Natural Product Sciences
26(1) : 10-27 (2020)
CrossMark ~ https://doi.org/10.20307/nps.2020.26.1.10

<Review>

Endophytic Fungi Inhabiting Medicinal Plants and Their Bioactive
Secondary Metabolites

Changyeol Lee and Sang Hee Shim*
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Abstract — Endophytes are defined as microorganisms that spend part of lifetime interior of plant tissues without
causing negative effects. They have been used for agricultural purpose, biofuel production, bioremediation,
medication, etc. In particular, endophytes have been emerged as a good source for bioactive secondary
metabolites. A large number of secondary metabolites are currently being reported. In this report, we focus on the
secondary metabolites that were originated from endophytic fungi inhabiting medicinal plants. They were
classified into several groups such as nitrogenous compounds, steroids, sulfide-containing metabolites,
terpenoids, polyketides, and miscellaneous for discussion of chemical structures and biological activities.
Keywords — Endophytic fungi, Secondary metabolites, Biological activities

Introduction

More than 300,000 secondary metabolites are presumed
to be isolated from plants and more new derivatives are
being continuously discovered up to date.' Plant metabolites
have been used as a major source of medical and phar-
maceutical area, and as precursor for chemical synthesis
or structural modifications.” Specific microorganisms
which live in surfaces or internal tissue of the plants are
reported to induce changes in the plants’ metabolomes.’
Endophytes are microorganisms, which spend part of their
lifetime interior of plant species without causing negative
effects.* Endophytes are known to inhabit all over the
plant tissues including leaves, stems, bark, and roots.
Fungi and bacteria are most common type of endophytes.
It was reported that economically important plants
frequently yields novel species of endophytic fungi.® The
studies of endophytic fungi could provide fundamental
information on assessment about fungal diversity and
distribution.” Plants are deeply related with the growth of
endophytic fungi since endophytic fungi use a lot of
mechanisms to adapt to their habitat environment.®
Endophytes are known to help host plants increase
competitiveness and productivity by improving resistance
to environmental stress, protecting from herbivores and
pathogens.” Recently, endophytic fungi isolated from
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plants have been paid attention to and have been studied
for their functions.” In particular, these studies have been
focused on secondary metabolites which could be used in
the medical, pharmaceutical, agricultural, and environmental
fields.’

Some endophytes have been reported to produce the
same compounds as the host plants (Fig. 1), which might
be caused by biosynthetic gene transfer from plants to
endophytes or vice versa. For example, Taxomyces
andreanea, an endophytic fungus isolated from bark of
Taxus brevifolia which anticancer agent, paclitaxel
(taxol®) was isolated from, was also found to produce the
same compound, paclitaxel as the host plant.!® This
research suggested that endophytes from medicinal plants
could be good producers for pharmaceutical agents
instead of the original host plants.!" Further studies to
investigate endophytes that produce paclitaxel have been
performed for various endophytes, including genera of
Taxomyces, Alternaria, Fusarium, and Pestalotiopsis."
Vinblastine, an anticancer agent, was reported to be also
produced by an endophytic fungus, Alternaria sp. isolated
from Catharanthus roseus, the original plant for vinblastine
to be first isolated.'> In addition, the plant Podophyllum
peltatum where podophyllotoxin, a lead compound of
clinically available anticancer agents, etoposide and
teniposide, was originally isolated from, was also inves-
tigated to see if its endophytes also produce the same
compound as the plant.'® In result its endophytes including
the genera Diphylleia, Dysosma, and Sinopodophyllum
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Fig. 1. Examples of pharmaceutical lead compounds produced by host plants and their endophytes.

also produced podophyllotoxin as the host plant."* These
host-microbe chemical interactions were also found in
many medicinal plants and their endophytes. Camptothecin,
a clinically available anti-neoplastic agent, was produced
by not only the plant Camptotheca acuminate but its
endophytic fungus Fusarium solani.'* In addition, bioactive
secondary metabolites such as huperizine A, diosgenin,
and hypericin, originally isolated from the plants Huperzia
serrata, Paris polyphylla, and Hypericum perforatum
were also found to be produced by their respective
endophytes.'>!’

In this review, we categorized the endophytic meta-
bolites by chemical structures and discussed their
occurrences and biological activities. It would help
understand chemical properties and biological activities of
secondary metabolites produced by endophytic fungi for
drug discovery.

All the metabolites discussed in this review were listed
depending on their original fungal strain and the
medicinal plants where the endophytes were isolated
Table 1. In addition, chemical structures of those secon-
dary metabolites were also categorized into nitrogenous
compounds, steroids, sulfide-containing metabolites, ter-
penoids, polyketides, and miscellaneous (Figs. 2-6).

Nitrogenous compounds
The nitrogen-containing organic compounds have been

reported to be produced by endophytic fungi (Fig. 2).
Among them, peptides are one of the major classes that

are produced by microorganisms including bacteria and
fungi. A cyclicpeptide, leucinostatin A (1) was isolated
from cultures of an endophytic fungus Acremonium sp.,
inhabiting medicinal plant 7axus baccata and it inhibited
growth of prostate cancer cell.'® Cryptocandin (2), isolated
from an endophytic fungus Cryptosporiopsis quercina
residing in Tripterygium wilfordii, exhibited antifungal
activity against Botrytis cinerea, Candida albicans,
Sclerotinia sclerotiorum, and Trichophyton spp.” L-
671,329 (3) obtained from Cryptosporiopsis sp. isolated
from Pinus sylvestris showed inhibitory activity against
glucan synthase and antifungal activities against Aspergillus
spp., C. albicans, and Saccharomyces cerevisiae.® Cy-
cloaspeptide A (4), isolated from Penicillium raistrickii
inhabiting 7. brevifolia, showed cytotoxic activity against
human lung fibroblasts.?! Tenuazonic acid (5), isolated
from Alternaria alternata inhabiting Indigofera enneaphylia,
exhibited antibacterial activity against Mycobacterium
tuberculosis and inhibited ribosomal protein synthesis.*
160-hydroxy-5-N-acetyl-ardeemin  (6), isolated from
Aspergillus  terreus residing in A. annua, indicated
acetylcholineesterase inhibitory activity.” Asperfumoid
(7), isolated from Aspergillus fumigatus inhabiting Cynodon
dactylon, showed antifungal activity against C. albicans.**
Chaetoglobosins A (8) and C (9), isolated from Chaetomium
globosum derived from Ginko biloba, revealed antifungal
activity against Mucor miegei”> 2-Phenylethyl-1H-indol-
3-yl-acetate (10) and 4-hydroxy-benzamide (11), isolated
from Colletotrichum gloeosporioides residing in Michelia
champaca, exhibited antifungal activities against Clados-
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Fig. 2. Nitrogenous compounds produced by endophytic fungi.

porium cladosporioides and C. sphaerospermum.®® Piperine
(12), which is known as plant-derived compound, was
also isolated from C. gloeosporioides inhabiting Piper
nigrum and showed antibacterial, antifungal, anti-
inflammatory, antioxidant, antidepressant, antitumor, anti-
pyretic, anticonvulsant, cytotoxic, hepato-protective, in-
secticidal, immuno-modulatory activities.”” Cordycepiamides
A (13), B (14), and D (15) isolated from Cordyceps
ninchukispora derived from Beilschmiedia erythrophloia,
revealed inhibition of IL-6 in LPS-activated RAW 264.7
cell?® Cryptocin (16), isolated from Cryptosporiopsis
quercina residing in T wilfordii, exhibited antifungal
activity against Pleomorphomonas oryzae.”® Alantryleunone
(17), alantryphenone (18), and alantrypinene B (19),
isolated from Eupenicillium sp. inhabiting Murraya
paniculata, showed insecticidal activities.”® Scoparasin B
(20) was isolated from Eutypella scoparia derived from
Garcinia dulcis. Scoparasin B exhibited antifungal activity
against Microsporum gypseum.’' Fischerin (21), isolated
from Neosartorya fischeri residing in Glehnia littoralis,
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indicated potent neuroprotective activity.”*> Loline (22),
isolated from Neotyphodium uncinatum inhabiting Festuca
pratensis, showed anti-insect and anti-aphid activities.”
Fiscalins A-C (23-25) and pseurotin A (26) were isolated
from P raistrickii derived from 7. brevifolia. Fiscalins
inhibited binding of radiolabeled substance P ligand to the
human neurokinin (NK-1).>* Pseurotin A induced cell
differentiation of PC12 neuronal cells and exhibited
antibacterial activities against Erwinia carotovora and
Pseudomonas syringae.> Porritoxin (27), isolated from
Phaeospheria sp. residing in Echinacea purpurea,
indicated antitumor activity.*® Phomopsichalasin (28),
isolated from Phomopsis sp. inhabiting Salix gracilostyla,
showed antimicrobial activities against Bacillus subtilis,
Staphylococcus —aureus, Salmonella  gallinarum, and
Candlida tropicalis.>” 3-Nitropropionic acid (29), isolated
from Phomopsis sp. derived from Urobotrya siamensis,
Grewia sp., Mesua ferrea, Rhododendron ciliicalyx, and
Tadehagi sp., inhibited the enzyme succinate dehy-
drogenase in mitochondria and showed antibacterial
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Fig. 3. Steroids produced by endophytic fungi.

activity against Mycobacerium tuberculosis.*®

Steroids

Some steroids have been isolated from endophytic
fungi as shown in Fig. 3. They are mostly ergosterol
derivatives. Ergosterol (30) was isolated from most of
fungi including endophytic fungi and it is known to have
diverse biological activities anti-Helicobacter pylori
activity and antimicrobial activities.***! 3-Oxo-ergosta-
4,6,8(14),22-tetraene (31) was isolated from an endophytic
fungus Annulohypoxylon truncatum residing in Zizania
caduciflora as well as Colletotrichum sp. in A. annua. 31
inhibited NF-kB activity and showed antimicrobial
activities against Pseudomonas sp., B. subtilis, Sarcina lutea,
S. aureus, Aspergillus niger, C. albicans, Phytophthora
capisici, Gaeumannomyces graminis, Rhizoctonia cerealis,
and Helminthosporium sativum.**  (3B,5,60,22F)-3-
Hydroxy-5,6-epoxy-7-one-8(14),22-dien-ergosta (32), isolated
from Chaetomium sp. residing in H. serrata, inhibited
acetylcholinesterase.* (22F,24R)-6-Acetoxy-ergosta-7,22-
dien-3B,5a,6p-triol (33), (22E,24R)-3,6-diacetoxy-ergosta-
7,22-dien-3B,50,6B-triol (34), (22E,24R)-3-acetocy-6-
phenylacetyloxy-ergosta-7,22-dien-33,50,6B-triol (35), (22F,
24R)-3-acetoxy-19(10—6)-abeo-ergosta-5,7,9,22-tetraen-
3p-ol (36), (22E,24R)-19(10—6)-abeoergosta-5,7,9,22-
tetraen-3p-ol (37), and ergosterone (38) with antimi-
crobial activities were also isolated from Colletotrichum
sp. inhabiting Artemisia annua. Ergone (39) was isolated
from Colletotrichum sp., C. ninchukispora, F. chlamydo-
sporium, and Mollisia sp. derived from A. annua, B.

Natural Product Sciences
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erythrophloia, Anvillea garcinii, A. cornudentata, res-
pectively. Ergone exhibited anti-inflammatory activity and
antimicrobial activities against E. coli, B. megaterium,
and M. violaceum.”***4¢ Ergosterol peroxide (40) is
another common steroid produced by fungi together with
ergosterol. 40 exhibited diverse biological activities so far,
including nitric oxide (NO) reduction, cytotoxicity, and
antimicrobial activities.**” Ergost-5-en-3p-ol (41), isolated
from Colletotrichum sp. residing in A. annua and H.
serrata, indicated antimicrobial activities against Pseudo-
monas sp., B. subtilis, P. capisici, G graminis, R. cerealis,
H. sativum.® 50,80-Epidioxy-(22E,24R)-23-methylergosta-
6,22-dien-3B-ol (42), isolated from Gaeumannomyces sp.
inhabiting P communis, showed nitric oxide (NO)
reduction, anti-inflammatory, and immune-modulatory
activities.®®  5a,8a-Epidioxyergosta-6,9(11),22-trien-3-ol
(43), isolated from Gaeumannomyces sp. and Mollisia sp.
derived from P communis and A. cornudentata, exhibited
nitric oxide (NO) reduction activity.”** Solanioic acid
(44), a degraded and rearranged steroid, was isolated from
cultures of Rhizoctonia solani derived from Cyperus
rotundus and it showed antibacterial activity against
methicillin-resistant S. aureus.*

Sulfur-containing metabolites

Some sulfur-containing metabolites have been isolated
from endophytic fungi as shown in Fig. 4. Five
thiodiketopiperizines, epicorazines A-C (45 - 47), exsero-
hilone A (48), and phomazine B (49), were isolated from
an endophytic fungus Phoma sp. residing in Kandelia
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Fig. 4. Sulfur-containing compounds from endophytic fungi.

candel. These metabolites exhibited cytotoxicity against
HL-60, HCT-116, K562, MGC-803, and A549 cell
lines.” The biosynthetic pathways for dithiodiketope-
perazines were investigated. Two amino acids were
coupled with amide bond and cyclized to form diketo-
piperazine. And then sulfur donated from methionine,
cycteine, etc was known to be incorporated into the
diketopiperazines.® Secoemestrin D (50), obtained from
Emericella sp. derived from Astrgalus lentiginosus, also
showed cytotoxic activity.”! Colletotricole A (51) and 2-
(4-methylthiazol-5-yl)Ethyl 2-hydroxy propanoate (52),
isolated from C. gloeosporioides in Aquilaria sinensis,
inhibited growth of tumor cell lines MCF-7, NCI-H460,
HepG-2, and SF-268.%

Terpenoids

Terpenoids also have been reported to be produced by
endophytic fungi as shown in Fig. 5. Chokol A (53),
isolated from Epichloe typhina residing in Phleum
pretense, showed antifungal activity against Cladosporium
phlei®® Annulohpoxylotols A (54) and B (55), obtained
from A. truncatum in Z. caduciflora, showed inhibition of
NF-«B activity.** (3R,6E,105)-2,6,10-trimethyl-3-hydroxy-
dodeca-6,11-diene-2,10-diol  (56), isolated from C.
gloeosporioides in A. sinensis, exhibited growth inhibition
of tumor cell lines MCF-7, NCI-H460, HepG-2, and SF-
268.% 3,12-Dihydroxycadalene (57), isolated from
Phomopsis cassiae residing in Cassia spectabilis, showed
antifungal activities against C. cladosporioides and C.
sphaerospermum.>* Tuberculariols A-C (58-60), obtained
from Tubercularia sp. derived from Taxus mairei, showed
antitumor activities against cervical cancer cell line.”® la-
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100-Epoxy-7a-hydroxyeremophil-11-en-12,8-Bolide (61),
isolated from Xylaria sp. in Licuala spinosa, exhibited not
only antifungal activity against C. albicans but also
antiparasitic acitivity.”® Phomenone (62), isolated from
Xylaria sp. residing in Piper aduncum, showed antifungal
activities against C. cladosporioides and C. sphaeros-
permum.”’ Xylarenic acid (63), xylarenones A (64), and B
(65) obtained from Xylaria sp. derived from Torreya
Jackii, showed antitumor activities about cervical cancer
cell line.”® CJ-14445 (66), isolated from Botryosphaeria
sp. inhabiting Maytenus hookeri, exhibited antifungal
activity against C. albicans, S. cervisiae, and Penicillium
avellaneum.”® Subglutinols A (67) and B (68) isolated
from Fusarium subglutinans residing in Tripterygium
wilfordii indicated potent immunosuppressive activity.*’
Preaustinoids A (69) and B (70), obtained from
Penicillium sp. derived from Melia azedarach, showed
antibacterial activities against Bacillus sp., E. coli, S.
aureus, and Pseudomonas aeruginosa.’’ Periconicins A
(71) and B (72), isolated from Periconia sp. inhabiting
Taxus cuspidate, exhibited antimicrobial activities against
C. albicans, Trichophyton mentagrophytes, and T, rubrum.%
Tauranin (73) isolated from Phyllosticta spinarum
residing in Platycladus orientalis indicated anticancer
activities against non-small cell lung cancer, breast cancer,
CNS cancer-glioma, metastatic prostate cancer, and
pancreatic carcinoma.”® Sordaricin (74), obtained from
Xylaria sp. derived from Garcinia dulcis, showed antifungal
activities against Candida glabrata and C. albicans.®*
Helvolic acid (75), isolated from A. niger inhabiting C.
dactylon, exhibited anti-helicobacter pylori activity as
well as antimicrobial activities against S. lutea, S. aureus,
and C. albicans**° Enfumafungin (76) isolated from
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Fig. 5. Terpenoids produced by endophytic fungi.

Hormonema sp. residing in Juniperus communis, showed
antifungal activities against C. albicans, C. tropicalis,
Aspergillus flavus, A. fumigatus, and S. cerevisiae by
inhibiting synthesis of glucan in fungal cell.*% A
sesquiterpene lactone, heptelidic acid (77), isolated from
Phyllosticta sp. residing in A. balsamea, exhibited
antimalarial activity and inhibited mammalian DNA
polymerases B and y as well as etoposide-induced
apoptosis in leukemia cells.®*® Trichodermin (78), a
member of 12,13-epoxytrichothecene mycotoxin, was
characterized from Trichoderma harzianum living in Ilex
cornuta. Trichodermin was reported to be a very potent
inhibitor of eukaryotic protein synthesis, specifically by
inhibiting peptide bond formation at the initiation stage of
translation and by inhibiting peptidyl transferase activity
required for translational elongation and/or termination.”

Polyketides

Polyketides are one of major secondary metabolites
produced by endophytic fungi. Among polyketides, many
pyranone-type compounds including monobenzopyranones,
dibenzo-a-pyranones, and naphthopyranones have been
reported to be isolated as shown in Fig. 6. CR377 (79)
with antifungal activity against C. albicans was isolated
from Fusarium sp. derived from Selaginella pallescensd.”
Phomopsolides A-E (80 - 84) isolated from Penicillium
sp. inhabiting 7. brevifolia exhibited anti-feeding and
antibacterial activity against S. aureus. Moreover, 82 - 84
showed antibacterial activity against Vivrio harveyii.’*”
Macrophic acid (85), phomones C-F (86 - 89) and rosellisin
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(90) were all isolated from cultures of Phoma sp.
inhabiting Sumbaviopsis albicans and they showed
cytotoxic activities.”* (R)-Mellein (91) isolated from
Pezicula livida residing in Fagus sylvatica indicated
potent antimicrobial activities against B. megaterium, E.
coli, Ustilago violacea, Eurotium repens, and Cerospora
fusca. (38,4S)-3,8-Dihydroxy-6-methoxy-3,4,5-trimethy-
lisochroman-1-one (92) and (3R,4S)-3,8-dihydroxy-3-
hydroxymethyl-6-methoxy-4,5-dimethylisochroman-1-

one (93) to reduce nitric oxide (NO) were obtained from
Phoma sp. derived from Artemisia princeps.”® Altenuene
(94), 2-epialtenuene (95), alternariol (96), and alternariol
5-O-methyl ether (97) with cytotoxic activities were
isolated from Alternaria sp. inhabiting Polygonum
senegalense. In addition, alternariol and alternariol 5-O-
methyl ether induced cytochrome P450 1A1 and caused
apoptosis in murine heptatoma. Alternariol revealed to
induce death of human colon carcinoma cells and
inhibition of protein kinase and xanthine oxidase.”’*
Graphislactone A (98) with strong antioxidant activity
was isolated from Cephalosporium sp. in Trachelos-
permum  jasminoides as well as Microsphaeropsis
olivacea in Pilgerodendron uviferum.®'** Aurasperone A
(99) and rubrofusarin B (100) were obtained from
Aspergillus n