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Abstract: This work studied the antioxidant and anti-colorectal cancer properties of a potential strain
of thraustochytrids, Schizochytrium sp. (SMKK1), isolated from mangrove leaf litter. The biomass was
extracted with methanol and screened for antioxidant activity using six different assays. The extract
exhibited the highest total antioxidant activity (87.37 ± 1.22%) and the lowest nitric oxide radical
(75.12 ± 2.22%), and the activity increased with the concentration of the extract. The methanolic
extract was further tested for in vitro cytotoxicity on the colon cancer cell line (HT29). The extract
was also analyzed for polyunsaturated fatty acids using GC-MS. The five predominant HTVS-based
compounds, viz., arachidonic acid, linolenic acid (alpha-linolenic acid and gamma-linolenic acid),
eicosapentaenoic acid, and docosahexaenoic acid, were identified in the extract, and these were tested
against the colon cancer protein IGF binding (IGF-1) using the in silico docking method. The results
revealed that all the five compounds were capable of destroying the colon oncoprotein responsible for
anti-colon carcinogen, based on activation energy and also good hydrogen bond interaction against
IGF binding proteins. Of the compounds, docosahexaenoic acid was the most effective, having a
docking score of −10.8 Kcal/mol. All the five fatty acids passed the ADMET test and were hence
accepted for further clinical trials towards the development of anticancer drugs.

Keywords: mangrove; thraustochytrid; Schizochytrium; PUFA; antioxidant; anti-colon cancer activity

1. Introduction

Cancer is an abnormal growth of cells caused by oncoprotein activation or genes
suppressing tumors that lead to alterations in cell function [1]. Cancer is a group of diseases
in which abnormal cells spread and multiply uncontrollably. If the proliferation of these
abnormal cells is not arrested, death is ultimately a great possibility. The present diet
and lifestyle of consuming a high amount of meat and extreme alcohol use, along with
less physical activity, have led to increasing deaths due to cancer. By 2030, approximately
21.4 million cancers will arise globally, and 13.2 million of these diseases are expected to
cause death. Cancer accounts for 1 in every 6 deaths worldwide [2].

Colon cancer is one of the most dangerous types of cancer because it can spread
to the lung, liver, ovaries, and other gastrointestinal organs. Colorectal cancer (CRC) is
the third most common cancer affecting both men and women around the world, and it
tends to increase with age [3–5]. Colorectal cancer rates are the highest in black men and
women [6]. About 96% of colorectal cancers are adenocarcinomas that begin in the cells
of the gland that make mucus lubricate the colon and rectum [7]. Numerous studies have
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demonstrated the over expression of Insulin-like growth factors (PDB ID: 2DSQ). IGF plays
a very imperative role in colorectal cancer. The insulin-like growth factor (IGF) system
consists of the peptide growth factors IGF-I and IGF-II, the type I and II IGF receptors, the
IGF-binding proteins (IGFBP), and their corresponding proteases [2,8]. Initially identified
as potent physiological mitogens, IGF are now known to be polypeptides with effects
on cell proliferation, differentiation, apoptosis, and transformation [3,9]. Colon cancer is
one of the most frequent malignant diseases in the developed world, and experimental
and clinical data implicate the IGFIR in colon cancer etiology. Compared with normal
tissues, the IGF-IR is overexpressed by tumors in colorectal cancer [10,11]. In addition,
IGF-I protects colon cancer cells from death factor-induced apoptosis [12]. Furthermore,
IGF-II mRNA is overexpressed in human colon carcinoma compared with normal adjacent
tissues [13]. Therefore, the discovery of agents that inhibit the IGF-I signaling pathway
could lead to the development of highly successful prevention strategies for colon cancer.

Marine organisms are a wealthy source of structurally novel and biologically active
metabolites [14]. To date, many marine compounds with various biological functions have
been discovered and only a few of them are under investigation for development as new
drugs [15,16].

Thraustochytrids are obligate marine microorganisms with a diverse group of ma-
rine osmoheterotrophic fungi-like stramenopile protists. They belong to the eukaryotic
kingdom of stramenopiles, which includes oomycetes and diatoms [17,18]. They could
be a potential source of omega-3 polyunsaturated fatty acids (PUFAs) such as docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA) for commercial production [19–21].
Thraustochytrids are being studied as a supplement for the production of animal feed [22],
biodiesel [23], enzymes [24], squalene [25], antimicrobials [19–21], antioxidants [20,26], ex-
opolysaccharides [27], vaccines [28], nanoparticles [20], and haemolytic (21) and anticancer
drugs [29]. In addition to PUFAs, thraustochytrids contain some anti-oxidative pigments
such as carotenoid and astaxanthin, which are linked to a lower risk of cancer through
free-radical scavenging, lipid peroxidation reduction, and immune system activation [30].
There are no reports of thraustochytrids producing toxic chemical/compounds [31]. How-
ever, only a few studies have been conducted on the thraustochytrids from mangrove
sources for their medicinal potential [19–21,32], and hence, the current research work was
undertaken to study the antioxidant and anticancer potentials of thraustochytrids isolated
from decomposing mangrove leaves.

2. Materials and Methods
2.1. Isolation and Culture Conditions of Thraustochytrids from Mangroves

Thraustochytrid strains were isolated from decaying mangrove leaf litter of Rhizophora
mucronata Poir., collected from Pichavaram mangrove forest on the southeast coast of
India by the pour plate technique on glucose yeast peptone agar medium (GYPA) pre-
pared in natural seawater (NSW) (25 ppt) with the addition of antifungal (fluconazole
100 µg·L−1) and antibacterial (streptomycin 100 µg·L−1) agents to prevent bacterial and
fungal contamination, and they were incubated at 28 ◦C and pH 7.2 for 2–5 days [19–21,32].
After the incubation, white-to-pale-white colonies and oily colonies with smooth and
rough surfaces were found. The pure isolates were obtained after sub-culturing 3 times
every 2–5 days and kept on agar slants at 4 ◦C until further use and sub-cultured every
month [19–21,32]. The predominant strains were chosen for morphological and molecular
(18S rDNA) identifications.

2.2. Morphological Identification of Thraustochytrids

Morphological identification of thraustochytrid isolates was carried out under a light
microscope (LM) based on colony color, size, shape, zoospore production, amoeboid cells,
vegetative cells, and presence of the ectoplasmic network. Pure colonies of thraustochytrid
isolates were taken from the culture medium by sterile metal loops and these were stained
with acriflavine at a concentration of 0.02 µg·mL−1. Further freeze-dried, gold coating
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thraustochytrid cells were observed under a scanning electron microscope (SEM) using the
standard methods [20,21].

2.3. DNA Extraction and Amplification of the 18S rDNA Gene

Genomic DNA of thraustochytrid isolates was extracted [20,32,33] by the method of
Mo and Rinkevich. Briefly, 3 mL of 48–96-h-old thraustochytrid cell culture was centrifuged
at 10,000 rpm (1.5 mL tubes) for 5 min at 4 ◦C. The cell pellets were resuspended in 200 µL of
lysis buffer (0.25 M Tris-HCl (pH 8.2), 0.1 M EDTA, 2% Sodium Dodecyl Sulfate, and 0.1 M
NaCl), and maintained at 55 ◦C for 30 min in a water bath. Chloroform–isoamyl alcohol
(24:1) was used to extract DNA, which was then precipitated with ice-cold isopropanol. The
extracted DNA was dissolved in 30 µL of TE buffer and stored at−20 ◦C for further use. The
small subunit gene was amplified in a (Tech GeneTM) thermal cycler using primers (18S001-
5′-AACCTGGTTGATCCTGCCAGTA-3′, 18S13-5′-CCTTGTTACGACTTCACCTTCCTCT-
3′) [34]. The amplification cycle involved an initial denaturation step of 94 ◦C for 60 s,
followed by 35 cycles of (i) denaturation (94 ◦C for 60 s), (ii) annealing (50 ◦C for 60 s),
and (iii) elongation (72 ◦C for 120 s), and a final elongation step at 72 ◦C for 10 min. The
molecular weight was checked using a molecular marker (100 bp ladder) [20]. The amplicon
product was tested in a 1.5% agarose gel.

2.4. Sequencing and Phylogenetic Analyses of 18S rDNA Gene

The purification of PCR products and DNA sequencing were performed through the
high-throughput MegaBace sequencer (YAAZH XENOMICS, Coimbatore, India). The
resulting sequences were trimmed based on the electropherogram peak clarities in the
MEGA 6.0 program. Sequences with noisy peaks were omitted from the analysis. The
percent similarity of the amplified 18S rDNA gene sequences was confirmed by the NCBI’s
BLASTprogram. To confirm the species identity, a higher percentage (95–100%) of simi-
larity to the reference sequence was used and sequences were submitted to the GenBank
database at the National Center for Biotechnology Information (NCBI) [35]. The CLUSTAL
W Multiple Sequence Alignment Program was used to align and analyze the successfully se-
quenced rDNA region of thraustochytrids against the whole non-redundant NCBI GenBank
database [36]. A phylogenetic tree was created using all the available thraustochytrid gene
sequences as well as sequences determined in this study using the maximum likelihood
method. Statistical analysis of 1000 bootstrap replicates was used to assess the species
relationship. The genus Labyrinthula was used as the out-group to group the phylogenetic
analyses [20].

2.5. Biomass Production and Extraction of Intracellular Specialized Metabolites

The fresh cultures of the thraustochytrid strain (SMKK1) were maintained by culturing
them separately in 1 mL of glucose yeast extract peptone seawater (GYPS) medium. GYPS
medium was inoculated into 100 mL of modified glucose yeast extract peptone-production
broth medium consisting of NSW, glucose (10 g·L−1), yeast extract (10 g·L−1), peptone
(1 g·L−1), monosodium glutamate (1 g·L−1), thiamine (0.2 g·L−1), with a pH of 7.12 ± 0.1,
and maintained under the optimized conditions. Then, intracellular metabolites were
extracted from the biomass of thraustochytrid strain (SMKK1) [32]. The fresh biomass was
rinsed with sterile double distilled water, extracted thrice with 80% methanol as solvent,
and then left in a separating funnel for 15 min for precipitation. The crude extract was
then filtered via Whatman No.1 filter paper, and the filtrate was dried under a vacuum
desiccator at 40 ◦C.

2.6. Antioxidant Assays

The biomass of thraustochytrids strain (SMKK1) extracted with methanol in different
concentrations of 50, 100, 150, 200, and 250 µg·mL−1 was tested for antioxidant activity
using standard assay methods for total antioxidant activity [20], DPPH radical scaveng-
ing [20], reducing power [37], hydrogen peroxide radical inhibition [38,39], nitric oxide
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radical inhibition [38,40], and total phenol content [41]. L-Ascorbic acid was used as a
positive control, and all the experiments were conducted in triplicate.

2.7. GC-MS Analysis (Gas Chromatography-Mass Spectroscopy)

Total lipids of the thraustochytrid strain (SMKK1) biomass were estimated using the
method of Folch et al. [42]. Fatty acid methyl ester (FAME) prepared from the lipid was
analyzed using gas chromatography-mass spectroscopy (GC-MS) for the identification of
various fatty acids [43,44]. In brief, 2 µL of the extract was immediately injected through
the FID and Heliflex AT-225 capillary column of GC-MS equipped with a mass detector,
Turbo mass gold Perkin–Elmer with an Elite-5MS, and helium as transporter gas. The
detector temperature was 280 ◦C, while the injector temperature was 250 ◦C. Temperature
programming ranged from 200 ◦C at 10 ◦C/min without holding up to 280 ◦C at 5 ◦C/min
with 9 min of holding. Nitrogen was used as a transporter gas at a pressure of 6 psi.
After analysis, peaks were identified and quantified with the known compound MS Li-
brary [45]. The compound structures were retrieved from the PubChemBioAssay database
(http://pubchem.ncbi.nlm.nih.gov, accessed on 3 July 2021).

2.8. Preparation of Protein and Ligand Structures

The X-ray crystallographic structure of the IGF binding (IGF-1) protein receptor (PDB
I.D: 2DSQ) was downloaded from the Protein Data Bank (PDB) (http://www.rcsb.org/
pdb/, accessed on 2 January 2022). The water molecules were extracted from the protein
coordinate file 1NAV before docking. Energy minimization was conducted by applying the
Chemistry at Harvard Macromolecular Mechanics (CHARMM) force field. Chemical com-
pounds derived from the thraustochytrid strain (SMKK1) were identified by GC-MS. The
compound structures were retrieved from the PubChem online server and generated from
Simplified Molecular Input Line Entry Specification (SMILES) notation using ChemSketch
Software (CS) (www.acdlabs.com, accessed on 2 January 2022). The GCMS- identified (19)
ligand molecules were screened using PyRx 0.8 software. The best five compounds were
used as Molecular Docking analysis, three–dimensional optimizations were made, and
then the MOL file was served.

2.9. Molecular Docking Analysis

The docking analysis was carried out to explore the interaction of the thraustochytrid
strain (SMKK1)-derived fatty acids such as arachidonic acid (AA), linolenic acid (alpha-
linolenic acid (ALA) and gamma-linolenic acid (GLA)), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) with colon cancer protein, as well as IGF binding (IGF-1)
(PDB I.D: 2DSQ) using AutoDock Vina 1.2.0. The compounds or ligands were chosen
based on Lipinski’s rule of five using “Lipinski drug filters” (http://www.scfbio-iitd.res.
in/utility/LipinskiFilters.jsp, accessed on 2 January 2022). The interaction between the
binding pockets of target (IGF-1) colon cancer protein and the test compounds was assessed
to find the active site of the target protein. The docking results were visualized using the
Discovery Studio Visualizer (DSV) 2021.

2.10. In Silico ADME Predictions for Pharmacokinetic Properties

The pharmacokinetic properties of the polyunsaturated fatty acids were estimated
using the FAF-Drugs3 server (http://fafdrugs3.mti.univ-paris-diderot.fr, accessed on 2
January 2022) [46]. For computational prediction, the ligand structural data were used
in .sdf format, XLOGP3 was set as logP, and other parameters were set as default for
computational prediction [47].

2.11. Determination of the In Vitro Anti-Proliferative Effect of Thraustochytrid Extracts on Colon
Cell Lines

Colon cancer cell line (HT29 cell line) was purchased from NCCS, Pune, India, cultured
in Dulbecco’s modified Eagle’s medium (DMEM) enhanced with 10% Fetal calf serum

http://pubchem.ncbi.nlm.nih.gov
http://www.rcsb.org/pdb/
http://www.rcsb.org/pdb/
www.acdlabs.com
http://www.scfbio-iitd.res.in/utility/LipinskiFilters.jsp
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(FCS), l-glutamine, streptomycin, gentamycin, and penicillin, and grown in 5% CO2 at
37 ◦C in a humidified atmosphere in a CO2 incubator. The effect of the thraustochytrid
extract was tested on colon cancer cell lines as well as normal cell lines (VERO cell lines,
African Green Monkey kidney cell lines). The DMEM was diluted in sterilized millipore
double distilled water and thoroughly mixed before being sterilized at 15 lbs, 121 ◦C for
15 min. The contents were mixed well with shaking depending on the concentrations of
fetal calf serum (2% or 10%) and the pH was adjusted to 7.2–7.4. The DMEM vials were
kept at 37 ◦C for 48 h and stored in the refrigerator after checking for sterility, pH drop, and
floating particles [48].

2.12. Preparation of Thraustochytrid Extracts

A working concentration of 1 mg·mL−1 was obtained by dissolving an aliquot of
0.05 mL of extract in 4.95 mL of DMSO. Before each experiment, the working concentration
was freshly prepared and filtered through a 0.45-micron filter. A quantity of 500 µL of
FCS-free DMEM was taken into 8 microcentrifuge tubes for each sample, and 5 mL of
extract was made at a concentration of 1 mg·mL−1. The samples were syringe filtered with
a 0.45 µM filter to remove impurities. Then, 500 µL of the working concentration of the
sample was poured into the first Eppendorf tube and thoroughly mixed, and 500 µL of this
volume was serially diluted from the first tube to the last tube to obtain the appropriate
concentrations of the thraustochytrid extract.

2.13. MTT Cytotoxicity Assay

The MTT assay refers to the 3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium
bromide test [49,50]. After incubation, the medium was carefully removed from the wells
for the MTT assay. Each well was rinsed 2–3 times with DMEM without FCS before
being filled with 200 µL of MTT (5 mg/mL). For cytotoxicity testing, the plates were
incubated in a 5% carbon dioxide (CO2) incubator for 6–7 h. Following the incubation
period, 1 mL of DMSO was added to each well, stirred with a pipette, and incubated for
45 s. Assuming any viable cells were present, it showed formazan crystals in the wake
of adding solubilizing reagent (DMSO) and purple color formation. The suspension was
moved to a spectrophotometer cuvette, and the optical density reading was made at 595 nm
in a microplate reader (ELISASCAN, ERBA) using DMSO as a blank [51]. The standard
graph was created by plotting the concentration of the extract on the X-axis and relative
cell viability on the Y-axis.

Cell viability (%) = Mean OD/Control OD × 100

The cytotoxicity of the thraustochytrid extract and positive control in different con-
centrations of 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 µL·mL−1 was tested on the
cell line (HT29). The MTT assay was used to determine the viability of normal cell lines
and the cell death of cancer cell lines after 24 h. As determined by the cell arrangement,
the cells were also examined under a microscope, and microphotographs were taken. The
IC50 concentration was defined as the extract concentration that caused 50% cancer cell
death, whereas the CC50 concentration was defined as the extract concentration that caused
50% normal cell survival. As a positive control, doxorubicin was used. All the experiments
were carried out in triplicates.

3. Results
3.1. Morphological and Molecular Identification of Thraustochytrids

Based on the morphological characters, the predominant thraustochytrid strain (SMKK1)
was identified as Schizochytrium sp. (displayed in Figure 1a), as indicated by their color,
size, shape, and zoospore development, when seen under a light microscope at 40×
brightening (Figure 1b). Further, the identity of the strain was confirmed through Scanning
Electron Microscope (Figure 1c). In Schizochytrium sp., vegetative cells exhibited successive
bipartition resulting in a cluster of cells, sporangium, and zoospores.
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Figure 1. (a) Morphological, (b) light, and (c) scanning electron microscopic images of Schizochytrium
sp. (SMKK1).

Further, the 18S region of rDNA from a marine thraustochytrid (SMKK1) was se-
quenced. According to NCBI BLAST analysis, the marine thraustochytrid strain Schizochytrium
sp. (SMKK1) (Accession No. KT716338) was 99% closer to Schizochytrium sp. SW1
(KF500513). The blast results showed high 18S sequence similarity relative to other thraus-
tochytrid strain sequences found in the GenBank database. The phylogenetic analyses
confirmed the taxonomic position of the thraustochytrid species. Topologically, the phylo-
genetic tree consisted of two main clades, which were further subdivided into minor clades
(Figure 2).
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3.2. Antioxidant Assay

The total antioxidant activity increased significantly with increasing concentrations of
thraustochytrid extract (p < 0.05). The extract exhibited the highest total antioxidant activity
(87.37 ± 1.22%), free radical scavenging activity (86.27 ± 2.11%), total phenolic content
(74.52 ± 2.53%), hydrogen peroxide radical scavenging potential (78.23 ± 2.47%), nitric
oxide radical content (75.12 ± 2.22%), and total reducing power (81.57 ± 1.91%) (Figure 3).
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3.3. Molecular Docking and ADME Predictions

The crude extract of Schizochytrium sp. (SMKK1) was analyzed by GC-MS. After
analysis, peaks were identified and quantified with the known compounds using the MS
Library (NIST Version-2005) (Table 1).
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Table 1. Fatty acid composition of Schizochytrium sp. (expressed as % of the total fatty acids).

Compound
S. No.

Carbon Atom of
Fatty Acid Name of the Fatty Acid Content (%)

Comp 1 14:00 Methyl tetradecanoate acid 1.31 ± 0.18
Comp 2 14:01 Myristoleic acid 7.04 ± 1.21
Comp 3 15:00 Pentadecanoic acid 1.15 ± 0.13
Comp 4 16:00 Palmitic acid 37.32 ± 2.34
Comp 5 16:01 Palmitoleic acid 0.94 ± 0.11
Comp 6 17:00 Heptadecanoic acid 0.67 ± 0.14
Comp 7 18:00 Stearic acid 4.9 ± 0.72
Comp 8 18:01 Oleic acid 0.58 ± 0.11
Comp 9 18:2 n-6 Linolenic acid 0.41 ± 0.13

Comp 10 18:3 n-3 α-Linolenic acid 0.33 ± 0.08
Comp 11 18:3 n-6 γ-Linolenic acid 0.29 ± 0.10
Comp 12 18:04 Stearidonic acid 0.27 ± 0.07
Comp 13 20:00 Eicosanoic acid 0.38 ± 0.12
Comp 14 20:3 n-6 Dihomo-γ-linolenic acid 0.33 ± 0.14
Comp 15 20:4 n-3 Eicosatetraenoic acid 1.67 ± 0.25
Comp 16 20:4 n-6 Arachidonic acid 2.37 ± 0.57
Comp 17 20:5 n-3 (EPA) Eicosapentaenoic acid 6.76 ± 1.08
Comp 18 22:5 n-6 (DPA) Docosapentaenoic acid 1.22 ± 0.27
Comp 19 22:6 n-3 (DHA) Docosahexaenoic acid 33.18 ± 2.16

Among the 19 identified compounds, five major polyunsaturated fatty acids, viz.,
arachidonic acid (AA), linolenic acid (LA), (alpha and gamma), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA), were chosen for further study (Table 2). The
2D structures and properties of the fatty acids were generated by ChemSketch and 3D
structures of them were visualized by Discover studio 4.0 (Figure 4) (Table 2) and were
docked (PDB ID: 2DSQ) with IGF-1. The ligand fit of the docking analysis was carried out
by AutoDock Vina 1.2.0. Virtualization was conducted using Discover studio 2021 (Biovia
Dassaltun system v4.5 Software Inc., San Diego, CA, USA).
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Table 2. Docking results of five selected PUFAs present in methanolic extract of Schizochytrium sp.
strain SMKK1 against colon cancer protein.

S. No. Compound Name Molecular
Formula

Molecular Weight
(g/mol)

Hydrogen Donor
and Acceptor

Docking Score
Kcal/mol

Comp 10 Alpha-linolenic acid C18H30O2 278.429 1, 2 −9.2
Comp 11 Gamma-linolenic acid C18H30O2 278.429 1, 2 −9.0
Comp 16 Arachidonic acid C20H32O2 304.466 1, 2 −8.0
Comp 17 Eicosapentaenoic acid C20H30O2 302.451 1, 2 −9.7
Comp 19 Docosahexaenoic acid C22H32O2 328.488 1, 2 −10.8

Arachidonic acid and IGF binding proteins produced five alkyl group amino acids
(A:ARG:58, C:PHE:16, A: ARG:52, G:PRO:215, and A:CYS:53) and a strong hydrogen bond
(A:ARG:28 and G:GLN:227) interaction while docking (Figure 5).
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Alpha-linolenic acid and IGF binding proteins produced alkyl group amino acids
such as the Alkyl group of amino acids I:PHE:16, B:VAL:27, and B:ARGG:28, and the
conventional hydrogen bond amino acid interaction while docking (Figure 6).
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Gamma-linolenic acid and IGF binding proteins produced alkyl and pi-alkyl group
amino acids such as B: CYS:59, I:PHE:16, B:CYS59, B:CYS:53, B:ARG:58, and B:LEU:82, one
conventional hydrogen bond amino acid, and the attractive charge amino acid I:ASP:20
while docking (Figure 7).
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While docking, eicosapentaenoic acid’s interaction with IGF binding proteins pro-
duced alkyl group amino acids such as A:CYS:53, C:PHE:16, A:ARG:58, A:GLY:56, A:LEU:57,
G:PRO:215, and I:ASP:20, and the Pi-anion amino acids A:ARG:52 and C:ASP:20 (Figure 8).

Docosahexaenoic acid’s interaction with the (IGF-1) binding protein structure pro-
duced the conventional carbon bonds A:ARG:58, A:CYS:53, A:ARG:52, C:PHE:16, and
G:PRO:215 and the hydrogen group amino acids A:LEU:57, A:GLY:56, and C:ASP:20 while
docking (Figure 9).
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Figure 8. (A,B) Three-dimensional crystal structure with eicosapentaenoic acid (C) hydrogen surface
created with selected compound and protein complex, and (D) 2D interaction between the target
protein (IGF-1) and eicosapentaenoic acid. Pink color interaction shows the hydrophobic interaction.

The target protein was involved in ligand fit docking and produced bond formation
with different amino residues in binding pockets, as well as producing bond formation
with the IGF binding protein’s binding pocket amino acid, and the LibDock score values
were −8.0 for arachidonic acid, −9.2 for alpha-linolenic acid, −9.0 for gamma-linolenic
acid, −9.7 for eicosapentaenoic acid, and −10.8 for Docosahexaenoic acid with IGF binding
proteins (Table 2). The hydrogen bond and hydrophobic and aromatic interactions were
created, the amino acid involved in the residues’ interaction in the binding gap for the five
compounds was obtained, and the energy necessary for drug–receptor binding was directly
correlated with the efficient binding of the compound. In this study, all fatty acids passed
the ADMET test and were accepted for further clinical trials (Table 3).
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Figure 9. (A,B) Three-dimensional crystal structure with docosahexaenoic acid (C) hydrogen surface
created with selected compound and protein complex, and (D) 2D interaction between the target pro-
tein (IGF-1) and Docosahexaenoic acid. Green color interaction shows the hydrogen bond interaction.

Table 3. ADMET screening of five selected PUFAs present in methanolic extract of Schizochytrium sp.
strain SMKK1.

S. No. Compound MW logP logSw HB
Donors

HB
Acceptors

Lipinski
Violations

Solubility
(mg/L) Solubility Oral Bio-

Availability
Phospo

Lipidosis Status

Comp 10 AA 304.47 6.98 −5.2 1 2 1 1677.77 Good
Solubility Good Non-Inducer Accepted

Comp 11 ALA 278.43 6.46 −4.78 1 2 1 2342.23 Good
Solubility Good Non-Inducer Accepted

Comp 16 GLA 306.48 7.35 −5.38 1 2 1 1411.24 Good
Solubility Good Non-Inducer Accepted

Comp 17 EPA 302.45 6.29 −4.82 1 2 1 2440.06 Good
Solubility Good Non-Inducer Accepted

Comp 19 DHA 328.49 6.19 −4.85 1 2 1 2565.55 Good
Solubility Good Non-Inducer Accepted

3.4. In Vitro Colon Cancer Activity

The anti-cancer activity of Schizochytrium sp. (SMKK1) and positive control in different
concentrations of 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 µL·mL−1 was tested
by in vitro cytotoxicity against the colon cancer cell line (Figure 10). Cancer cell viability
decreased with increasing thraustochytrid extract concentrations, and thus, the cell viability
was concentration-dependent. The inhibitory concentration (IC50) value was 31 µg·mL−1

(Figure 11). The human colon cancer cell line (HT29) and the Vero cell line were seeded at a
density of 1 × 105 cells per well on a 96-well plate. After 24 h of inhibition, the samples
were washed and visualized for morphological changes. The control plate did not show any
morphological changes (Figure 12). The thraustochytrid extract inhibited the multiplication
of colon cancer cells (HT29), as evidenced by the irregular joint aggregates with round and
polygonal cell morphology (Figure 10).
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250 µL/mL concentration, and (f) cell treated with 1000 µL/mL concentration.
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(f) 1000 µL/mL concentration-treated cell.

4. Discussion

Thraustochytrids are generally non-motile (paraphyletic) in their assimilative phase [18].
In general, thraustochytrid taxonomy is based on morphology and life cycle-based stud-
ies [21,52,53]. A recent study described thraustochytrids in many monophyletic structures
through morphology, biochemistry, and molecular information. Genera of Aurantiochytrium,
Botryochytrium, Monorhizochytrium, Oblongichytrium, Parietichytrium, and Sicyoidochytrium
were formed during the taxonomic revisions of Schizochytrium and Ulkenia [54–56].

Generally, identification of thraustochytrids at the species level is very difficult due to
the morphological similarities between them, and many of the morphological characters
used in their classification overlap with each other [17,21,57]. In this context, the impor-
tance of molecular techniques using 18S rDNA molecular sequences in understanding the
classification of thraustochytrids is emphasized [34]. The taxonomy of thraustochytrids
was later revised [54,55,58]. The phylogenetic analyses also confirmed the taxonomic posi-
tions of the thraustochytrid species. Topologically, the phylogenetic tree consists of two
main branches that are further subdivided into smaller branches. The first clade mainly
includes Schizochytrium sp., with a strong bootstrap value support of 100% [33]. However,
molecular taxonomy is usually based on only one gene or protein and sometimes could be
misleading. As a result, both morphology and whole-genome sequences are currently used
to classify organisms.

The present study sequenced the 18S region of rRNA from thraustochytrids. Based on
the NCBI BLAST analysis, the mangrove-derived thraustochytrid strain, Schizochytrium sp.
(SMKK3) (Accession No. KT716338) was 99% closer to Schizochytrium sp. SW1 (KF500513).
The blast results revealed a high similarity of the 18S sequence relative to other thraus-
tochytrid sequences existing in the GenBank database. Moreover, the lack of reference gene
sequence data in GenBank is also a significant disadvantage. This calls for and necessi-
tates the use of both morphological and molecular gene identification of thraustochytrids.
In addition, it is also recommended to use a multi-gene molecular approach for more
reliable confirmation of the identity of the marine thraustochytrids.

Mangrove-derived thraustochytrids are the potential source of omega-3 polyunsat-
urated fatty acids (PUFAs) [19–21], as also evidenced in the present study that detected



J. Mar. Sci. Eng. 2022, 10, 431 16 of 20

the predominance of docosahexaenoic acids (DHA) and eicosapentaenoic acids (EPA) in
Schizochytrium sp. (SMKK1) isolated from mangrove decaying leaf litter (Figure 1). This
species displayed significant antioxidant activity with increasing concentrations of its
extracts (Figure 2). The highest total antioxidant activity (87.37 ± 1.22%) in the extract
(Figure 3) could be attributed to the presence of polyunsaturated fatty acids in thraus-
tochytrids as potential free-radical foragers [32,59]. Similar activity has also been reported
in Thraustochytrium kinnei (TSKK1) and Aurantiochytrium sp. (ANVKK-06) [20,21].

Molecular docking is an important method for computer-based drug development for
targeted diseases. Structural elucidation of compounds is conducted by GC-MS analysis. In
the present study, GC-MS identified four major compounds, viz., arachidonic acid, linolenic
acid (alpha and gamma), eicosapentaenoic acid, and docosahexaenoic acid (Table 1). An in
silico High Throughput Virtual Screening (HTVS) and docking analysis was performed by
docking 3D ligand molecules of the above-mentioned compounds with IGF binding (IGF-1)
(PDB ID: 2DSQ) (Figure 4F), responsible for colorectal cancer.

The docked ligand molecules were chosen based on their docking energy and ability
to interact with residues, as seen in Figures 5–9. The IGF binding proteins protein is used
in a docking comparison with non-steroidal anti-inflammatory drugs [60]. The Libdock
score values noted were −8.0 for arachidonic acid, −9.2 for alpha-linolenic acid, −9.0
for gamma-linolenic acid, −9.7 for eicosapentaenoic acid, and −10.8 for docosahexaenoic
acid with IGF binding proteins (Table 2). Lack of efficacy and safety are two major causes
of drug failure, namely the absorption, distribution, metabolism, excretion, and toxicity
(ADMET), and the chemical properties play an important role in all stages of drug discovery
and development [61]. The probability of success or failure of a compound as drug can
be arbitrated by the ADME-Tox prediction at the earlier stages, thereby avoiding costly
late-stage processes [47,62]. In our study, all the tested fatty acids passed the ADMET test
and were hence accepted for further clinical trials (Table 3).

The cytotoxicity effect of Schizochytrium sp. (SMKK1) extract on normal cell lines
revealed that cell death occurred only at higher concentrations (500 µg·mL−1) (Figure 10).
The therapeutic index is a significant parameter as it incorporates anticancer activity and
unavoidable toxicity to normal cells. This is the ratio between the concentration of the
extract where 50% of cytotoxicity in the normal cell line occurs and the concentration of the
test solution when 50% of cancer cell death occurs in the cancer cell line [63]. Drugs are
considered for further testing only when the therapeutic index value is 16 or above. The
present research work revealed a therapeutic index value of 16.12 for Schizochytrium sp.
(SMKK1) extract against colon cancer, making it a potential drug candidate for further
screening and purification processes (Figure 11). After inhibition, the cells were visualized
for morphological changes. The control plate did not show any morphological changes
(Figure 10), whereas the treated cells exhibited cell-damage-related reductions in cell
volume and apoptotic bodies in a concentration-dependent manner (Figure 12).

PUFAs are promising molecules in the treatment of cancer diseases. The lipo-peroxidation
is known to play a role in the anti-tumor effects of unsaturated fatty acids, particularly
omega-3 polyunsaturated fatty [64]. The PUFAs, as well as C20-fatty acids such as arachi-
donic acid (AA) (C20:4), are strongly advocated for their inhibitory effect on the growth of
cancer cells [65,66]. Eicosadienoic acid (C20:2) with linear-chain fatty acids is stronger in
inhibiting cancer cells [67]. The ω-3 fatty acids derived from fish, microalgae, and fungi
are known to inhibit cancer by prompting the activity of enzymes and proteins associated
with cell proliferation. A high intake of omega-6 PUFAs, omega-3 PUFAs, and omega-9
fatty acids has been experimentally proved to cure the cancers of the prostate, colon, and
breast [68].

Docosahexaenoic acid (DHA) is known to suppress the proliferation of human can-
cer cells by 18–100% (SK-Mel-110 for malignant melanoma; MCF-7 for breast; HT-29 for
colorectal; MHCC97L for Liver) [69]. SMKK1 inhibit the levels of IGF-1, thereby reducing
carcinoma incidence and protecting against large intestine cancer. Consumption of a diet en-
riched with n-3 PUFAs (DHA), alpha-linolenic acids, arachidonic acid, and gamma-linolenic
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acids could confer cardioprotective effects and anti-cancer activity against large intestine
cancer [70]. Similarly, the present results revealed the cytotoxic activity of Schizochytrium
sp. against the colon cancer (HT29) cell line. Moreover, there is no evidence of the thraus-
tochytrids in producing poisonous compounds or causing diseases. Further purification of
active compounds present in the extract of thraustochytrid species will provide potent lead
compounds for developing anticancer drugs and nutraceuticals for human health.

5. Conclusions

The present study highlights the significance of Schizochytrium sp. (SMKK1), isolated
from decomposing mangrove leaves, as a potential source of antioxidant and anti-colorectal
cancer compounds. Nineteen compounds with a predominance of five polyunsaturated
fatty acids were identified, using GC-MS, as being present in the methanolic extract of the
thraustochytrid sp. All five polyunsaturated fatty acids were proven to have anti colon
cancer activity by means of an in silico docking analysis with IGF binding (IGF-1) protein.
The anti-colon cancer activity of the thraustochytrid species was further confirmed by
cytotoxicity assay against colon cancer cell line (HT29) and by a high therapeutic index
value of 16.12. This work emphasized the possible usage of Schizochytrium sp. (SMKK1) for
further studies towards the development of an anticancer drug.
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