915
https://doi.org/10.1371/journal.pone.0158207
https://doi.org/10.1371/journal.pone.0158207
https://doi.org/10.1631/jzus.B1500271
https://doi.org/10.3109/07388551.2013.800018
https://doi.org/10.3109/07388551.2013.800018
https://doi.org/10.1089/dia.2012.0015
https://doi.org/10.1089/dia.2012.0015
https://doi.org/10.1039/C7CC09365A
https://doi.org/10.1007/s11274-007-9582-5
https://doi.org/10.1155/2013/981764
https://doi.org/10.1016/j.lfs.2005.04.050
https://doi.org/10.1016/j.chembiol.2012.06.004
https://doi.org/10.1021/np070669k
https://doi.org/10.1021/np070669k
https://doi.org/10.1021/np9002977
https://doi.org/10.1021/np9002977
https://doi.org/10.1016/S0889-8529(05)70266-8
https://doi.org/10.1016/S0889-8529(05)70266-8
https://doi.org/10.1021/jo00127a001
https://doi.org/10.1021/jo00127a001
https://doi.org/10.1186/s12934-017-0785-7
https://doi.org/10.1080/10826068.2017.1365248

156 N. RAI ET AL.

medicinal plants. World J Microbiol Biotechnol. 21(8--

9):1515-1519. doi:10.1007/s11274-005-7381-4.

J, Sun H, Jin L, Cao W, Zhang J, Guo C-Y, Ding K, Luo C,

Ye W-C, Jiang R-W. 2013. Alleviation of podophyllotoxin

toxicity using coexisting flavonoids from Dysosma

versipellis. PloS One. 8:8.

Q, Chen C, Cheng L, Wei M, Dai C, He Y, Gong J, Zhu R, Li

X-N LJ, Liu J. 2019. Emeridones A-F, a Series of

3,5-Emeridones A-F, a series of 3, 5-demethylorsellinic acid-

based meroterpenoids with rearranged skeletons from an

endophytic fungus Emericella sp. TJ29. J Org Chem. 84

(3):1534-1541. doi:10.1021/acs.joc.8b02830.

S-J, Zhang X, Wang X-H, Zhao C-Q. 2018b. Novel natural

compounds from endophytic fungi with anticancer

activity. Eur J Med Chem. 156:316-343. doi:10.1016/j.
ejmech.2018.07.015.

Liu F, Cai X-L, Yang H, Xia X-K, Guo Z-Y, Yuan J, Li M-F, She Z-G,
Lin Y-C. 2010. The bioactive metabolites of the mangrove
endophytic fungus Talaromyces sp. ZH-154 isolated from
Kandelia candel (L) Druce. Planta Med. 76(2):185-189.
doi:10.1055/5-0029-1186047.

Liu H, Chen S, Liu W, Liu Y, Huang X, She Z. 2016. Polyketides
with immunosuppressive activities from mangrove endo-
phytic fungus Penicillium sp. ZJ-SY2. Mar Drugs. 14
(12):217. doi:10.3390/md14120217.

Liu H-X, Tan H-B, Chen Y-C, Li S-N, Li -H-H, Zhang W-M. 2018.
Cytotoxic triquinane-type sesquiterpenoids from the endophy-
tic fungus Cerrena sp. A593. Nat Prod Res. 34(17):2430-2436

Magotra A, Kumar M, Kushwaha M, Awasthi P, Raina C,
Gupta AP, Shah BA, Gandhi SG, Chaubey A. 2017.
Epigenetic modifier induced enhancement of fumiquinazo-
line C production in Aspergillus fumigatus (GA-L7): an endo-
phytic fungus from Grewia asiatica L. AMB Express. 7
(1):1-10. doi:10.1186/513568-017-0343-z.

Mérquez LM, Redman RS, Rodriguez RJ, Roossinck MJ. 2007.
A virus in a fungus in a plant: three-way symbiosis required
for thermal tolerance. Science. 315(5811):513-515.
doi:10.1126/science.1136237.

Mishra A, Gond SK, Kumar A, Sharma VK, Verma SK,
Kharwar RN, Sieber TN. 2012. Season and tissue type affect
fungal endophyte communities of the Indian medicinal
plant Tinospora cordifolia more strongly than geographic
location. Microb Ecol. 64(2):388-398. do0i:10.1007/s00248-
012-0029-7.

Mo L, Kang J, He J, Cao J, Su H. 2008. A preliminary study on
composition of endophytic fungi from Gastrodia elata.
J Fung Res. 6:211-215.

Monggoot S, Popluechai S, Gentekaki E, Pripdeevech P. 2017.
Fungal endophytes: an alternative source for production of
volatile compounds from agarwood oil of Aquilaria
subintegra. Microb Ecol. 74(1):54-61. doi:10.1007/500248-
016-0908-4.

Morales-Sanchez V, Fe Andrés M, Diaz CE, Gonzélez-Coloma A.
2020. Factors affecting the metabolite productions in endo-
phytes: biotechnological approaches for production of
metabolites. Curr Med Chem. 27(11):1855-1873.
doi:10.2174/0929867326666190626154421.

Li

Li

Li

Moudi M, Go R, Yien CYS, Nazre M. 2013. Vinca alkaloids.
Int J Prev Med. 4(11):1231.

Moussa AY, Mostafa NM, Singab ANB 2019. Pulchranin A: first
report of isolation from an endophytic fungus and its inhi-
bitory activity on cyclin dependent kinases. Natural Product
Research.1-8.

Nascimento T, Oki Y, Lima D, Almeida-Cortez J, Fernandes GW,
Souza-Motta C. 2015. Biodiversity of endophytic fungi in
different leaf ages of Calotropis procera and their antimicro-
bial activity. Fungal Ecol. 14:79-86. doi:10.1016/j.
funeco.2014.10.004.

Newman DJ, Cragg GM. 2016. Natural products as sources of
new drugs from 1981 to 2014. J Nat Prod. 79(3):629-661.
doi:10.1021/acs.jnatprod.5b01055.

Newman DJ, Cragg GM. 2020. Natural products as sources of
new drugs over the nearly four decades from 01/1981 to 09/
2019. J Nat Prod. 83(3):770-803. doi:10.1021/acs.
jnatprod.9b01285.

Nguyen VT, Le MD. 2018. Influence of various drying conditions
on phytochemical compounds and antioxidant activity of
carrot peel. Beverages. 4(4):80. doi:10.3390/
beverages4040080.

Nielsen ML, Isbrandt T, Rasmussen KB, Thrane U, Hoof JB,
Larsen TO, Mortensen UH. 2017. Genes linked to production
of secondary metabolites in Talaromyces atroroseus
revealed using CRISPR-Cas9. PloS One. 12:1. doi:10.1371/
journal.pone.0169712.

Noble R. 2016. Anti-cancer alkaloids of Vinca rosea. Pharmacol
Orient Plants. 7:61-78.

Pan F, Hou K, Gao F, Hu B, Chen Q, Wu W. 2014. Peimisine and
peiminine production by endophytic fungus Fusarium sp.
isolated from Fritillaria unibracteata var. wabensis.
Phytomedicine. 21(8-9):1104-1109. doi:10.1016/j.
phymed.2014.04.010.

Pan F, Su T-J, Cai S-M, Wu W, Wang Z, Tamada K, Takumi T,
Hashimoto R, Otani H, Pazour GJ. 2017. Fungal
endophyte-derived Fritillaria unibracteata var. wabuensis:
diversity, antioxidant capacities in vitro and relations to
phenolic, flavonoid or saponin compounds. Sci Rep. 7
(1):1-14. doi:10.1038/541598-016-0028-x.

Parthasarathy R, Shanmuganathan R, Pugazhendhi A. 2019.
Vinblastine production by the endophytic fungus
Curvularia verruculosa and their in vitro cytotoxicity. Anal
Biochem. 593:113530. doi:10.1016/j.ab.2019.113530.

Pavithra N, Sathish L, Ananda K. 2012. Antimicrobial and
enzyme activity of endophytic fungi isolated from Tulsi.
J Pharm Biomed Sci. 16(16):2014.

Pelo S, Mavumengwana V, Green E. 2020. Diversity and anti-
microbial activity of culturable fungal endophytes in sola-
num mauritianum. Int J Environ Res Public Health. 17(2):439.
doi:10.3390/ijerph17020439.

Prabhakaran D, Jeemon P, Sharma M, Roth GA, Johnson C,
Harikrishnan S, Gupta R, Pandian JD, Naik N, Roy A. 2018.
The changing patterns of cardiovascular diseases and their
risk factors in the states of India: the Global Burden of
Disease Study 1990-2016. Lancet Global Health. 6(12):
e1339-e1351. doi:10.1016/52214-109X(18)30407-8.


https://doi.org/10.1007/s11274-005-7381-4
https://doi.org/10.1021/acs.joc.8b02830
https://doi.org/10.1016/j.ejmech.2018.07.015
https://doi.org/10.1016/j.ejmech.2018.07.015
https://doi.org/10.1055/s-0029-1186047
https://doi.org/10.3390/md14120217
https://doi.org/10.1186/s13568-017-0343-z
https://doi.org/10.1126/science.1136237
https://doi.org/10.1007/s00248-012-0029-7
https://doi.org/10.1007/s00248-012-0029-7
https://doi.org/10.1007/s00248-016-0908-4
https://doi.org/10.1007/s00248-016-0908-4
https://doi.org/10.2174/0929867326666190626154421
https://doi.org/10.1016/j.funeco.2014.10.004
https://doi.org/10.1016/j.funeco.2014.10.004
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.3390/beverages4040080
https://doi.org/10.3390/beverages4040080
https://doi.org/10.1371/journal.pone.0169712
https://doi.org/10.1371/journal.pone.0169712
https://doi.org/10.1016/j.phymed.2014.04.010
https://doi.org/10.1016/j.phymed.2014.04.010
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1016/j.ab.2019.113530
https://doi.org/10.3390/ijerph17020439
https://doi.org/10.1016/S2214-109X(18)30407-8

Qiao Y, Tu K, Feng W, Liu J, Xu Q, Tao L, Zhu H, Chen C, Wang J,
Xue Y. 2018. Polyketide and prenylxanthone derivatives
from the endophytic fungus Aspergillus sp. TJ23. Chem
Biodivers. 15(12):e1800395.

Ran X, Zhang G, Li S, Wang J. 2017. Characterization and
antitumor activity of camptothecin from endophytic fungus
Fusarium solani isolated from Camptotheca acuminate. Afr
Health Sci. 17(2):566-574. doi:10.4314/ahs.v17i2.34.

Ranjan A, Singh RK, Khare S, Tripathi R, Pandey RK, Singh AK,
Gautam V, Tripathi JS, Singh SK. 2019. Characterization and
evaluation of mycosterol secreted from endophytic strain of
Gymnema sylvestre for inhibition of a-glucosidase activity.
Sci Rep. 9(1):1-13. doi:10.1038/541598-019-53227-w.

Roopa G, Madhusudhan M, Sunil K, Lisa N, Calvin R, Poornima R,
Zeinab N, Kini K, Prakash H, Geetha N. 2015. Identification of
Taxol-producing endophytic fungi isolated from Salacia
oblonga through genomic mining approach. J Genet Eng
Biotechnol. 13(2):119-127. doi:10.1016/j.jgeb.2015.09.002.

Rozpadek P, Domka AM, Nosek M, Wazny R, Jedrzejczyk RJ,
Wiciarz M, Turnau K. 2018. The role of strigolactone in the
cross-talk between Arabidopsis thaliana and the endophytic
fungus Mucor sp. Front Microbiol. 9:441. doi:10.3389/
fmicb.2018.00441.

Rustamova N, Bobakulov K, Begmatov N, Turak A, Yili A, Aisa HA.
2019. Secondary metabolites produced by endophytic
Pantoea ananatis derived from roots of Baccharoides anthel-
mintica and their effect on melanin synthesis in murine B16
cells. Nat Prod Res. 1-6. d0i:10.1080/14786419.2019.1597354.

Salam N, Khieu T-N, Liu M-J, Vu -T-T, Chu-Ky S, Quach N-T,
Phi Q-T, Rao N, Prabhu M, Fontana A. 2017. Endophytic
actinobacteria associated with Dracaena cochinchinensis
Lour.: isolation, diversity, and their cytotoxic activities.
Biomed Res Int. 2017:1-11. doi:10.1155/2017/1308563.

Santos |, Silva L, Silva M, Aradjo J, Cavalcanti M, Lima V. 2015.
Antibacterial activity of endophytic fungi from leaves of
Indigofera suffruticosa Miller (Fabaceae). Front Microbiol.
6:350. doi:10.3389/fmicb.2015.00350.

Sarsaiya S, Shi J, Chen J. 2019. A comprehensive review on
fungal endophytes and its dynamics on Orchidaceae plants:
current research, challenges, and future possibilities.
Bioengineered. 10(1):316-334. doi:10.1080/
21655979.2019.1644854.

Satheesan J, Sabu KK. 2020. Endophytic fungi for a sustainable
production of major plant bioactive compounds. In: Swamy M.
editor. Plant-derived Bioactives. Singapore: Springer; p. 195-
207

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge L,
Levesque CA, Chen W, Consortium FB, Voigt K, Crous PW.
2012. Nuclear ribosomal internal transcribed spacer (ITS)
region as a universal DNA barcode marker for Fungi. Proc
Natl Acad Sci. 109(16):6241-6246.  doi:10.1073/
pnas.1117018109.

Schouten A. 2019a. Endophytic fungi: definitions, diversity,
distribution and their significance in plant life. Endophyte
biotechnology: potential for agriculture and pharmacology.
CABI; p. 6-31.

MYCOLOGY 157

Schouten A. 2019b. Saving resources: the exploitation of
endophytes by plants for the biosynthesis of multi-
functional defence compounds. In: Schouten A, editor.
Endophyte biotechnology: potential for agriculture and
pharmacology. London, UK: CABI International; p.
122-144.

Schulz B, Boyle C, Draeger S, Rdmmert A-K, Krohn K. 2002.
Endophytic fungi: a source of novel biologically active sec-
ondary metabolites. Mycol Res. 106(9):996-1004.
doi:10.1017/50953756202006342.

Sebastianes FLS, Cabedo N, Aouad NE, Valente AMMP,
Lacava PT, Azevedo JL, Pizzirani-Kleiner AA, Cortes D. 2012.
3-Hydroxypropionic acid as an antibacterial agent from
endophytic fungi diaporthe phaseolorum. Curr Microbiol.
65(5):622-632. doi:10.1007/500284-012-0206-4.

Selvanathan S, Indrakumar |, Johnpaul M. 2011. Biodiversity of
the endophytic fungi isolated from calotropis gigantea (L.) R.
BR. Recent Res Sci Technol. 3(4):94-100.

Shu J, Jin-ao D, Jin-hua T, Hui Y, Jian-bing Z. 2010. Ecological
distribution and elicitor activities of endophytic fungi in
Changium smyrnioides. Chin Tradit Herbal Drugs.
01:121-125.

Shukla S, Habbu P, Kulkarni V, Jagadish K, Pandey A, Sutariya V.
2014. Endophytic microbes: a novel source for biologically/
pharmacologically active secondary metabolites. Asian
J Pharmacol Toxicol. 2(3):1-6.

Shwab EK, Keller NP. 2008. Regulation of secondary metabolite
production in filamentous ascomycetes. Mycol Res. 112
(2):225-230. doi:10.1016/j.mycres.2007.08.021.

Stahlhut R, Park G, Petersen R, Ma W, Hylands P. 1999. The
occurrence of the anti-cancer diterpene taxol in Podocarpus
gracilior Pilger (Podocarpaceae). Biochem Syst Ecol. 27
(6):613-622. doi:10.1016/50305-1978(98)00118-5.

Strobel GA. 2003. Endophytes as sources of bioactive products.
Microbes Infect. 5(6):535-544. doi:10.1016/51286-4579(03)
00073-X.

Strobel GA, Dirkse E, Sears J, Markworth C. 2001. Volatile anti-
microbials from Muscodor albus, a novel endophytic fungus.
Microbiology. 147(11):2943-2950. do0i:10.1099/00221287-
147-11-2943.

Strobel GA, Ford E, Li J, Sears J, Sidhu RS, Hess W. 1999a.
Seimatoantlerium tepuiense gen. nov., a unique epiphytic
fungus producing taxol from the Venezuelan Guyana. Syst
Appl Microbiol. 22(3):426-433. doi:10.1016/50723-2020(99)
80052-6.

Strobel GA, Hess W. 1997. Glucosylation of the peptide leuci-
nostatin A, produced by an endophytic fungus of European
yew, may protect the host from leucinostatin toxicity. Chem
Biol. 4(7):529-536. doi:10.1016/51074-5521(97)90325-2.

Strobel GA, Miller RV, Martinez-Miller C, Condron MM,
Teplow DB, Hess WM. 1999b. Cryptocandin, a potent anti-
mycotic from the endophytic fungus Cryptosporiopsis cf.
quercina. Microbiology 145(8):1919-1926. doi:10.1099/
13500872-145-8-1919.

Subbulakshmi G, Thalavaipandian A, Ramesh V. 2012. Bioactive
endophytic fungal isolates of Biota orientalis (L) Endl., Pinus


https://doi.org/10.4314/ahs.v17i2.34
https://doi.org/10.1038/s41598-019-53227-w
https://doi.org/10.1016/j.jgeb.2015.09.002
https://doi.org/10.3389/fmicb.2018.00441
https://doi.org/10.3389/fmicb.2018.00441
https://doi.org/10.1080/14786419.2019.1597354
https://doi.org/10.1155/2017/1308563
https://doi.org/10.3389/fmicb.2015.00350
https://doi.org/10.1080/21655979.2019.1644854
https://doi.org/10.1080/21655979.2019.1644854
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1017/S0953756202006342
https://doi.org/10.1007/s00284-012-0206-4
https://doi.org/10.1016/j.mycres.2007.08.021
https://doi.org/10.1016/S0305-1978(98)00118-5
https://doi.org/10.1016/S1286-4579(03)00073-X
https://doi.org/10.1016/S1286-4579(03)00073-X
https://doi.org/10.1099/00221287-147-11-2943
https://doi.org/10.1099/00221287-147-11-2943
https://doi.org/10.1016/S0723-2020(99)80052-6
https://doi.org/10.1016/S0723-2020(99)80052-6
https://doi.org/10.1016/S1074-5521(97)90325-2
https://doi.org/10.1099/13500872-145-8-1919
https://doi.org/10.1099/13500872-145-8-1919

158 N. RAI ET AL.

excelsa Wall. and Thuja occidentalis L. Int J Adv Life Sci.
4:9-15. August 2012.

Sudharshana T, Venkatesh H, Nayana B, Manjunath K,
Mohana D. 2019. Anti-microbial and anti-mycotoxigenic
activities of endophytic Alternaria alternata isolated from
Catharanthus roseus (L.) G. Don.: molecular characterisation
and bioactive compound isolation. Mycology. 10(1):40-48.
doi:10.1080/21501203.2018.1541933.

Sundaresan N, Jagan EG, Kathamuthu G, Pandi M. 2019.
Internal transcribed spacer 2 (ITS2) molecular morphometric
analysis based species delimitation of foliar endophytic
fungi from Aglaia elaeagnoidea, Flacourtia inermis and
Premna serratifolia. PloS One. 14(4):e0215024. doi:10.1371/
journal.pone.0215024.

Sunkar S, Nachiyar CV. 2011. Isolation and characterization of
antimicrobial compounds produced by endophytic fungus
Aspergillus sp. isolated from Writhtia tintorica. J Pharm Res.
4(4):1136-1137.

Surai PF. 2015. Silymarin as a natural antioxidant: an overview
of the current evidence and perspectives. Antioxidants. 4
(1):204-247. doi:10.3390/antiox4010204.

Tan X-M, Zhou Y-Q, Zhou X-L, Xia X-H, Wei Y, He L-L, Tang H-Z,
Yu L-Y. 2018. Diversity and bioactive potential of culturable
fungal endophytes of Dysosma versipellis; a rare medicinal
plant endemic to China. Sci Rep. 8(1):1-9.

Tejesvi MV, Mahesh B, Nalini MS, Prakash HS, Kini KR,
Subbiah V, Shetty HS. 2005. Endophytic fungal assemblages
from inner bark and twig of Terminalia arjuna W. &
A. (Combretaceae). World J Microbiol Biotechnol. 21(8—
9):1535-1540. doi:10.1007/s11274-005-7579-5.

Ting ASY. 2020. Endophytes of the tropics: diversity, ubiquity and
applications. CRC Press. Taylor & Francis, Boca Raton: 01-126.

Toghueo RMK. 2020. Bioprospecting endophytic fungi from
Fusarium genus as sources of bioactive metabolites.
Mycology. 11(1):1-21. doi:10.1080/21501203.2019.1645053.

Truus K, Vaher M, Borissova M, Robal M, Levandi T, Tuvikene R,
Toomik P, Kaljurand M. 2012. Characterization of yew tree
(Taxus) varieties by fingerprint and principal component
analyses. Nat Prod Commun. 7(9):1934578X1200700908.
doi:10.1177/1934578X1200700908.

Ujam NT, Eze PM, Chukwunwejim CR, Okoye FB, Esimone CO.
2019. Antimicrobial and immunomodulatory activities of
secondary metabolites of an endophytic fungus isolated
from Ageratum conyzoides. Curr Life Sci. 5(1):19-27.

Unterseher M. 2011. Diversity of fungal endophytes in tempe-
rate forest trees. In: Pirttila AM, Frank AC,
editors. Endophytes of forest trees. New York, NY: Springer;
p. 31-46.

Unterseher M, Schnittler M. 2010. Species richness analysis and
ITS rDNA phylogeny revealed the majority of cultivable foliar
endophytes from beech (Fagus sylvatica). Fungal Ecol. 3
(4):366-378. doi:10.1016/j.funeco.2010.03.001.

Uzma F, Mohan CD, Hashem A, Konappa NM, Rangappa S,
Kamath PV, Singh BP, Mudili V, Gupta VK, Siddaiah CN.
2018. Endophytic fungi—alternative sources of cytotoxic
compounds: a review. Front Pharmacol. 9:309. doi:10.3389/
fphar.2018.003009.

Uzor PF, Osadebe PO, Nwodo NJ. 2017. Antidiabetic activity of
extract and compounds from an endophytic fungus
Nigrospora oryzae. Drug Res. 67(5):308-311. doi:10.1055/
s-0042-122777.

Verma VC, Kharwar RN, Strobel GA. 2009. Chemical and func-
tional diversity of natural products from plant associated
endophytic fungi. Nat Prod Commun. 4(11):1511-1532.
eng. 10.1177/1934578X0900401114.

Vigneshwari A, Rakk D, Németh A, Kocsubé S, Kiss N, Csupor D,
Papp T, Skrbi¢ B, Vagvélgyi C, Szekeres A. 2019. Host meta-
bolite producing endophytic fungi isolated from Hypericum
perforatum. PloS One. 14(5):e0217060. doi:10.1371/journal.
pone.0217060.

Wang G, Liu Z, Lin R, Li E, Mao Z, Ling J, Yang Y, Yin W-B, Xie B.
2016a. Biosynthesis of antibiotic leucinostatins in
bio-control fungus Purpureocillium lilacinum and their inhi-
bition on Phytophthora revealed by genome mining. PLoS
Pathog. 12(7):e1005685. doi:10.1371/journal.ppat.1005685.

Wang L-W, Wang J-L, Chen J, Chen -J-J, Shen J-W, Feng -X-X,
Kubicek CP, Lin F-C, Zhang C-L, Chen F-Y. 2017. A novel
derivative of (-) mycousnine produced by the endophytic
fungus Mycosphaerella nawae, exhibits high and selective
immunosuppressive activity on T cells. Front Microbiol.
8:1251. doi:10.3389/fmicb.2017.01251.

Wang M, Zhang W, Xu W, Shen Y, Du L. 2016b. Optimization of
genome shuffling for high-yield production of the antitumor
deacetylmycoepoxydiene in an endophytic fungus of man-
grove plants. Appl Microbiol Biotechnol. 100(17):7491-7498.
doi:10.1007/500253-016-7457-0.

Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT. 1971. Plant
antitumor agents. VI. Isolation and structure of taxol, a novel
antileukemic and antitumor agent from Taxus brevifolia.
J Am Chem Soc. 93(9):2325-2327. d0i:10.1021/ja00738a045.

Wagas M, Khan AL, Kamran M, Hamayun M, Kang S-M, Kim Y-H,
Lee I-J. 2012. Endophytic fungi produce gibberellins and
indoleacetic acid and promotes host-plant growth during
stress.  Molecules. 17(9):10754-10773.  doi:10.3390/
molecules170910754.

Wu H, Yang H, You X, Li Y. 2012. Isolation and characterization
of saponin-producing fungal endophytes from Aralia elata
in Northeast China. Int J Mol Sci. 13(12):16255-16266.
doi:10.3390/ijms131216255.

Wu L, Han T, Li W, Jia M, Xue L, Rahman K, Qin L. 2013.
Geographic and tissue influences on endophytic fungal
communities of Taxus chinensis var. mairei in China. Curr
Microbiol. 66(1):40-48. eng. 10.1007/500284-012-0235-z.

Xiao J, Lin L-B, Hu J-Y, Duan D-Z, Shi W, Zhang Q, Han W-B,
Wang L, Wang X-L. 2018. Pestalustaines A and B, unprece-
dented sesquiterpene and coumarin derivatives from endo-
phytic fungus Pestalotiopsis adusta. Tetrahedron Lett. 59
(18):1772-1775. doi:10.1016/j.tetlet.2018.03.078.

Xu -L-L, Han T, Wu J-Z, Zhang Q-Y, Zhang H, Huang B-K,
Rahman K, Qin L-P. 2009. Comparative research of chemical
constituents, antifungal and antitumor properties of ether
extracts of Panax ginseng and its endophytic fungus.
Phytomedicine. 16(6-7):609-616. doi:10.1016/j.
phymed.2009.03.014.


https://doi.org/10.1080/21501203.2018.1541933
https://doi.org/10.1371/journal.pone.0215024
https://doi.org/10.1371/journal.pone.0215024
https://doi.org/10.3390/antiox4010204
https://doi.org/10.1007/s11274-005-7579-5
https://doi.org/10.1080/21501203.2019.1645053
https://doi.org/10.1177/1934578X1200700908
https://doi.org/10.1016/j.funeco.2010.03.001
https://doi.org/10.3389/fphar.2018.00309
https://doi.org/10.3389/fphar.2018.00309
https://doi.org/10.1055/s-0042-122777
https://doi.org/10.1055/s-0042-122777
https://doi.org/10.1177/1934578X0900401114
https://doi.org/10.1371/journal.pone.0217060
https://doi.org/10.1371/journal.pone.0217060
https://doi.org/10.1371/journal.ppat.1005685
https://doi.org/10.3389/fmicb.2017.01251
https://doi.org/10.1007/s00253-016-7457-0
https://doi.org/10.1021/ja00738a045
https://doi.org/10.3390/molecules170910754
https://doi.org/10.3390/molecules170910754
https://doi.org/10.3390/ijms131216255
https://doi.org/10.1007/s00284-012-0235-z
https://doi.org/10.1016/j.tetlet.2018.03.078
https://doi.org/10.1016/j.phymed.2009.03.014
https://doi.org/10.1016/j.phymed.2009.03.014

Xu W, Barrientos T, Mao L, Rockman HA, Sauve AA,
Andrews NC. 2015. Lethal cardiomyopathy in mice lacking
transferrin receptor in the heart. Cell Rep. 13(3):533-545.
doi:10.1016/j.celrep.2015.09.023.

Yan L, Zhao H, Zhao X, Xu X, Di Y, Jiang C, Shi J, Shao D, Huang Q,
Yang H. 2018. Production of bioproducts by endophytic
fungi: chemical ecology, biotechnological applications, bot-
tlenecks, and solutions. Appl Microbiol Biotechnol. 102
(15):6279-6298. doi:10.1007/5s00253-018-9101-7.

Yang CW, Ahn HJ, Kim WY, Li C, Jung JY, Yoon SA, Kim YS,
Cha JH, Kim J, Bang BK. 2003. Synergistic effects of myco-
phenolate mofetil and losartan in a model of chronic cyclos-
porine  nephropathy. Transplantation. 75(3):309-315.
doi:10.1097/01.TP.0000045034.48833.51.

Yang Y, Zhao H, Barrero RA, Zhang B, Sun G, Wilson IW, Xie F,
Walker KD, Parks JW, Bruce R. 2014. Genome sequencing
and analysis of the paclitaxel-producing endophytic fungus
Penicillium aurantiogriseum NRRL 62431. BMC Genomics. 15
(1):69. doi:10.1186/1471-2164-15-69.

Yu NH, Kim JA, Jeong M-H, Cheong YH, Hong SG, Jung JS,
Koh YJ, Hur J-S. 2014. Diversity of endophytic fungi asso-
ciated with bryophyte in the maritime Antarctic (King
George Island). Polar Biol. 37(1):27-36. doi:10.1007/5s00300-
013-1406-5.

Zhang G, Sun S, Zhu T, Lin Z, Gu J, Li D, Gu Q. 2011. Antiviral
isoindolone derivatives from an endophytic fungus Emericella
sp. associated with Aegiceras corniculatum. Phytochemistry. 72
(11-12):1436-1442. doi:10.1016/j.phytochem.2011.04.014.

Zhang Q, Kang X, Zhao W. 2006. Antiangiogenic effect of
low-dose cyclophosphamide combined with ginseno-
side Rg3 on Lewis lung carcinoma. Biochem Biophys
Res Commun. 342(3):824-828. doi:10.1016/j.
bbrc.2006.02.044.

MYCOLOGY 159

Zhang S-P, Huang R, Li -F-F, Wei H-X, Fang X-W, Xie X-S, Lin D-G,
Wu S-H, He J. 2016. Antiviral anthraquinones and azaphi-
lones produced by an endophytic fungus Nigrospora sp.
from aconitum carmichaeli. Fitoterapia. 112:85-89.
doi:10.1016/j.fitote.2016.05.013.

Zhang X, Rakesh K, Shantharam C, Manukumar H, Asiri A,
Marwani H, Qin H-L. 2018. Podophyllotoxin derivatives as
an excellent anticancer aspirant for future chemotherapy:
a key current imminent needs. Bioorg Med Chem. 26
(2):340-355. doi:10.1016/j.bmc.2017.11.026.

Zhao B, Shen C, Zheng Z, Wang X, Zhao W, Chen X, Peng F,
Xue L, Shu M, Hou X. 2018a. Peiminine inhibits glioblastoma
in vitro and in vivo through cell cycle arrest and Autophagic
flux blocking. Cell Physiol Biochem. 51(4):1566-1583.
doi:10.1159/000495646.

Zhao J, Zhou L, Wang J, Shan T, Zhong L, Liu X, Gao X. 2010.
Endophytic fungi for producing bioactive compounds ori-
ginally from their host plants. Curr Res Technol Educ Trop
Appl Microbiol Microbial Biotechnol. 1:567-576.

Zhao M, Yuan L-Y, Guo D-L, Ye Y, Da-Wa Z-M, Wang X-L,
Ma F-W, Chen L, Gu Y-C, Ding L-S. 2018b. Bioactive haloge-
nated dihydroisocoumarins produced by the endophytic
fungus Lachnum palmae isolated from Przewalskia
tangutica. Phytochemistry. 148:97-103. doi:10.1016/j.
phytochem.2018.01.018.

Zheng C-J, Huang G-L, Liao H-X, Mei R-Q, Luo Y-P, Chen G-Y,
Zhang Q-Y. 2019. Bioactive cytosporone derivatives isolated
from the mangrove-derived fungus Dothiorella sp. ML002.
Bioorg Chem. 85:382-385. doi:10.1016/j.bioorg.2019.01.015.

Zou W, Meng J, Lu H, Chen G, Shi G, Zhang T, Tan R. 2000.
Metabolites of Colletotrichum gloeosporioides, an endophy-
tic fungus in Artemisia mongolica. J Nat Prod. 63
(11):1529-1530. doi:10.1021/np000204t.


https://doi.org/10.1016/j.celrep.2015.09.023
https://doi.org/10.1007/s00253-018-9101-7
https://doi.org/10.1097/01.TP.0000045034.48833.51
https://doi.org/10.1186/1471-2164-15-69
https://doi.org/10.1007/s00300-013-1406-5
https://doi.org/10.1007/s00300-013-1406-5
https://doi.org/10.1016/j.phytochem.2011.04.014
https://doi.org/10.1016/j.bbrc.2006.02.044
https://doi.org/10.1016/j.bbrc.2006.02.044
https://doi.org/10.1016/j.fitote.2016.05.013
https://doi.org/10.1016/j.bmc.2017.11.026
https://doi.org/10.1159/000495646
https://doi.org/10.1016/j.phytochem.2018.01.018
https://doi.org/10.1016/j.phytochem.2018.01.018
https://doi.org/10.1016/j.bioorg.2019.01.015
https://doi.org/10.1021/np000204t

	Abstract
	1. Introduction
	2. Plant–endophytes relationship
	2.1 Atmospheric moisture and temperature
	2.2 The geographical location of host plants
	2.3 Age of host plant tissue
	2.4 Genetic background

	3. Endophytes: reservoir of bioactive compounds
	3.1 Paclitaxel
	3.2 Hypericin
	3.3 Podophyllotoxin
	3.4 Vinca alkaloids
	3.5 Palmaerones
	3.6 Leucinostatin A
	3.7 Other bioactive compounds

	4. Biological properties of bioactive compounds
	4.1 Fungal-endophyte-derived anticancer compounds
	4.2 Bioactive compounds derived from fungal endophytes for treating immunological disorders
	4.3 Antioxidant compounds derived from fungal endophytes
	4.4 Fungal-endophyte-derived anti-diabetic compounds
	4.5 Bioactive compounds derived from fungal endophytes against cardiovascular diseases
	4.6 Fungal-endophytes-derived bioactive compounds with antimicrobial activity

	5. Challenges in the field of fungal endophyte research
	6. Conclusion and future perspective
	Acknowledgements
	Disclosure statement
	Funding
	References

