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Abstract – Soil microorganisms have been reported to interact with plants, playing key roles such as providing
nutrients essential for plant growth and protecting them from plant pathogens. Additionally, various bioactive
molecules from soil significantly contribute to controlling diseases threatening human such as cancer and
infectious diseases. Considering the crucial roles and potential of these soil microorganisms, the Natural Products
Drug Discovery research group (NPDD) at Duksung Women’s University collected soil samples from various
environments, isolated fungi from the soil, and aimed to discover bioactive compounds. In this process, 96 fungal
strains were cultured on small scale to generate their ethyl acetate extracts, which were subsequently screened for
cell viability using MDA-MB-231 triple-negative breast cancer cells. Among them, a subset of 17 with over 60%
inhibitory activity were selected as top-performing strains, and other 13 strains with below 60% were chosen for
large-scale fermentation candidates by HR-ESI-MS dereplication process to discover new bioactive molecules.
Chemical investigation of a part of these large-scale fermentation candidates led to the isolation of 13 major
metabolites (1–13), and all isolates were evaluated for their cytotoxicity against MDA-MB-231 cells. As a result,
strigaibol C (1), trichoguizaibol J (2), beauvericin (3), and sclerotioramine (13) showed strong inhibitory
activities with IC50 values of 0.99, 0.68, 4.25, and 21.8 M, respectively.
Keywords – Soil fungi, Cytotoxicity, MDA-MB-231, Peptaibols, Penicillium, Trichoderma

Introduction

Natural products grown by absorbing nutrients from the
soil provide essential resources for human life, not only
food such as fruits and vegetables but also materials for
clothing and textiles.1,2 Moreover, well-known natural
medicines such as acetylsalicylic acid, morphine and
paclitaxel are derived from plants.3–5 Also, compounds
obtained from microbes such as penicillin and streptomycin
have become indispensable drugs for humanity, which
have been used as antibiotics.6,7 Even recently, ivermectin
and its analogues, isolated from soil-derived actinomycetes,
have been continuously used as an antiparasitic drug.8 In
addition to the above facts, the ongoing research about the
interactions between soil microorganisms and medicinal
plants has led us to focus on the metabolites of soil fungi.9

Furthermore, these soil microorganisms exhibit different
distributions according to natural environments, and since
even large urban areas can possess sufficiently diverse

natural environments, it is possible to obtain a variety of
soil fungi.10 Based on this trend, the Natural Products Drug
Discovery research group (NPDD) at Duksung Women’s
University aimed to discover cytotoxic compounds through
cell viability screening using the MDA-MB-231 triple-
negative breast cancer cell line. First, we began to isolate
fungi from soil samples collected from the territory of
inside or near Duksung Women’s University, resulting in
the identification of 96 fungal strains from 14 different
soil samples. These fungal strains were cultured on small
scale on Cheerios oat cereal, and their extracts were used
for bioactivity screening.11–14 From the fungi that showed
great IC50 values against MDA-MB-231 cells, their major
compounds were isolated and further evaluated for their
cytotoxicity. Herein, we describe the process of finding
cytotoxic metabolites from soil samples, and isolation,
purification, and cytotoxic activity evaluation of major
components produced by fungal strains collected from
inside or near Duksung Women’s University.

Experimental

General experimental procedures – Nuclear magnetic
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Fig. 1. Soil fungi cultivated on RBM plates (DS1~14).

Fig. 2. Structures of major compounds isolated from soil fungi.
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resonance (NMR) spectra were obtained on Varian NMR
spectrometers (400 MHz for 1H and 100 MHz for 13C).
The preparative HPLC was performed using Waters HPLC
system equipped with pumps, a 996 photodiode-array
detector, and a Luna 5 μm C18 column (100 Å, 250 × 21.2
mm) with a flow rate of 10 mL/min. The semi-preparative
HPLC were conducted on the same Waters HPLC system
using a Luna 5 μm C18 (100 Å, 250 × 10 mm) with a flow
rate of 4 mL/min. The HPLC analysis was carried out on
the same Waters HPLC system using a Luna 5 μm C18

(100 Å, 250 × 4.6 mm) with a flow rate of 1 mL/min.
HRESIMS analysis was performed using a UHPLC-HR-
Orbitrap mass spectrometer (Thermo Fisher Scientific)
system equipped with a diode array detector and an YMC-
Triart C18 column (2.0 m, 100 × 2.1 mm, i.d., flow rate
0.3 mL/min). All solvents used were of ACS grade or
better.

Fungal isolates and fermentation – Fungal strains were
isolated from soil samples, which were collected from the
territory of inside or near Duksung Women’s University,
Seoul, South Korea in November 2022 (DSWU collection,
Table 1). Fungi were identified based on the ribosomal
internal transcribed spacer (ITS) region (Macrogen Inc.
and Biofact Inc.). All fungi were identified by comparing
the resulting sequence data with fungal sequences in
GenBank. All sequence data were deposited in GenBank
(Table 2).

To carry out small-scale cultivation for the cell cytotoxicity
screening, fungi were recovered from cryogenic storage
(stored in a vial at −80oC as mycelium with 20% glycerol
aqueous solution). Following recovery on rose bengal
medium plates (15 g agar, 10 g malt extract, 1 g yeast,

0.05 g chloramphenicol, 0.025 g rose bengal, 1 L deionized
H2O), fungal mycelia were aseptically cut into small pieces
(~ 0.5 cm2) for the small-scale fermentation. Small-scale
fermentation was performed using a 250 mL flask with
bilayers of Cheerios breakfast cereal as the medium,
supplemented with a 0.3% sucrose solution containing
0.005% chloramphenicol. Pieces of mycelia (~ 0.5 cm2)
were aseptically inoculated into a 250 flask and the cultures
were grown at room temperature for two weeks. Large-
scale cultivation was also carried out using ten 1 L flasks
for the isolation and purification of bioactive compounds
in the same method above.

Initial HPLC analysis and dereplication using HR-

ESI-MS – All fungal extracts were analyzed using our in-
house HPLC method [C18, gradient elution with 10 to
100% MeCN in H2O, over 40 min and isocratic 100%
MeCN over 10 min using a 1 mL/min flow rate]. The
HRESIMS-dereplication process was carried out by
comparing the chemical formulas, UV absorbance, and
retention times of major peaks in each extract with web-
based platform libraries such as GNPS and NPAtlas, as
well as our in-house extracts and compounds library.

Extraction and isolation of fungal extracts – All
fungal cultures were extracted with EtOAc (large-scale:
0.5 L × 3; small scale: 150 mL × 3) at room temperature
overnight. The extract was filtered and evaporated under
reduced pressure using a rotary vacuum evaporator to
obtain the EtOAc-soluble residue. The EtOAc soluble
materials of large-scale cultivation (fraction A) were
subjected to silica gel vacuum column chromatography with
elution performed using dichloromethane (fraction B),
dichloromethane-MeOH (10:1) (fraction C), and MeOH

Table 1. Soil samples information from the DSWU soil collection

Code City, District Collection detail in DSWUa GPS coordinates

DS1 Seoul, Dobong Herbal garden in College of Pharmacy 37.6509750, 127.0182418

DS2 Seoul, Dobong Herbal garden in College of Pharmacy 37.6510380, 127.0187136

DS3 Seoul, Dobong Vienna forest in College of Natural Science 37.6516307, 127.0175431

DS5 Seoul, Dobong Lawn near stone pagodas of Museum 37.6525372, 127.0167666

DS6 Seoul, Dobong Lawn near dumpsters 37.6537734, 127.0160525

DS7 Seoul, Dobong Garden near Ui-cheon (stream) 37.6529742, 127.0147485

DS8 Seoul, Dobong Forest next to library 37.6529293, 127.0156921

DS9 Seoul, Dobong Lawn in Smurf Hill 37.6523581, 127.0150831

DS10 Seoul, Dobong Wetland in Ui-cheon (stream) 37.6515036, 127.0144562

DS11 Seoul, Dobong Lawn in College of Art & Design 37.6509384, 127.0166148

DS12 Seoul, Dobong Lawn in front of kindergarden 37.6498025, 127.0164464

DS13 Seoul, Dobong Soccer field 37.6498426, 127.0176611

DS14 Seoul, Dobong Lawn in front of College of Pharmacy 37.6505872, 127.0185721
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(fraction D). Fraction C was also further fractionated by
HP20ss gel vacuum column chromatography into five
sample: fractions E (30% MeOH), F (50% MeOH), G
(70% MeOH), H (90% MeOH) and I (100% MeOH). Those
fractions E-I obtained from large-scale fermentation were
isolated and purified using preparative or semi-preparative
HPLC. Additionally, the EtOAc extract from small-scale
cultivation was directly subjected to preparative or semi-
preparative HPLC for the purification of major metabolites
without vacuum liquid column chromatography process.

Strigaibol C (1) – Compound 1 was isolated from a

large-scale fungal extract of DS7-1 (Trichoderma strigosum).
For detailed information on the purification process and
structure elucidation, see ref 15.15

Trichoguizaibol J (2) – Metabolite 2 was purified
from a large-scale fungal extract of DS9-1 (Trichoderma

guizhouense). For detailed information on the purification
process and structure elucidation, see ref 16.16

Beauvericin (3) – Small-scale fungal extract of DS1-6
(Fusarium oxysporum, 20 mg) was isolated by semi-
preparative HPLC [C18, isocratic MeCN-H2O (85:15), flow
rate: 4 mL/min] to yield compound 3 (8 mg, tR = 10 min),

Table 2. Fungal strain identities based on internal transcribed spacer

Code Identification % Identitya GenBank Accession No. Sequencing Company

DS1-6 Fusarium sp. 100% PQ130396 Biofact Inc.

DS1-13 Aspergillus lentulus 100% PQ340125 Macrogen Inc.

DS2-2 Penicillium camemberti 99.6% PQ130401 Biofact Inc.

DS2-7 Trichoderma sp. 100% PQ340138 Macrogen Inc.

DS2-11 Penicillium sclerotiorum 99.1% PQ130407 Biofact Inc.

DS3-6 Penicillium ortum 99.5% PQ340140 Macrogen Inc.

DS3-7 Penicillium simplicissimum 100% PQ340141 Macrogen Inc.

DS3-8 Cladosporium anthropophilum 99.4% PQ130426 Biofact Inc.

DS3-9 Eurotiales sp. 99.8% PQ340142 Macrogen Inc.

DS5-1 Trichoderma harzianum 99.0% PQ130436 Biofact Inc.

DS5-8 Curvularia geniculata 99.5% PQ130437 Biofact Inc.

DS5-9 Trichoderma harzianum 98.8% PQ130439 Biofact Inc.

DS6-2 Paraconiothyrium brasiliense 99.8% PQ130438 Biofact Inc.

DS6-6 Trichoderma harzianum 100% PQ130441 Biofact Inc.

DS7-1 Trichoderma strigosum 99.8% PP479636 Macrogen Inc.

DS7-3 Cladosporium tenuissimum 99.8% PQ130442 Biofact Inc.

DS7-5 Stachybotryaceae sp. 100% PQ340143 Macrogen Inc.

DS8-2 Penicillium janthinellum 99.3% PQ340157 Macrogen Inc.

DS8-3 Alternaria brassicae 100% PQ130450 Biofact Inc.

DS8-5 Cladosporium cladosporioides 99.8% PQ130452 Biofact Inc.

DS8-6 Aureobasidium melanogenum 99.5% PQ130451 Biofact Inc.

DS9-1 Trichoderma guizhouense 99.5% PP479603 Macrogen Inc.

DS9-3 Cladosporium perangustum 99.6% PQ130453 Biofact Inc.

DS9-4 Trichoderma spirale 99.5% PQ130455 Biofact Inc.

DS9-5 Trichoderma spirale 99.8% PQ130454 Biofact Inc.

DS9-8 Cladosporium sp. 100% PQ340158 Macrogen Inc.

DS10-9 Epicoccum sorghinum 99.8% PQ130457 Biofact Inc.

DS11-2 Curvularia canadensis 99.8% PQ340159 Macrogen Inc.

DS11-10 Chlamydocillium curvulum 99.0% PQ130456 Biofact Inc.

DS14-6 Fusicolla acetilerea 100% PQ340160 Macrogen Inc.

aCited from NCBI BLASTN
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which was identified as beauvericin (3) by comparing its
physicochemical and spectroscopic data with its published
values17; HR-ESI-MS: m/z 784.4163 [M+H]+ (calcd.
C45H58N3O9, 784.4168); 1H-NMR (CD3OD, 400 MHz): δ
7.26 (4H, m, aromatic ring protons), 7.18 (1H, m, aromatic
ring proton), 5.81 (1H, dd, J = 12.8, 4.4 Hz, CH-N), 4.84
(1H, d, J = 8.8 Hz, CH-O), 3.40 (1H, dd, J = 14.8, 4.4 Hz,
CH2), 3.15 (3H, s, N-CH3), 3.04 (1H, dd, J = 14.8, 12.8
Hz, CH2), 1.80 (1H, m, CH), 0.86 (3H, d, J = 6.4 Hz,
CH3), 0.24 (3H, d, J = 6.4 Hz, CH3);

 13C-NMR (CD3OD,
100 MHz): δ 173.1 (O=C-N), 170.9 (O=C-O), 138.0
(aromatic ring), 129.8 (aromatic ring), 129.7 (aromatic ring),
128.0 (aromatic ring), 77.2 (CH-O), 57.8 (CH-N), 35.4
(CH2), 32.2 (N-CH3), 31.2 (CH), 19.1 (CH3), 17.2 (CH3).

Cyclosporin C (4) – Small-scale fungal extract of DS11-
10 (Chlamydocillium curvulum, 20 mg) was chromatographed
by semi-preparative HPLC [C18, isocratic MeCN-H2O
(85:15), flow rate: 4 mL/min] to yield compound 4 (9 mg,
tR = 11 min), which was elucidated as cyclosporin C (4)
by comparing its physicochemical and spectroscopic data
with that of published values18; HR-ESI-MS: m/z 1218.8434
[M+H]+ (calcd. C62H112N13O11 1218.8436).

Tryptophol (5) – Compound 5 was isolated from a large-
scale fungal extract of DS8-6 (Aureobasidium melanogenum).
DS8-6-F (fraction F of DS8-6 large-scale extract) was
further subjected to preparative HPLC (C18, gradient elution
with 30 to 95% MeOH in H2O with 0.1% formic acid,
over 15 min using a 10 mL/min flow rate) to afford five
subfractions (DS8-6-F-1~5). Compound 5 (4 mg, tR =
22 min) was finally purified by semi-preparative HPLC
[C18, isocratic MeCN-H2O (23:77), flow rate: 4 mL/min],
and confirmed as tryptophol (5) by comparing its physico-
chemical and spectroscopic data with that of published
values19; HR-ESI-MS: m/z 162.0914 [M+H]+ (C10H12NO,
calcd. 162.0913); 1H-NMR (CD3OD, 400 MHz): δ 7.51
(1H, d, J = 8.0 Hz, H-4), 7.30 (1H, d, J = 8.0 Hz, H-7),
7.05 (1H, t, J = 7.2 Hz, H-6), 7.04 (1H, s, H-2), 6.96 (1H,
t, J = 7.2 Hz, H-5), 3.78 (2H, t, J = 7.2 Hz, H-11), 2.95
(2H, t, J = 7.2 Hz, H-10).

Brefeldin A (6) – Brefeldin A (6) was obtained from a
large-scale fungal extract of DS8-2 (Penicillium janthinellum).
Compound 6 (20 mg, tR = 11 min) was purified from
DS8-2-G (30 mg) by semi-preparative HPLC [C18, isocratic
MeCN-H2O (35:65), flow rate: 4 mL/min], and determined
as brefeldin A (6) by comparing its physicochemical and
spectroscopic data with that of published values20; HR-
ESI-MS: m/z 281.1747 [M+H]+ (C16H25O4, calcd. 281.1747);
1H-NMR (CD3OD, 400 MHz): δ 7.46 (1H, dd, J = 15.6,
3.2 Hz, H-3), 5.83 (1H, dd, J = 15.6, 2.0 Hz, H-2), 5.76
(1H, ddd, J = 15.2, 10.4, 4.4 Hz, H-11), 5.28 (1H, dd, J =

15.2, 9.6 Hz, H-10), 4.80 (1H, m, H-15), 4.22 (1H, m, H-
7), 4.04 (1H, m, H-4), 2.39 (1H, m, H-9), 2.13 (1H, ddd,
J = 13.6, 8.8, 5.2 Hz, H-8), 2.01 (1H, m, H-12), 1.99 (1H,
m, H-6), 1.70-1.90 (5H, m, H-5,6,12,13,14), 1.59 (1H, m,
H-14), 1.45 (1H, m, H-8), 1.24 (3H, d, J = 6.0 Hz, H-16),
0.89 (1H, m, H-13); 13C-NMR (CD3OD, 100 MHz): δ
168.3 (C-1), 155.1 (C-3), 138.1 (C-10), 131.4 (C-11), 117.7
(C-2), 76.6 (C-4), 73.2 (C-7), 73.0 (C-15), 53.2 (C-5),
45.4 (C-9), 44.1 (C-8), 41.8 (C-6), 35.0 (C-14), 33.0 (C-
12), 28.0 (C-13), 21.1 (C-16).

Alternariol (7) – Small-scale fungal extract of DS8-3
(Alternaria brassicae, 20 mg) was purified by semi-
preparative HPLC [C18, isocratic MeCN-H2O (35:65),
flow rate: 4 mL/min] to obtain alternariol (7) (3 mg, tR =
19 min)21; HR-ESI-MS: m/z 259.0599 [M+H]+ (calcd.
C14H11O5, 259.0601); 1H-NMR (DMSO-d6, 400 MHz): δ
11.77 (OH-7), 10.92 (OH-9), 10.34 (OH-3), 7.24 (1H, d,
J = 2.0 Hz, H-10), 6.71 (1H, d, J = 2.4 Hz, H-2), 6.64
(1H, d, J = 2.4 Hz, H-4), 6.37 (1H, d, J = 2.0 Hz, H-8),
2.70 (3H, s, H-11).

Terrein (8) – Small-scale fungal extract of DS1-13
(Aspergillus lentulus, 10 mg) was purified by semi-preparative
HPLC [C18, isocratic MeCN-H2O (10:90), flow rate:
4 mL/min] to obtain terrein (8) (5 mg, tR = 10 min)22; HR-
ESI-MS: m/z 155.0703 [M+H]+ (calcd. C8H11O3, 155.0703);
1H-NMR (CD3OD, 400 MHz): δ 6.83 (1H, dd, J = 15.6,
6.8 Hz, H-7), 6.44 (1H, d, J = 16.0 Hz, H-6), 6.00 (1H, s,
H-5), 4.67 (1H, d, J = 2.8 Hz, H-3), 4.07 (1H, d, J = 2.8
Hz, H-2) 1.94 (1H, dd, J = 6.8, 1.6 Hz , H-8).

Penicillide (9) – Penicillide (9) was isolated from a large-
scale fungal extract of DS3-9 (Eurotiales sp.). Compound 9
(5 mg, tR = 18 min) was obtained from DS3-9-H (30 mg)
by semi-preparative HPLC [C18, isocratic MeCN-H2O
(50:50), flow rate: 4 mL/min]23; HR-ESI-MS: m/z 373.1646
[M+H]+ (calcd. C21H25O6, 373.1646); 1H-NMR (CD3OD,
400 MHz): δ 7.64 (1H, d, J = 8.4 Hz, H-2), 6.98 (1H, d,
J = 8.4 Hz, H-1), 6.76 (1H, br s, H-10), 6.40 (1H, br s, H-
8), 5.07 (2H, m, H-1ʹ), 5.05 (1H, m, H-7), 3.90 (3H, s, 4-
OCH3), 2.20 (3H, s, 9-CH3), 1.75 (1H, m, H-3ʹ), 1.62
(1H, ddd, J = 14.0, 9.2, 5.2 Hz, H-2ʹ), 1.43 (1H, ddd, J =
14.0, 9.2, 4.4 Hz, H-2ʹ), 0.96 (3H, d, J = 6.8 Hz, H-4ʹ),
0.94 (3H, d, J = 6.8 Hz, H-5ʹ).

Dichlorodiaportin (10) – Dichlorodiaportin (10) was
obtained from a large-scale fungal extract of DS2-7
(Trichoderma sp.). DS2-7-H (20 mg) was subjected to
semi-preparative HPLC [C18, isocratic MeCN-H2O (50:50),
flow rate: 4 mL/min] to give metabolite 10 (8 mg, tR =
16 min)24; HR-ESI-MS: m/z 319.0135 [M+H]+ (calcd.
C13H13Cl2O5, 319.0135); 1H-NMR (CD3OD, 400 MHz): δ
6.51(2H, br s, H-4 and H-5), 6.47 (1H, br s, H-7), 6.03
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(1H, br s, H-11), 4.30 (1H, m, H-10), 3.86 (3H, s, 6-
OCH3), 2.98 (1H, br d, J = 14.8 Hz, H-9), 2.74 (1H, dd, J
= 14.8, 9.2 Hz, H-9); 13C-NMR (CD3OD, 100 MHz): δ

167.2 (C-6), 166.1 (C-1), 163.3 (C-8), 153.5 (C-3), 139.5
(C-4a), 106.4 (C-4), 100.9 (C-5) , 100.2 (C-7), 99.4 (C-
8a), 75.8 (C-11), 72.8 (C-10), 54.9 (O-Me), 35.9 (C-9).

Trichodermamide A (11) – Trichodermamide A (11)
was isolated from a large-scale fungal extract of DS5-1
(Trichoderma harzianum). Compound 11 (10 mg, tR = 16 min)
was purified from DS5-1-G (20 mg) by semi-preparative
HPLC [C18, isocratic MeCN-H2O (25:75), flow rate:
4 mL/min]25; HR-ESI-MS: m/z 433.1241 [M+H]+ (calcd.
C20H21N2O9, 433.1242); 1H-NMR (CD3OD, 400 MHz): δ
8.57 (1H, s, H-3ʹ), 7.29 (1H, d, J = 8.8, H-5ʹ), 7.06 (1H, d,
J = 8.8 Hz, H-6ʹ), 5.60 (1H, d, J = 10.8 Hz, H-6), 5.53
(1H, d, J = 10.8 Hz, H-7), 4.38 (1H, br s, H-5), 4.14 (1H,
m, H-8), 4.10 (1H, m, H-9), 3.92 (3H, s, 10ʹ-OCH3), 3.90
(3H, s, 11ʹ-OCH3), 2.67 (1H, d, J = 19.6 Hz, H-3), 2.24
(1H, d, J = 19.6 Hz, H-3); 13C-NMR (CD3OD, 100 MHz):
δ 161.4 (C-1), 158.3 (C-1ʹ), 154.3 (C-7ʹ), 150.1 (C-2),
143.9 (C-9ʹ), 135.8 (C-8ʹ), 129.7 (C-6), 127.4 (C-7), 123.9
(C-3ʹ), 122.5 (C-5ʹ), 121.0 (C-2ʹ), 114.0 (C-4ʹ), 109.6 (C-
6ʹ), 83.6 (C-9), 73.7 (C-5), 67.9 (C-4), 66.9 (C-8), 60.3
(C-11ʹ), 55.5 (C-10ʹ), 22.8 (C-3).

Radicinol (12) – Radicinol (12) was purified from a
large-scale fungal extract of DS5-8 (Curvularia geniculata).
DS5-8-F (50 mg) was subjected to semi-preparative HPLC
[C18, isocratic MeCN-H2O (25:75), flow rate: 4 mL/min]
to yield compound 12 (7 mg, tR = 12 min)26; HR-ESI-MS:
m/z 239.0914 [M+H]+ (calcd. C12H15O5, 239.0914); 1H-
NMR (CDCl3, 400 MHz): δ 6.69 (1H, dq, J = 15.6, 6.8
Hz, H-10), 5.94 (1H, dd, J = 15.6, 1.6 Hz, H-9), 5.74 (1H,
s, H-8), 4.61 (1H, d, J = 7.2 Hz, H-4), 4.09 (1H, dq, J =
9.6, 6.4 Hz, H-2), 3.64 (1H, d, J = 9.6, 7.2 Hz, H-3), 1.88
(3H, dd, J = 6.8, 1.2 Hz, H-11), 1.49 (3H, d, J = 6.4 Hz,
H-12); 13C-NMR (CDCl3, 100 MHz): δ 164.9 (C-5), 164.1
(C-8a), 158.7 (C-7), 135.6 (C-10), 122.5 (C-9), 100.3 (C-
4a), 98.8 (C-8), 76.3 (C-2), 72.9 (C-3), 68.4 (C-4), 18.4
(C-11), 17.1 (C-12).

Sclerotioramine (13) – Sclerotioramine (13) was isolated
from a large-scale fungal extract of DS2-11 (Penicillium

sclerotiorum). DS2-11-H (50 mg) was subjected to semi-
preparative HPLC [C18, isocratic MeCN-H2O (70:30),
flow rate: 4 mL/min] to obtain compound 13 (7 mg, tR =
7 min)27; HR-ESI-MS: m/z 412.1280 [M+Na]+ (calcd.
C21H24NNaO4, 412.1286); 1H-NMR (CDCl3, 400 MHz):
δ 7.97 (1H, s, H-1), 7.08 (1H, d, J = 16.0 Hz, H-10), 6.91
(1H, s, H-4), 6.16 (1H, d, J = 16.0 Hz, H-9), 5.67 (1H, d,
J = 10.0 Hz, H-12), 2.43 (1H, m, H-13), 2.12 (3H, s, H-
20), 1.81 (3H, s, H-17), 1.53 (3H, s, H-18), 1.37 (1H, m,

H-14), 1.27 (1H, m, H-14), 0.96 (3H, d, J = 6.8 Hz, H-
16), 0.82 (3H, t, J = 7.2 Hz, H-15); 13C-NMR (CDCl3,
100 MHz): δ 193.6 (C-8), 183.7 (C-6), 170.5, 148.5 (C-12),
147.5 (C-4a), 146.4 (C-3), 142.7 (C-10), 138.6 (C-1), 132.0
(C-11), 116.6 (C-9), 114.3 (C-8a), 110.7 (C-4), 101.1 (C-
5), 85.0 (C-7), 35.0 (C-13), 30.0 (C-14), 23.5 (C-18), 20.3
(C-20), 20.2 (C-16), 12.4 (C-15), 11.9 (C-17).

Cell culture – MDA-MB-231 (triple-negative breast
cancer) cell line was obtained from the Korean Cell Line
Bank. MDA-MB-231 cells were cultured in RPMI-1640
(Corning Life Science) supplemented with 10% fetal
bovine serum (FBS; Atlas Biologicals) and 1% penicillin-
streptomycin (Gibco) and incubated in a humidified
atmosphere containing 5% CO2 at 37oC.28

Cell Viability Assay – Cell viability was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Cells were seeded in 96-well
plates and incubated at 37oC for 24 h. Subsequently, cells
were treated with various concentrations of the isolated
compounds (0, 1, 5, 10, 20, and 40 µM) for 24 h. After
treatment, 25 µL of 5 mg/mL MTT (Sigma-Aldrich, St.
Louis, MO, USA) was added to each well and incubated
for 3 h. The formazan crystals were dissolved using 100 µL
of dimethyl sulfoxide. The optical density was measured
at 540 nm using a Synergy 2 Multi-Mode Reader (BioTek
Instruments Inc., Winooski, VT, USA).28

Results and Discussion

An in vitro cytotoxicity screening was performed using
the MDA-MB-231 (triple-negative breast cancer) cells on
the 96 fungal extracts (for a 96-well plate) isolated from
13 different soil samples, collected from the territory inside
or near Duksung Women’s University such as gardens,
lawns, and wetland in the university (Table 1). Among
them, a subset of 22 extracts exhibited over 60% inhibition
at 10 μg/mL compared to the negative control DMSO.
Based on their HRESIMS data, the chemical profiling and
dereplication were carried out, and five strains were
excluded due to contamination and duplication. As a
result, the top 17 hits were finally selected for purification
of cytotoxic compounds (Table 3). For fungi producing
multiple metabolites shown in the HR-ESI-MS data, active
compounds were isolated through large-scale fermentation
or will be studied later. Additionally, for several strains
containing a single major metabolite, small-scale cultivation
extracts for in vitro screening were subjected to one-step
purification using HPLC semi-preparative methods.

Identification of the fungal strains corresponding to the
17 top-performing extracts revealed that five of them
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were identified as Trichoderma sp., which is a genus of
soil-derived fungi well-known for producing peptaibols.29

Peptaibols are a class of linear peptidic fungal molecules
possessing 5-20 amino acids, biosynthesized through the
non-ribosomal peptide synthetase (NRPS) pathway.30 The
sequences of these peptidic compounds (Pep-) mainly
contain a-aminoisobutyric acid (-aib-), and a 2-amino
alcohol (-ol) at the C-terminus.31 Peptaibols have been
reported to exhibit a broad range of biological activities
such as antimicrobial, antiviral, and anticancer, which are
known to result from their amphipathic helical structures.32

This structural characteristic causes formation of ion
channels in the bilayer membrane, ultimately leading to
cell death.33 Large-scale cultivation of two strains producing
peptaibols, DS7-1 (T. strigosum, 72.4% inhibition) and
DS9-1 (T. guizhouense, 71.1% inhibition), for chemical
investigation led to the discovery of 13 and 12 new
peptaibols, respectively (Fig. 3).15–16 These 27 compounds
including 2 known molecules were tested for cytotoxicity
against several cancer cell lines (MDA-MB-231, SK-
Hep1, SNU449, SKOV3, DU145 and HCT116). Most of
the isolated peptaibols showed potent inhibition activities

Table 3. Fungal strain information isolated from soil samples

Code Inhibitiona Identity Major metabolites

DS9-4 84.4% Trichoderma spirale Peptaibols

DS9-5 82.9% Trichoderma spirale Peptaibols

DS10-9 81.7% Epicoccum sorghinum Polyketides36

DS7-1 72.4% Trichoderma strigosum Peptaibols, strigaibol C (1)15

DS7-3 71.9% Cladosporium tenuissimum Polyketides37

DS9-1 71.1% Trichoderma guizhouense Peptaibols, trichoguizaibol J (2)16

DS1-6 71.1% Fusarium sp. Beauvericin (3)17

DS9-3 70.7% Cladosporium perangustum Polyketides, azaphilones38

DS6-6 66.9% Trichoderma harzianum Peptaibols34,35

DS11-10 65.5% Chlamydocillium curvulum Cyclosporin C (4)18

DS3-8 65.1% Cladosporium anthropophilum Not reported

DS8-5 62.9% Cladosporium cladosporioides Polyketides, isocoumarins39

DS8-6 62.2% Aureobasidium melanogenum Tryptophol (5)19, biosurfactants

DS8-2 62.2% Penicillium janthinellum Brefeldin A (6)20, indole alkaloids

DS3-7 61.1% Penicillium simplicissimum Penicillic acid40, alkaloids41

DS9-8 60.9% Cladosporium sp. Polyketides37-39

DS6-2 60.6% Paraconiothyrium brasiliense Sesquiterpenes, brasilamides41

DS8-3 54.7% Alternaria brassicae Alternariol (7)21

DS7-5 54.1% Stachybotryaceae sp. Not reported

DS1-13 53.6% Aspergillus lentulus Terrein (8)22

DS11-2 52.5% Curvularia canadensis Not reported

DS5-9 51.0% Trichoderma harzianum Peptaibols34,35

DS3-6 50.0% Penicillium ortum Not reported

DS3-9 49.1% Eurotiales sp. Penicillide (9)23

DS2-7 46.0% Trichoderma sp. Dichlorodiaportin (10)24

DS5-1 45.8% Trichoderma harzianum Trichodermamide A (11)25

DS2-2 44.3% Penicillium camemberti Indole alkaloids

DS5-8 35.8% Curvularia geniculata Radicinol (12)26

DS2-11 32.1% Penicillium sclerotiorum Sclerotioramine (13)27

DS14-6 20.0% Fusicolla acetilerea Not reported

aCompared with negative control (DMSO)
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against all tested cancer cell lines. Especially, among
them, the most active compounds, strigaibol C (1) from
DS7-1 and trichoguizaibol J (2) from DS9-1, exhibited
sub-micromolar IC50 values of 0.99 M and 0.68 μM
against MDA-MB-231 cells, respectively (Table 4). Also,
the other two strains DS9-4 (84.4% inhibition) and DS9-5
(82.9% inhibition) were both identified as T. spirale. Despite
no peptaibols reported from this species yet, the presence
of those molecules was detected by the dereplication
process using HR-ESI-MS data. Thus, both fungi will be
fermented in large-scale cultivation to find new cytotoxic
compounds. The last remaining Trichoderma sp. strain
out of the top-performing 17, DS6-6 (66.9% inhibition),
was identified as T. harzianum. This fungus was recently
researched by the Natural Products Discovery Group
laboratory at the University of Oklahoma, where a total
27 peptaibols including 14 new ones were purified.34 A
simple structure-activity relationship study based on their
antiplasmodial activity revealed that one of 11 amino acid
residue peptaibols (harzianin NPDG I) exhibited great
activity (EC50 = 0.1 μM) and selectivity (> 250 compared
with HepG2 EC50), and a possible mechanism of action
was finally proposed.35 We also plan to obtain these
peptaibols from DS6-6 in the near future and test their
cytotoxicity against several cancer cell lines.

DS10-9 strain identified as Epicoccum sorghinum exhibited
great inhibitory activity of 81.7% against MDA-MB-231
cancer cells. To find the bioactive compounds thought as

Fig. 3. Initial HPLC analysis of top-performing fungal extracts (DS7-1, DS9-1, DS1-6, DS11-10, DS8-6 and DS8-2). Column: C18;
Method: gradient elution 10%–100% MeCN in 40 min and isocratic 100% MeCN in 10 min.

Table 4. Cell viability assay results against MDA-MB-231 cells
(IC50 values expressed in M ± SEM)a of compounds 1–13

Compounds IC50

1 0.99 ± 0.12

2 0.68 ± 0.01

3 4.25 ± 0.23

4 96.3 ± 14.0

5 83.6 ± 6.41

6 38.2 ± 1.29

7 > 200

8 50.1 ± 2.42

9 > 200

10 124.04 ± 10.26

11 > 200

12 54.2 ± 4.36

13 21.8 ± 0.51

Doxorubicinb 86.53 ± 31.48

aResults are expressed as means from triplicate experiments.;
bPositive control.
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polyketides, large-scale cultivation was performed for
isolation and purification.36 However, the major component,
which was considered as the active one, gradually degraded
over time, leading to failure in structure elucidation in the
first attempt. We plan to carry out chemical investigation
on the strain again through re-fermentation.

DS7-3 (71.9% inhibition, C. tenuissimum), DS9-3 (70.7%
inhibition, C. perangustum), DS8-5 (62.9% inhibition, C.

cladosporioides), and DS9-8 (60.9% inhibition, Cladosporium

sp.), all identified as belonging to the genus Cladosporium

have been reported to produce polyketides such as
azaphilones and isocoumarins, and these strains were
selected as candidates for a large-scale fermentation to
find bioactive molecules.37–39 Another Cladosporium sp.
strain (DS3-8) identified as C. anthropophilum showed
65% inhibitory activity. Its metabolites, however, did not
seem to have been reported yet, so, this fungus will also
be examined later.

DS1-6 fungus, identified as Fusarium sp., and DS11-10,
identified as Chlamydocillium curvulum, were chemically
dereplicated using HPLC, revealing the existence of a
single outstanding major metabolite in the extracts of both
strains (Fig. 3). For the evaluation of their cytotoxicity,
these two major compounds were directly isolated from
the small-scale fermentation extracts, and their structures
were elucidated as beauvericin (3) and cyclosporin C (4) by
interpreting the NMR and HRESIMS data, respectively.17,18

Since beauvericin (3), the major compound of the DS1-6
extract, showed a great IC50 value of 4.25 μM, it was
presumed to be the active compound. In contrast, the
active one of DS11-10, which exhibited 65.5% inhibition,
was considered as minor components rather than cyclosporin
C (4) with an IC50 of 96.3 μM. 

The extracts of DS8-6 (Aureobasidium melanogenum)
and DS8-2 (Penicillium janthinellum), isolated from slightly
low-lying field soil next to the university library, showed
62.2% inhibition against MDA-MB-231 cells. Therefore,
both fungi were cultivated on large scale, and we are
currently isolating active compounds in those extracts. In the
process, we first evaluated one of the isolated compounds,
tryptophol (5) from DS8-6 and brefeldin A (6) from DS8-
2 (Fig. 3).19,20 As a result, tryptophol (5) exhibited mild
activity with an IC50 of 83.6 μM, and we are continuing to
find other more potent compounds and new biosurfactants
in the extract of DS8-6. Brefeldin A (6) had an IC50 value
of 38.2 μM, and we are also trying to search for new
molecules with stronger activity from the extract of DS8-2.

DS3-7, isolated from soil in a forest established by the
university decades ago, was identified as Penicillium

simplicissimum. Chemical profiling using HPLC suggested
DS3-7 mainly produces penicillic acid, which is a well-
known mycotoxin produced by Penicillium and Aspergillus

sp.40 However, since various metabolites presumed as
quinolone alkaloids were detected in the non-polar region
(later than 25 min in our in-house HPLC method), we are
currently in the process of large-scale cultivation and
isolation of new molecules.41 DS6-2 is a strain isolated
from a lawn near a dumpster, and was identified as
Paraconiothyrium brasiliense, which is a genus known to
produce sesquiterpenes such as brasilamides.42 As the extract
of DS6-2 exhibited greater than 60% inhibitory effect
against MDA-MB-231 cells, we are also preparing for
large-scale cultivation to search for cytotoxic compounds.

Alternariol (7) and terrein (8) were purified from the
small-scale extracts of DS8-3 and DS1-13, respectively
(Fig. 4).21,22 While their extracts showed lower activity
than the top-performing 17 extracts previously introduced,
both compounds were evaluated for their cytotoxicity due
to their inhibitory activity greater than 50% (Table 3). Based
on the results, 7 showed no activity, whereas 8 exhibited
mild activity with an IC50 value of 50.1 μM.

Among the 96 extracts, 77 extracts that were not
previously mentioned were dereplicated through HRESIMS
analysis. As a result, 11 extracts were considered as
candidates for large-scale cultivation, regardless of their
MDA-MB-231 cell inhibition activities, to search for new
molecules. Notably, four of these species (DS7-5, DS11-
2, DS3-6, and DS14-6) have not been researched for their
metabolites yet (Fig. 4). Among 11 large-scale candidate
fungi, five are currently undergoing large-scale cultivations
for fractionation and isolation, and a major compound of
each extract (9–13) was tested for cytotoxicity.23–27 The
bioassay results revealed that compounds 9–11 had no or
weak activities (IC50: >100 μM), while 12 and 13 exhibited
mild activity (IC50: 54.2 μM) and strong activity with an
IC50 value of 21.8 μM, respectively (Table 4). Based on
the above-mentioned results, the analogues of 12 and 13,
which are currently being obtained from DS5-8 and DS2-11
strains, respectively, are also expected to show cytotoxicity
against MDA-MB-231 cells. 

We isolated a total of 96 fungi from urban soil samples
near Duksung Women’s University and carried out a cell
viability screening using MDA-MB-231 cells to find
cytotoxic compounds. Considering the diversity of natural
product-derived compounds, the potential for redundancy
in identities of strains and their metabolites, and statistical
robustness, we simultaneously screened 96 extracts, a
number that corresponds to commonly used well plates.
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Among the 96 small-scale-fermented fungal extracts, 17
strains that exhibited over 60% inhibitory activity at
10 μg/mL (vs DMSO) were selected as large-scale
fermentation candidates to obtain cytotoxic metabolites.
According to the results of a part of ongoing projects, six
compounds (1–6) were isolated, and among them, the
peptaibol series (1–2) and beauvericin (3) showed strong

inhibition. Although the cytotoxicity in the screening results
was lower than 60%, we also evaluated the inhibitory
activity of major compounds (7–13), isolated from large-
scale cultivation fungal extracts selected for the discovery
of new molecules through dereplication using HR-ESI-
MS data. As a result, compound 13 exhibited relatively
great activity with an IC50 value of 21.8 μM. 

The fungal metabolites isolated in this study have shown
their potential as important sources of natural product-based
anticancer drug development, and the strong cytotoxicity
of certain compounds (peptaibol and beauvericin) supports
their potential as novel drug candidates. Moreover, the
relatively strong cytotoxicity of compound 13 suggests
the potential for further enhancement through structural
optimization and derivative development, indicating that it
could be a promising lead compound for the development
of novel anticancer drugs. Future research needs to
conduct a more precise analysis of the mechanisms of
action of these compounds and establish strategies for
their integration into the novel drug development pipeline
through an optimization process for preclinical research.
Furthermore, we will continue our research to maximize the
potential for developing natural product-based new drugs

Fig. 4. Initial HPLC analysis of underperforming fungal extracts (DS8-3, DS1-13, DS3-9, DS2-7, DS5-1, DS5-8 and DS2-11). Column:
C18; Method: gradient elution 10%-100% MeCN in 40 min and isocratic 100% MeCN in 10 min.

Fig. 5. Cell viability assay results against MDA-MB-231 cells
(IC50 values expressed in M ± SEM, n = 3)a of compounds 1–13.
aResults are expressed as means from triplicate experiments.;
bPositive control.
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through the continuous isolation of bioactive compounds,
structural identification of new molecules, and evaluation
of cytotoxicity and other biological activities. We will also
report on the cytotoxic activity screening of fungal extracts
deposited in another 96-well plate.
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