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Abstract

The main aim of our study is to investigate the anticancer potential of our cultivated
entophytic fungal strains from Nigella sativa seeds. The strains were identified by
sequencing of the partial 18S rRNA gene and the internal transcribed spacer (ITS) region
as Aspergillus sp. (SA4), Penicillium sp. (SAS), and Fusarium sp. (SA6). We carried out
metabolic profiling for three fungal strains to investigate their metabolites diversity.
Profiling of the different extracts revealed their richness in diverse metabolites and
consequently fourteen compounds (1-14) were annotated. In addition, the obtained
extracts were examined against three cell lines HepG2, MCF-7 and Caco-2 showed
activity with ICso values in the range of 1.95-39.7 pug/mL. Finally, molecular docking
study was performed showing questinol as the lowest glide binding score value (-5.925
kcal/mol) among all identified compounds. Our results showed Nigella sativa-associated
endophytes as a promising source for further studies to look for anticancer secondary

metabolites.
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Experimental
Plant material

Fresh plant seeds were collected from the Agricultural research center in Malawi, EL-
Minia, Egypt. The investigated plant was identified by Prof. Nasser Barakat (Department
of Botany and Microbiology, Faculty of Science, Minia University). A voucher specimen
(NS- 1-2021) was conserved at Deraya University.
Isolation and identification of endophytic fungi

Isolation of endophytic fungi from seeds of Nigella sativa was carried out using
the protocol by Strobel et al with slight modifications (Pavithra et al. 2012). Nigella
sativa seeds were collected, rinsed with water followed by surface sterilization by 70%
EtOH for 1 min, then washed with sterilized water followed by, 1.0% sodium
hypochlorite (NaOCl) (v/v) for 1 min and finally with sterilized water. Nigella sativa
seeds were crushed into small particles. Cultivation of the crushed seeds in a petri dish of
dextrose agar medium- PDA (200 g potato, 20 g glucose, and 15 g agar in 1 L distilled
water, Ph. 6.0) supplemented with 100 mg/L gentamycin and amoxicillin to suppress
bacterial contamination. The Para film wrapped Petri dishes incubated at 28°C for 10 days
in the incubator. The plates were examined daily for 10 days during the incubation period
and any observation of growth of fungi were detected and isolated. Three strains, SA4,
SAS and SA6, were finally cultivated and isolated on the PDA medium and the isolates
were maintained on plates for short-term storage and long-term strain collections in
medium supplemented with 30% glycerol at —80 °C (Abdelmohsen et al. 2012). The
endophytic fungi were transferred into a new agar slants and stored at 4°C for the further
studies (Pharamat et al. 2013). Endophytes were deposited in the Microbial Repository of
Botany and Microbiology (MRBM) Department, Faculty of Science, Minia University,
Minia, Egypt, where they were stored at 4 °C.

Molecular identification and phylogenetic analysis

Phylogenetic identification of the isolated fungal strains recovered from the Nigella sativa
seeds was achieved by DNA amplification and sequencing of partial 18S rRNA gene
sequences and the fungal internal transcribed spacer (ITS) region (Sayed et al. 2020).
Genomic DNA was extracted from fungal biomass harvested from agar plants
MasterPure™ Yeast DNA purification kit (epicentre, Illumina Company) after a

mechanical treatment of the bacterial biomass (approx. 500 mg fresh weight) with 0.5 g
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glass beats in the presence of 1 x PBS buffer pH 7.2, incubation with 1 ml of a 100 mg/ml
lysozyme solution (in TE buffer, pH 8.0) at 37°C for 16 h), and an achromopeptidase
treatment (60 U) at 37°C (30 min). Finally, the DNA was resolved in 40 pL pure water.
The DNA quality and quantity were checked using NanoDrop spectrophotometer.
Between 10 to 50 ng were used as DNA template per polymerase chain reaction (PCR)
which were performed in a volume of 50 pL. The nearly full-length 18S rRNA gene and
the adjacent ITS region including the ITS1, 5.8 S rRNA gene and ITS2 were amplified
with the primer system NS1 (5'- GTAGTCATATGCTTGTCTC-3") and ITS4 (5'-
TTCCTCCGCTTATTGATATGC-3") as described by Monchy et al (Monchy et al. 2011).
The front part of the 18S rRNA genes was sequenced with primer NS1 and the complete
ITS region with primer ITS4 according to White et al.(Innis et al. 2012). PCR product
purification and sequencing reactions were performed by LGC Genomics (Berlin,
Germany). Sequences were manually corrected based on the electropherogram using
MEGA?7 (Kumar et al. 2016). The corrected sequences were submitted to GenBank. The
GenBank/EMBL/DDBJ Acc. numbers for the 18S rRNA gene and ITS sequences of
strains SA4 to 6 are ON453995 to ON453997 and ON426964 to ON426966, respectively.

A first phylogenetic assignment based on the partial 18S rRNA gene and ITS region
sequence (including ITS1, 5.8 S rRNA gene, and ITS2 sequences) was performed by
BLASTn analysis against GenBank nucleotide sequence database and the internal
transcribed spacer (ITS) from fungi type and reference strain databases provided in
BLASTn tool of NCBI. The partial 18S rRNA gene sequences of the three strains were
added to the SSU database SSURef NR 99 release 138.1 (12.06.2020) created by the
SILVA project (Quast et al. 2012). Analysis in that database was performed with ARB
version 6.0.4 (Ludwig et al. 2004)). The partial 18S rRNA gene sequences of the three
fungal strains were aligned in the alignment explorer of ARB using the pt server built for
the database by using the 10 next related sequences as references for the alignments. The
aligned sequences were added to the database tree using the ARB parsimony (quick add
marked) option without changing the overall tree topology. A partial tree with around

1514 reference sequences was exported.

Phylogenetic trees generated for ITS region sequences were generated in MEGA7. The
100 next related ITS sequences were downloaded from NCBI after BLAST analysis and
aligned with the SA strain sequences using ClustalW implemented in MEGA7. A

phylogenetic tree was calculated with the Maximum Likelihood method based on the
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Kimura 2-parameter model (Kimura 1980) .Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach,
and then selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (5 categories
(+G, parameter = 0,5089)). The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 37,22% sites). The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The analysis involved 281
nucleotide sequences. All positions with less than 95% site coverage were eliminated.
That is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed

at any position. There were a total of 391 positions in the final dataset.

Fermentation and extraction

Each isolated fungal endophyte, Aspergillus sp. SA4, Penicillium sp. SAS, and Fusarium sp.
SA6, were fermented using the solid approach. In the solid treatment, 150 puL of each strain
were inoculated and streaked on ten solid plates of the media: PDA (200 g potato, 20 g
glucose, and 15 g agar in 1 L distilled water). The agar plates were cut into pieces and
extracted with 300 mL of ethyl acetate (3 times) to get most of secondary metabolites
produced during fermentation. Ethyl acetate was then evaporated using rotary evaporator
(Heidolph ®, 35°C, 154 rpm) and the yielded dry extract was kept in refrigerator till further
processing.

LC-MS Metabolomic analysis

Metabolomic profiling was performed on the crude fungal extracts on an Acquity Ultra
Performance Liquid Chromatography system coupled to a Synapt G2 HDMS quadrupole
time-of-flight hybrid mass spectrometer (Waters, Milford, CT, USA). Chromatographic
separation was carried out on a BEH C18 column (2.1 x 100 mm, 1.7 um particle size;
Waters, Milford, CT, USA) with a guard column (2.1 X 5 mm, 1.7 um particle size) and a
linear binary solvent gradient of 0—100% eluent B over 6 min at a flow rate of 0.3
mL-min—1, using 0.1% formic acid in water (v/v) as solvent A and acetonitrile as solvent
B. The injection volume was 2 pL and the column temperature was 40 -C. Ms converter
software was used in order to convert the raw data into divided positive and negative
ionization files. Obtained files were then subjected to the data mining software MZmine
2.10 (Okinawa Institute of Science and Technology Graduate University, Japan) for

deconvolution, peak picking, alignment, deisotoping, and formula prediction. The
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databases used for the identification of compounds were: MarinLit:
http://pubs.rsc.org/marinlit/, and Dictionary of Natural Products (DNP) 2018:

http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml.

Cytotoxicity Activity

The cytotoxic activity of different extracts of the three fungal strains SA4, SAS5 and SA6
was tested against human hepatocellular carcinoma (HepG2), human breast cancer (MCF-
7) and colon carcinoma (Caco-2) cell lines using MTT assay (Rasheed et al. 2017). We
used doxorubicin as positive control. The cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). Cells were cultured using DMEM
(Invitrogen/Life Technologies) supplemented with 10% FBS (Hyclone, USA), 10 pg/mL
of insulin (Sigma), and 1% penicillin-streptomycin. Plate cells (cells density 1. 2 — 1.8 x
10,000 cells/well) were prepared in a volume of 100 uL complete growth medium with
100 pL of the tested sample per well in a 96-well plate for 24 hours before the MTT assay.
MTT solution to be used was reconstituted with 3 ml of medium or balanced salt solution
without phenol red and serum then it was added in an amount equal to 10% of the culture
medium volume. Cultures were placed in incubator for 2-4 hours depending on cell type
and maximum cell density (An incubation period of 2 hours is generally adequate but may
be lengthened for low cell densities or cells with lower metabolic activity). After the
incubation period, cultures were removed from incubator and the resulting formazan
crystals were dissolved by adding an amount of DMSO equal to the original culture
medium volume. Additionally, the absorbance of each plate was measured
spectrophotometric ally at a wavelength of 570 nm using an ELISA plate reader (Model
550, Bio-Rad, USA). Three independent experiments were performed. ICso values were
determined as the concentration that produces 50% inhibition of the growth of cells and
were calculated by GraphPad Prism 5 (Version 5.01, GraphPad Software, San Diego, CA,
USA).

Results and discussion

Based on partial 18S rRNA gene sequences, strains SA4 and SAS were identified as
members of the family Aspergillaceae of the Ascomycota; Pezizomycotina;
Eurotiomycetes; Eurotiomycetidae; Eurotiales and strain SA6 as member of the family of
the  Nectriaceae  of the  Ascomycota;  Pezizomycotina;  Sordariomycetes;

Hypocreomycetidae; Hypocreales. A phylogenetic placement to next related Aspergillus
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sp. and Penicillum sp. (SA4 and SAS) and Fusarium sp. (SA6) is illustrated based on
partial 18S rRNA gene sequences in Figure Al and based on the fungal ITS region
sequences in Figure S2. To determine the chemical profiles of three strains, LC-MS-
based metabolomics analysis was performed as shown in the total ion chromatograms
Figure S3. The annotated-dereplicated compounds (Table S1, Figure S4) were identified
by employing macros and algorithms that coupled MZmine with online and in-house
databases, e.g. DNP and METLIN, in addition to the comparison with the reported
literature data. Diverse chemical classes of metabolites were dereplicated such as
polyketides, benzenoids, quinones and alkaloids. Identified compounds from strain SA4
were shown in (Table S1; Figure S4) including 4-hydroxybenzoic acid (1) that was
dereplicated from the mass ion peak at m/z 138.03 in agreement with the molecular
formula C7HeO3, was reported to have HDAC inhibitory properties (Seidel et al. 2014).
Moreover, the mass ion peak at m/z 164.046, consistent with the molecular formula
CoHgOs, was also identified as p-coumaric acid (2); p-coumaric acid is the abundant
isomer of cinnamic acid and p-coumaric acid was reported to have antitumor and anti-
mutagenic activities and its effect of p-coumaric acid against the colonic epithelial cells
(Caco-2) was earlier studied (Jaganathan et al. 2013). Likewise, the mass ion peak at m/z
296.161 was annotated as ovalicin (3); with the molecular formula CisH240s, This
sesquiterpene compound was isolated from the fungus Pseudorotium ovalis and exhibited
antitumor, and immunosuppressive activity ovalicin cytostatically inhibits the
proliferation of endothelial cells (Griffith et al. 1997). Finally, the mass ion peak at m/z
488.231was dereplicated as cytochalasin Z (4) with the molecular formula C29H32N205
that produced by many fungal genera, including Aspergillus (Kushwaha et al. 2021).

On the other hand, metabolic profiling of the crude extracts of Penicillium sp. SAS
revealed a moderate number of metabolites (Table S1; Figure S4), of which the mass ion
peak at m/z 230.078 in consonance with the molecular formula CioH14O0¢ was also
annotated as protulactone A (6), It is a polyketide-derived fungal metabolite that has been
isolated from an EtOAc extract of the marine-derived fungus Aspergillus sp. SF-5044
(Sohn and Oh 2010). Moreover, the mass ion peak at m/z 250.120, consistent with the
molecular formula Ci4Hi304, was also identified as aspergillumarin B (10); that was

reported from Aspergillus sp. (Tawfike et al. 2019).

Furthermore, metabolic profiling of the crude extracts of Fusarium sp. SA6 revealed a

moderate number of metabolites (Table S1; Figure S4), the mass ion peak at m/z 284.06

7



205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

with the molecular formula CisH120s was also annotated as Viocristin (12), this compound
in ehrlich ascites carcinoma cells able to inhibit incorporation of uridine and thymidine.
The incorporation of leucine was hardly effected (Anke et al. 1980). Moreover, peak at
m/z 286.047, consistent with the molecular formula CisH00s was annotated as Catenarin
(13) (Jiang et al. 2016). Catenarin exhibited anti-proliferative activity towards the Caco-2
cell line (Al Kazman and Prieto 2021). Finally, the mass ion peak at m/z 300.062 was
dereplicated as questinol (14), with the molecular formula CisH1206 that was isolated
from the broth extract of the fungus for the first time. Furthermore, it inhibited the
production of pro-inflammatory cytokines, including IL-1B, TNF-a, and IL-6 and
suppress the expression level of iNOS in a dose-dependent manner through the western
blot analysis. Questinol might be selected as a promising agent for the prevention and
therapy of inflammatory disease (Jin et al. 2016). The cytotoxic potential of the crude
ethyl acetate extracts of the three endophytic fungi isolated from Nigella sativa seeds,
Aspergillus sp. SA4, Penicillium sp. SAS and Fusarium sp. SA6 were evaluated against
three different cell lines (HepG-2, MCF-7, and Caco-2) using the MTT cell viability assay.
Overall, the tested samples revealed varying in vitro growth inhibitory potencies against
HepG-2, MCF-7, and Caco-2 tumor cells, showing ICso values in the range of 1.95-39.7
pg/mL. As shown in Table S2, the extract of Aspergillus sp. SA4 cultured on PDA media
exhibited the highest cytotoxicity against Caco-2 and HepG-2 cells, with ICso value of
1.95 and 5.69 pg/mL, respectively, although it has moderate cytotoxicity against MCF-7
cells with ICso value of 8.09 pg/mL. Likewise, the extract of Penicillium sp. SAS cultured
on the PDA medium, showed highest activities against the Caco-2 cell line, with ICso
values of 5.78 pg/mL but has weak activity against HepG-2 and MCF-7 with ICso value of
39.7 and 22.7 ug/mL respectively. In contrast, the extract of Fusarium sp. SA6 cultured
on PDA medium show cytotoxic effects against MCF7 cells (ICso= 3.13pg/mL), while it
has moderate activity with Caco-2 cell line with ICso value of 10.4 pg/mL and weak
activity against HepG-2 cells with 1Cso value of 16.9 pg/mL. However, all the above-
mentioned extracts showed higher cytotoxic potential as compared to the positive control,
staurosporine that revealed ICso values of 8.7, 6.67, and 8.05 pg/mL in the case of HepG-
2, MCF-7, and Caco-2 cells, respectively (Table S2). To analyze the significant
antiproliferative effect of isolated compounds from Aspergillus sp. SA4, Penicillium sp.
SAS and Fusarium sp. SA6, the X-ray crystal structure of human Su(var)3—-9, enhancer of
Zeste, Trithorax (SET)/inhibitor 2 of protein phosphatase 2A (I2PP2A) oncoprotein;
(PDB: 2E50) (Shady et al. 2021) was selected for molecular modeling studies using

8
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computational program Schrédinger Small Drug Discovery Suite 2021-2 software

(Hisham et al. 2022).

SET is a multifunctional oncoprotein that plays a role in cell cycle progression, cell
migration, apoptosis, transcription, and DNA repair, among other things (Gadallah et al.
2022). Overexpression of SET oncoprotein contributes to cancer progression (which is
also known as an inhibitor to tumor suppressor protein phosphatase 2 A (PP2A) (Gadallah
et al. 2022). As a result, inhibiting SET would serve a significant and effective role in
inhibiting the growth of cancerous cells. D-erythro(e)-C18 ceramide was used as a flexed
ligand in induced fit docking because to its better affinity for binding to SET protein (De
Palma et al. 2019). The glide scores of compounds isolated from endophytic fungi species
against the SET oncoprotein active site are summarized in Table S3. From the data
presented in the table, fortunately all isolated compounds’ glide score value is higher than
reference D-e-C18 ceramide. The docked analysis of D-e-C18 ceramide indicated a good
glide score (-3.627 kcal/mol) and glide energy (-53.69 kcal/mol), with three hydrogen
bond interactions: two hydroxyl groups forms hydrogen bond interaction via Glu 111 and
Gln 65 amino acid residue (1.92 and 1.96 A, respectively). The third one via Thr 113
amino acid residue and NH group (1.88 A) of D-e-C18 ceramide Figure S5.

Questinol showed the lowest glide binding score value (-5.925 kcal/mol) among all
isolated compounds. It revealed four hydrogen bond interaction through two hydroxyl
groups via Glu 57 (1.71 A) , Arg 64 (2.46 A) and Glu 114 (1.92 A) amino acid residues.
Also, Oxygen atom of methoxy group formed H-bond with Trp 213 amino acid residue
(1.87 A). In addition, it had a hydrophobic contact via Arg 64 via the phenyl moiety of
questinol (Figure 1). Strain SA6 participated to have catenarin that has the lower glide
energy among other isolated compounds and may possess their potent antiproliferative
activity against HepG2, MCF7 and Caco-2. On other hand, catenarin has good glide score
(-5.653 kcal/mol) and exhibit three hydrogen bond interactions through Glu 114 amino
acid residue via hydroxyl group and Trp 213 amino acid residue via carbonyl group and

hydroxyl group Figure S6.



Table S1. A list of the dereplicated metabolites from the investigated extracts of

268
269  Aspergillus sp. SA4, Penicillium sp. SAS and Fusarium sp. SA6.
Exact Molecular
No. | RT o formula Name References
Aspergillus sp. SA4
1 2.55 138.030 C7H6O3 4-Hydroxybenzoic | (Stott and
acid Martin
1989)
2 2.85 164.046 CoHgO3 p-Coumaric acid | (Hall 2001)
3 4.67 296.161 Ci16H2405 Ovalicin (Cane and
Mcllwaine
1987)
4 4.75 463.2359 | CzsH33sNOs | Cytochalasin Z16 | (Lin et al.
2009)
Penicillium sp. SAS
5 3.96 322.105 Ci6H1307 8-Methoxy-1- (Wu et al.
naphthalenol-6-O- 2018)
alpha-D-
ribofuranoside
6 2.32 230.078 Ci0H140s6 Protulactone A (Lv et al.
2020)
7 3.67 152.046 CsHsO3 3-Methoxy-2,5- (He et al.
toluquinone 2004)
8 3.59 224.151 C12H,ON2O | 3-Isobutyl-6-(1- | (Zhu 2018)
2 hydroxy-2-
methylpropyl)-
2(1h)-pyrazinone
9 3.51 248.104 Ci1sH1604 | Aspergillumarin A |(Ying et al.
2021)

10




10 2.48 250.120 Ci14H1804 | Aspergillumarin B | (Tawfike et
al. 2019)
11 3.38 268.130 C14H200:5 Huaspenone B (Ye et al.
2021)
Fusarium sp. SA6.
12 | 4.56 284.067 Ci6H1205 Viocristin (Brase et
al. 2009)
13 3.68 286.047 Ci5H100s6 Catenarin (Youssef
and Singab
2021)
14 | 3.77 300.062 Ci6H1206 Questinol (Li et al.
2017)
270
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271 Table S2: Cytotoxic activities of ethyl acetate extracts of strain SA4, strain SAS and

272 strain SA6.
273 Endophytic ICso (ng/mL)
274 fungi HepG2 MCEF7 Caco2
SA4
275 5.69+0.27 8.09+0.39 1.954+0.09
276
SAS 39.7+1.89 22.7+1.08 5.78+0.28
277
- SA6 16.9+0.81 3.13+0.15 10.4+0.5
57 Staurosporine 8.7+0.42 6.67+0.32 8.05+0.38
280  Table S3: Molecular docking results and interacting residues for compounds isolated from
281 endophytic fungi species, D-erythro(e)-C18 ceramide within SET oncoprotein
282 (pdb: 2E50) active site
Active Glide score  Glide energ
. ; y
site  Fungt Compound (kcal/mol) (kcal/mol)
4-Hydroxybenzoic acid -5.522 -21.262
= p-coumaric acid -4.935 -22.847
% | Ovalicin -4.411 -31.977
Cytochalasin Z -3.055 -40.901
5-hydroxy-4-
methoxynaphthalen-2-yl -5.326 -52.537
alpha-D-ribofuranoside
Protulactone A -4.842 -32.444
=
g _ 6-Meth0{(y-2-methyl-1,4- 5.063 92670
A " benzoquinone
== < | 3-Isobutyl-6-(1-hydroxy-2-
= methylpropyl)-2(1H)- -5.205 -33.443
: = pyrazinone
& Aspergillumarin A -5.872 -34.273
Aspergillumarin B -5.505 -33.720
Huaspenone B -4.112 -30.902
Viocristin -5.382 -35.004
: Catenarin -5.653 -38.838
%)
Erythroglaucin -5.512 -37.447
D-erythro(e)-C18 ceramide -3.627 -55.091

283
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Figure S1 : Phylogenetic placement of the three fungal strains SA4, SAS and SA6 based
on their partial 18S rRNA gene sequences. The sequences were aligned in ARB and
added to the database tree of the SSU database SSURef NR 99 release 138.1 (12.06.2020)
without changing the tree topology. Only a fraction of the tree is represented here
including 1574 sequences related to the SA strains. Numbers in clusters represent the
number of sequenced included in a cluster. Bar: 0.1 nucleotide substitutions per

nucleotide sequence positions.
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Figure S2: Phylogenetic placement of the three fungal strains SA4, SAS and SA6 among
the ITS region sequences of the next related fundal strains. Reference sequences were
obtained by BLAST analysis in NCBI. The phylogenetic tree was constructed with the
Maximum Likelihood method based on the Kimura 2-parameter model using MEGA7.
The analysis involved 293 nucleotide sequences, the number of sequences in the depicted
trees were reduced to the sequences which clustered directly with the SA strains. The tree
was splitted in A: Aspergillus/Penicillium and B: Fusarium cluster. All positions with less
than 95% site coverage were eliminated. There were a total of 389 positions in the final
dataset. Numbers at nodes represent bootstrap values of 50% and higher based on 100

replications. Bar: 0.1 nucleotide substitutions per nucleotide sequence positions.
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Figure S3. Total ion chromatogram of the crude extracts of strain SA4 (A), strain SAS (B)

and strain SA6 (C) cultured on PDA media in positive and negative ionization modes.
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