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This study aimed to discover the potential of Medicago sativa-derived fungal endophytes as a prospective

source of bioactive metabolites. In the present study, three different strains of fungal endophyte Aspergillus

terreus were isolated from leaves L, roots T and stems St of Medicago sativa to explore their biological and

chemical diversity. These isolated fungi were exposed to different fermentation conditions by adding

various chemical elicitors to their solid fermentation media. According to LC-HRESIMS-based
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metabolomics and multivariate analysis, each chemical treatment had a different effect on the chemical

profiles of the fungi. Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA)

DOI: 10.1039/d4ra00790e

rsc.li/rsc-advances

1 Introduction

Endophytic fungi and bacteria are capable of colonizing the
internal tissues of plants in a non-pathogenic manner, exhib-
iting no discernible symptoms of disease. They can live outside
or inside cells for a short length of time or their entire life.
These endophytes represent an untapped natural resource for
bioactive chemicals. They can generate metabolites that are
chemically similar to those of their hosts, or they can develop
metabolites that are unique to themselves." Altering the envi-
ronment in which fungal endophytes are grown allows for the
production of a wide variety of novel metabolites. The OSMAC
approach (One Strain Many Compounds) utilizes the change in
the microorganism's culture conditions and fermentation
parameters to activate silent biosynthetic gene clusters to
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proposed several compounds with anticancer action against MCF-7 (a human breast cancer cell line) and
MDA-MB-231 (a human epithelial breast cancer cell line).

produce new secondary metabolites.” OSMAC is widely and
successfully used nowadays in the induction of new metabolites
as well as in drug discovery campaigns.®

M. sativa (Family Fabaceae) is one of the most cultivated
plant around the world, and has been recognized as “the king of
forage”.* Many ancient Chinese medical books, such as the
Compendium of Materia Medica, mentioned M. sativa as a food
supplement. The ancients called it alfac-facah (the father of all
food).? It has many bioactive ingredients, such as flavonoids,
saponins, alkaloids, coumarins, fatty acids and essential oils.
The flavonoids are the main chemical constituents.®” It can
help treat various diseases, such as diabetes, ulcers, arthritis
pain, fluid retention and more.””

Metabolomics is a technique that can identify the chemical
fingerprint of complex crude extracts and the marker metabo-
lites related to specific biological activities. This can save time
and effort for purification and re-isolation procedures.'>'" It can
also help in optimizing fungal fermentation methods and
isolating certain bioactive compounds.’ By using multivariate
analysis and analytical tools such as Nuclear Magnetic Reso-
nance (NMR) and Liquid Chromatography coupled with High-
Resolution Mass Spectrometry (LC-HRMS), a wide range of
metabolites in a crude extract and their pharmacological effi-
cacy can be determined.”® LC-HRMS-based metabolomic
profiling has the capability to effectively identify novel metab-
olites by distinguishing between recognized and unknown. This
way, we can quickly track and characterize the unwanted non-
bioactive or known metabolites from a given extract.'* The
large amount of metabolomics data generated by a chosen
analytical tool requires multivariate analysis (MVA) for grouping
samples into different categories and studying the distribution
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of metabolites among these categories.”® The most common
MVA and key tools for this purpose are Principal Component
Analysis (PCA), Partial Least Square-Discriminant Analysis (PLS-
DA) and Orthogonal Partial Least Square-Discriminant Analysis
(OPLS-DA).*¢

As a part of our ongoing research on the fungal endophytes
isolated from M. sativa," this study focused on three endophytic
fungal strains isolated from M. sativa using an LC-MS-based
metabolomics and multivariate analyses to investigate these
fungi and studying the effect of adding different chemical
elicitors on their metabolic profiles. Additionally, each
produced extract was tested for its anticancer activity against
two breast cancer cell lines; MCF-7 and MDA-MB-231. Using
a number of statistical analyses of the generated Mass Spec-
troscopy (MS) data, a number of metabolites were to be linked
to the anticancer activity of the active extracts.

2 Material and methods
2.1 Plant material

The leaves, stems, and roots of M. sativa were harvested fresh from
the botanical garden at the Science Faculty of Minia University in
Minia, Egypt. Professor Naser Barakat of Minia University's
Botany and Microbiology Department, Faculty of Science, was
able to positively identify the plant under study. The Pharma-
cognosy Department, Faculty of Pharmacy, Minia University,
Minia, Egypt, maintained a voucher specimen (Mn-Ph-Cog-040).

2.2 Molecular inspection of purified endophytic fungi

The taxonomic identification of the three isolated endophytic
fungal strains from M. sativa was achieved through DNA
amplification and sequencing of the fungal internal transcribed
spacer (ITS) area using the universal primers ITS1 and ITS4.'%*
In their native form for BLAST homology searches in GenBank.
After evaluating the fungal strains to other sequences in Gen-
Bank, we found that they were 99.9% similar to A. terreus
(Genbank accession No. MT300182, MT300174, MT300177).
The identified fungal strains can be found at Microbiology
Department, Faculty of Science, Minia University, Egypt.

2.3 Fermentation

The three isolated endophytic fungi were fermented under
different culturing conditions. Six different elicitors were added
to solid malt-agar media (glucoseamine E1, nicotinamide E2,
sodium butyrate E3, erythromycin E4, cycloheximide E5 and
tetracycline E6), which consisted of 10 g agar, 7.5 g malt and
0.5 L distilled water. The solid media were sterilized by auto-
clave and then the elicitors were added under aseptic condi-
tions before pouring the media into Petri dishes. There were 5
Petri dishes per strain for each treatment. The Petri dishes were
inoculated with the pure fungal strains and then incubated for
15 days at 30 °C.

2.4 Fungal culture extraction

Each Petri plate from each treatment was extracted with EtOAc
(100 mL x 3). The extraction efficiency was maximized by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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employing an ultrasonic equipment to slice and homogenize
the agar cultures in advance to extraction. Extracts were then
vacuum evaporated to remove moisture and get dry extracts. In
order to perform the LC-HRMS analysis, the dried extracts were
re-dissolved in MeOH (1 mg mL™%).

Chemicals and reagents, isolation and identification of
entophytic fungi, LC-HRMS analysis, statistical and multivar-
iate analysis, selected cell lines for anti-cancer activity of
endophytic fungal extract and method of MTT assay are avail-
able at ESL.T

3 Results and discussion
3.1 Metabolomic profiling and multivariate analysis

The twenty one extracts produced from the three fungal strains
derived from M. sativa upon their fermentation using different
elicitors (i.e., same culture media with different elicitors) were
analyzed by LC-HRMS to reveal their chemical diversity, simi-
larity, and uniqueness of secondary metabolites among
different groups. Both positive and negative ionization modes
were used to detect the maximum possible metabolites,
considering their different physical nature and ionization
potential in each extract. Using LC-HRESIMS analysis with both
ionization modes, 9350 peaks were found in the 21 extracts. The
HRESIMS data were subjected to principal component analysis
(PCA) (Fig. 1A) to observe the chemical variation among the
three fungi under different fermentation conditions. The PCA-
2D scores plot showed that the chemical profiles of the exam-
ined extracts varied substantially, and the model was validated
by a permutation test of 1000 permutations, (p < 0.001). The
three fungal strains A. terreus (L, St and R) under specific
treatments clustered separately from each other. A. terreus R
(A1B) in media with elicitor 0.1 M sodium butyrate E3 and
elicitor 0.1 M erythromycin E4 had distinct chemical profiles
and clustered more separately from other groups. However, the
same strain A. terreus R (A1B) in media with elicitor 0.1 M
glucosamine E1 and in elicitor 0.1 M nicotinamide E2 had no
significant difference in their chemical profiles as they clustered
together despite being obtained from different treatments
(Fig. 1A). The HRESIMS data was used to partial least squares
discriminant analysis (PLS-DA) to identify which metabolites
could distinguish between the various culture medium types.
The highly predictive PLS-DA model (R2 = 0.9 and Q2 = 0.923)
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Fig.1 The A and B score plots depict PCA and PLS-DA results based
on LC-HRMS data for the three fungal strains under study.
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and its score plots were used to divide 21 culture media into five
groups (Fig. 1B). The PLS-DA VIP scores (Table 1) were used to
study the metabolites arising from each of the five unique
groups (variables with a VIP score greater than 1.5).

The induced metabolites of the three fungal strains are
summarized in Table 1 and Fig. 2-6 for each treatment. During
the dereplication procedure, a taxonomic filter was used to
select only hits that were related to the A. terreus strains inves-
tigated. The culture conditions were divided into five groups
(Table 1) based on the similar induced metabolites in each
group. The present analysis will prioritize the selection of
distinctive metabolites for each group and afterwards discuss
the noteworthy metabolites associated with each group.
Previous studies have shown that echinulin [1] (Fig. 2) one of
the metabolmics present in group I has modest cytotoxic effect
against both drug-resistant and drug-sensitive human prostate
cancer cells*” Echinulin-related compounds have diverse bio-
logical activities, such as antimicrobial,** cytotoxic, antiviral*
and antioxidant.>® Neoechinulin A [2] has garnered the most
interest among the alkaloids related to echinulin on account of
its neuroprotective characteristics.** Questin [3] showed strong
antibacterial and bactericidal effects against Vibrio harveyi
through the disruption of the bacterial cell wall and
membrane.? Flavoglaucin [4] was an excellent antioxidant and
synergist.”* Many other fungi, including Cladosporium, Asper-
gillus, Eurotium, and Chaetomium, have been found producing
cladosporin [5] in group II (Fig. 3).>” It had antifungal,®” insec-
ticidal,*® antibacterial®® and plant growth regulatory effects® as
well as anti-inflammatory®" and antiparasitic activity in both
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Fig. 2 Induced metabolites of group | (Table 1) which is characterized
for the different culture media (different culture with different treat-
ment but has same secondary metabolites).

blood and liver stages.** Lovastatin [6] isolated from A. terreus
had diverse biological effects such as antihyperlipidemic,** anti-
depressant, anti-inflammatory, neuroprotective and anti-
cancer.* Itaconic acid [7] mainly produced by fungi* such as A.
terreus and exert different bioactivities such as antimicrobial®*®
and anti-inflammatory activities.”” Group III (Fig. 4) contained 5
discriminant metabolites identified as penicillic acid [8], which
showed cytotoxic activity as reported by Suzuki, et al., 1971.%®
Penicillic acid [8] revealed its cytotoxicity (cell growth inhi-
bitions >95%) against the tumor melanoma (MDA-MB-435) and
colon cancer (HCT-8) cell lines.* The natural product kojic acid

Table 1 Table of induced metabolites that are notable for each set of three fungal strains under varied culturing conditions”

Distinguished metabolites

Groups Culture condition for each group Mass Molecular formula Vip score
Group I A. terreus R (A1B) E6 Echinulin [1] 461.3047 CyoH30N30, 2.12
A. terreus L (A1) E51
A. terreus St (F2) E5 Neoechinulin A [2] 323.1639 C1oH,1N50, 2.04
A. terreus L (A1) E32
A. terreus St (F2) E4 Questin [3] 284.0681 C16H1,05 1.94
A. terreus L (A1) E63
A. terreus St (F2) E6 Flavoglaucin [4] 304.2032 C19H,503 1.71
A. terreus L (A1) E44
A. terreus R (A1B) E55
Group II A. terreus R (A1B) Cladosporin [5] 292.1306 C16H2005 1.92
A. terreus St (F2) E16
A.terreus L (A1) E17
A. terreus St (F2) Lovastatin [6] 404.2567 Cy4H;3605 1.89
A. terreus R (A1B) E28
A. terreus L (A1)9
A. terreus R (A1B) E1 Itaconicacid [7] 130.0262 C5HeO,4 1.77
A. terreus L (A1) E210
A. terreus St (F2) E311
Group III A. terreus St (F2) E3 Penicillic acid [8] 170.0575 CgH;00,4 1.81
Kojic acid [9] 142.0269 CgHgO4 1.96
Group IV A. terreus R (A1B) E4 Parietin [10] 284.0689 C16H1205 1.99
Emodin [11] 270.0528 Ci15H;005 1.92
Group V A. terreus R (A1B) E3 Mycophenolic acid [12] 320.1265 C17H,006 2.21

“ A1 = Aspergillus terreus (L), A1B = Aspergillus terreus (R), F2 = Aspergillus terreus (St), E1 = glucoseamine, E2 = nicotinamide, E3 = sodium butyrate,

E4 = erythromycin, E5 = cycloheximide, E6 = tetracycline.
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Fig. 4 Induced metabolites of group Il (Table 1) which is character-
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Fig. 5 Induced metabolites of group IV (Table 1) which is character-
ized for the different culture media (different culture with different
treatment but has same secondary metabolites).

[9] produced by the fungus Aspergillus, Penicillium, and Aceto-
bacter*® exhibited a wide range of biological activities, including
powerful tyrosine-inhibiting capabilities, antioxidant, and
anticancer activities.**> Kojic acid [9] could act as an immu-
nomodulatory agent by promoting the differentiation of
monocytes into macrophages.** Group IV (Fig. 5) was distin-
guished by the presence of emodin [11] and parietin [10],
a derivative of emodin.

Antitumor, antiviral, antioxidant, anti-osteoporotic, anti-
inflammatory, and depressive actions were just some of the
many pharmacological effects they exhibited.**** Parietin [10]
successfully suppressed cancer cell proliferation by reducing 6-
phosphogluconate dehydrogenase activity or inducing cell
death.**** Mycophenolic acid (12) was distinct for group V

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Induced metabolites of group V (Table 1) which is characterized
for the different culture media (different culture with different treat-
ment but has same secondary metabolites).

(Fig. 6). It had a variety of biological properties including anti-
fungal, antiviral, antibacterial, antitumor or immunosuppres-

sive activities.* 52

3.2 Anti-cancer activity

For our cytotoxicity experiments, we have used two different
human breast cancer cell lines: MCF-7 and MDA-MB-231. It was
found that extracts of A. terreus isolated from stems of M. sativa
in different elicitor treatments E6, E3, E5 and E1 exhibited
significant inhibitory activity against both tested cancer cell
lines, with IC50 values comparable to the positive control,
doxorubicin.

3.3 Bioactivity-metabolites correlation

The anticancer activity results were analyzed using an OPLS-DA-
based approach to identify possible metabolites linked to the
anticancer activity of extracts derived from A. terreus spp. (i.e.,
those obtained via the standard solid fermentation and with
different elicitors, Table 2). Very high levels of performance and
predictive ability (R2 = 0.91, Q2 = 0.89) were displayed by the
model. Furthermore, our OPLS-DA model is not likely over fitted
because a permutation test (1000 permutations) was performed
to cross-validate it and showed that none of the permutation-
result models (i.e., based on random data) were superior to
the original one (p 0.001). Breast carcinoma extracts with IC50
values < 20 pg mL~" were regarded to have anticancer activity.
Higher levels were considered inactive, and only two breast
cancer types (MCF-7) and (MDA-MB-231) were evaluated. In
Fig. 7A, the active and inactive extracts were clearly separated,
with the active extracts clustering together, indicating the
existence of common metabolites that may be associated to
their anticancer activity. Consequently, we utilized the OPLS-
DA-derived S-plots (Fig. 7B) to isolate the bioactive discrimi-
nating metabolites. Table 3 and Fig. 8 illustrate the most
significant metabolites (P-value = 0.01) in the functional
extracts. The most promising candidate metabolite associated

RSC Adv, 2024, 14,14296-14302 | 14299
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Table 2 In vitro cytotoxicity of A. terreus fermentation extracts with
various elicitors®

Sample IC50 (MCF7) IC50 (MDAMB231)
A. terreus R 86.26 £ 1.3 97.29 £ 2.1
A. terreus L 73.81 £ 0.97 56.19 + 0.86
A. terreus St 32.29 £ 2.7 21.19 £ 0.73
A. terreus R E1 64.22 £ 2.6 > 100

A. terreus L E1 75.54 £ 1.3 83.26 + 0.74
A. terreus St E1 14.19 + 2.2 11.11 + 1.3
A. terreus R E2 24.75 £ 1.4 17.25 £ 2.9
A. terreus L E2 >100 >100

A. terreus St E2 20.15 15.29 + 2.7
A. terreus R E3 93.26 £ 2.1 89.29 + 0.4
A. terreus LE3 48.83 + 1.7 66.29 £+ 1.3
A. terreus St E3 9.32 £ 0.8 6.24 + 1.2
A. terreus R E4 >100 >100

A. terreus L E4 >100 >100

A. terreus St E4 43.27 £ 2.1 26.2 + 1.8
A. terreus R E5 37.26 £ 1.1 24.45 + 1.8
A. terreus L E5 >100 >100

A. terreus St E5 12.25 £ 1.9 8.3 £ 0.7

A. terreus RE6 >100 >100

A. terreus L E6 >100 >100

A. terreus St E6 5.31 £ 1.5 721 +1.2
Doxorubicin 2.62 + 0.71 1.53 £ 0.24
“L = leaves, R = root, St = stem, E1 = glucoseamine, E2 =

nicotinamide, E3 = sodium butyrate, E4 =
cycloheximide, E6 = tetracycline.

erythromycin, E5 =

with the active extracts’ anticancer action is porritoxin (accurate
mass = 305.1624, P = 2.28 x 10~ ). Porritoxin was discovered as
a benzoxazocine derivative initially from the culture broth of
Alternaria porri, the causal pathogen of black spot disease in
stone-leek and onion.* Porritoxin's structure was subsequently
changed as isoindol-1-one congener.* At 10 pg mL™’, this
chemical reduced shoot and root growth in lettuce seedlings.*
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Scores Plot

o active
inactive

g
o ° S % &woo o
§ o-
=
£ ° S
§ ® °
% - °
°
®

T T T T T T
-30 -20 -10 0 10 20

T score [1] (3.3%)

View Article Online

Paper

The porritoxin [1] from A. porri has been reported to show anti-
tumor-promoting activity.* Giluterrin [2] (accurate mass =
484.1994, P = 2.67 x 10~°) a cytotoxic prenylated indole alka-
loid with a novel carbon skeleton.’* When tested against
a normal cell line, giluterrin showed cytotoxic effects, very
similar to those of the gold standard doxorubicin.?” Giluterrin
also showed specific cytotoxicity, with IC50 values of 22.93 uM
and 48.55 uM, against kidney cancer cell line 786-0 and prostate
cancer cell line PC-3, respectively.”® Dehydroaltenusin [3]
(accurate mass = 288.0631, P = 3.74 x 10~*) also has been re-
ported as a selective inhibitor of eukaryotic DNA polymerases.*
Asperlicin [4] (accurate mass = 535.2222, P = 5.23 x 10 3).
Asperlicin is a potent antagonist of cholecystokinin.*® Chole-
cystokinin is a neurotransmitter hormone that regulates
digestive processes like pancreas secretion and gallbladder
contraction.*

Atropentin [5] (exact mass = 324.0638, P = 4.17 x 10 °) has
been found to trigger apoptosis in human leukemia u937 cells,
and is thus another metabolite associated with anticancer
action.® Serantrypinone [6] (acuret mass = 388.1177, P=3.18 X
10~%), was previously isolated from Penicillium thymicola in 2001
by the Larsen group.®* Additionally, an assay aimed at identi-
fying insect GABA receptor inhibitors led to the isolation of
serantrypinone from A. terreus culture broth.** Later on, it was
demonstrated through a comparison between synthetic and
natural samples that both Penicillium thymicola and A. terreus
produce the same enantiomer of serantrypinone.®”® GABA
receptors are susceptible to a variety of insecticides due to their
involvement in neurotransmission processes within the insect
nervous system. The selectivity of serantrypinone for insect
GABA receptors compared to rat GABA receptors was reported to
be 61-fold higher by Ozoe and coworkers. This data implies that
mammals may be more resistant to the alkaloid's hazardous
effects than insects are.*"*
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Fig.7 OPLS-DA score plot of active vs. inactive extracts (A), together with its S-plot showing the highly correlated metabolites to the anticancer

activity (B).
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Table 3 Significant and highly associated putatively active metabolites were dereplicated and ranked by P-value

No Dereplication Mass Molecular formula Reported activity Probability P
1 Porritoxin 305.1624 C,7H,3NO, Anti-tumer activity®® 2.28 x 107*
Giluterrin 484.1994 CyoH,gN,O5 Cytotoxicity towards 786-0 (kidney) and 2.67 x 107°

PC-3 (prostate) cancer cells®®

3 Dehydroaltenusin 288.0631 Cy15H1,0 Selective inhibitor of eukaryotic DNA 3.74 x 10°*
polymerases®®

4 Asperlicin 535.2222 C31H,oN50, Potent antagonist of cholecystokinin®® 5.23 x 1073

5 Atromentin 324.0638 C,5H1,06 Induce apoptosis in human leukemia 417 x 103
1937 cells®

6 Serantrypinone 388.1177 CyH16N,O, Insecticide® 3.18 x 10°

o
OH
. OH
Z ‘
Y\/ N—/_ o
;; e ¢
o
_0

OH O

Porritoxin
Dehydroaltenusin

y N — NJ
Yo
N HO
o

Serantrypinone

Atromentin

Asperlicin

Fig. 8 The most possibly observed metabolites for their activity
against two types of breast cancer (MCF-7) and (MDA-MB-231)
according to OPLS-DA.

4 Conclusions

Three endophytic fungi isolated from Medicago sativa (leaves L,
roots T and stems St) have been examined for their diversity and
anticancer potential. To broaden the spectrum of metabolites
the fungi could produce, they were grown in a variety of media
(OSMAC strategy). Also, the biological activities of the fungal
extracts under each condition were tested and found that they
varied depending on the culture conditions. This reflected the
different chemical composition of each extract. MVA (PLS-DA
and OPLS-DA) used to analyze the LC-HRMS data and the bio-
logical activity results, This assisted in the identification of
biomarkers in each extract and the suggestion of metabolites
that showed anticancer activities in human breast cancer cell
lines MCF-7 and MDA-MB-231. This strategy would be of a great
help in discovering natural products with bioactive properties
from their natural sources and save time and effort for isolating
certain metabolites with high biological potential.
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