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Abstract

Endophytes either be bacteria, fungi, or actinomycetes colonize inside the tissue of host
plants without showing any immediate negative effects on them. Among numerous natural
alternative sources, fungal endophytes produce a wide range of structurally diverse bio-
active metabolites including anticancer compounds. Considering the production of bioac-
tive compounds in low quantity, genetic and physicochemical modification of the fungal
endophytes is performed for the enhanced production of bioactive compounds. Presently,
for the treatment of cancer, chemotherapy is majorly used, but the side effects of chemo-
therapy are of prime concern in clinical practices. Also, the drug-resistant properties of
carcinoma cells, lack of cancer cells-specific medicine, and the side effects of drugs are the
biggest obstacles in cancer treatment. The interminable requirement of potential drugs has
encouraged researchers to seek alternatives to find novel bioactive compounds, and fungal
endophytes seem to be a probable target for the discovery of anticancer drugs. The present
review focuses a comprehensive literature on the major fungal endophyte-derived bioactive
compounds which are presently been used for the management of cancer, biotic factors
influencing the production of bioactive compounds and about the challenges in the field of
fungal endophyte research.
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Introduction

Endophytes show a mutualistic relationship with the plants and are a rich source of bio-
active compounds, which are used in medicine, agriculture, and pharmaceutical indus-
try. Endophytes can be bacteria, fungi, or actinomycetes, which colonize underneath the
epidermal layer of plant tissues without showing any adverse effect or symptoms on the
respective host plant [94]. The distribution of fungal endophytes has been examined from
various plant tissues such as stem, stem bark, root, leaf, seeds, fruits, and flowers. It col-
onizes different range of host plants including phanerogams [44] as well as cryptogams
[35]. Geographically, endophytes have been isolated from plants distributed over a wide
range from Arctic to Antarctic and Tropics to Temperate zone [128]. Various advantages of
endophytes such as their presence in wide range of ecological niches, in almost every plant,
and in vitro growing ability make an outstanding candidate to explore the fungal endo-
phyte-derived bioactive metabolite. At the metabolic level, the mutualistic or antagonistic
symbiotic relationship of host and endophyte leads to the production of bioactive metabo-
lites with various biological activities including antifungal, antibacterial [11], antioxidant,
antidiabetic [89], antiparasitic, and anticancer activities [50]. Besides, fungal endophytes
have also given significant contribution in the field of medicine and agriculture. Several
applications have been shown through reports suggesting plant growth-promoting activ-
ity of fungal endophytes [20, 39], and activity in crop production and sustainable agri-
culture [45, 69]. Phomopsichalasin, first cytochalasin-type compound, was isolated from a
fungal endophyte of Phomopsis sp. with antibacterial activity. Phomopsichalasin showed
significant antibacterial activity against Bacillus subtilis and Staphylococcus aureus with
12 mm and 8 mm of zone of inhibition, respectively [41]. Fungal endophytes are reported
to produce various industrial enzymes including extracellular enzymes amylases, cellu-
lases, lipases, chitinases, and proteases. Cylindrocephalum sp., a fungal endophyte associ-
ated with Alpinia calcarata has been reported as a proficient producer of lipase and amyl-
ase enzyme [111]. Beside several biological activities, fungal endophytes are also known
to produce bioactive metabolites which are used in the management of various types of
cancer [86, 120]. Current review presents a comprehensive idea about anticancer mode of
action of fungal endophyte-derived bioactive compounds. This also provides an insight
about biotic factors such as epigenetic modifiers which are being used to activate biosyn-
thetic gene clusters and produce cryptic bioactive compounds.

Cancer develops as a result of accumulation of genetic and epigenetic variations, and
when alterations accumulate at higher level than in normal cells, the disease become life-
threatening. Due to the variation, there is an uncontrolled growth of cells, which leads to
formation of tumor. The abnormal cells sometimes also invade other parts of the body,
forming secondary tumors, eventually spreading the cancer cells. According to GLO-
BOCAN 2020 estimation, 19.3 million new cancer cases have been recorded worldwide
(excluding non-melanoma skin cancer), and approximately 10 million deaths due to can-
cer (excluding non-melanoma skin cancer) [109]. The World Health Organization (WHO),
through the estimates of year 2019, has declared cancer as first or second foremost cause
of death. In India, cancer is responsible for 0.3 million deaths every year [73]. Plants have
been served through many years in cancer treatment through production of metabolites of
various classes like alkaloids, flavonoids, polyphenols, and terpenoids [87]. Moreover, sev-
eral microbes have also been reported to exhibit anticancer compounds, including endo-
phytic bacteria [95, 98, 112] and fungi [5, 57, 81, 119]. The fungal endophyte provides
effortless culture-dependent isolation, less requirement of complex media and labour, easy
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scale up for the production of metabolites and being non-toxic to mammalian cells there-
fore, grasp more attention to be employed for bioactive procurement. The fungal endophyte
interaction with the host plant has been established in the long evolutionary process and
can be explained through the concept of co-evolution. The mutualistic interaction between
fungal endophyte and host can possibly be a consequence of evolution of strategies during
inhabiting the host plant and also due to the evolution of counter strategies [110]. This pro-
cess has driven the adaptation of both host and fungal endophytes towards each other that
triggered the sharing of common biosynthetic pathway of secondary metabolites by both
partners [3]. Another concept to explain the production of similar bioactive compounds has
been given through the process of horizontal gene transfer (HGT) occurred between both
partners [100, 101]. The HGT events occurred between host plant and fungal endophyte
has been accounted in several reports [33, 107].

For more than 30 years, the extracts of fungal endophytes associated with selected
medicinal plants are used against different diseases [85]. However, the production of
metabolites by fungal endophytes is genus or species specific and might be variable with
respect to abiotic conditions and biotic factors like pathogens. There are many synthetic
drugs for the treatment of cancer. Still, the side effects of synthetic drugs, drug-resistant
property of carcinoma cells, lack of cancer cell-specific medicine, and the curb of chemo-
therapeutic drugs create the biggest obstacles for the treatment of cancer [19]. Consider-
ing the aforementioned limitations, researchers have intended towards fungal endophytes
to obtain anticancer compounds showing minimum side effects. The surge in demand has
increased the exploitation of medicinal plants with many of them becoming endangered.
Using plant-associated microorganisms such as fungal endophytes, we not only isolate the
potential anticancer metabolites but also maintain the biodiversity of medicinal plants. In
the present review, we attempted to present an update on selected categories of bioactive
compounds derived from fungal endophytes of medicinal plants as reliable sources of anti-
cancer compounds.

Bioactive Compounds with Anticancer Activity

Plant-associated fungal endophytes are essential and untapped resource of natural bioactive
metabolites. With accelerating advancement in the field of endophytic research, various
fungal endophytes have been identified as prolific source of anticancer compounds (Fig. 1).
According to a report, approximately 57% of compounds are derived from plants (bioactive
compound and their derivatives), which are used in the clinical trials for cancer therapy
[26]. The plants reported with anticancer activity are selected for the isolation of fungal
endophytes in contemplation to obtain similar anticancer compounds from fungal endo-
phytes as they mimic their host metabolites. The prime source of Taxol (anticancer drug)
which is the Taxus brevifolia has been studied for their fungal endophyte, and Taxomyces
andreanae, a fungal endophyte, revealed the presence of Taxol that gained much attention
[103]. After the identification and characterization of anticancer compound Taxol from
fungal endophyte, researchers have focused on manipulating and optimizing the growth
conditions which ultimately leads to the discovery of various compounds and novel semi-
synthetic analogues with remarkable biochemistry [105]. Besides, several bioactive com-
pounds derived from fungal endophytes have been moved for patent and industrial pro-
duction (Table 1). Previous findings have also showed that a medicinal plant Crescentia
cujete L. with anticancer property was selected for screening the anticancer activity of
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Fig. 1 Pictorial representation of the anticancer activity of the fungal endophyte derived bioactive com-
pounds. Plant tissues are used to culture onto solid media for the isolation of associated fungal endophytes.
After the appearance of fungal mycelia, individual fungal strains are sub-cultured to get specific fungal
strains. Furthermore, the strains are subjected to liquid fermentation for the mass production of bioactive
compounds. The compounds present in the crude fungal extract are purified and characterized using HPLC,
UPLC-QTOF MS, FT-IR, NMR, IR, LC-MS/MS, GC-MS, and ESI-Q-TOF. Isolated and characterized bio-
active compound may show potential anticancer activity by mediating cell cycle arrest, prevention of the
tubulin-microtubule assembly, and induction of apoptosis

fungal endophytes. The results revealed that the fungal extracts possess significant cyto-
toxic potential against hepatocellular carcinoma cell lines (HepG2) [78]. A rare medici-
nal plant of China, Dysosma versipellis with anticancer property was investigated for the
fungal endophytes with antimicrobial activities and for the production of podophyllotoxin
(PTOX). The fungal strains Fusarium sp. WB5122 and WB5121 were reported to produce
PTOX and therefore could be explored for its anticancer activities [113]. Another report
showed fungal endophytes, Phialocephala fortinii, Juniperus communis L. Horstmann,
and Trametes hirsuta, as a potential source of podophyllotoxin isolated from plants with
anticancer potential, Podophyllum peltatum and Juniperus recurve [6]. Since fungal endo-
phyte-derived bioactive compounds are of low abundance. Therefore, several strategies
including tissue culture, optimization of the fermentation process, biotransformation, and
synthetic/semisynthetic strategies, are being used to overcome such limitations [75]. Here,
we discuss some of the major fungal endophyte-derived bioactive compounds that have a
potential for the management of cancer (Fig. 2).

Paclitaxel (1) (generic name “Taxol”) belongs to the taxane family, having antican-
cer activity with a unique mode of action. The Food and Drug Administration (FDA) has
approved to use Paclitaxel™ either alone or in combination with other anticancer therapy
for the treatment of breast cancer, non-small cell lung cancer (NSCLC), ovarian cancer,
non-HIV-associated Kaposi sarcoma, and AIDS-related Kaposi sarcoma [55]. Moreover,
paclitaxel can also be used in the management of several other cancers, including bladder,
cervical, head and neck, esophagus, and endometrial cancer. Initially, the crude extract of
medicinal plants was used to harvest paclitaxel for cancer treatment. The anticancer activ-
ity of paclitaxel and its analogs have been determined by carrying out several cytotoxic
assays. However, the low yield of paclitaxel was quite challenging. Therefore, the efforts
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(14) (15) (16)

Fig.2 Structure of fungal endophyte derived bioactive compounds with potential anticancer property. (1).
Paclitaxel; (2). Podophyllotoxin; (3). Camptothecin; (4). Vinblastine; (5). Vincristine; (6). Dicatenarin; (7).
Cladosporol A; (8). Cladosporol G; (9). Cytochalasin A; (10). Diaporthichalasin H; (11). Jammosporin A;
(12). Multirostratin A; (13). 20-oxo-deoxaphomin; (14). Ergocytochalasin A; (15). 18-deoxycytochalasin H;
(16). Cytochalasin H; (17). Penochalasin I; (18). 5-methylmellein; (19). 6-hydroxymellein; (20). 4-hydrox-
ymellein; (21). 5-hydroxymellein; (22). cis-4-hydroxymellein; (23). Mellein; (24). Botryoisocoumarin A;
(25). Fumitremorgin C; (26). Fumitremorgin D; (27). 12,13-dihydroxyfumitremorgin C
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Fig.2 (continued)

were made to find a safe and potent approach for the enhanced production of paclitaxel to
overcome such limitations. Discovery of paclitaxel-producing fungal endophyte Taxomyces
andreanae has given a significant breakthrough which was isolated from the inner bark of
plant Taxus brevifolia for the first time [104]. In one of the report, a group of researchers
have performed genome sequence analysis of fungal endophyte Penicillium aurantiogri-
seum NRRL 62,431 and demonstrated the independent production of paclitaxel at a larger
scale [127]. Moreover, an increased concentration of paclitaxel has been derived from fun-
gal endophyte with the aid of optimized culture parameters and culture fermentation sup-
plemented with various substances such as precursors, inducers, metabolic bypass inhibi-
tors, nitrogen sources, and carbon sources [134].

Paclitaxel-producing fungal endophytes and associated plants are found in large num-
ber such as Seimatoantlerium nepalense from Taxus wallichiana [12], Seimatoantlerium
tepuiense from Venezuelan and Guyana [106], Metarhizium anisopliae, Pestalotiopsis ter-
minaliae, and Tubercularia sp. fungal strain TF5 in batch culture [34]. Furthermore, sev-
eral other fungal endophyte including Alternaria, Cladosporium, Fusarium, Aspergillus,
Pestalotia, Botryodiplodia, Pestalotiopsis, Metarhizium, Periconia, Taxomyces, Botrytis,
Tubercularia, Mucor, and Pithomyces are reported to produce paclitaxel and its derivatives
such as baccatin III and 10-deacetylbaccatin III [21]. Paclitaxel stabilizes the assembly of
microtubules during cell division by binding to the N-terminal end of p-tubulin subunit.
The unusual stabilization of the microtubules network impedes the construction of the
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mitotic spindle and chromosome segregation and leads to the cell cycle arrest at the G2/M
phase, therefore leading to apoptosis of cancer cells [123]. Beside cell cycle arrest, pacli-
taxel also shows anticancer activity by targeting the mitochondria, apoptotic inhibitor pro-
tein such as B-cell Leukemia 2 (Bcl-2) and immune cells [32]. Previous study shows that
paclitaxel (Taxol) enhances the pro-apoptotic effect of tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL) in metastatic cervical cancer (HeLa) cells by decreasing the
expression level of Bcl-2 and increasing the expression levels of DRS and cleaved cas-
pase-3 [108]. Therefore, potential mechanism of paclitaxel on TRAIL-induced apoptosis
suggests that paclitaxel could be a promising candidate in the treatment of cervical cancer.

Another compound is podophyllotoxin (2) which is a popular aryl tetralin lignan, pro-
duced from both angiosperm as well as gymnosperm plants, with anticancer properties
[71]. Podophyllotoxin and its analogs are of great pharmacological importance because of
their cytotoxic potential [6]. Beside anticancer activity, podophyllotoxin is also effective in
viral diseases, oxidative stress, microbial infections, and immunological disorders. Podo-
phyllotoxin show toxic side effects in cancer treatment, so instead semi-synthetic deriva-
tives like Teniposide™, Etoposide™, and Etopophos™ are being used as cytotoxic drugs
[8]. These chemical compounds are used in the management of various types of cancer
including leukemia, testicle cancer, and other solid tumors. In one of the report, it was
shown that fungal strain JRE1 of Fusarium oxysporum from Juniperus recurva produces
podophyllotoxin at a larger scale, 28.8 pg/g of the dry mass of mycelia [54]. Another
study has shown that the Trametes hirsuta associated with the rhizome of the Podophyl-
lum hexandrum plant could produce podophyllotoxin-related compounds, demethoxypo-
dophyllotoxin and podophyllotoxin glycoside. The production of podophyllotoxin from
fungal endophyte Trametes hirsuta was initiated at 72 h while rapidly declined after 96 h
[80]. Another report discovered a podophyllotoxin-producing endophyte Alternaria tenuis-
sima, associated with the root of Sinopodophyllum emodi [63]). Another report shows that
Chaetomium globosum strain MF564 and Pseudallescheria sp. TS5 of Ascomycota divi-
sion produce podophyllotoxin [122]. A study reported isolation of podophyllotoxin with
the highest yield of 277 pg/g of dry weight mycelia from Fusarium strain WB5121 associ-
ated with Dysosma versipellis [113].

Podophyllotoxin also prevents the assembly of tubulin-microtubule which leads to a
cell-cycle arrest and ultimately causes apoptosis. The carbamate derivative 4f-(1,2,3-
triazol-1-yl) podophyllotoxin shows promising cytotoxic activities against cancer cell lines,
human lung adenocarcinoma cells (A549), human colon carcinoma cells (HCT-8), human
promyelocytic leukemia cells (HL-60), and HeLa cells. Fluorescence-activated cell sort-
ing (FACS) analysis revealed that compound 4'-O-demethyl-4p-[(4-hydroxymethyl)-1,2,3-
triazol-1-yl]-4-desoxypodophyllotoxin cyclopentyl carbamate, a carbamate derivative of
podophyllotoxin, induces apoptosis and cell cycle arrest at G2/M phase, inhibits microtu-
bules formation, and inhibits DNA topoisomerase II (TOP-II) [67].

Camptothecin (3) is a five-ring quinoline alkaloid, sold under commercial names irinote-
can and topotecan. Camptothecin-producing plant sources other than Camptotheca acumi-
nata belongs to seven families such as Meliaceae (Dysoxylum binectariferum), Betulaceae
(Alnus nepalensis), Piperaceae (Piper betel), Apocynaceae (Ervatamia heyneana and Cho-
nemorpha fragrans), Gelsemiaceae (Mostueabrunonis), Violaceae (Rinorea anguifera),
and Rubiaceae (Ophiorrhiza alata, Ixora coccinea) [79]. The FDA-approved drugs topote-
can and irinotecan are being used to treat various cancers, including small-cell lung can-
cer, colorectal cancer, and ovarian cancer, and were manufactured by GlaxoSmithKline [7]
and Pharmacia [91], respectively. Camptothecin derivatives such as 10,11-methylenedioxy
camptothecin, rubitecan (9-nitrocamptothecin), and IDEC-132 (9-aminocamptothecin) are
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an excellent anticancer agent [102]. Besides these, other derivatives have also been investi-
gated and are under clinical trial for their probable anticancer activity.

Chloroform extract of endophyte Entrophospora infrequens isolated from the inner bark
tissue of Nothapodytes foetida yields camptothecin of 18 pg/mg of dry weight mycelia.
Camptothecin isolated from fungal endophyte Entrophospora infrequens showed cytotoxic
activity against human ovarian cancer cells (OVCAR-5), liver cancer cell (HEp2), and lung
cancer cells (A549) [81]. Further, study revealed that E. infrequens produces a detectable
quantity of camptothecin of approximately 4.96 mg/100 g of dry weight mycelia under bio-
reactor in 48 h [5]. Two fungal strains of Fusarium solani viz. MTCC9668 and MTCC9667
were isolated from Apodytes dimidiata found in the Western Ghats of India, reported to
yield 53 ug/100g and 37 ug/100g of camptothecin, respectively from dry weight of mycelia
[99]. A group has optimized the fungal culture parameters and isolated the highest yield of
camptothecin (146 mg/l) with mixed fungal cultures (F1+F2), while the monoculture of
Colletotrichum fructicola (F1) and Corynespora cassiicola (F2) yields 33 mg/l and 69 mg/1
of camptothecin, respectively. Furthermore, the monoculture of Fusarium oxysporum iso-
lated from the same plant Nothapodytes nimmoniana yielded 90 mg/1 of camptothecin [13].
Another study revealed that a total of 94 fungal strains were isolated from Camptotheca
acuminata and only one fungal strain Fusarium solani S-019 has produced camptothecin
(40+5 pg/g) [88]. A study showed that camptothecin (0.175 mg/l) was isolated from
Aspergillus niger associated with the Indian Piper betel, and the compound showed anti-
cancer activity against colon cancer cell line (HCT-15) with an ICs, value of 31.25 pug/ml
[9].

Camptothecin is water-insoluble, but the water-soluble derivatives of camptothecin such
as Hycamtin [72] and Camptosar [16] showed anticancer activity against ovarian cancers
and colorectal carcinomas, respectively, and have been approved as potential anticancer
agent. Initially, DNA and RNA synthesis were believed to be the target site of campto-
thecin by which it induces cytotoxicity in cancer cells. But in the 1980s, the actual cellu-
lar target of camptothecin was identified as topoisomerase I [42]. The DNA supercoiling
relaxing enzyme topoisomerase-I forms a cleavage complex that is stabilized by camptoth-
ecin and its analogs [2]. This stabilization leads to the initiation of apoptotic events, which
ultimately results in cell death [132]. The combinational therapeutic approach has been
used for the enhanced cytotoxic activity of camptothecin and its analogs. Camptothecin
and its analogs, such as irinotecan in combination with mTOR inhibitors, may provide a
promising approach in the treatment of colorectal carcinomas [90].

Coupling of two indole alkaloids, catharanthine and vindoline, generates vinblastine (4)
and vincristine (5) that are promising candidates to be employed as an anticancer agent.
Vinblastine was reported for the first time in 1998 derived from Alternaria sp., which was
isolated from the phloem tissue of Catharanthus roseus [15]. After that, vincristine and
vinblastine were successfully characterized by using electron spray ionization-mass spec-
troscopy (ESI-MS), MS/MS, ' H NMR, and UV-Vis spectroscopy and yielded about 67
and 76 pg, respectively, from 1 L of culture filtrate of Fusarium oxysporum isolated from
Catharanthus roseus [56]. The kinetin and alpha-naphthalene acetic acid are two phytohor-
mones that are known to play a crucial role in vincristine production [49]. In a study, out of
22 fungal endophytes isolated from Catharanthus roseus, only Talaromyces radicus-CrP20
showed expression of tryptophan decarboxylase (TDC) gene (involved in alkaloids biosyn-
thetic pathway) and produces vinblastine and vincristine. Cytotoxicity assay showed that
HeLa cells are highly susceptible to vincristine with IC, value of 4.2 pg/ml [77].

In vitro analysis of vinblastine and vincristine isolated from C. roseus showed antican-
cer activity by mediating cell cycle arrest at M-phase, irreversible binding with spindle
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protein and microtubule, depolarization of mitochondrial membrane potential, and induc-
tion of apoptosis [77]. Vinblastine and vincristine are also used in the prevention of pro-
gression of Hodgkin lymphoma and cervical cancer [76]. Vincristine is known to interfere
with microtubule assembly, disrupts the intracellular transport and mitotic spindle dynam-
ics, and decreases blood flow in cancer tissues leading to anti- angiogenesis. However, the
cellular pharmacology of vinblastine, vindesine, and vincristine used in chemotherapeutics
of cancer still needs to be established.

Dicatenarin (6) is an anthraquinone derivative isolated from the fungal endophyte of the
Allium schoenoprasum plant [52]. Dicatenarin belongs to the anthraquinone class of the
bioactive metabolites. The metabolites from this class have been recognized as cytotoxic/
proapoptotic factor. The presence of phenolic hydroxyl group in dicatenarin plays a signifi-
cant part in the bioactivity and oxidation process. The phenolic hydroxyl group at carbon-4
increase the generation of reactive oxygen species, showing cytotoxic activity against the
pancreatic cancer cells (MIA PaCa-2). Furthermore, the compound elevates the release of
cytochrome C from the transition pore of mitochondria, which in turn enhances the expres-
sion of caspase-3 protein for programmed cell death. It also alters the peptides that are
targeted by mitochondria by generating ROS leading to apoptosis [53].

Cladosporol A (7) is tetralone derivatives isolated from Cladosporium cladosporioides
from Datura innoxia plant. It has been reported as an inhibitor of p-1,3-glucan biosynthesis
[58]. A chiral isomer of cladosporol A, Alterfungin, shows potential antifungal activity
[23]. Cladosporol A has also been reported to exhibit antitumor activity in nude mice with
gastric cancer xenografts [24]. It induces apoptosis in human breast cancer cells (MCF-
7). Cladosporol A increases the release of cytochrome C, depolymerizes microtubules,
induces loss of mitochondrial membrane potential, and condenses chromatin and its frag-
ments. Moreover, cladosporol A also downregulates Bcl-2, upregulates Bax (Bcl-2-associ-
ated X protein), and converts microtubule-associated protein light chain 3, LC3-I to LC3-II
by increasing monodansylcadaverine [53]. Cladosporol A is also known to exhibit antipro-
liferative activity against human colorectal cancer cell lines [137]. Cladosporol shows anti-
proliferative activity by modulating the expression of cell cycle genes like cyclin D1 and
p21 (wafl/cipl). This activity is mediated by PPAR-y (peroxisome proliferator-activated
receptor-y) in colorectal cancer cells [137]. Another cladosporol derivative cladosporol G
(8) compound was extracted from C. cladosporioides fungi from deep Indian Ocean Sea.
This compound showed cytotoxic activity against the HeLa cell line [133].

Cytochalasans are polyketide-amino acid compounds having perhydroisoindolone moi-
ety in the core structure. It is a promising drug for chemotherapy and has various deriva-
tives. The first compound to be characterized in this group was cytochalasin A (9). These
compounds are known to disrupt the actin cytoskeleton, further altering cellular motility,
morphology, and adhesive nature of transformed cancer cells. It also weakens the ion chan-
nels of cancer cells [118]. One of its forms diaporthichalasin H (10) was isolated from
the Diaporthe sp. SC-JO138 associated with Cyclosorus parasiticus leaves. This com-
pound showed cytotoxic activity against human cancer cells like A549, HeLa, HepG2, and
MCF-7 with ICs, values of 13.90, 20.00, 9.90, and 32.10 puM, respectively [126]. Jammos-
porin A (11) is another cytochalasan isolated from Rosellinia sanctae-cruciana associated
with A. lebbeck plant. It exhibited cytotoxic activity against human leukaemia cancer cell
line [96]. Some of the other derivatives of cytochalasans extracted from fungal endophytes
having anticancer activities are multirostratin A (12), 20-oxo-deoxaphomin (13), ergocy-
tochalasin A (14), 18-deoxycytochalasin H (15), cytochalasin H (16), and penochalasin I
(17) [25, 43]. The detail about the compounds along with their cytotoxic activity is men-
tioned in Table 2.
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Melleins are the secondary metabolites that belong to polyketide family, isocoumarins.
Melleins are mostly isolated from fungi. Derivatives of melleins are mainly known for their
antimicrobial property [46], but increasing body of evidences has also suggested their anti-
cancer potential. Three mellein derivatives 5-methylmellein (18), 6-hydroxymellein (19),
and 4-hydroxymellein (20) were isolated from the Penicillium sp. from Senecio flavus.
These compounds showed cytotoxicity against MCF-7 cancer cell line with ICs, values of
>10 mg/mL, 6.1 mg/mL, and 8.3 mg/mL, respectively [30]. The metabolites, 5-hydrox-
ymellein (21), cis-4-hydroxymellein (22), mellein (23), and botryoisocoumarin A (24),
which were isolated from endophyte Aspergillus flocculus associated with plant Markha-
mia platycalyx, showed cytotoxic activity against K562 (myelogenous leukemia) cell line
[116].

Fumitremorgin (FTMs) belongs to the alkaloid family and is also known as tremor-
genic metabolites due to its ability to cause tremor. They are produced by Aspergillus and
Penicillium species. FTMs have been extensively studied due to their versatile biological
activity and synthetic derivatives. Many reports have shown their potential in activities
like neurotoxicity, cytotoxicity, and cell-cycle inhibition. Fumitremorgin C (25) shows a
potent chemo-sensitizing property and reverses the overexpression of the gene which codes
for breast cancer resistance protein (BCRP). This protein was found to be overexpressed
in the human colon cell (S1-M1-3.2) line [84]. The derivatives of fumitremorgin were
extracted and characterized from the marine-derived fungal strain Aspergillus sp. (BRF
030). Compounds fumitremorgin C and 12,13-dihydroxy fumitremorgin C (27) showed
cytotoxic activity against HCT-116 tumor cell line having ICy, values of 15.17 uM and
4.53 uM, respectively [93]. Compounds like fumitremorgin D (26) and 12,13-dihydroxyfu-
mitremorgin C were isolated from the liquid culture of fungus Aspergillus fumigatus which
showed cytotoxic activity against HepG2 (Human hepatocellular carcinoma) cell line [64].

Biotic Factors in Improving the Production of Fungal Bioactive Compounds

The production of bioactive compounds by fungal endophytes has greatly impacted the
human life. However, the production of bioactive compounds is substantially affected
by the variation in the biosynthetic pathway and culture conditions [121]. The limited
production of these bioactive compounds posed a challenge to meet the market demand
and that is due to some of the unexpressed genes that limit the production of bioac-
tive compounds. The production of bioactive compounds is extensively triggered by
biosynthetic gene clusters (BGCs). These BGCs are responsible for the insufficiency
or lack of bioactive compound production as they are present in heterochromatin form
that remain unexpressed under laboratory condition. Some of the epigenetic modi-
fiers and threat-inducing techniques cause activation of these BGCs that leads to the
euchromatin state and confers the production of complex bioactive compounds [10].
The strategies involved in the activation of gene clusters are co-culture techniques and
employment of epigenetic modifiers (inducers). These inducers play significant role in
enhancing the bioactive compound production either through overexpressing activator
or repressor or may lead to deletion [14]. These chemical inducers modify the activity
of crucial enzymes like histone deacetylase (HDACs) enzymes and DNA methyltrans-
ferase (DNMT) [36]. These modifications are highly responsible for the manipulation
of pathway-specific regulator and invoke the production of novel bioactive compounds
of significant interest [74]. Modern analytical tools and techniques along with the
advent of genomic era have brought a dramatical change in the hunt for novel bioactive
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compounds. Furthermore, the elicitors, epigenetic modifiers, and co-culture technique
have been studied for their active involvement in inducing the expression of silent genes
in previously identified fungal endophytes that provide new avenues for the enhance-
ment of bioactive compound production from same fungal endophytes studied so far and
to explore cryptic bioactive compound [27]. A schematic diagram represented by Fig. 3
shows the action of epigenetic modifiers on silent biosynthetic gene clusters (BGCs)
leading to their activation. The challenge of instability of bioactive compound produced
by endophyte Acremonium sp. KM 677,335 isolated from Taxus baccata has been over-
come through addition of 0.0001% crushed bark of T. baccata serving as an unusual
elicitor. The production of paclitaxel by Acremonium sp. KM 677,335 has shown to be
enhanced by four-fold and also the instability of paclitaxel during in vitro production
has been sorted by employing crushed bark of T. baccata as a novel elicitor [28]. The
induced production of taxol by fungal endophyte Periconia sp. associated with Torreya
grandifolia has been demonstrated in a report through the application of benzoic acid
that caused an increase of 8-fold in taxol production. The benzoic acid acts as an acti-
vator of fungal metabolism [59]. In another study, valproic acid has been reported to
induce the silent secondary metabolites in the endophytic fungus Nigrospora sphaer-
ica [68]. The secondary metabolite profile was altered through the application of valp-
roic acid that modulates the pathway of fumiquinazoline C and enhanced its production
[70]. Fumiquinazoline C isolated from endophyte Aspergillus fumigatus of Liverwort
Heteroscyphus tener (Steph.) Schiffn. has been reported to exhibit anticancer activity
against the human prostate cancers PC3, human lung cancer cell line (NCI-H460), mul-
tiple drug resistance PC3D cells, and the human lung adenocarcinoma epithelial cell
line (A549) [125]. An endophytic fungus Diaporthe sp. isolated from Datura inoxia has
been reported for their enhanced bioactivity in the presence of valproic acid (histone
deacetylases inhibitor). The modulation of secondary metabolite profile by valproic acid
resulted in the discovery of 3 unknown novel compounds xylarolide A, diportharine A,
and xylarolide B and one known compound xylarolide. The significant growth inhibi-
tion has been observed in MIAPaCa-2 by both xylarolide A and xylarolide [97]. In a
previous report, epigenetic modifiers, nicotinamide, and sodium butyrate belonging to
class histone deacetylases (HDACSs) inhibitors have been shown to induce the produc-
tion of cryptic bioactive compounds from a marine-derived fungus Penicillium brevi-
compactum. The bioactive compounds syringic acid, sinapic acid, and acetosyringone
exhibited potent antiproliferative activity against HepG2 cancer cell line [29]. Enhanced
production of camptothecin has been obtained from endophytic fungus Entrophospora
infrequens isolated from a medicinal plant Nothapodytes foetida through supplementa-
tion of precursors including tryptophan, leucine, tryptamine, mevalonic acid, geraniol,
and citral. These precursors were used either alone or in combination like tryptophan
and leucine, tryptophan and geraniol, tryptophan and mevalonic acid and tryptophan
and citral, and tryptophan and leucine which significantly induced the production of
camptothecin by 2.5 fold and the compound was tested on HL-60 cells where the mor-
phology of the cells was observed to be more like apoptotic cells [4]. An epigenetic
modifier quercetin has been shown in a report to significantly induce the production of
vinblastine in the endophytic fungi Penicillium concavoradulozum VE89L and Asper-
gillus amstelodami VR177L derived from Vinca plants [37]. Vinblastine has been
shown in previous studies to exhibit cytotoxic activity against cancer [117]. The co-
culture strategy has also shown to be effective in terms of discovery of novel bioactive
compounds. Previous report of co-culturing of an endophytic fungus Aspergillus versi-
color KU258497 with the bacterium Bacillus subtilis 168 trpC2 shows procurement of
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Fig.3 Two different pathways involved in the activation of silent or attenuated biosynthetic gene clusters
through epigenetic modifiers. (a) The methylated state of chromatin remains transcriptionally inactive that
is regulated by epigenetic enzyme DNMT (DNA methyltransferase). These pathway-specific regulator,
DNMT, upon inhibition through epigenetic modifier results in the activation of silent biosynthetic path-
ways and clusters of cryptic bioactive compounds are produced. (b) The deacetylated form of chromatin
remains in heterochromatin state and many of the genes remain unexpressed. These genes are induced
through inhibitory action of chemical epigenetic modifiers on key regulators HDAC (histone deacetylase)
that causes deacetylation of chromatin. Acetylation of chromatin activates the repressed biosynthetic gene
clusters eventually leading to the production of novel bioactive compounds

two new 3,4-dihydronaphthalen-(2 H)-1-one (1-tetralone) derivatives, aspvanicin A and
its epimer aspvanicin B with some other known compounds. The compound aspvan-
icin B was reported to exhibit moderate cytotoxicity against the mouse lymphoma cell
line L5178Y [1]. In a report, co-culture of two marine-derived mangrove endophytic
fungi has been shown to produce two bioactive compounds, namely, marinamide and
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its methyl ester. Both of the compounds exhibited significant cytotoxic activity against
HepG2, 95-D, MGC832, and HeLa cell lines [136].

These studies suggest that under laboratory conditions, a large number of pathways
remain dormant and are activated by epigenetic modifiers. So, the requirement of specific
environmental conditions by the organisms should be considered. The presence of neigh-
boring microbes can enhance the silent biosynthetic pathways for bioactive compound pro-
duction in fungal endophyte or epigenetic modifiers can activate these pathways through
modifying the activity of key role-playing enzymes. The epigenetic modifier-mediated acti-
vation of silent biosynthetic pathways in endophytic fungi marks these chemicals to imitate
the chromosomal conditions in the chemical cross-talk between the host plant and fungi,
which may be needed for the production of bioactive compounds. Therefore, identifica-
tion and activation of silent BGCs through epigenetic modifiers and co-culturing microbes
could enhance the production and applicability of these bioactive compounds.

Future Challenges in the Field of Fungal Endophytes Research

Recently, on account of the biochemical diversity of the fungal endophytes, a great curios-
ity has been developed among researchers for bioprospecting the fungal endophytes for
natural bioactive metabolite with pharmacological importance. The first step towards fun-
gal endophyte research is the selection of medicinal plant or a host plant; it is always good
to select a plant with great biological diversity and vibrant ecological niches. Besides this,
in certain cases, endangered or endemic plants, or the plants having an unusual strategy to
cope with the environmental stress, or the plant having medicinal importance can also be
selected. But it is always unsure whether the selected plants will have potent endophytes,
which will produce bioactive compounds with potential anticancer activity. The research
is still limited to many of the concepts regarding endophytes. Many of the mechanisms
of physiological and biochemical roles played by endophytes are still undiscovered. Dur-
ing stress condition, endophytes have been found to be involved in triggering the immu-
nity in plants. They generate a cascade of chemicals, within the host plant to mitigate the
stress condition. The current findings about the modulation of defense system in plants by
endophytes are still like a black box puzzle. Also, multiple facets of plant-fungal interac-
tion and their secretome analysis are needed to be explored. Using the current experimen-
tal technique, it is challenging to determine the differences in concentration of metabo-
lite produced by fungal endophyte with and without colonizing the host plant. Therefore,
the hypothesis requires further detailed investigations and proper experimental design
that could explicit endophyte-plant relationship. In the long evolutionary process, the co-
evolution between plants and endophytes has resulted in the production of compounds by
endophytes, similar to that of their host plant. The presence of a diverse array of fungal
endophytes in a plant often impedes the isolation and bioprospection process due to the
production of metabolites dissimilar to their host. Therefore, a well propound research is
required for the identification of these fungal endophytes, their interaction with the host,
and the biochemical roles associated with them.

The instability of the biosynthetic pathway of fungal endophytes producing antican-
cer bioactive compounds on successive culturing is another challenge while studying
about it. The endophyte-endophyte relationship is another unexplored area that needs to
be elucidated at a molecular level. The fungal endophyte, which has a collaborative asso-
ciation with another endophyte either bacterial or fungal, might be the reason for the
decreased yield of the compounds on successive culturing. A widely proposed theory for
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the colonization of fungal endophytes in the host plant is the genetic recombination. Few
examples have been seen in which the endophytes produce anticancer compounds (for
example L-asparaginase) with the help of plant enzymes thereby completing their bio-
synthetic pathways. Therefore, a detailed understanding of the fungal-plant interactions,
diversity of the plants, and the associated endophytes, ecology, cross-talks, and evolution is
needed to be well studied.

Conclusions

Endophytes are a treasure house and a sustainable source of bioactive compounds with
potential anticancer activity. With the advent of modern technologies and tools, purifica-
tion and characterization of fungal endophyte-derived bioactive compounds are now rel-
atively easy. Several biological assays such as MTT cell-proliferation assay, Annexin V
FITC/PI flow cytometry, cell cycle analysis, loss of mitochondrial membrane potential, and
DNA fragmentation patterns have been used to examine the potential anticancer activities
of these compounds. Moreover, with the application of modern ‘omics’ technology and
advanced molecular biology approaches, one can better understand and increase the pro-
duction of fungal endophyte-derived bioactive compounds. Approaches like genetic engi-
neering, amplification of gene cluster, mutagenesis, refinement of fungal culture, and use
of elicitors and epigenetic modifiers have been introduced for increased output of fungal
endophyte-derived bioactive compounds. As cancer is one of the deadliest diseases in the
world, there is an urgent need for a more stable and advanced form of drugs which spe-
cifically target the cancer cells. In spite of several research done to explore fungal endo-
phytes, the biosynthetic pathway of many metabolites is still unexplored due to difficulty in
experimental verification of biosynthetic gene clusters (BGCs). There is a need to develop
advance technology to study uncultivable endophytes. The endophytes with known chemi-
cal structure and biological properties have been discussed repeatedly; by using them as
a reference, focus is needed to be shift towards ‘hidden gems’. With the deep understand-
ing of endophytes’ interaction with their host and the biosynthetic pathway for metabolite
production, a new way will be paved for refactoring of these pathways to produce novel
molecules.
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