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Endophytic Fungi of Marine Alga
From Konkan Coast, India—A Rich
Source of Bioactive Material
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Department of Biochemistry, Indian Institute of Science, Bangalore, India

Endophytes are an unexploited source of pharmacologically relevant compounds owing

to their species richness and diversity. In this study, a total of 26 endophytic fungi

were isolated and identified from 10 marine algal samples collected from the Konkan

coast, Goa, India. Eighteen of the fungal isolates belonged to phylum Ascomycota

while one belonged to phylum Basidiomycota based on ITS sequencing. Further,

the genus Aspergillus sp. was the most common and abundant endophyte found in

the sampled algal species. A significant antibacterial activity against five pathogenic

bacteria was exhibited by the extracts of fungal isolates AG1.1, AG1.1 (G) and VG2.6

(agar diffusion assay). The extracts of fungal endophytes VB1.1, PG1.2 and VG2.6

demonstrated good antioxidant activity (DPPH scavenging assay). Further, cytotoxicity

of all the endophytic extracts on human cancer cell lines was determined by MTT and

resazurin assay. The crude extract of Aspergillus unguis (AG 1.2) showed the highest

cytotoxic potential on cervical cancer (HeLa), breast cancer (MCF-7), lung cancer (A549),

and skin cancer (A431) cell lines in a concentration dependent manner. Moreover,

Gas Chromatography-Mass Spectroscopy analysis of the extract of A. unguis (AG 1.2)

confirmed the presence of several bioactive metabolites including azelaic acid, azetidine,

and furopyrans. The extract of A. unguis (AG 1.2) demonstrated G1 phase cell cycle

arrest, reactive oxygen species (ROS)-dependent MMP loss and apoptosis-dependent

cell death in A431 cells. The algae-derived fungal endophytes of Konkan coast are a rich

source of novel pharmaceutically active compounds as indicated by this work.

Keywords: Konkan coast, fungal endophyte, diversity, cytotoxicity, apoptosis

INTRODUCTION

For centuries treatment of a wide spectrum of maladies depended on natural sources (Mann,
2002; Marris, 2006). In the modern medicine, many effective lead molecules have come out of
experimental research on natural products which include complex extracts or isolated compounds
from plants, marine organisms, bacteria, and fungi (Lauritano et al., 2016). Due to the wide range
of climatic and topological conditions, India offers a variety of flora and fauna, ranked to be one
of the richest in the world (Nagarajan, 2014). The Indian coastline extends over 8,000 km with rich
marine habitats, not just restricted to the sea but also in the intertidal rocky, sandy and muddy
shores, mangroves, algae and coral reefs.

Marine natural products have been the focus of global research owing to their species richness
and diversity (Calisto et al., 2019). Marine life is fundamentally robust and tolerant to extreme
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situations caused by salinity, acidification, chemical pollution,
and climate change owing to its symbiotic relationship with
endophytes (Jensen and Fenical, 1994).

Marine algae have been demonstrated to be an excellent
source of endophytic fungi (Debbab et al., 2011). In the last few
decades, interesting bioactive secondarymetabolites frommarine
endophytic fungi have been reported with relevant clinical
targets, some of which are novel (Marris, 2006). The Konkan
coast of India represents a diverse source of marine algae-derived
endophytic fungi. These organisms could be a prospective
host to a unique natural productome. Though the endophytes
collected from India’s eastern coast have been searched for drug
prospecting, western coast has not been explored yet. Peptides
isolated from a marine fungus Simplicillium obclavatum from
the eastern coast of India showed moderate cytotoxic activity
against human leukemia cell line (Liang et al., 2016). A mangrove
associated fungus, Hypocrea lixii from the south eastern coast
of India showed potent anticancer and antimicrobial activity
(Bhimba et al., 2012).

Most of the natural products exhibit a myriad of
bioactivities like antioxidative, antimitotic, anti-inflammatory,
antiangiogenic, and cytotoxic (Simmons et al., 2005; Leman-
Loubière et al., 2017). Marine endophytes continue to remain
a source of novel and therapeutically important secondary
metabolites (Deshmukh et al., 2018) which can be manipulated
to generate compounds of interest at higher yield from their
natural productome (Hussain et al., 2012).

Cancer is keeping its position alive in the list of the world’s
most alarming diseases. Every case turns out to be different
since this disease demonstrates intricate cellular machinery
and chemoresistance making it necessary to search for new
cytotoxic compounds (Greve et al., 2010; Demain and Vaishnav,
2011; Afsar et al., 2016) necessary. Indole derivatives isolated
from marine algae derived Paecilomyces variotii were cytotoxic
against many cancer cell lines with IC50 values between 2.6 and
8.2µg/mL (Deshmukh et al., 2018). Physcion obtained from red
algae-associated fungus Microsporum sp. induced apoptosis in
HeLa cells (Wijesekara et al., 2014). Similarly, Wentilactone B
from Aspergillus wentii associated with Sargassum sp. displayed
cytotoxicity against HeLa, HepG2, MDA-MB-231 cell lines at
IC50 17µM (Zhang et al., 2013).

Methicillin-resistant Staphylococcus aureus (MRSA) and
many other deadly pathogenic bacteria have developed antibiotic
resistance (Craft et al., 2019) necessitating the development
of novel antibiotics. Pestalotia sp., a marine fungus associated
with a brown alga was extracted to isolate a novel chlorinated
bezophenone compound called pestalone when cocultured with
a marine bacterium. It showed appreciable antibiotic activity
against MRSA at MIC 37 ng/mL. The ethyl acetate extracts
of Penicillium glabarum, Fusarium oxysporum, and Alternaria
alternate isolated from different marine plants including algae
and invertebrates possessed broad spectrum antimicrobial
potential (Zhang et al., 2012).

Generation of free radicals and causing oxidative impairment
is a classical stage in cancer, inflammation, senescence, and
neurodegenerative disorders (Finkel and Holbrook, 2000).
Artificially produced antioxidants are used currently to mitigate

these effects. However, there is an unprecedented interest
in naturally produced antioxidants. Li et al. (2017) isolated
hydroanthraquinones with antioxidative and antimicrobial
properties from a marine red alga-associated endophytic
fungus Talaromyces islandicus. Extracts of mangrove-associated
Pestalotiopsis sp. could produce natural antioxidants with IC50

values of 9.75± 0.58µg/mL (Zhao et al., 2018).
This is the first study that provides insight into the diversity

and richness of marine algae -derived fungal endophytes
from Konkan coast of Goa and screening for their cytotoxic
antimicrobial and antioxidative activities to understand the
mechanism of cytotoxicity.

MATERIALS AND METHODS

Collection of Algae
Fresh algal samples were collected in August 2017 from
the rocky Konkan coast of Goa, India (Latitude: 28◦38′N
Longitude: 72◦12′E). The coastal areas covered were Terekhol
(15.7251◦N, 73.6882◦E), Vagator (15.6030◦N, 73.7336◦E),
Anjuna (15.5736◦N, 73.7407◦E), Baga (15.5553◦N, 73.7517◦E)
in North Goa while Cabo de Ram (15.08806◦N 73.91991◦E) and
Palolem (15.0100◦N, 74.0232◦E) in South Goa (Figure S2). Algal
samples along with 50mL seawater were placed in appropriately
labeled polythene bags, transported to the laboratory in CSIR-
NIO, Goa where they were identified and processed immediately
for isolation of endophytic fungi. The identification of the
macroalgal specimens was based on the publications of Pereira
and Almeida (2014) and manuals of CSIR-National Institute of
Oceanography, Goa, India (Dhargalkar and Kavlekar, 2004) with
the help of Dr. C. Ravindran, Sr. Scientist, CSIR-NIO, Goa.

Isolation of Endophytic Fungi Associated
With Marine Algae
The general methodology used for isolation of endophytic fungi
was as reported earlier by Kumari et al. (2018). Briefly, the algal
samples were washed with sterile sea water. Further, the sample
was rinsed with 70% ethanol for 60 s followed by 0.4% sodium
hypochlorite for 30 s. Two washes with sterile sea water for 60 s
each were given and then the samples were dabbed with a sterile
tissue paper. The alga was aseptically cut into segments of about
2.0 cm with a sterile blade and five pieces were pressed onto PDA
plates supplemented with artificial sea salts and streptomycin
(250 mg/L). To ensure exclusive growth of endophytic fungi,
drops of last rinse of sea water were placed on PDA plates.
The plates were incubated for 7 days in dark condition at 28
± 2◦C. The fungal strains used in this study were observed to
grow exclusively from algal samples placed on PDA plates, thus
ensuring their endophytic nature. The colonization rates (CR%)
and isolation rates (IR%) were calculated. The fungal diversity
was also calculated using Shannon-Weiner Index (H’) following
the method of Tan et al. (2018).

Every fungal mycelium emerging from the algal segment
was separately plated to obtain its pure culture. The pure
endophytic fungi thus obtained were photographed and
preserved using sterile PDA containing penicillin and mineral
oil (Felicio et al., 2015).
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Identification of Endophytic Fungi
Fungal isolates were identified by sequencing of the 5.8S rDNA
internal transcribed region (ITS). To obtain fungal mycelia, all
the fungal isolates were grown in 25mL PDB for 7 days at
28 ± 2◦C. Mycelia was filtered and used for DNA extraction
following previously described protocol (Kumari et al., 2018).
ITS1 (sequence: 5′-TCC GTA GGT GAA CCT GCG G-3′) and
ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) primers were
used to amplify and sequence the fungal genomic ITS region. The
PCR products were purified and sequenced by AgriGenome Labs
(AgGenome), India.

The amplified ITS sequences were compared with known
sequences in NCBI GenBank using BLASTN. Sequences with
high similarity matches were used in taxonomical identification.
The sequences of endophytic fungi were submitted to the
GenBank and accession numbers were obtained (Leylaie and
Zafari, 2018).

Phylogenetic Analysis of Endophytic Fungi
For construction of the phylogenetic tree, ITS sequences of
the endophytic fungi and their nearest neighbors from NCBI
were aligned using ClustalW in MEGA-X. UPGMA method was
used to build the tree. Evolutionary history was inferred by the
Neighbor-Joining method and the evolutionary distances were
computed using Maximum Composite Likelihood method. The
anamorphic fungus Sporendocladia bactrospora of the family
Ceratocystidaceae was used as an outgroup species.

Preparation of Fungal Total Culture Crude
Extract
All the fungal isolates were pre-cultured on PDA plates for 7
days. Thereafter, 3 agar discs of each endophyte were inoculated
into 1,000mL Erlenmeyer flask containing 200mL PDB. These
flasks were then incubated in dark static conditions at 28 ± 2◦C
for 28 days. Cultures were then filtered through a pre-weighed
Whatman No. 1 filter paper. The wet mycelial mat on the filter
paper was dried in a hot air oven overnight after which it was
weighed again to calculate the dry weight of the fungal biomass.
The dried fungus was crushed in liquid nitrogen using mortar
and pestle and added to the filtered fermentation broth. This was
extracted with twice the volume of ethyl acetate for 2 days by
placing on rotary shaker at room temperature. On the following
day, the separated organic phase was removed by concentration
in vacuo. The extract so obtained was further volatilized in speed
vacuum at a mild temperature of 40◦C until all the organic
solvent was removed. The dried total culture crude extracts were
stored at−20◦C.

Determination of Antibacterial Activity
Antibacterial activity was determined by agar well diffusion assay
against four Gram-positive pathogenic bacteria (Staphylococcus
aureus, Bacillus megaterium, Bacillus subtilis, and Xanthomonas
campestris) and two Gram-negative pathogenic bacteria
(Escherichia coli and Pseudomonas aeruginosa). Stock cultures
were maintained on nutrient agar slants at 4◦C. Single colony
of each microorganism was picked from the stock slant and
transferred into 5mL of sterile LB broth. The cultures were
incubated overnight on rotary shaker at 180 rpm at 37◦C.

Inoculum (100 µL) of overnight grown cultures was spread
plated on LB plates and left to dry for 5min. Wells (diameter
8mm) were dug in these plates using a sterile metallic borer.
The extracts were tested at a range of concentrations ranging
from 10 to 1,000µg/mL. The extracts were dissolved in DMSO
and filtered through 0.22µm syringe filters and dilutions were
made in sterile LB broth and added into the well, respectively.
Streptomycin (250 mg/L) was used as a positive control and
sterile LB broth with DMSO (0.1% v/v) without addition
of extract was used as negative control. The plates were left
undisturbed for 30min to allow diffusion of fungal extract into
the agar. Later, the plates were incubated overnight at 37◦C.
At the end of incubation period, the zone of inhibition (ZOI)
formed around the well was measured. The experiment was
performed in triplicates. The mean ± SD of ZOI was used to
evaluate the antibacterial activity of the fungal crude extract
(Hafedh et al., 2008; Punnam et al., 2016).

Determination of Free Radical Scavenging
Activity
The antioxidative effect of all the fungal extracts was assessed
by the DPPH scavenging assay. Briefly, 100 µL of 0.1mM
methanolic solution of DPPH was added to a 96-well plate.
Hundred microliter of four different concentrations of the fungal
crude extracts (10, 50, 100, and 200, µg/mL) dissolved in
methanol was added to it. The plates were incubated in dark
at room temperature for 30min. The radical scavenging activity
was determined by measuring absorbance at 517 nm wavelength
against methanol (blank) (Molecular Devices, USA). Ascorbic
acid was used as a positive control and untreated DPPH served
as a negative control (Hafedh et al., 2008).

Determination of Cytotoxic Potential
MTT Assay

The cytotoxic potential of all the fungal crude extracts
was measured using MTT on different human cancer cell
lines including human lung cancer (A549), human cervical
cancer (HeLa), human skin cancer (A431) and human breast
cancer (MCF-7), and a normal human embryonic kidney
(HEK 293T) cells as non-cancer cell line. The respective
cells were cultured in complete DMEM supplemented with
10% FBS, 100 mg/L penicillin, 250 mg/L streptomycin
and 2mM glutamine and grown at 37◦C for 24 h in
ambient conditions of 5% CO2 and 95% humidity in a CO2

incubator (Kumari et al., 2018).
These cells were seeded in a transparent 96-well plate each

at a density of 1 × 104 cells/mL and incubated in the above-
mentioned conditions. After 24 h, the cells were treated with four
different concentrations of the fungal crude extract (10, 50, 100,
and 200µg/mL), respectively, and incubated at 37◦C for 48 h in
the ambient conditions of 5% CO2 and 95% humidity in a CO2

incubator. At the end of incubation period, 10 µL of 5 mg/mL
MTT solution (5 mg/mL in PBS) was added to each well and
incubated again in the CO2 incubator for 2 h. Further, the plates
were emptied and 100 µL of DMSO was filled in every well
to dissolve the purple MTT-formazan crystals. Absorbance was
measured on a 96 well plate reader Infinite M2000 ProTM (Tecan,
Crailsheim, Germany) at 595 nm. The IC50 values were calculated
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for each cell line. All the assays were performed in triplicates and
results are presented as mean± SD.

Resazurin Reduction Test

The resazurin reduction assay was performed to determine and
corroborate the cytotoxic potential of the fungal total culture
extracts. A549, MCF-7, A431, and HeLa cells were seeded in
96-well plates at a seeding density of 1 × 104 cells/mL in a
total volume of 100 µL. After 24 h, the cells were treated with
different concentration of the total culture fungal extract (10, 50,
100, and 200µg/mL). After 48 h, 20 µL resazurin (0.01% w/v in
double distilled water) was added to each well and the plates were
incubated in dark at 37◦C for 3 h. Fluorescence was measured
on an Infinite M2000 ProTM plate reader (Tecan, Crailsheim,
Germany) using an excitation wavelength of 544 nm and an
emission wavelength of 590 nm. Cell viability was evaluated based
on a comparison with untreated cells and IC50 values were
calculated (Kuete et al., 2017).

Based on the cytotoxicity assessment, fungal extract of
AG1.2 showed the highest cytotoxicity, which was chosen for
further studies.

Chemical Characterization of Secondary
Metabolites Present in AG1.2 Extract by
Gas Chromatography/Mass Spectroscopy
(GC-MS)
The biologically active fungal crude ethyl acetate extract was
subjected to GC-MS analysis to investigate the presence
of volatile metabolites. The sample was derivatized
to impart volatility to the compounds for maximum
detection. Briefly, 100 µL of 1 mg/mL stock was dried
with pure N2 gas to which 50 µl of derivatizing reagent
N,O-Bis(trimethylsilyl)trifluoroacetamide:Chlorotrimethylsilane

(BSTFA:TMCS (99:1) was added. This mixture was incubated at
60◦C for 120min. Derivatized sample was diluted 10 times with
ethyl acetate. One microliter of this was subjected to GC-MS.
Thus, the compounds obtained were trimethylsilyl adducts or
derivatives (Guo et al., 2006).

GC-MS analysis was performed using Agilent system 7890A
equipped with electron impact (EI) and a single quadrupole
mass analyzer. Agilent column DB-5MS (30mL × 0.25mm ID
× 0.25 um film thickness) was used for separation. The oven
program had an initial temperature of 40◦C for 5min, then a
10◦C/min run to 260◦C with a final hold at 260◦C for 10min.
The injector temperature was kept at 250◦C (splitless mode) The
carrier gas was purified Helium (99.99%) at a linear flow rate
of 1 mL/min. All detected compounds were putatively identified
by mass spectral database search of the National Institute of
Standards and Technology (NIST) followed by matching of the
mass spectral data.

Growth Curve Analysis and Extraction of
Anti-cancer Secondary Metabolites Using
Different Organic Solvents
To understand the effect of incubation time on production of
biomass and cytotoxic secondarymetabolite, the total culture was
harvested at different time intervals (7, 14, 21, 28, and 35 days).
Same procedure was followed for inoculation and extraction of
fifteen 1 L flasks containing 200mL PDB with double the volume
of ethyl acetate. The mycelial dry weight was measured at each
time point. All the total culture crude extracts of A. unguis were
evaluated by MTT assay on A431 cell line.

The fungus, A. unguis was grown in fifteen 1 L flasks
containing 200mL of PDB and harvested. However, four
different solvents ethyl acetate, dichloromethane, chloroform and
hexane were used for extraction of secondary metabolites from

FIGURE 1 | Habitat of marine algae and its fungal endophytes. (A) Chaetomorpha sp. growing on the rocky shore of Vagator. (B) Fungal endophytes emerging from

algal segments after 2 weeks on PDA plate. (C) Representative fungal morphophytes isolated from various marine algae growing on PDA for 7 days at 26◦C.

Frontiers in Marine Science | www.frontiersin.org 4 February 2020 | Volume 7 | Article 31

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Kamat et al. Bio-Prospecting Marine Algae Derived Endophytes

total culture based upon their polarity. Finally, all the crude
extracts were evaluated for their cytotoxic potential byMTT assay
on A431 cell line.

PI Live Dead Analysis by Flow Cytometry
Live dead analysis was carried out in A431 cells following the
protocol of Kumari et al. (2018). The experiment was conducted
on A431 cells after a treatment with increasing concentrations
of fungal crude extract for 24 h. Briefly, the cells were seeded in
24 well plate at a density of 105 cells/well. After the appropriate
treatment interval, the cells were trypsinized and washed with
PBS two times. Propidium iodide (1µg/mL) was added just
before data acquisition in CytoFlex flow cytometer (Beckman
Coulter) by CytExpert 2.0 software.

Cell Cycle Analysis
Effect of the fungal crude extract in the cell cycle progression on
A431 cells was evaluated by PI staining following the protocol
of Pozarowski and Darzynkiewicz (2004). Cells were seeded in
6-well plate at a density of 1.2 × 106 cells/mL. These cells were
treated with increasing concentrations of the crude extract (3–
25µg/mL) for a duration of 24 h. Further, the cells were harvested
with trypsin, washed with PBS, fixed overnight with ice cold 70%
ethanol and were incubated with RNase A. Finally, the cells were
stained with 50µg/mL propidium iodide for 30min at 37◦C after
which data was acquired in CytoFlex flow cytometer (Beckman
Coulter) by CytExpert 2.0 software for a minimum of 10,000
cells per sample. Hundred nanometer Taxol treated cells served as
positive control while untreated cells served as negative control.

Determination of Mitochondrial Membrane
Potential (MMP/ 19m)
Loss of MMP post treatment with fungal crude extract was
measured by FACS using JC-1 stain (Kumari et al., 2018). Briefly,
A431 cells were seeded in a 24-well plate at a density of 104

cells/mL. Cells were treated with different concentrations of
fungal crude extracts (3–25µg/mL) for 24 h. Further, the cells
were trypsinized and washed with PBS twice. The cells were
stained with freshly prepared 2.5µg/mL of JC-1 in DMEM
at 37◦C in dark for 15min before acquiring data in CytoFlex
flow cytometer (Beckman Coulter) by CytExpert 2.0 software.

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) treated cells
served as positive control while untreated cells were used as
negative control.

Determination of Reactive Oxygen Species
(ROS)
As described previously by Eruslanov and Kusmartsev (2010),
A431 cells seeded at a density of 104 cells/mL in a 24-well
plate were treated with various concentrations of the fungal
crude extract (3–25µg/mL) for 24 h. Further, to measure the
ROS generation, medium was replaced with freshly prepared
10µM DCFH-DA in DMEM at 37◦C in dark for 15min in
CO2 incubator. Next, the cells were trypsinised and washed
with PBS twice. Data was immediately acquired in CytoFlex
flow cytometer (Beckman Coulter) by CytExpert 2.0 software.
A 15min treatment of 10mM H2O2 prepared in DMEM
was used as positive control while untreated cells served as
negative control.

Extent of Phosphatidylserine (PS)
Exposure to Determine Apoptosis
A classical sign of apoptosis is externalization of PS to the cell
surface was measured by FACS by dual staining with annexin V-
fluorescein isothiocyanate (annexinV-FITC)/propidium iodide
(PI). Annexin V binds to PS and flags the earliest stage of
apoptosis. On the other hand, PI enters the cells only after
membrane integrity is damaged. Thus, annexin V-FITC positive
and PI negative cells are early apoptotic cells while annexin
V-FITC/PI-double positive are late apoptotic cells.

For this study, A431 cells were seeded in 24-well plates at a
density of 3.0× 104 cells/mL. After treatment of the fungal crude
extract for 24 h (3–25µg/mL), the cells were trypsinized and
according to the manufacturer’s instructions (Annexin V-FITC
Apoptosis Detection Kit - Sigma Aldrich) the cells were stained
with 1 µL of the AnnexinV-FITC stain with or without PI in the
annexin binding buffer. After 15min of incubation in dark, cells
were analyzed using CytoFlex flow cytometer (Beckman Coulter)
by CytExpert 2.0 software (Dhayanithy et al., 2019).

TABLE 1 | Endophytic isolates from marine algae collected from Konkan coast, India.

Sampling site Algae Segments

examined

Segments

infected

Total isolates Endophytic

species

Total CR% Total IR% Shannon Weiner diversity

index H’

Vagator Chaetomorpha sp. 10 8 6 5 80 60 1.329

Vagator Padina sp. 10 7 2 2 70 20 0.692

Vagator Enteromorpha sp. 10 10 4 3 100 40 1.098

Vagator Dictyota sp. 10 1 1 1 10 10 0

Terekhol Padina sp. 15 3 1 1 20 6.66 0

Terekhol Ulva sp. 10 1 1 1 10 10 0

Terekhol Enteromorpha sp. 10 2 2 1 20 20 0

Anjuna Enteromorpha sp. 10 7 5 5 70 50 0.948

Palolem Padina sp. 10 0 – – 0 0 0

Palolem Chaetomorpha sp. 10 10 8 7 100 80 1.742
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TABLE 2 | Culturable endophytic fungi identified from marine algae collected from Konkan coast, India.

Algae,

sampling point

Accession No. Closest relative in NCBI % identity Phylum, class, order Classification of isolates

Enteromorpha sp., Anjuna MH654996 Aspergillus unguis 99% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus unguis AG1.1

MH655000 Aspergillus unguis Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus unguis AG1.2

MH655001 Perenniporia sp. 99% Basidiomycota,

Agaricomycetes,

Polyporales

Perenniporia sp. AG1.3

MH654992 Hypoxylon fragiforme 98% Ascomycota,

Sordariomycetes,

Xylariales

Hypoxylon fragiforme AG1.4

MH654997 Aspergillus unguis 99% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus unguis AG1.1(G)

Chaetomorpha sp., Palolem MH654995 Colletotrichum

gloeosporioides

Ascomycota,

Sordariomycetes,

Glomerellales

Colletotrichum gloeosporioides PG1.1

MH654998 Aspergillus niger 99% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus niger PG1.2

MH654999 Aspergillus niger 97% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus niger PG1.3

MH655003 Penicillium

cinnamopurpureum

99% Ascomycota, Eurotiomycetes,

Eurotiales

Penicillium cinnamopurpureum PG1.4.2

MH655004 Daldinia eschscholtzii 99% Ascomycota,

Sordariomycetes,

Xylariales

Daldinia eschscholtzii PG1.5

MH645800.1 Chaetomium globosum 99% Ascomycota,

Sordariomycetes,

Sordariales

Chaetomium globosum PG 1.6

MH655002 Hypoxylon fragiforme Ascomycota,

Sordariomycetes,

Xylariales

Hypoxylon fragiforme PG1.7

Enteromorpha sp.,Vagator Unidentified VG 1.2

Unidentified VG 1.3

MH655008 Aspergillus sp. 99.82% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus sp. VG1.4

Chaetomorpha sp., Vagator MH654993 Aspergillus unguis 99% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus unguis (VG2.1)

MH655009 Pestalotiopsis sp. 98.51% Ascomycota,

Sordariomycetes,

Xylariales

Pestalotiopsis sp. (VG2.2)

Unidentified (VG2.3)

MH655005 Aspergillus nidulans 99.62% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus nidulans (VG2.5)

MH655006 Aspergillus unguis 99.81% Ascomycota, Eurotiomycetes,

Eurotiales

Aspergillus unguis VG2.6

Dictyota sp., Vagator MH655007 Cladosporium sp. 99.46% Ascomycota,

Dothideomycetes,

Capnodiales

Cladosporium sp. VB2.1

Padina sp., Vagator Unidentified (VB1.1)

Unidentified (VB1.2)

Ulva sp., Terekhol MH654994 Pleosporales sp. 96% Ascomycota,

Dothideomycetes,

Pleosporales

Pleosporales sp. TG1.1’

Enteromorpha sp., Terekhol Unidentified (TG2.1)

Padina sp., Terekhol Unidentified (TB1.1)

Frontiers in Marine Science | www.frontiersin.org 6 February 2020 | Volume 7 | Article 31

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Kamat et al. Bio-Prospecting Marine Algae Derived Endophytes

Statistical Analysis
All the experiments were performed in triplicate and quantitative
variables are represented in terms of mean ± S.D. in histograms
using the statistical software prism.

RESULTS AND DISCUSSION

Isolation, Identification and Diversity of
Endophytic Fungi From Marine Algae
Ten different marine algae were sampled from different locations
of Goa coast, India (Vagator, Anjuna, Terekhol and Palolem,
Baga and Cabe de Ram) in the monsoon season (Figure 1A).
Six belonged to Chlorophyceae (green alga) and four others
to Phaeophyceae (brown alga). In two locations, Cabe de
Ram and Baga, marine algae were not observed in the inter-
tidal region. The surface sterilization procedure ensured the
isolation of endophytic fungi exclusively. Representative images
of endophytic fungi emerging from pieces of alga and their
pure culture have been shown in Figures 1B,C. A total of
26 endophytic fungi were isolated from the collected algal
samples. As summarized in Table 1 highest percentage of
colonization rate (CR%) was observed in the Enteromorpha
sp. (green alga) collected from the Vagator coast while the

least was observed in one species of Padina (brown alga)
from the Palolem coast. Shannon-Weiner diversity indices
(H’) indicated that the green alga Chaetomorpha sp. hosts
eight different types of fungal endophytes implicating the
highest endophytic community diversity (1.742) followed by the
same algal species collected from Vagator coast (1.329). Least
endophytic diversity was observed in algal samples collected
from Terekhol coast. Brown alga Dictyota sp. collected from
Vagator coast also hosted least fungal diversity. The low fungal
diversity in some of the algal hosts could be because of the
peculiar slow growth of endophytic fungi, temperature and
media requirements or they were intimately associated with
the host.

All the culturable fungal isolates were identified by sequence
analysis of the ITS rDNA region. Subsequently, 19 isolates
were categorized at the genus and species level based on
sequence similarity analyses, while seven isolates remained
unidentified due to low sequence homology in the GenBank
database (Table 2). Further, a phylogenetic tree describing the
taxonomic relationship between the fungal endophytes identified
from various marine algal species was constructed using MEGA
X software (Figure 2). All the isolates were cladded with the
members from their respective class and genera.

FIGURE 2 | Phylogenetic tree based on neighbor-joining method. The tree was constructed using ITS-region sequences of fungal endophytes isolated from marine

algae.
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TABLE 3 | Antibacterial activity of fungal endophytes isolated from marine algae collected from Konkan coast, India.

Isolate No.

AG1.1 AG1.1

(G)

AG1.2 PG1.1 PG1.6 PG1.7 PG1.8 VG1.3 VG2.1 VG2.6 VB1.2 VB2.2 Streptomycin (positive

control) 50 µg/mL

INHIBITION ZONE IN DIAMETER ON PETRI PLATES (mm)

E. coli 10µg/mL ND ND ND ND 20 ± 3 ND ND ND 14 ± 2 14 ± 2 ND ND

50µg/mL ND ND ND ND 22 ± 2 ND ND 13 ± 1 15 ± 2 15 ± 3 ND ND 44 ± 5

100µg/mL ND 15 ± 0 14 ± 2 ND 24 ± 2 ND ND 15 ± 3 16 ± 0 19 ± 1 ND 10 ± 0

200µg/mL 10 ± 0 16 ± 2 20 ± 4 14 ± 2 25 ± 0 ND 12 ± 2 18 ± 2 17 ± 2 20 ± 2 13 ± 1 12 ± 2

400µg/mL 14 ± 0 17 ± 0 22 ± 2 16 ± 3 23 ± 1 13 ± 2 13 ± 3 20 ± 2 18 ± 1 21 ± 0 16 ± 2 18 ± 3

600µg/mL 22 ± 1 18 ± 1 23 ± 1 17 ± 2 27 ± 2 15 ± 0 15 ± 1 22 ± 2 18 ± 3 22 ± 0 16 ± 1 20 ± 1

800µg/mL 23 ± 0 18 ± 2 23 ± 3 18 ± 3 32 ± 2 15 ± 2 15 ± 4 22 ± 0 19 ± 1 22 ± 1 17 ± 0 20 ± 3

1 mg/mL 25 ± 2 19 ± 2 25 ± 2 20 ± 3 34 ± 4 17 ± 4 16 ± 2 23 ± 2 22 ± 2 24 ± 4 20 ± 1 21 ± 0

S. aureus 10µg/mL 12 ± 3 ND ND ND ND ND ND ND ND ND ND ND

50µg/mL 14 ± 1 13 ± 2 ND ND ND ND ND ND ND ND ND ND 35 ± 2

100µg/mL 16 ± 0 15 ± 0 ND ND ND ND ND ND ND 13 ± 3 ND ND

200µg/mL 16 ± 2 15 ± 4 ND ND ND ND ND ND ND 18 ± 2 ND ND

400µg/mL 15 ± 1 13 ± 2 ND ND ND ND ND ND ND 19 ± 1 ND ND

600µg/mL 18 ± 0 16 ± 1 ND ND ND ND ND ND ND 20 ± 2 ND ND

800µg/mL 18 ± 0 16 ± 2 ND ND ND ND ND ND ND 22 ± 2 ND ND

1 mg/mL 19 ± 1 17 ± 4 ND ND ND ND ND ND ND 24 ± 2 ND ND

P. aeruginosa 10µg/mL 8 ± 0 11 ± 2 9 ± 2 ND 17 ± 3 ND ND 11 ± 1 12 ± 2 13 ± 2 ND ND

50µg/mL 10 ± 1 14 ± 0 13 ± 3 ND 19 ± 3 ND ND 12 ± 2 15 ± 1 12 ± 0 ND ND 27 ± 1

100µg/mL 11 ± 0 15 ± 1 13 ± 2 8 ± 1 22 ± 2 ND 10 ± 0 12 ± 2 15 ± 2 15 ± 1 10 ± 4 13 ± 4

200µg/mL 13 ± 1 17 ± 1 16 ± 4 15 ± 2 21 ± 2 10 ± 1 13 ± 0 12 ± 0 16 ± 0 16 ± 5 12 ± 2 14 ± 2

400µg/mL 14 ± 2 19 ± 1 17 ± 2 18 ± 2 23 ± 5 14 ± 3 14 ± 2 17 ± 2 18 ± 3 18 ± 2 13 ± 1 17 ± 3

600µg/mL 17 ± 1 19 ± 2 19 ± 1 19 ± 2 24 ± 2 16 ± 4 16 ± 3 18 ± 4 19 ± 2 19 ± 2 16 ± 2 18 ± 0

800µg/mL 19 ± 0 20 ± 1 22 ± 2 22 ± 4 26 ± 3 17 ± 2 18 ± 2 19 ± 2 22 ± 2 22 ± 0 20 ± 3 21 ± 1

1 mg/mL 21 ± 2 23 ± 2 24 ± 1 23 ± 3 28 ± 2 17 ± 1 18 ± 4 22 ± 3 22 ± 2 22 ± 2 21 ± 1 23 ± 2

X. campestris 10µg/mL ND ND ND ND 15 ± 1 ND ND ND ND ND ND ND

50µg/mL ND 12 ± 2 13 ± 5 ND 17 ± 5 ND ND ND 14 ± 2 14 ± 1 ND ND 29 ± 5

100µg/mL 10 ± 1 15 ± 1 16 ± 2 ND 17 ± 3 12 ± 2 11 ± 2 ND 17 ± 0 15 ± 2 10 ± 3 14 ± 3

200µg/mL 13 ± 0 15 ± 2 18 ± 2 11 ± 2 18 ± 2 12 ± 3 13 ± 2 14 ± 2 18 ± 1 17 ± 0 16 ± 5 15 ± 1

400µg/mL 15 ± 2 15 ± 1 20 ± 3 15 ± 1 19 ± 1 15 ± 1 13 ± 1 15 ± 2 21 ± 2 17 ± 1 17 ± 1 17 ± 5

600µg/mL 14 ± 0 17 ± 3 22 ± 5 14 ± 2 21 ± 2 18 ± 2 13 ± 2 15 ± 1 22 ± 2 18 ± 3 19 ± 1 19 ± 1

800µg/mL 16 ± 3 19 ± 2 23 ± 2 16 ± 2 23 ± 4 19 ± 1 15 ± 2 19 ± 2 22 ± 0 21 ± 2 20 ± 2 19 ± 3

1 mg/mL 18 ± 2 22 ± 1 24 ± 2 18 ± 2 24 ± 3 21 ± 1 18 ± 4 21 ± 1 24 ± 2 22 ± 3 21 ± 2 22 ± 4

B. subtilis 10µg/mL ND 10 ± 0 ND ND ND ND ND ND ND ND ND ND

50µg/mL 12 ± 1 14 ± 3 ND ND ND ND ND ND ND ND ND ND 45 ± 3

100µg/mL 14 ± 2 14 ± 2 ND ND ND ND ND ND ND 14 ± 2 ND ND

(Continued)
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According to the diversity and sequence data of the 19 isolates,
18 belonged to Ascomycota and the isolates matched with 10
different genera mostly belonging to Aspergillus. One isolate
belonged to phylum Basidiomycota, genera Perenniporia.

The 18 representatives belonging to phylum Ascomycota
belonged to three classes, including Eurotiomycetes,
Sordariomycetes, and Dothideomycetes. Eurotiomycetes
class was represented by 10 isolates, Sordariomycetes by six
and Dothideomycetes by two isolates. Of all the algal species
investigated, Enteromorpha sp. from the Palolem coast contained
a rich diversity of endophytic fungi, and most of them belonged
to the ubiquitous phylum Ascomycota.

Eurotiomycetes was the most prevalent class of endophytic
fungi followed by Sordariomycetes and Dothideomycetes.
Aspergillus was the most common fungal genus and was
abundant in all the algal species. However, fungi belonging to
Basidiomycota appeared to be a rare possibly because of their
inability to associate with marine algae. This could be because
of the absence of lignin which is the most appropriate substrate
for fungal growth. Algal thali contains cellulose in high amount.
Nevertheless, Perenniporia sp. of the phylum Basidiomycota was
found associated with a green alga Enteromorpha sp. This can be
corroborated with the findings of Baldrian and Valásková (2008)
which demonstrated the potential of certain Basidiomycetes to
produce cellulolytic enzymes.

Eurotiomycetes was the most represented class among all the
endophytes. Its high frequency in this study is concordant with
previous reports (Gnavi et al., 2017). The dominance of this
class in marine algae could be attributed to the high growth rate
and sporulation.

Fungi belonging to the class Dothideomycetes are usually
common in the marine habitat. They commonly associate with
brown and red seaweeds. However, only two endophytic fungi
belonging to this class were found. One of them was Pleosporales
sp. which is a very common representative of this class. The
other member of this class was Cladosporium sp. of the order
Capnodiales. It mainly includes plant and human pathogens
and saprobes (Crous et al., 2009). Their minimal presence
could be attributed to the peculiar requirements or specificity
of the algal host. Further, it was observed that endophytic
fungus Chaetomium globosum (PG1.6) was pigmented with a
characteristic yellow color indicating the presence of flavonoids
or terpenoids.

Endophytic fungi from marine origin have emerged as a
new source for an undiscovered natural productome which can
further be used for human welfare. The current study shows
a wide diversity of fungal endophytes comprising many genera
and species can act as ‘hot factories’ for production of bioactive
secondary metabolites, an untapped source for drug discovery.

Antibacterial Activity Ethyl Acetate
Extracts of Isolated Fungi
Ethyl acetate extracts of all isolated fungi were screened for
their antibacterial potential against five pathogenic bacteria
at a range of concentrations. A total of 12 different isolates
showed significant antibacterial activity against the tested
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FIGURE 3 | Antioxidative activity of marine algal-derived endophytic fungi from Konkan coast, India estimated by DPPH scavenging assay.

FIGURE 4 | In vitro cytotoxicity of ethyl acetate total culture fungal extracts against A431, HeLa, A549 and MCF-7 cells. Cells were incubated with different

concentrations (25, 50, 100, and 200µg/mL) of extracts and the cytotoxicity was determined by MTT assay.

pathogens (Table 3). AG1.1, AG1.1 (G), and VG2.6 identified
as Aspergillus unguis exhibited antimicrobial activity against
both Gram-positive and Gram-negative pathogenic bacteria in a
concentration dependent manner. Highest antibacterial activity
was demonstrated by PG1.6 identified as Chaetomium globosum
against E. coli and P. aeruginosa.

Interestingly, most of the endophytes showing antibacterial
potential were isolated from the green algae, irrespective of
the locations. Many of the marine green algae are known

to produce antibacterial compounds (Shannon and Abu-
Ghannam, 2016). Endophytes living in the close vicinity of
their host may possibly get the same gene via horizontal
gene transfer (HGT) to acquire production of antibiotics.
The endophytes showing highest antibacterial activity belonged
to genus Aspergillus and Chaetomium. Members of these
genera are known to produce a wide range of antimicrobial
secondary metabolites (Deshmukh et al., 2018). Mitrephora
wangii flowers hosted endophytic Aspergillus sp. which could
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TABLE 4 | IC50 value of Aspergillus unguis (AG1.2) on multiple human cancer cell

lines by MTT and resazurin assay.

Endophytes IC50 (µg/mL)

HeLa A549 A431 MCF-7 HEK

293T

Aspergillus

unguis

(AG1.2) by

MTT assay

9.96 ± 0.065 9.18 ± 0.41 5.94 ± 0.077 7.05 ± 0.034 >25.00

Aspergillus

unguis

(AG1.2) by

Resazurin

assay

9.85 ± 0.015 9.98 ± 0.68 6.09 ± 0.051 7.28 ± 0.016 >25.00

produce β-thujaplicin at high yield with strong antimicrobial
spectrum (Monggoot et al., 2018).

Antioxidative Activities of Isolated Fungal
Ethyl Acetate Extracts
The maximum antioxidative activity was shown by VB1.1
followed by PG1.2 and VG2.6 in a concentration-dependent
manner (Figure 3). The DPPH scavenging activity of VB1.1
was comparable to the scavenging activity of ascorbic acid.
Endophytic fungi isolated from marine algae are the hot spot
for the synthesis of a myriad of bioactive compounds. Earlier,
Li et al. (2017) extracted antioxidant hydroanthraquinones
from the marine algal-derived endophytic fungus Talaromyces
islandicus EN-501.

In vitro Cytotoxic Activity of Endophytic
Fungal Ethyl Acetate Extracts Against
Human Cancer Cell Lines
All the endophytic fungal ethyl acetate extracts were assessed
for their cytotoxic potential against four different human cancer
cell lines, namely HeLa, MCF-7, A549, and A431 on different
concentrations (10, 50, 100, and 200µg/mL) (Figure 4). The IC50

values exhibited by all the ethyl acetate extracts are given in
Table S1. Out of the 26 endophytes screened for cytotoxicity,
ethyl extract of eight endophytes showed an IC50 value <

10µg/mL on all four cell lines. Based on maximum percentage
of cell death at 10µg/mL, AG 1.2 (Aspergillus unguis) was
selected for further study. The ethyl acetate extract of AG
1.2 was again evaluated for its cytotoxic potential at lower
concentrations (3, 5, 10, and 25µg/mL) on HeLa, MCF-7, A549,
A431, and HEK 293T (Figure S1) which showed an IC50 value
of 5.94 ± 0.077µg/mL on A431 cell line (Table 4). Further,
the resazurin reduction assay was conducted to confirm the
cytotoxic potential of the crude extract on A431 cells. The
results corroborated with those obtained by MTT showing
an IC50 value of 6.09 ± 0.051µg/mL. The extract showed
IC50 value > 25µg/mL on HEK 293T cell line showing the

non-cytotoxic nature of the extract on normal non-cancer
cell lines.

Both resazurin and MTT assays are reliable methods
to measure cytotoxicity of drugs on cancer cell lines by
detecting change in cellular metabolism and plasma membrane
permeability (Gordon et al., 2018). Interestingly, all the fungal
isolates irrespective of their place of isolation and genera
showed cytotoxic activity on the cancer cell lines tested, though
eight isolates fulfilled the criteria of National Cancer Institute
showing IC50 value much lesser that 30µg/mL (Suffness and
Pezzuto, 1990). The robust and saline environment of the marine
endophytes provided them a unique chemical space to synthesize
structurally diverse bioactive secondary metabolites (Sarasan
et al., 2017). The unexplored wealth of marine Algicolous
endophytic fungi from Konkan coast promises for the discovery
of potent and novel bioactive compounds.

Analysis of Bioactive Compounds in
Aspergillus unguis (AG1.2) by GC-MS
The GC-MS analysis of ethyl acetate extract of AG1.2 revealed
some compounds of cytotoxic and bioactive nature (Table S2).
Azelaic acid, Azetidine, and furo pyrans present in the extract
are known for their bioactive properties (Figure 5). Azelaic
acid is a dicarboxylic acid known for its effectiveness against
inflammatory acne and cytotoxic potential against human
malignant melanocyte (Fitton and Goa, 1991). Earlier, Noolvi
et al. (2014) reported cytotoxic and antimicrobial activity of novel
azetidine-2-one. Decane, dodecene, undecene, octane, and cetene
obtained in the extract form a major part of essential oils, known
to show antimicrobial and antioxidative properties (Chouhan
et al., 2017; Kumari et al., 2017). Dedecane skeleton containing
compounds isolated from marine isolate Penicillium bilaiaeMA-
267 have shown antifungal properties against plant pathogens
(Meng et al., 2014). Many peaks obtained from GC-MS remained
unidentified indicating the high probability of finding novel
bioactive compounds in the crude extract of A. unguis.

Optimization of Culture Conditions and
Organic Solvents for Growth and
Extraction of Cytotoxic Metabolites From
Aspergillus unguis (AG1.2)
For enhanced yield of bioactive compounds, it is necessary
to optimize the growth curve and polarity of organic solvents
used. The fungal growth in PDB was monitored in static
and dark conditions at 28 ± 2◦C up to 35 days. In order to
extract the cytotoxic secondary metabolites, several organic
polar and non-polar solvents were optimized. Further, the
extent of cancer cell growth inhibition by these extracts was
monitored by MTT assay after 48 h of treatment. AG1.2
clearly showed maximum biomass as well as cytotoxicity
after incubation for 28 days in dichloromethane extract
(Figures 6A–C) indicating the semi-polar nature of cytotoxic
compounds present in the extract. Growth curve and solvent
optimization are often done to manipulate and enhance the
yield of bioactive compounds present in the crude extract
(Ruiz et al., 2010). Marine algae-derived fungal endophytes
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FIGURE 5 | Representative compounds found by GC-MS analysis in ethyl acetate extract of AG 1.2 (Aspergillus unguis).

may require a specific culture time period to produce
certain metabolites of bioactive potential. Xu et al. (2015)
found that anti-tumor wentilactones, isolated from marine
fungus Aspergillus dimorphicus, require growth period of
25–30 days for production. Organic solvents based upon
their polarity can extract secondary metabolites present
differentially. Ebada et al. (2008) have focused on the role and

polarity of organic solvents for isolation, purification, and

structural elucidation of bioactive secondary metabolites from

marine invertebrates.

AUDE Induces G1 Phase Cell Cycle Arrest,
ROS Dependent MMP Loss and Apoptosis
Propidium Iodide (PI) is a membrane impermeable dye that
is generally excluded from viable cells since their membrane
integrity is intact. Such a dye exclusion test makes it possible
to estimate the percentage of live and dead cells after treatment
(Crowley et al., 2016). AUDE exhibited a dose dependent
response in A431 cells line. The cell death percentage increased
from 33 to 96.30 ± 2.25% in the concentration range from 3 to
25µg/mL (Figures 7A,B). To examine whether AUDE induced
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FIGURE 6 | Culture condition optimization of crude extract of A. unguis (AG 1.2). (A) Growth curve analyses of A. unguis grown in PDB. (B) Optimization of incubation

time interval for production of cytotoxic secondary metabolites evaluated by MTT assay on A431 cells. (C) Evaluation of appropriate organic solvent for total extraction

of cytotoxic metabolites from A. unguis by MTT assay on A431 cells.

FIGURE 7 | Mechanism of cell death induced by AUDE treatment in A431 cells as determined by FACS analyses: (A,B) PI staining after 24 h of treatment. (C,D) Effect

of AUDE treatment on cell cycle arrest after 24 h in A431 cells stained with PI. (E,F) Effect of AUDE treatment on mitochondrial membrane potential after 24 h in A431

cells, stained with JC-1. (G,H) Effect of AUDE treatment on ROS production after 24 h in A431 cells, using DCFH-DA dye. (I,J) Effect of AUDE treatment on

externalization of phosphatidylserine in A431 cells after 24 h, using annexin FITC/PI dual staining.

cell death connects with the changes in cell cycle progression,
the distribution of treated cell in the phases of cell cycle were
assessed. Analyses of cell population in sub G0, G1, S, and G2M
at four different concentrations of fungal extracts were done after

24 h of crude extract treatment. AUDE induced a concentration
dependent G1 phase arrest (Figures 7C,D) at four different
concentrations. The G1 population increased from 49.14% in
control to 82.15% after 24 h of AUDE treatment (25 µg/mL).
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The effect of AUDE on the mitochondrial apoptotic pathway,
the extent of mitochondrial membrane depolarization in cancer
cells was probed with cationic dye JC-1. The dye which exits as
aggregates emitting red fluorescence within the electronegative
interior of healthy mitochondria and as green fluorescent
monomers in depolarized mitochondria. Thus, a reduction in red
to green fluorescence ratio clearly indicates loss in mitochondrial
membrane potential (MMP) (Ebrahimi-Fakhari et al., 2016).
A loss of 18.8 ± 1.8% in MMP was observed after treatment
of AUDE (3µg/mL) while it increased to 65.9 ± 3.4% after
treatment of AUDE (25µg/mL) (Figures 7E,F).

Loss in MMP is also linked with the production of reactive
oxygen species (ROS) (Rastogi et al., 2010). The cells were
stained with DCFH-DA and further examined by flow cytometry.
A concentration-dependent increase in the percentage of ROS
production was observed. ROS production increased up to 50.2
± 2.8% with an increase in the concentration of AUDE from 3 to
25µg/mL after 24 h (Figures 7G,H).

Further, to examine the externalization of phosphatidylserine
(PS) in A431 cells for confirmation of apoptosis, annexin FITC/PI
staining was performed. Live and healthy cancer cells being
impermeable to PI and having a borderline presence of PS on its
extracellular surface, are double negative (lower left quadrant).
Early apoptotic cells are just positive for annexin V-FITC due
to the flipped-out PS, but an intact cell membrane (lower right
quadrant). Cells in the late stages of apoptosis owing to loss
of membrane integrity are double positive for PI and annexin
V (upper right quadrant). However, necrotic cells are usually
positive only for PI, due to complete disruption of cell membrane
and leakage of cellular contents, resulting in staining of only the
fragmented DNA (upper left quadrant) (Crowley et al., 2016).
After AUDE treatment for 24 h, percentage of early apoptotic
cells increased from 0.21 ± 0.02% in control to 8.95 ± 1.44 and
59.65± 3.77%, respectively, at 3 and 5µg/mL of AUDE. Further,
late apoptotic cell population increased to 8.39 ± 1.55% while
57.38± 2.92% early apoptotic cell population was observed after
25µg/mL of AUDE treatment for 24 h (Figures 7I,J).

Apoptosis is a well-known and extensively studiedmechanism
of cell death (Rastogi et al., 2010; Ebrahimi-Fakhari et al., 2016).
Most of the natural products including those derived from
endophytes have shown remarkable apoptotic cell death
in different cancer cell lines. Recently, Nagabhishek and
Madankumar (2019) isolated a novel apoptosis-inducing
metabolite from marine sponge derived endophytic fungus
Monascus sp. NMK7 which mediated ROS dependent apoptotic
cell death in breast cancer cell line. Apoptosis follows a cascade of
reactions ultimately leading to programmed cell death of cancer
cells (Reed, 2000; Razak et al., 2019). Loss of ROS dependent
mitochondrial membrane potential is one of the early hallmarks
of intrinsic pathway of apoptotic cell death. The marine
ecosystem is a pandora box for discovery of new and effective
bioactive compounds. Cell cycle arrest is a classic tool to induce
cytotoxicity by most of the chemo-therapeutic agents used in
cancer treatment. The G1, S, or G2/M phase arrest is brought

by potent drugs followed by the damaged cell enter mitosis and
apoptosis (Nagabhishek and Madankumar, 2019). Mohyeldin
et al. (2017) described a marine-derived pachycladin diterpenoid
which acted as a novel inhibitor of wild-type and mutant EGFR
responsible for metastasis of various types of cancers.

In conclusion, marine algal-derived endophytic fungi of
Konkan coast are rich in fungal endophytic diversity. Many
of the endophytes can emerge as prospective hosts for novel
and potential bioactive compounds. Aspergillus unguis isolated
from a green alga Enteromorpha sp., collected from Anjuna
coast demonstrated ROS dependent MMP loss and apoptotic cell
death in A431 cancer cell lines. Further studies on isolation and
purification of bioactive compounds and their yield enhancement
are needed to explore their pharmaceutical potential of these
endophytes derived from Konkan coast.
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