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ABSTRACT: Endophytes have gained particular interest in the search of potential pharmaceutical candidates for a
long time due to their diversity, species richness and bioprospecting nature. They generally produce the essential
metabolites for their expansion inside the plant which is involved in various biotransformation processes of utilizing
host nutrients and cell components to continue microbial growth, sustenance, and reproduction. In above processes,
they produce a huge amount of both structurally and functionally diverse secondary metabolites for maintaining an
effective symbiosis with hosts. These compounds are proven to have significant bioactive properties like
antibacterial, antifungal, antiviral, anti-inflammatory, antioxidants, antitumor activities. Despite the proven
significance, a little is exploited so far about endophytes. Particularly marine fungal endophytes which are the centre
of attention in this review have gained much less importance. Due to unique environmental feature, fungal
endophytes derived from marine environment offer vast diversity in different bioactive secondary metabolites. This
review has focused on algicolous endophytes and bioactive secondary metabolites discovered during the last two
decades. Particular importance has been given to cytotoxic and antimicrobial metabolites. Due to intensive studies
during last several years, an extensive number of publications are now available on cytotoxic compounds derived
from endophytic fungi of marine algicolous and spongicolous origin that have been summarized in this review.
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Endophytes and Endophytism

Endophytes are either bacterial (including
actinomycetes) or fungal microorganism. These
endophytes spend the whole or part of their life cycle
living inter- and/or intra-cellularly inside the healthy
tissues of the host plant' They are non-organ
specific, can invade any plant organs and reside
beneath the epidermal cells of plants.>* There is no
apparent evidence of their existence in plants because
they neither cause any noticeable tissue damage nor
produce any symptoms.” They may be present
ubiquitously in each and every healthy plant usually
more than one in each flora through a symbiotic
association with the host.®* In general, bacteria,
archaebacteria, fungi, algae, mycoplasma all can act
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as endophytes. They are prolific sources of bioactive
metabolites which they produce via direct association
with their hosts.”® Our main focus for this review is
fungi or mycoendophytes derived from or associated
with marine sources i.e., macroalgae, and bioactive
secondary metabolites obtained from them.

Algicolous Fungi

Marine algae usually contribute one-third of well
known higher fungal endophytes. For more than 2000
years, macroalgae have been widely exploited
traditionally in China and ancient Egypt as folk
medicine. Most algicolous marine fungi are
Ascomycetes. For adaption with the constant
environmental stress of marine atmosphere such as
frequent change in moisture and salt concentration,
sunlight exposure for prolonged time, tide alteration,
abundant microorganisms and herbivore insects, etc.,
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it apparently looks like that both marine algae and
their endophytic symbionts could be a significant
source of secondary metabolites having biological
activities.”

Isolation and cultivation of fungi from marine
organisms

As a general approach, surface sterilizaiton
techniques are employed to isolate endophytes from
marine algae. Initially, epiphytes inhabited in the
outer surface of algae are removed by this
sterilization process. The surface sterilization are
done in different ways depending on microbial
species and/or host tissue types. Several mechanical
processes such as ultrasonic bath sonication,
ultrasonic probe sonication, use of beads and
vortexing; using enzymes such as proteinase K,
lysozyme; and chemicals such as bleaching agent,
ethanol, alkaline lysis buffer, UNSET buffer, CTAB
buffer, bactericidal cleanser, etc. have been used by
scientists to eliminate epiphytes completely from the
sample surface as per suitability.® Researcher usually
choose healthy and disease free fresh algae for
isolation purpose. This is important to avoid isolation
of localized pathogens and saprophytic microbes.**°
Moreover, to eleminate contamination by air
microspores, samples after collection are needed to
be processed immediately or stored at 4°C in case of
delayed processing."**> The most commonly used
approaches followed reserachers for the isolation and
cultivation of endophytic fungi are summarized
below.**

1. Cutting of samples (sponge tissues, mangrove
leaves, algal biomass, etc.) into small pieces and
removing debris adherent to the surface by
rinsing with sterile seawater.

2. Immersing the pieces of sample in 70% ethanol
for surface sterilization. This is to be done
carefully to avoid any tissue damage of the
sample. To check sterilization effectiveness, it is
recommended to take imprints of the tissues on
growth medium. Lack of microbial growth will
indicate successful sterilization.
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3. After drying with a sterile cotton cloth, pieces
are streaked over a petri dish containing culture
media (such as water agar medium), then again
cut into smaller pieces.

4. These pieces are then incubated in media (water
agar medium) amended with antibiotics at 20-
25°C under daylight.

5. After two weeks of incubation, different fungal
strains are developed from sample. Hyphal tips
of growing fungi are transferred in second media
such as potato dextrose agar medium (PDA) for
further growth.

6. Isolated pure strains are taxonomiclly identified
by observing morphological characteristics, and
by DNA amplification and sequencing of the
fungal internal transcribed spacer (ITS) region.

Extraction and characterization of endophytic
fungal metabolites

Various fermentation techniques such as shaking
or static culture of endophytes at optimized
conditions including temperature, light, aeration, etc.
are maintained for compound extraction.***
Fermentation media viz. PDA medium, malt extract
medium, liquid Wickerham’s medium, etc. are
mostly utilized for effective large scale production of
bioactive compound.®® Separation of mycelia and
filtrate is done by filtration followed by extraction of
the compound using appropriate organic solvents.
Most widely used solvent for this purpose is ethyl
acetate. Other solvents used are methanol,
dichloromethane, chloroform and hexane, etc.*®*?

Cell-free organic phase is dried under vacuum at
40°C by a rotary evaporator. Fractionation of extracts
is done using column chromatography by polarity
based gradient elution of the suitable solvent system,
and the existence of the compounds is detected by
thin layer chromatography (TLC). Further isolation
proceeds by  preparative TLC, column
chromatography, vacuum liquid chromatography or
preparative-HPLC, etc. Elucidation of compound
structure is carried out using high-resolution nuclear
magnetic resonance (NMR) and fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR/MS)
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etc. Liquid chromatography-mass spectrometry (LC-
MS) is also used for compound identification by
correlating both molecular weight and UV absorption
data. When the individual compounds are purified
and structurally recognized, they are then assayed for

bioactivity such as cytotoxicity, antimicrobial
activity, etc.
Biological potentials of endophytic fungal

metabolites

Metabolic interactions between endophytes and
hosts like signaling defense and regulation of
symbiosis for adaptation in the highly competitive
environment lead to the production of varieties
compounds but very little is known about exact
biosynthetic pathways behind those. Until now,
several hundreds of bioactive metabolites have been
identified and isolated from endophytic fungi having
a wide range of properties including anticancer,
antimicrobial, immunosuppressants activities, etc.
(Table 1). World’s first billion-dollar anticancer drug
taxol shifted natural product research to endophytic
fungi initially which could be derived only from
some slow-growing rare yew trees. An endophytic
fungus, Taxomyces andreanae isolated from yew
tree, Taxus brevifolia Nutt. had been reported of
having the capability to produce taxol for the first
time in 1971 by Wani et al.** In search of other taxol
producing endophytes from different other species of
yew tree, an endophytic fungus Pestalotiopsis
microspora isolated from Taxus wallachiana by
Strobel et al. has drawn attention.?° Cephalosporin C,
another very significant discovery of the era was
isolated from marine-derived fungus Acremonium
chrysogenum. Till now, more than 1000 novel natural
compounds have been discovered by exploring
marine-derived fungi haveing new carbon skeleton
which indicates marine-associted fungi as a
promising source of pharmaceutical lead compounds.
Among different genus, Aspergillus and Penicillium
are two prolific producers of new metabolites.
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Cytotoxic metabolites from marine algicolous
endophytic fungi
Polyketides

Few dozens of polyketides having cytotoxicity
have been isolated from marine algicolous
endophytic fungi. A berif of the important
endophytes, their sources and isolated cytotoxic
metaboliotes are summarized in Table 1. Elsebai et
al. found seven novel phenalenone derivatives (1-7)
from the endophyte Coniothyrium cereal derived
from Enteromorpha sp., a green alga obtained from
Fehmarn of Baltic Sea. Among the separated
compounds, conioscleroderolide (1) has been showed
powerful inhibition of human leukocyte elastase
(HLE) having the ICs, value of 13.3 uM.* Marine
alga Ceramium sp. derived endophytic fungus
Phaeosphaeria spartinae was investigated which
provide the isolation of a novel compound
spartinoxide (9) and two known compounds 4-
hydroxy-3-prenyl-benzoic acid (10) and anofinic acid
(8). Compounds 9 and 10 have been proved to be the
potent inhibitor of HLE having 1Cs, values of 1.71 £
0.30 pg/ml (6.5 pM) and 1.67+0.32 pg/ml (8.1 pM),
respectively.’’ The red alga Carpopeltis cornea
(collected in Ulsan City, Korea) derived endophytic
fungus Aspergillus parasiticus # MFA 153 was
cultivated which led to the isolation of a novel
gabosine derivative parasitenone (11), having
moderate antioxidative activity.® Anomalins A (12)
and B (13), two xanthone derivatives were isolated
from a culture of the endophyte Wardomyces
anomalus 0OS4T3-2-1 from the green alga
Enteromorpha sp. (collected around Fehmarn island
in the Baltic Sea). Anomalin A (12) found active
significantly as a p56(lck) tyrosine kinase inhibitor
and also as an antioxidant®  Aspergillus
pseudodeflectus Hiji005 derived from brown alga
Sargassum fusiform (collected in the Miura
Peninsula, Japan) produced a new cytotoxic
isochroman metabolite, pseudodeflectusin (14). This
isolated metabolite showed moderate but selective
cytotoxicity against several human cancer cell lines
including the stomach (NUGC-3), cervix (HeLa-S3),
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Table 1. Major classes of bioactive compounds derived from marine associated endophytic fungi.
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1.1 Anticancer Agents

1.2 Antimicrobial Agents

1.3 Antioxidant

1.4 Antiviral Agents

1.6 Immunossive 1.5 Antidiabetic Agents

Host Endophyte Scientist Compounds Target action Ref.
Torreya Pestalotiopsis Leeetal., 1996 Torreyanic acid  Sensitive to protein kinase C 21
taxifolia microspore agonists and causes cell death
by apoptosis
Medicago sativa  Phoma medicaginis Weber et al., 2004 Brefeldine A Apoptosis in cancer cells 22
and Medicago
lupulina
-- Trametes hirsute Puri et al., 2006 Podophyllotoxins Exhibit potent antioxidant, 117
anticancer, and
radioprotective properties
-- Cryptosporiopsis Strobel et al., 1999b Cryptocandin Against Candida albicans 24
cf. quercina and Trichophyton sp.
-- Pestalotiopsis Lietal., 2001 Ambuic acid Antifungal 25
microspore Pestaloside
Pestalotiopsins A
and B
-- Pestalotiopsis jesteri Li and Strobel, 2001 Jesterone Antifungal activity 26
-- Pestalotiopsis adusta Lietal., 2008a Pestalachlorides A Against three plant 27
pathogenic fungi, Fusarium
culmorum,
Gibberella zeae, and
Verticillium alboatrum
Terminalia P. microspore Strobel et al., 2002 Pestacin Potent antioxidant activity 34
morobensis |Sopestacin
j2]
§ Trachelospermum Cephalosporium sp. Song et al., 2005 Graphislactone A Antioxidant and free radical- 118,
2 jasminoides IFB-E001 scavenging activity 28
Pilgerodendron Microsphaeropsis Hormazabal et al., 2005
uviferum olivacea
-- Cytonaema sp. Guo et al., 2000 Cytonicacids A Novel human 29
and B cytomegalovirus (hcmv)
protease inhibitors
-- Xylaria mellisii Pittayakhajonwut et al., Mellisol Against herpes simplex 30
2005 1,8-dihydroxy- virustype 1
naphthol 1-O-a-
glucopyranoside
Associated with Potent inhibitor of human 31

Agents

Quercus coccifera

leaves

Pseudomassaria sp.

Pseudomassaria sp.

Fusarium subglutinans

Colletotrichum
dematium

Singh et al., 2004

Zhang et al., 1999

Salituro et al., 2001

Leeetal., 1995

Renetal., 2008

Hinnuliquinone

Nonpeptidal L-
783,281

Demethyl
asterriquinone B-1

Subglutinol A and
B

Collutelin A

immunodeficiency virus type

1 (HI\/-1) nrateace

Found to act as insulin, with 32

advance that it is not

destroyed in the digestive
tract and may be given orally

Insulin-mimetic compound 33

As potent as the

119

immunosuppressant drug

cyclosporin A

Inhibited CD4 (+) Tcell

35

activation of Interleukin 2

production

“--" = host not mentioned; Ref. = Reference No.



Cytotoxic Compounds Derived from Marine Algicolous

and peripheral blood (HL-60), with LDs, values of
49, 47, and 39 uM, respectively.”® A Cladosporium
species L037 derived from the brown alga
Actinotrichia fragilis (collected from Seragaki Beach
at Okinawa Island, Japan) yielded two 12-membered
macrolides, sporiolides A (15) and B (16), that
showed powerful cytotoxic activity against murine
lymphoma L1210 cells.** A known fungal metabolite,
4-Ketoclonostachydiol (17) having potent cytotoxic
activity, was obtained from an endophyte
Gliocladium sp. isolated from the New Zealand alga
Durvillaea Antarctica.”> A culture of an endophyte
Chaetomium globosum, derived from the red alga
Polysiphonia urceolata (collected from Qingdao
coastline, China), provided the isolation of a new
benzaldehyde secondary metabolite, chaetopyranin
(18) which exhibited moderate cytotoxicty against
three human tumor cell lines, with 1Cs values of 48.7
(human microvascular endothelial cells, HMEC),
90.2 (hepatocellular carcinoma cells, SMMC-7721),
and 123.7 uM (human lung epithelial cells, A549),
along with free radical-scavenging activity.* Same
species was isolated that produce a novel
benzonaphthyridinedione derivative,
chaetominedione (45) having remarkable activity as
p56 (Ick) tyrosine kinase (93.6% enzyme inhibition at
200 pg/ml) inhibitor.** Cultivation of marine green
alga-derived endophyte Monodictys putredinis (No.
187/195 15 1, collected from Tenerife, Spain) resulted

to the isolation of four monomeric xanthones,
including  monodictysins A-C  (19-21) and
monodictyxanthone B (22) as well as a

benzophenone monodictyphenone C (23). Among
them, monodictysin B (20) showed cytochrome P450
1A inhibition, while monodictysin C (21) moderately
induced NAD(P)H: quinine reductase (QR) activity
in mouse Hepa 1clc7 cells. Also, monodictysin C
(21) inhibited aromatase activity weakly.*® After
fermentation of a culture of a Curvularia sp. (strain
no. 768) isolated from the red alga Acanthaphora
spicifera (collected in Apra Harbor, Guam), a novel
macrolide apralactone A (24), a 14 membered phenyl
acetic acid macrolactone, and the antipodes of
curvularin macrolides (25-27) were identified. These
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isolated metabolites showed cytotoxicity against
several human tumor cell lines.*® Penicillium
chrysogenum QEN-24S, obtained from the red alga
Laurencia sp. (collected from the Weizhou Island,
South China Sea), produced two polyketide
penicitides A (28) and B (29) and the glycerol
derivative. Penicitide A displayed moderate cytotoxic
activity against the human hepatocellular liver
carcinoma cell line with an 1Cs, value of 111.9
UM.*’An endophyte Aspergillus terreus, derived from
the red alga Laurencia ceylanica ( from East coast of
Sri Lanka), was a producer of a new butyrolactone
(30), which exhibited significant inhibition of the B-
glucuronidase enzyme having ICs, value of 6.2 pM.*®
A culture of an endophyte Paecilomyces variotii EN-
291 obtained from the red alga Grateloupia turuturu
(from Qingdao, China) was fermented that led to the
isolation of two new butenolides, butyrolactone IX
(31) and aspulvinone O (32). Between these,
aspulvinone O was found as a significant antioxidant
having ICs, value of 11.6 uM.* Halimide alkaloids
were produced by Aspergillus sp. CNC139 isolated
from a sample of the green alga Halimeda copiosa.
Halimide (33) was shown to inhibit the growth of
colon cancer and ovarian cancer cell lines with 1Cs,
values of 1 and 0.8 pM, respectively.® The fungus
Emericella nidulans var. acristata was isolated as an
endophyte from a Mediterranean green alga.
Cultivation of this fungus yielded two new
compounds, arugosins G (34) and H (35), together
with the known metabolites arugosins A (36) and B
(37). Arugosins A and B exhibited cytotoxic activity
towards seven cell lines at the concentration of 10
pM.’®  Cultivation of endophyte Monodictys
putredinis derived from a marine alga resulted to the
production of two new dimeric chromanones (38, 39)
consisting two uniquely modified xanthone-derived
units. The compounds (38, 39) were examined for
their cancer chemopreventive potential and shown to
inhibit cytochrome P450 1A activity (1Cso values of
5.3 and 7.5 uM, respectively). In addition, both
compounds displayed moderate activity as inducers
of NAD(P)H:quinone reductase (QR) in cultured
mouse Hepa 1clc7 cells.®® Noduliprevenone (40)
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isolated from Nodulisporium sp. was found to be an
inhibitor of P450 (CYP1A), and concomitantly
induces NAD(P)H:quinone reductase (QR).** An
alga-derived endophytic fungus Penicillium sp. i-1-1
produced a novel tricyclic compound, citrinal A (41)
having a rare tetrahydro-2H-benzofuro[ 7-
b][1,4]dioxin-9(3H)-one  skeleton.  Citrinal A
exhibited cytotoxicity against the A-549 and HL-60
cell lines.® Cytochalasin D (42) , a known antitumor
and antibiotic compound was isolated from Xylaria
sp. strain obtained from Brazilian marine red alga B.
tenella.>* Epiepoxydon (43) exhibited significant
cytotoxicity against human cancer cell lines was
obtained from marine fungus Apiospora montagnei
isolated from the inner tissue of the North Sea alga
Polysiphonia violacea.** An endophyte Ascochyta
saliconiae obtained from green alga Ulva sp.
produced 2, 3-dihydro-2-hydroxy-2, 4- dimethyl-5-
trans-propenylfura-3-one (44) showing inhibitory
activity towards tyrosine kinase enzyme.® (Table 2,
Figure 1)

Terpenoids

Cytotoxic terpenoids reported so far from marine
algicolous endophytes are summarized in Table 3 and
Figure 2. Four novel derivatives of hydroxylated
sclerosporin  were isolated from the fungus
Cadophora malorum (SY3-1-1MIT), collected from
the green alga Enteromorpha sp. These are 15-
hydroxysclerosporin  (45), 12-hydroxysclerosporin
(46),11-hydroxysclerosporin 47), and 8-
hydroxysclerosporin ~ (48). Among others 8-
Hydroxysclerosporin was found with a weak lipid-
accumulation inhibitory activity against 3T3-L1
murine adipocytes.®® Brown alga Sargassum horneri
(Wenzhou island, China) derived endophytic fungus
Pestalotiopsis sp. Z233 was cultured under abiotic
stress stimulated by CuCl,. This culture extracts
provided two new stress metabolites, eudesmane
sesquiterpenes (49) and (50), which exhibited
inhibitory activities against tyrosinase enzyme (1Cs
values of 14.8 and 22.3 pM respectively).”’ The
fungus Penicillium chrysogenum QEN-24S was
isolated from the marine red alga Laurencia sp.
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Extraction of this fungal culture led to the isolation of
two new tetracyclic diterpenes of the rarely reported
cyclopiane class, conidiogenones H and I, along with
five related congeners, conidiogenones B - D and F
and conidiogenol. Among those conidiogenone C
(51) was found with potent cytotoxic activity against
HL-60 and BEL-7402 cells with ICsy values of 0.038
and 097 puM respectively.”® Three new
tetranorlabdane diterpenoids, asperolides A-C (52-
54), and two related tetra norditerpenoid derivatives,
wentilactones A and B (55, 56), were characterized
from the culture extracts of Aspergillus wentii EN-48,
derived from the marine brown alga Sargassum sp.
All of them were evaluated for cytotoxic activity
against HelLa, HepG2, MCF-7, MDA-MB-231, NCI-
H460, SMMC-7721, and SW1990 cell lines with 56
being regarded as the most potent among the tested
compounds (ICso = 17 uM).* Three new macrocyclic
epoxy-diterpenes were produced from an unidentified
fungal strain (MPUC 046) derived from the marine
brown alga Ishige okamurae. The isolated
compounds show similarity to the known platelet
activating factor (PAF) antagonists, phomactins, thats
why they were named as phomactin | (57), 13-epi-
phomactin | (58) and phomactin J (59).%° (Table 3,
Figure 2)

Nitrogenated compounds
Amines and amides:

Alternaria tenuis Sg17-1 was isolated from an
unidentified alga (Zhoushan Island, China) and after
the extraction of the culture broth of this fungus, a
new isocoumarin (60) containing an atypical seven-
membered ring in its side chain was discovered.
Compound 60 exhibited in vitro cytotoxicity against
human malignant A375-S2 and Hela cell lines with
ICs, values of 0.3 and 0.05 mM respectively.”
Methyl 4-(3,4-dihydroxybenzamido) butanoate (61),
a novel benzamide derivative was isolated from the
endophytic fungus Aspergillus wentii EN-48 derived
from marine algae and showed significant DPPH free
radical scavenging activity with an 1Cs, value of 23.1
UM.®? Ten asperpyrone-type BNPs (62-71) were
characterized from the fungus Aspergillus niger.
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Table 2. Cytotoxic polyketides from marine aglae associated endophytic fungi.

SI.  Host Endophytes Scientist Compounds Derivatives Activities Ref
1. Enteromorphasp. Coniothyrium Elsebai et al.,  Conioscleroderolide (1), Phenalenone  Cytotoxic and 36
cereale 2011 Sclerodine (2), derivatives antimicrobial activities
Trypethelone (3), (1-3),
Coniosclerodin (4), Inhibitory activity on
Coniosclerolide (5), HLE (4-7)

Cereolactam (6),
Cereoaldomine (7)

2. Ceramium sp. Phaeosphaeria  Elsebai etal.,  Anofinic acid (8), Prenyl Inhibitory activity on 37
Spartinae 2010 OH benzoic acid (9), HLE (8)
Spartinoxide (10)
3. Carpopeltis Aspergillus Sonetal., Parasitenone (11) Gabosine Moderate free radical 38
corneared algae  parasiticus 2002 derivative scavenging activity
4. Enteromorphasp. Wardomyces Abdel-Lateff et Anomalin A (12) Xanthone Tyrosine kinase 39
anomalus al., 2003 derivatives inhibitory &

antioxidative activity

5. Sargassum Aspergillus Ogawaetal., Pseudodeflectusin (14) Isochroman Selective cytotoxic 40
fusiform brown pseudodeflectus 2004 derivative activity against several
algae human cancer cell

lines including the
stomach (NUGC-3),
cervix (HeLa-S3), and
peripheral blood (HL

60)
6. Actinotrichia Cladosporium Shigemoriet  Sporiolides A (15) and B 12-membered  Potent cytotoxicity 41
fragilis L037 species al., 2004 (16) macrolides against murine
lymphoma L1210 cells
7. Durvillaea Gliocladiumsp. Langetal., 4-ketoclonostachydiol Macrodiolide  Strong cytotoxicity 42
Antarctica 2006 @17)
8.  Polysiphonia Chaetomium Wang et al., Chaetopyranin (18) Benzaldehyde Cytotoxic against 43
urceolata globosum 2006b derivative human microvascular
endothelial cells,
hepatocellular
carcinoma cells
(SMMC-7721) and
human lung epithelial
cells
Abdel-Lateff, Chaetominedione (45) Benzonaphthyr p56Ick tyrosine kinase 44
2008 idinedione inhibitory activity
derivative
9. Inner tissue of a Monodictys Krick et al., Monodictysins A-C (19- Monomeric Inhibition of 45
marine greenalga  putredinis 2007 21), xanthones cytochrome P450 1A
Monodictyxanthone (22) (20), Induction of

Monodictyphenone (23) Benzophenone NAD(P)H:quinine
reductase (QR) in

Aultiivrad manien

10. Acanthaphora Curvulariasp.  Greveetal., Apralactone A (24), Macrolide Cytotoxic towards 46
spicifera 2008 Antipodes of curvularin human tumor cell lines
macrolides (25-27)
11 Laurencia sp. Penicillium Gaoetal., Penicitides A (28) -- Moderate cytotoxic 47
chrysogenum 2010 against the human

hepatocellular liver
carcinoma cell line

12 Laurencia Aspergillus Haroonetal., New butyrolactone (30) Inhibition of B- 48
ceylanica terreus 2013 glucuronidase
13 Grateloupia Paecilomyces Zhang et al., Butyrolactone X (31), Butenolide DPPH radical 49
turuturu variotii 2015a Aspulvinone O (32) derivatives scavenging activity (32)
14 Halimeda copiosa Aspergillussp.  Fenicaletal.,,  Halimide (33) Alkaloid Growth inhibition of 50
2000 colon and ovarian

carcinoma cells
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15 Unidentified algae Emericella Kralj et al., Arugosin G (34), Prenylated Cytotoxic toward tumor 16
nidulans var. 2006 Arugosin H (35), polyketides cell lines (36, 37)
acristata Arugosin B (36),
Arugosin A (37)
16 Unidentified algae Monodictys Pontiuset al.,  Monodictyochromes A Dimeric Inhibit cytochrome 52
putredinis 2008b (38) and B (39) xanthone P450 1A activity
derivatives
17 Unidentified Nodulisporium  Pontiusetal., Noduliprevenone (40) Heterodimeric  Inhibitor of P450 51
sp. 2008a chromanone (CYP1A)
18 Blidingia minima  Penicillium sp.  Zhuetal., Citrinal A (41) Tricyclic Cytotoxic effects on the 53
2009 citrinin A-549 and HL-60 cell
derivative lines
19 Bostrychia tenella Xylaria sp. de Felicio et Cytochalasin D (42) Alkaloid 54
al., 2015
20 Polysiphonia Apiospora Klemke etal., Epiepoxydon (43) Significant cytoxicity 14
violacea montagnei 2004 against human cancer
cell lines.
21 Ulvasp. Ascochyta Nagle et al., 2, 3-dihydro-2-hydroxy- Tyrosine kinase 55
saliconiae 2004 2, 4- dimethyl-5-trans- inhibitor
propenylfura-3-one (44)
Table 3. Cytotoxic terpenoids from marine aglae associated endophytic fungi.
SI. Host Endophytes Scientist Compounds Derivatives Activities Re
1. Enteromorphasp. Cadophora Almeida et al., 15-hydroxysclerosporin Hydroxylated  Fat-accumulation 56
malorum SY3-1- 2010 (45),12-hydroxysclerosporin  sclerosporin inhibitory activity
IMIT (46),11-hydroxysclerosporin  derivatives against 3T3-
(47),8-hydroxy sclerosporin L1murine
(48) adipocytes
2.  Pestalotiopsis sp. Sargassum Wu etal., 1B,50,60,14-tetraacetoxy-  Eudesmane Tyrosinase 57
7233 horneri 2013 9a-benzoyloxy-7p H- ses- inhibitory activities
eudesman-2p3,11-diol (49), quiterpenes
4a,5a-diacetoxy-9a-
benzoyloxy-7ph-eudesman-
1B,2B,11, 14-tetraol (50)
3. Laurencia sp. Penicillium Duetal., 2009 Conidiogenone C (51) Diterpenes of ~ Cytotoxic effectto 58
chrysogenum QE cyclopiane HL-60
N-24S class
4.  Sargassum sp. Aspergillus wentii  Sunet al., Asperolides A-C (52-54), Tetranorlabda  Potent cytotoxic 59
EN-48 2012 Wentilactones A (55)and B ne against a tumor
(56) diterpenoids cells (56)
5.  Ishige okamurae  Unidentified Ishino et al., Phomactin | (57), 13-epi- Diterpene Platelet activating 60
fungal strain 2010 phomactin I (58), Phomactin factor (PAF)
(MPUC 046) J (59) antagonists
6. Unidentified alga Alternariatenuis Huangetal.,  Sgl714 (44) A novel Cytotoxicities in 61
2006 isocoumarin vitro against human
malianant A375-S2
7. - Aspergillus wentii  Lietal.,, 2014 Methyl4-(3,4-dihydroxy Benzamide Significant DPPH 62
benzamido) butanoate (61)  derivative radical scavenging
8.  Sargassum sp. Aspergillus niger  Fangetal., Aurasperone A (62), Weak cytotoxicities 63
2016 Fonsecinone D (63), (I1Cs0> 30 pm)
Aurasperone F (64), against 10 human
Fonsecinone B (65), cancer cell lines
Aurasperone B (66), (K562, A549,
Aurasperone C (67), Du145, H1975,
Fonsecinone A (68), MCF-7, Huh-7,
Asperpyrone A (69), HL7702, HL60,
Fonsecinone C (70), HeLa, and Molt-4).
Asperpyrone D (71)
9. Codium fragile.  Gibberella zeae Liuetal., 3-hydroxy-5- Pyrrolidine Cytotoxicity against 64
2011 (hydroxymethyl)-4-(4'- derivative A-549 and BEL-
hydroxyphenoxy) 7402 cell lines.

pyrrolidin-2-one (72)
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Figure 1. Cytotoxic polyketidesfrom marine aglae associated endophytic fungi.

SCSIO Jcsw6F30, derived from a marine alga  (ICso> 30 UM). Besides, three of them, aurasperone F
Sargassum sp. All of the BNPs were found as weak ~ (62), aurasperone C (63) and asperpyrone A (64),
cytotoxic compounds against 10 human tumor cells showed obvious COX-2-inhibitory activities, with
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the 1Csy values of 11.1, 4.2 and 6.4 pM
respectively.?®  3-hydroxy-5-(hydroxymethyl)-4-(4'
hydroxyphenoxy) pyrrolidin-2-one (72), a new
pyrrolidine derivative was identified from the culture
extracts of an endophytic fungus Gibberella zeae,

Ahmed et al.

obtained from the marine green alga Codium fragile
and showed cytotoxic activity against A-549 and
BEL-7402 cell lines.* All the amines and amides
with cytotoxic potentials are are summarized in table
4 and the structures are given in figure 3.

Table 4. Cytotoxic nitrogenated compounds from marine aglae associated endophytic fungi.

Sl. Host Endophytes Scientist Compounds Derivatives Activities Ref
1 Valonia Chaetomium sp. Abdel-Lateff, Chaetominedione (73) Benzonaphthyrid Potent tyrosine kinase 44
utricularis 2008 inedione inhibitor
2 Sargassum Aspergillus Cuietal.,, 2-hydroxy Benzodiazepine  Exhibited significant 65
kjellmanianum  ochraceus 2009 circumdatin C (74) alkaloids dpph radical scavenging
activity
3 Grateloupia Paecilomyces Zhangetal., Varioloid A (75) & B Diketopiperazine Compounds 77 and 78 108
turuturu variotii EN-291 2015b (76) type alkaloid exhibited cytotoxicity
against A549, HCT116,
and hepg2 cell lines, with
I1Cso values ranging from
2.61t08.2 ug/ml.
4 Actinotrichia  Penicillium Tsudaetal., Citrinadin A (77) Pentacyclic Cytotoxicity against 67
fragilis citrinum N-059 2004 spiroindolinone L1210 and KB cell lines
alkaloid
Mugishimaet  Citrinadin B (78) Pentacyclic Modest cytotoxicity 68
al., 2005 indolinone against 11210 cells
alkaloid
5 Enteromorpha Aspergillus flavus Linetal., Iso-a-Cyclo-piazonic Cytotoxic to several 69
tubulosa C-F-3 2009 acid (79) human tumor cell lines
(HL-60,MOLT-4,A-
549,andbel-7402 cell
lines)
6 Sargassumsp.  Aspergillus sp. Izumikawa et  JBIR-81 (80) and Terpeptin ana- Radical scavengers due 70
SpD081030G1fl  al., 2010 JBIR-82 (81) logues to their protective effect
against L-glutamate
toxicity
7  Ulva pertusa Chaetomium Cuietal, Cyto-globosins A-G ~ Cytochalasans Cytotoxic activity against 71
globosum 2010a (82-88) the a-549 tumor cell line
8 Enteromorpha  Coniothyrium Elsebai et al., Conioimide (89) Isoindole Selective inhibition of 72
sp. cereal 2012 pseudoalkaloid human leukocyte elastase
9 Sargassum Leptosphaeria sp. Takahashiet  Lep F(91)and C (92) Leptosin Strong growth-inhibiting 73
tortile al., 1994 and apoptosis-inducing
activities against human
lymphoblastoid
RPMI8402 cells and
human embryonic kidney
cell line 293 cells
10 Avrainvillea sp. Fusarium sp. CNL- Cuetoetal., N-methyl- Cyclic Weak in vitro 75
619 2000 sansalvamide (93) depsipeptide cytotoxicity in the NCI
human tumor cell line
10. Lomentaria Aspergillus sp. Lietal., 2004 Golmaenone (94) Diketopiperazine  Significant radical 76
catenate alkaloid scavenging and UV-A
protecting properties
11. Ceradiction Unidentified Komatsu et al., Dictyonamides A (95) Peptides Inhibited cyclin- 77

spongiosum

2001

dependent kinase 4
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Table 5. Cytotoxic steroids from marine aglae associated endophytic fungi.
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SI. Host Endophytes Scientist Compounds Derivatives Activities Ref
1. Phaeosphaeria  Ceramium sp. Elsebai et al.,  Spartopregnenolone 4a-carboxylic  Steroidal 78
spartinae 2013 97) pregnane-
derivative
2. Sargassum Aspergillus Cui et al, 7-Nor-ergosterolide, 7-norsteroid Cytotoxicity against 79
kjellmanianum  ochraceus EN-31 2010b (98) NCI-H460,SMMC-
3B-hydroxyergosta-8, 7721,and SW 1990
4(28)-dien-7-one (99) cell lines
3. Corallina Aspergillus flavus ~ Qiao et al., 3B,4a-dihydroxy-26- Low inhibition of 18
officinalis Cf-5 2011 methoxyergosta- acetylcholinesterase

7,24(28)-dien-6-one

(AChE)

(55)

(56) (87)

Figure 2. Cytotoxic terpenoids from marine algae associated endophytic fungi.

Quinolines and quinazoline derivatives:

From a culture of Chaetomium sp. Az 3-10
obtained from the marine alga Valonia utricularis
(Azores, Atlantic Ocean) chaetominedione (73), a
new benzonaphthyridinedione  derivative  was
characterized which showed significant tyrosine
kinase inhibitory activity.** The endophytic fungus
Aspergillus ochraceus, obtained from the marine
brown alga Sargassum Kkjellmanianum produced a
novel benzodiazepine analogue, 2-
hydroxycircumdatin C (74) in its culture. The culture
extracts also provide another compound (11aS)-2,3-
dihydro-7-methoxy-1H-pyrrolo[2,1 c] [1,4]
benzodiazepine-5,11(10H,11aH)-dione, which has
been identified from a natural resource for the first
time, but has been synthesized previously, along with
five structurally related known alkaloids. Compound
74 showed potent DPPH free radical scavenging
activity and an ICsy value of 9.9 uM, which is 8.9-
fold more potent than that of butylated

hydroxytoluene (BHT), a well-known synthetic
positive control.° Varioloid A (75), a new indolyl-
6,10b-dihydro-5aH-[1]benzofuro[2,3-b]indole

derivative, and another similar compound varioloid B
(76), was characterized from the endophytic fungus
Paecilomyces variotii EN-291 derived from an
unidentified marine alga.®®(Table 4, Figure 3)

Indole derivatives:

Citrinadin A (77), a novel pentacyclic
spiroindolinone alkaloid, was isolated from the
endophytic fungus Penicillium citrinum N-059,
derived from marine red alga Actinotrichia fragilis
(Hedo Cape, Okinawa Island) and showed moderate
cytotoxic activity against L1210 and KB cell lines
(with 1Cso values of 9.9 and 16.0 uM respectively).®’
The same fungus also provided a new congener,
citrinadin B (78), having moderate cytotoxicity
against L1210 cells (with an 1Cs, value of 20.8
1M).®8 The fungus Aspergillus flavus C-F-3, obtained
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(94) (95) (96)

Figure 3. Cytotoxic nitrogenated compounds from marine aglae associated endophytic fungi.

(98) (99) (100)

Figure 4. Cytotoxic steroids from marine algae associated endophytic fungi.
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Figure 5. Different classes of bioactive compounds isolated from marine algicolous endophytic fungi upto 2017 (No compound has
fallen into ANC & BNC groups).

from green alga Enteromorpha tubulosa (Putian
Pinghai, China), is the source of a moderate cytotoxic
compound iso-a-cyclopiazonic acid (79), having
activity against several human tumor cell lines (HL
60, MOLT- 4, A-549, and BEL-7402 cell lines).®®
Two novel fungus-derived terpeptin analogues,
namely JBIR-81 (80) and JBIR-82 (81), were found
as potent free radical scavengers because of their
inhibitory activities against L-glutamate toxicity
(with ECs values of 0.7 and 1.5 pM), were isolated
from an Aspergillus sp. SpD081030G1fl obtained
from the brown alga Sargassum sp. (Ishigaki Island,
Okinawa Prefecture, Japan)®. Seven novel
cytochalasan derivatives were isolated from the
culture of an endophytic fungus Chaetomium
globosum QEN-14, obtained from the marine green
alga Ulva pertusa (Qingdao coastline, China), which
were named as Cytoglobosins A-G (82-88). Among
those, cytoglobosins C and D showed cytotoxicity
against the A-549 tumor cell line (ICsy values of 2.26

and 255 uM respectively).” The endophyte
Coniothyrium  cereale of the green alga
Enteromorpha  sp. provided the isoindole

pseudoalkaloid coniocimide (89) from its culture. The
compound 89 showed selective inhibitory activity
against human leukocyte elastase.”® Epipolysulfanyl-
dioxopiperazines (90), a member of the family of
leptosins, was produced from the cultured mycelia of
the endophytic fungus Leptosphaeria sp. obtained
from the brown alga Sargasssum tortile. Leptosin A
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Antifungal,
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Antiplasmodial &
Others

BNC

ANBNC = 4.5%
Antimicrobial &
Cytotoxic

(90) showed cytotoxic activity against P-388
leukemia cells through inhibition of topoisomerase
I1.” Leps F and C (91, 92) were also found from
same fungal species. These isolated metabolites
exhibited significant growth-inhibition and apoptosis-
induction of human lymphablastoid RPMI8402 cells
and human embryonic kidney cell line 293 cells.
Furthermore, leps F and C also have inhibitory
activity in the survival pathway by inactivating (i.e.
through dephosphorylation) Akt/protein kinase B
enzyme.” The sources of cytotoxic endophytes and
the structures of some important indole derivatives
are summarized in Table 4 and Figure 3, respectively.

Peptides:

Few peptides with cytotoxic activities from
marine associated algicolous endophytes are also
reported (Table 4, Figure 3). A novel cyclic
depsipeptide, N-methylsansalvamide (93), was
isolated from the culture of an endophyte Fusarium
sp. CNL-619, derived from the green alga
Avrainvillea sp. (Bovoni Cay, United States Virgin
Islands). The compound 93 showed weak cytotoxic
activity against NCI human tumor cell line with a
Gls, value of 83 pM.” Golmaenone (94), a
diketopiperazine alkaloid, was found as a potent free
radical scavenger (with an 1Cs, value of 20 uM) and
UV-A protector (with an EDsq value of 90 pM) from
the culture extracts of an Aspergillus species (# MFA
212) obtained from a red alga Lomentaria catenata
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(Golmae Village, Ulsan City, Korea).” Investigations
of an unknown fungus separated from the red alga
Ceradictyon spongiosum (Seragaki Beach, Okinawa)
led to the identification of two metabolites,
dictyonamides A (95) and B (96) of linear
dodecapeptide class. Dictyonamide A showed
inhibitory activity against cyclin-dependent kinase 4
enzyme (with an ICsy value of 13.0 pM), whereas
dictyonamide B showed inactivity (ICsq value > 30
HM)_W

Steroids

A compound named spartopregnenolone (97)
was isolated from an endophytic fungus
Phaeosphaeria spartinae of the marine red alga
Ceramium sp. having cytotoxic activity.”® 7-Nor-
ergosterolide (98), a rare 7-norsteroid with an
uncommon pentalactone B-ring system, along with
two related derivatives, 3p,11a-dihydroxyergosta-
8,24(28)-dien-7-one (99) and 3P hydroxyergosta-
8,24(28)-dien-7-one (100), were isolated from the
endophyte Aspergillus ochraceus EN-31, obtained
from the marine brown alga Sargassum
kjellmanianum (Dalian coastline, China). Compounds
98 and 100 were found for the first time from an
Aspergillus sp., however, these were previously
reported from a Penicillium sp. The compound 98
showed cytotoxic activity against NCI-H460,
SMMC-7721 and SW1990 cell lines with 1Cs, values
of 12.1, 169 and 67.6 uM respectively.”
Investigation of the endophyte Aspergillus flavus cf-5
of the marine red alga Corallina officinalis (Yantali,
China), led to the isolation of a novel steroid (101)
from its culture extracts. Compound 101 showed
mild inhibitory activity against acetylcholinesterase
(AChE) enzyme.*® The sources of endophytes and the
structures of steroids isolated from them are given in
Table 5 and Figure 4, respectively.

CONCLUSION

Algicolous fungi studied up until now produce
both structurally and functionally diverse compounds
including steroids, alkaloids, tannins, terpenoids,
phenolic acids, quinines, xanthones exhibiting

Ahmed et al.

anticancer, antimicrobial, antidiabetic, antioxidant,
immunosuppressant and many more properties. In
this review we have summarized and explored the
possibility of marine algicolous endophytic fungi as a
potential source of cytotoxic compounds. Venn
diagram analysis (Figure 5) on the isolated
compounds, showed that among all the reported
cytotoxic and antimicrobial metabolites 41.5%
metabolited were reported to have cytotoxic
properties, 23.5% metabolites were reported to have
antibacterial activities. In common, only 9% of the
isolated metabolites showed antibacterial, antifungal
and antialgal activities together, while other 9% were
reported to have antifungal, antialgal, antiprotozoal,
antiplasmodial and other activities. Among the
reported metabolites in this review only 4.5% have
both antimicrobial and cytotoxic effects. This
analasys further indicated the importance of marine
algicolous endophytic fungi as promising source for
future anticancer drug discovery. However, most of
this treasure is yet to be discovered. Until now, there
is also lack of effective and efficient techniques to
isolate potential strains. On the other hand, we often
consider only the faster growing culturable strain of
endophyties, but ignore the slow growing and
unculturable strains. This might be a flaw in the
endophytic research because such slow growing
strains might have potential to produce high value
metabolites. Hence, optimum fermentation conditions
including media selection, different culture
conditions, etc. are required to adjust considering the
physiological and genetic scenario of endophytes.
This might stimulate tranquil gene clusters
responsible for secondary metabolism. Though many
metabolites of endophytic fungi showed prospective
bioactivities, but some of them were found inactive
or showed weak activities in current reports. This was
probably due to bias in the screening program. So,
more effective and sensitive high-throughput
screening models are strongly recommended for the
search of potent cytotoxic metabolites. Particularly
computer-aided virtual screening models can play a
great role in exploring leads.
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