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Abstract: The secondary metabolites of marine fungi with rich chemical diversity and biological
activity are an important and exciting target for natural product research. This study aimed to
investigate the fungal community in Quanzhou Bay, Fujian, and identified 28 strains of marine fungi.
A total of 28 strains of marine fungi were screened for small-scale fermentation by the OSMAC
(One Strain-Many Compounds) strategy, and 77 EtOAc crude extracts were obtained and assayed for
cancer cell inhibition rate. A total of six strains of marine fungi (P-WZ-2, P-WZ-3-2, P-WZ-4, P-WZ-5,
P56, and P341) with significant changes in cancer cell inhibition induced by the OSMAC strategy
were analysed by UPLC-QTOF-MS. The ACD/MS Structure ID Suite software was used to predict the
possible structures with inhibitory effects on cancer cells. A total of 23 compounds were identified,
of which 10 compounds have been reported to have potential anticancer activity or cytotoxicity. In
this study, the OSMAC strategy was combined with an untargeted metabolomics approach based
on UPLC-QTOF-MS to efficiently analyse the effect of changes in culture conditions on anticancer
potentials and to rapidly find active substances that inhibit cancer cell growth.

Keywords: the secondary metabolites; marine fungi; OSMAC strategy; UPLC-QTOF-MS; cancer cell
inhibition rate

1. Introduction

As we all know, cancer remains a major threat to human health and is one of the deadli-
est diseases in the world [1]. In recent decades, the global incidence of cancer has increased
dramatically, and more and more scientists have turned to natural medicines in the search
for potential anticancer drugs. According to research reports, approximately 70% of more
than 120 anticancer drugs are derived from natural products [2,3]. Natural products play
an important role in health care and agricultural production, particularly natural products
of microbial origin [4]. Antitumor drugs from microorganisms include actinomycin D,
daunorubicin, adriamycin, the mitosane mitomycin C, mithramycin, streptozotocin, and
pentostatin [5].

In the course of microbial research, it has been found that most synthetic gene clus-
ters in microorganisms remain silent under conventional culture conditions, leading to a
decrease in the diversity of secondary metabolites [6,7]. The “OSMAC (One Strain Many
Compounds) strategy”, as a microbial culture method, has been shown to be a way to
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activate silent biosynthetic gene clusters in microorganisms by altering culture parame-
ters such as medium composition, pH and culture conditions to produce more novel and
high-yielding natural products [8–12]. The high repetitive discovery rate of secondary
metabolites from microorganisms grown under single conditions, which is common in the
course of research, makes it less likely that researchers will discover new compounds. The
OSMAC strategy has a shorter cycle time, is more convenient and cheaper than gene edit-
ing, e.g., knocking out, introducing and xenoexpressing microbial genes and modulating
promoters [6,7,13]. It has been reported that the OSMAC strategy was used to increase
the yield of griseofulvin in Hypoxylon sp. MPO620, and studies on Aspergillus sp. Scsio
41501 resulted in the isolation of three new cyclohexenone derivatives, aspergispones A–C,
and five new cyclohexenone derivatives, aspergispones D-H [14,15]. Currently, one of the
difficulties encountered in natural product research is the repetitive discovery of known
compounds. Previously, the GNPS database platform was used to construct molecular
networks and genomics to predict the structure of natural products for the purpose of
de-duplication [16–19]. However, it has become a challenge to rapidly detect and identify
active compounds. Previously, activity-guided fractionation has been used to rapidly
search for active compounds, but this traditional method suffers from the disadvantages of
a high workload, low efficiency, and high cost [20]. Nowadays, non-targeted metabolomics
analyses using LC-MS/MS (liquid chromatography–tandem mass spectrometry) and the
ACD/MS Structure ID Suite software can rapidly find and identify active Compounds in
complex samples [21–24].

In recent years, a large number of novel metabolites with a pharmacological potential
have been identified from marine microorganisms, especially marine fungi [25–27]. In
this study, marine fungi from Quanzhou Bay were isolated, purified and characterised.
The OSMAC strategy was used to stimulate the strain to produce more or new active
natural products that inhibit cancer cell growth. The relationship between the anticancer
activity induced by the OSMAC strategy and the secondary metabolites of the marine
fungi was analysed by UPLC-QTOF-MS to rapidly find the active compounds that inhibit
cancer cell growth, and the possible structures with inhibitory effects on cancer cells were
identified using the ACD/MS Structure ID Suite software. Our study provides a material
and theoretical foundation for the discovery of potential anticancer natural products.

2. Results
2.1. Isolation and Identification of Marine Fungi

Twenty-eight strains of marine fungi were isolated from mangrove forests and along
the coast in Quanzhou Bay of Fujian (Figure 1) and were identified by ITS sequence, and
a phylogenetic tree was constructed (Figure 2). According to the ITS sequence alignment
results (Supplementary Table S1) and morphological characteristics, the twenty-eight
strains belonged to 14 fungal genera, including Fusarium sp., Trichoderma sp., Aspergillus sp.,
Curvularia sp., Pestalotiopsis sp., Arthrinium sp., Rhodotorula sp., Nigrospora sp., Talaromyces
sp., Alternaria sp., Neopestalotiopsis sp., Lasiodiplodia sp., Penicillium sp., and Diaporthe sp.

2.2. Using the OSMAC Strategy to Cultivate Marine Fungi and Their Cancer Cell Inhibition Potential

Five media were selected for the culture of marine fungi using the OSMAC strategy,
namely, potato dextrose broth medium (PDB), Czapek-Dox medium (Cza), Eugon medium
(Eugon), malt extract medium (ME), tryptone soya medium (TS), and D-mannitol salt
medium (DM). Three culture conditions were selected, namely, PDB static culture (PDB-S),
PDB dynamic culture (PDB-D and PDB-attached wood culture (PDB-W). A total of 77 crude
extracts of the strains were obtained using these different culture conditions and tested for
their inhibition of Hela cells. The results are shown in Table 1.
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Figure 1. Morphological characteristics of 28 marine fungus strains on solid medium. Figure 1. Morphological characteristics of 28 marine fungus strains on solid medium.

We found that crude extracts from the same strain under different culture conditions
had different inhibitory effects on the growth of cancer cells (Hela cells). Using the crude
extracts cultured under PDB-S culture conditions as a control, six strains of marine fungi
(P-WZ-2, P-WZ-3-2, P-WZ-4, P-WZ-5, P56, and P341) showed significant changes in the
growth inhibition rate of Hela cells under the PDB-D or Caz culture conditions, as shown
in Figure 3, and their inhibitory effects on Hela, MCF-7, A549 and HK-2 IC50 values and
results are shown in Table 2.
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Table 1. Inhibition of Hela cell growth by 28 strains under different culture conditions.

Crude
Extracts

Culture
Conditions

Growth
Inhibition (%)

Crude
Extracts

Culture
Conditions

Growth
Inhibition (%)

P3-1 PDB-S 78.07 P-WZ-4-1 PDB-S 57.23
P3-2 PDB-W 84.38 P-WZ-4-4 Cza 87.31
P3-3 PDB-D 81.71 P-WZ-4-5 Eugon 77.07
P3-5 Eugon 82.32 P-WZ-4-6 ME 62.81
P3-6 ME 75.25 P-WZ-4-7 Ts 63.71
P3-7 Ts 78.16 P-WZ-4-8 DM 75.47
P3-8 DM 91.48 P-WZ-5-1 PDB-S 53.62

P-WZ-1-1 PDB-S 96.03 P-WZ-5-2 PDB-W 97.24
P-WZ-1-2 PDB-W 87.66 P-WZ-5-3 PDB-D 96.78
P-WZ-1-3 PDB-D 78.25 P-WZ-5-4 Cza 81.30
P-WZ-1-4 Cza 89.33 P-WZ-5-5 Eugon 66.17
P-WZ-1-5 Eugon 93.03 P-WZ-5-6 ME 64.15
P-WZ-1-6 ME 73.06 P-WZ-5-7 Ts 85.12
P-WZ-1-7 Ts 69.93 P-WZ-5-8 DM 79.09
P-WZ-1-8 DM 77.62 P-WZ-6-1 PDB-S 82.76

P4-1 PDB-S 99.11 P-WZ-6-2 PDB-D 56.75
P4-2 PDB-D 99.16 P-WZ-3-1-1 PDB-S 98.00

P56-1 PDB-S 48.30 P-WZ-3-1-2 PDB-D 98.20
P56-2 PDB-D 91.62 P-WZ-3-2-1 PDB-S 55.06
P341-1 PDB-S 63.71 P-WZ-3-2-2 PDB-D 85.86
P341-2 PDB-D 99.37 P-WZ-2-1 PDB-S 97.73
P342-1 PDB-S 69.44 P-WZ-2-2 PDB-D 51.06
P342-2 PDB-W 64.13 P-WZ-10-1 PDB-S 92.32

P-WZ-13-1 PDB-S 91.47 P-WZ-10-2 PDB-D 100.00
P-WZ-13-2 PDB-D 93.84 P-WZ-11-1 PDB-S 80.83

P-WS-18-1-1 PDB-S 94.31 P-WZ-11-2 PDB-D 86.94
P-WS-18-1-2 PDB-D 70.57 M-WS-26-1 PDB-S 91.16
P-WS-18-2-1 PDB-S 88.96 M-WS-26-2 PDB-D 74.49
P-WS-18-2-2 PDB-D 97.50 M-WS-24-1 PDB-S 81.27

P-L1-1 PDB-S 93.51 M-WS-24-2 PDB-D 100.00
P-L1-2 PDB-D 93.59 M-WS-25-1-1 PDB-S 90.03
P-L2-1 PDB-S 98.62 M-WS-25-1-2 PDB-D 100.00
P-L2-2 PDB-D 99.69 M-WS-25-2-1 PDB-S 91.81
P-L3-1 PDB-S 67.16 M-WS-25-2-2 PDB-D 68.79
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Table 1. Cont.

Crude
Extracts

Culture
Conditions

Growth
Inhibition (%)

Crude
Extracts

Culture
Conditions

Growth
Inhibition (%)

P-L3-2 PDB-D 78.49 M-WS-19-1 PDB-S 96.51
P-L4-1 PDB-S 86.27 M-WS-19-2 PDB-D 95.37
P-L4-2 PDB-D 92.01 Y-WS-28-1 PDB-S 87.09

Y-WS-27-1 PDB-S 97.61 Y-WS-28-2 PDB-D 55.33
Y-WS-27-2 PDB-D 98.50
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fungi. ** p < 0.01, indicating a statistically significant difference.

Table 2. The IC50 values of six strains of marine fungi against cancer cells under different culture conditions.

Strain Crude
Extracts

IC50 (µM)

Hela MCF-7 A549 HK-2

P-WZ-2
P-WZ-2-1 17.01 ± 0.44 20.62 ± 0.16 14.17 ± 0.18 21.6 ± 0.54
P-WZ-2-2 63.85 ± 0.68 - - 76.45 ± 0.47

P-WZ-3-2
P-WZ-3-2-1 - 25.98 ± 0.77 - 27.2 ± 0.28
P-WZ-3-2-2 - 23.23 ± 0.22 38.28 ± 0.80 34.28 ± 0.91

P-WZ-4
P-WZ-4-1 76.12 ± 0.72 - - 76.9 ± 0.45
P-WZ-4-4 23.88 ± 0.53 14.91 ± 0.98 35.88 ± 0.36 9.569 ± 0.30

P-WZ-5
P-WZ-5-1 79.42 ± 0.96 - 72.19 ± 0.26 -
P-WZ-5-3 25.29 ± 0.80 15.9 ± 0.26 26.31 ± 0.69 19.01 ± 0.91

P56
P56-1 85.6 ± 0.29 - 94.31 ± 0.71 -
P56-2 25.91 ± 0.73 - 19.64 ± 0.59 49.22 ± 0.55

P341
P341-1 64.88 ± 0.56 53.22 ± 0.39 71.94 ± 0.26 43.31 ± 0.25
P341-2 42.14 ± 0.20 34.5 ± 0.72 23.48 ± 0.23 36.66 ± 0.81

“-” Indicates IC50 > 100 µM. Data are from three independent experiments (n = 3, mean ± SD).

2.3. Analysis of Differential Composition of Secondary Metabolites of Strains by UPLC-QTOF-MS

The crude extracts of the above six marine fungal strains were analysed by UPLC-
QTOF-MS. The base peak chromatograms (BPCs) are shown in Figure 4A and a comparison
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of the peak areas of the chromatograms is shown in Figure 4B. It can be seen that there
are some differential peaks in the different crude extracts of the same fungus. The differ-
ential peaks were analysed using the ACD/MS Structure ID Suite software and a total
of 23 compounds were identified as shown in Figure 5. The spectral information of the
identified chemical compounds 1–23 including retention time, molecular formula, mass
(m/z), fragment ions, and anticancer activity is shown in Table S2. Possible fragmentation
pathways of the structure of compounds 1–23 are shown in Figures S1–S3.
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Figure 4. (A) Base peak chromatograms of strains with significant differences in cancer cell inhibition
were analysed by UPLC-QTOF-MS. Rt: the peak time (min). (B) Comparison of the peak area of the
differential compounds identified from the BPC chromatograms of the strains under different culture
conditions. (A1) The BPC chromatogram comparison of crude extracts (P-WZ-2-1 and P-WZ-2-2) of
the strain P-WZ-2 cultured in PDA-S and PDA-D, respectively. (B1) A peak area comparison of the
chromatograms of compounds 1–5, identified from the strain P-WZ-2. (A2) The BPC chromatogram
comparison of crude extracts (P-WZ3-2-1 and P-WZ3-2-2) of the strain P-WZ3-2 cultured in PDA-S
and PDA-D, respectively. (B2) A peak area comparison of the chromatograms of compounds 6–8
identified from the strain P-WZ3-2. (A3) A BPC chromatogram comparison of crude extracts (P-
WZ-4-1 and P-WZ-4-4) of the strain P-WZ-4 cultured in PDA-S and Cza culture media, respectively.
(B3) A peak area comparison of the chromatograms of compounds 9–14 identified from the strain
P-WZ-4. (A4) The BPC chromato-gram comparison of crude extracts (P-WZ-5-1, P-WZ-5-2, and P-
WZ-5-3) of the strain P-WZ-5 cultured in PDA-S, PDA-D, and PDA-W, respectively. (B4). A peak area
comparison of the chromatograms of compounds 15–18, identified from the strain P-WZ-5. (A5) A
BPC chromatogram comparison of crude extracts (P-56-1 and P-56-2) of the strain P-56 cultured in
PDA-S and PDA-D, respectively. (B5) A peak area comparison of the chromatograms of compounds
19–20, identified from the strain P-WZ-5. (A6) A BPC chromatogram comparison of crude extracts
(P-341-1 and P-341-2) of the strain P-341 cultured in PDA-S and PDA-D, respectively. (B6) A peak
area comparison of the chromatograms of compounds 21–23, identified from the strain P-341.

From the chromatogram of the strain P-WZ-2 (Figure 4A1), it can be seen that the
five labelled peaks (A/B/C/D/E) were significantly different, and five compounds 1–5,
were identified. Compound 1 (Rt = 9.169 min) displayed a peak at m/z 706.3923 [M + H]+

and the molecular formula was deduced to be C37H51N7O7, according to the relevant
literature reports, combined with the MS/MS spectrometry fragment ions, it was identified
as enamidonin (1) [28]. Compound 2 (Rt = 14.061) had molecular ion peaks at m/z 462.2387
[M + H]+ and the molecular formula was deduced to be C27H31N3O4, which indicated that
it was a notoamide F (2) [29,30]. Compound 3 (Rt = 18.0477) had molecular ion peaks at
m/z 507.368 [M + H]+, and its molecular formula was determined to be C30H50O6, which
was identified as penicisteroid G (3) [31]. Compound 4 (Rt = 24.343) and compound 5
(Rt = 25.601) were identified as oligoporin B (4) [32] and β-D-mannopyranoside (5) [33].
The peak areas in the UPLC-QTOF-MS mass spectra showed that compounds 1–5 were
produced only under PDA-S conditions (Figure 4B1), and the content of compound 3
was significantly higher under PDA-S than under PDA-D conditions. From the chro-
matogram of the strain P-WZ3-2 (Figure 4A2), four differential peaks (A/B/C/D) were
significantly higher than that of P-WZ3-2-1, and three compounds (6–8) were identified from
the three differential peaks (A/B/D), respectively, chivosazole B (6) [34], trichoderolide
B (7) [35] and cladobotric acid D (8) [36]. No corresponding substance for peak C was
identified. The peak areas showed that the yield of compounds (6–8) under PDA-D was
significantly higher than PDA-S (Figure 4B2). For the strain P-WZ-4 (Figure 4A3), seven
differential peaks (A/B/C/D/E/F/G) were labelled in P-WZ4-4, peaks (A/B/C/D/E)
were not observed in P-WZ4-1, and peaks (F/G) were significantly higher than that in
P-WZ4-1, and a total of six compounds (9–14) were identified, namely, fragin (9) [37–39],
phytosphingosine (10) [40,41], thielavin S (11) [42], penicillenol D (12) [43], cabanillasin
(13) [44], and suillumide (14) [45]. No corresponding substance for peak D was identified.
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Compounds (9–12) were only produced under Cza culture medium, and the yield of com-
pounds (13–14) under PDA-S was significantly higher than under Cza culture medium. For
the strain P-WZ-5 (Figure 4A4), four differential compounds (15–18) were identified: (+)-
(2S,3S,4R)-10-De-O-carbamoyl-12-O-carbamoyl-N-β-acetylstreptothricin F acid (15) [46];
penikellides A 16 [47,48]; (4R)-4,5-Dihydro-4-hydroxygeldanamycin (17) [49]; and brin-
tonamide B (18) [50]. Compound 15 was only produced under PDA-W culture medium,
and the yield of compounds (16–18) under PDA-W culture conditions was higher than
PDA-S (Figure 4B4). For the strain P-WZ-56 (Figure 4A5), two differential compounds
(19–20) were identified, preussin I (19) [51] and cytosporone C (20) [52,53], and the yield
under PDA-D culture conditions was higher than PDA-S (Figure 4B5). For the strain
P-341 (Figure 4A6), three compounds (21–23) were identified: 3-hydroxy-N-(1-hydroxy-
3-methylpentan-2-yl)-5-oxohexanamide (21) [54]; eutypellone A (22) [55]; and CJ-13, 982
(23) [56]. No corresponding substance for peak B was identified. Compounds (21–23) were
both produced under PDA-S and PDA-D culture media, but the yield under PDA-D culture
conditions was higher than that of PDA-S (Figure 4B6).
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3. Discussion

Previous studies have shown that the OSMAC strategy can be an effective way to
activate microbial silenced biosynthetic genes and to induce strains to produce higher
yields and novel secondary metabolites [57]. Therefore, in this study, we used the OSMAC
strategy to culture strains and proved that the OSMAC strategy can lead to changes in the
inhibition of cancer cell growth, and we hypothesised that the differences in the cancer cell
inhibition rate were due to the changes in the secondary metabolites of the strains. In order
to know what are the altered substances in the secondary metabolites of the strains, we
identified the different substances produced by the secondary metabolites of the strains
under the cultivation conditions of the OSMAC strategy using UPLC-QTOF-MS technology
and the ACD/MS Structure ID Suite software, and achieved relative quantification by using
the peak area and 23 compounds (1–23) were identified. A review of the literature showed
that compounds enamidonin 1 [28], thielavin S 11 [42], penicillenol D 12 [43], and caban-
illasin 13 [44] have antimicrobial activity. Penicisteroid G 3 [31]; chivosazole B 6 [32,33];
trichoderolide B 7 [34]; cladobotric acid D 8 [35]; phytosphingosine 10 [40,41]; suillumide
14 [45]; (4R)-4,5-dihydro-4-hydroxygeldanamycin 17 [49] have anticancer activity activity
or cytotoxicity. Penicisteroid G 3 has shown moderate activity against the cell line A549 [31].
In this study, penicisteroid G 3 was identified from P-WZ-2-2, and the IC50 value against the
A549 cell line was 14.17 ± 0.18 µM, as determined by the cancer cell inhibition rate, which is
in contrast to our expected speculation about the presence of compounds in P-WZ-2-2 that
inhibit cancer cell growth. Chivosazole B 6 and trichoderolide B 7 were identified in P-WZ-
3-2. Chivosazole B 6 has shown activity against yeasts, filamentous fungi, and especially
mammalian cells [34], and trichoderolideB 7 has been reported to have cytotoxic activity
against MDA-MB-435 cells [35]. It has not been reported to inhibit cancer cell growth.
However, in our study, we found that P-WZ-3-2 had inhibitory effects on MCF-7 and A549
cell lines, with IC50 values of 23.23 ± 0.22 and 38.28 ± 0.80 µM, respectively. Cladobotric
acid D 8 was also identified from P-WZ-3-2-2 and has been reported to have significant cy-
totoxicity against the P388 cell line. Therefore, these results are in line with the expectation
that the compounds inhibiting cancer cell growth we inferred in P-WZ-3-2-2 are hivosazole
B 6, trichoderolide B 7, and cladobotric acid D 8. Phytosphingosine 10 and suillumide 14
were identified from P-WZ-4-4. The IC50 value of P-WZ-4-4 against Hela, MCF-7, and A549
were 23.88 ± 0.53, 14.91 ± 0.98 and 35.88 ± 0.36 µM, respectively, but no reports were found
on the inhibition rate of Phytosphingosine 10 and suillumide 14 against Hela, MCF-7, and
A549. It has been reported that only phytosphingosine 10 induces mitochondria-mediated
apoptosis in murine ES cells, and suillumide 14 has an IC50 of approximately 10 µM against
the cell line SK-MEL-1 [45]. (4R)-4,5-dihydro-4-hydroxygeldanamycin 17 was identified
from P-WZ-5-3 and is reported to show activity against HepG2 cells and has an IC50 of
10.8 µM [48,49]. In this study, P-WZ-5-3 had inhibitory effects on Hela, MCF-7, and A549,
and its IC50 value was 25.29 ± 0.80, 15.9 ± 0.26, and 26.31 ± 0.69 µM, respectively. This
result is in line with the expected speculation of the presence of substances with potential
anticancer activity in P-WZ-5-3. Among these, preussinI 19 showed moderate to strong
inhibitory activity against lipopolysaccharide-induced IL-6 production by THP-1 cells, with
IC50 values ranging from 0.11–22 µM [51]. No studies related to preussinI 19 on cancer cells
have been reported.

Moreover, for some of the differential peaks, no corresponding substance was identi-
fied, e.g., the peak C of strain P-WZ-3-2 (Figure 4A2), the peak B of P-341-2 (Figure 4A6),
and the peak D of P-WZ-4-4 (Figure 4A3), which may be known compounds not included
in the Natural Products Atlas database. However, this may also be due to the production
of new secondary metabolites that inhibit cancer cell growth by the OSMAC strategy of
culturing marine fungi, and this discovery has provided us with a follow-up study to
search for new substances with potential anticancer activity. It is worth mentioning that
the differential peaks with increased peak areas, such as the labelled peak C in the BPC
chromatogram of P-WZ2-1 and the labelled peaks (B/C) in P-WZ3-2-2, which may be
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due to the increase in the production of secondary metabolites, which provides a certain
research basis for subsequent largescale production and applications.

The OSMAC strategy has been shown to be a way to activate many silent biosyn-
thetic gene clusters in microorganisms to produce more and higher yields of natural
products [13–17]. We have analysed the active change components of marine fungi un-
der the OSMAC strategy by the UPLC-QTOF-MS technique and rapidly identified the
compounds with possible growth inhibitions of cancer cells using the Version 2022.1 of
ACD/MS Structure ID Suite software. The technical roadmap for the rapid discovery
of substances with potential anticancer activity in this study is shown in Figure 6. Our
study provides a theoretical basis for the successful isolation of secondary metabolites
with potential anticancer activity or specific structure types and also demonstrates that the
efficiency of discovering potential anticancer active substances can be improved by using
UPLC-QTOF-MS technology and the ACD/MS Structure ID Suite software.
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4. Materials and Methods
4.1. General Experimental Procedure

EtOAc and methanol were purchased from Xilong Chemical Reagent Co., Ltd., Xiamen,
China. UPLC-grade methanol and acetonitrile and formic acid were purchased from
Macklin Biochemical Co., Ltd., Shanghai, China. The potato extract, glucose, agar, tryptone,
and soytone were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
The D-mannitol, beef extract powder, and malt extract were purchased from Quanlong
Bio-technology Co., Ltd., Nanjing, China. NaCl, NaNO3, KCl, K2HPO4, MgSO4, FeSO4, and
L-cystine, etc., were purchased from Ocean Chemical Group Co., Ltd., Qingdao, China. The
BGI 2xSuper PCR Mix (with dye) and BGI D2000 Plus DNA Ladder were purchased from
Liuhe Huada Gene Technology Co., Ltd., Beijing, China. The Fungal Genome Extraction
Kit was purchased from Tiangen Bio-chemical Technology Co., Ltd, Beijing, China. The
agarose was purchased from Sunma Bio-technology Co., Ltd., Xiamen, China.

4.2. Marine Fungi Material

Samples were collected from the soil (10 cm from the surface) at Quanzhou Binhai
Park (24.86 N, 118.69 E), from some from plants (seaweed and tung grass) at Quanzhou
Fengche Island (24.97 N, 119.03 E), and from some from water at Quanzhou Luoyang
Bridge (24.95 N, 118.68 E). All plant samples were disinfected with 75% ethanol, cut into
approximately 1 mm × 1 mm fragments, and ground with a mortar. The culture media
were PDB (potato extracts, 10 g; glucose, 10 g; artificial seawater, 1000 mL; pH, 7.0–7.5); Cza
(glucose, 15 g; NaCl, 30 g; NaNO3, 1 g; KCl, 0.25 g; K2HPO4, 1 g; MgSO4, 0.25 g; FeSO4,
0.005 g; artificial seawater, 1000 mL; pH, 7.0–7.5); Eugon (tryptone, 7.5 g; soy peptone,
2.5 g; glucose, 2.5 g; L-cystine, 0.1 g; NaCl, 2 g; NaSO3, 0.1 g; artificial seawater, 1000 mL;
pH, 7.0–7.5); ME (malt extracts, 15 g; soy peptone, 1.5 g; artificial seawater, 1000 mL; pH,
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7.0–7.5); TS (tryptone, 7.5 g; soy peptone, 2.5 g; NaCl, 2.5 g; artificial seawater, 1000 mL;
pH, 7.0–7.5); and DM (D-mannitol, 5 g; peptone, 5 g; beef extract powder, 1 g; NaCl, 37.5 g;
artificial seawater, 1000 mL; pH, 7.0–7.5). The samples were diluted 10 1 to 10 4 times,
inoculated 100 µL into the above media, spread evenly, and incubate inverted for 3 days at
28 ◦C. Fungal colonies were transferred to new plates and incubated until pure cultures
were obtained. For cryopreservation, the single colony strain was transferred to a freezer
tube and stored in a refrigerator at −20 ◦C.

Fungal communities were identified on the basis of the intraribosomal internal tran-
scribed spacer (ITS) region containing the ITS1 and ITS4 regions. PCR amplification
was performed using primers ITS1 and ITS4. The primer sequences were TCCGTAGGT-
GAACCTGCGG and TCCTCCGCTTATTGATATGC, and the fragment size was 400~800 bp.
Amplification was performed in the GeneAmp 9700 Thermal Cycler using the following
protocol: Initial denaturation at 96 ◦C for 5 min, followed by 35 cycles of DNA denaturation
at 96 ◦C for 20 s, primer annealing at 56 ◦C for 20 s, and an extension at 72 ◦C for 10 min. A
final extension step of 10 min at 16 ◦C completed the PCR. Sequences were compared to the
NCBI Genbank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 12 March 2022)
using the Nucleotide BLAST function. Fungal genera were identified according to sequence
alignment results and morphological characteristics. The sequences were deposited in
GenBank, and the accession numbers are given in Table 1.

4.3. OSMAC Strategy

The OSMAC strategy used six liquid media: PDB, Cza, Eugon, ME, TS, and DM, and
three culture states were selected: PDB static culture (PDB-S); PDB dynamic culture (PDB-D,
shaker at 120 rpm); and PDB woodchip culture (PDB-W, 10 g of woodchips must be added).
All liquid media are prepared at 500 mL in a 1000 mL Erlenmeyer flask. All media were
autoclaved at 121 ◦C for 20 min prior to inoculation. After inoculation, the strains were
incubated at 28 ◦C for 28 days. The fermented fungal strains were then extracted three
times with 500 mL of EtOAc together with their fermentation medium, and the EtOAc was
evaporated to dryness by rotary evaporation to obtain the crude extract.

4.4. Cancer Cell Inhibition Rate Test

The anticancer activity of the crude extract was evaluated against the Hela cancer
cell line, the MCF-7 cancer cell line, the A549 cancer cell line, and the toxicity against the
non-cancerous human cell line HK-2. The CCK-8 assay was performed according to assays
described in the literature. Cells were cultured in an RPMI1640 medium supplemented
with a 10% fetal bovine serum and 1% double antibody. Cells are taken at the logarithmic
growth phase, diluted to 5 × 104/mL, and plated at 100 µL per well in a 96-well plate.
After the cells grew for 24 h, the medium was discarded and DMSO was added to dissolve.
The crude extract diluted with the culture medium was used for 48 h at a concentration of
100 ug/mL. After 48 h, the culture medium was discarded and the CCK-8 solution was
added according to the indicated dosage, followed by incubation for 30–40 min, and the
OD value at 450 nm was recorded using a microplate reader. The inhibition rate of cell
growth was calculated.

4.5. UPLC-QTOF-MS Analysis

LC-MS-MS was performed using a 6545 LC/QTOF and a 1290 Infinity LC system
(Agilent Technologies Inc., Santa Clara, CA, USA) with a YMC C18 column (YMC Co.,
Ltd., Kyoto, Japan) YMC-Park, ODS-A, 250 × 2.1 mm, S-5 µm, 12 nm, 0.8 mL). Sample
preparation: The crude extract was dissolved in methanol to 1 mg/mL. It was then filtered
into HPLC vials using a 0.2 µm PTFE syringe filter. All samples were analysed by LC-MS
with the mobile phase consisting of water (A) and acetonitrile (B), both containing formic
acid (0.1%, v/v), and the flow rate was set at 1.0 mL min-1. The injection volume was
10 µL, and the following gradient procedure was used: 0–22 min, 10–00%, 22–19, min 100%
with an automated fully dependent MS2 scan. Differentiation of the protonated molecules,

https://www.ncbi.nlm.nih.gov/genbank/
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adducts, and fragment ions was performed by the identification of [M + H]+. We have
publicly uploaded the MS/MS data as a MassIVE archive to the GNPS as MSV000093555.

Each LC-MS dataset (RAW file format) was loaded into ACD/MS Structure ID Suite,
where the IntelliXtract algorithm (IX) was used to extract all chromatographic constituents,
perform peak integrations, and group the spectral features and display them in order of
retention time, as well as displaying the best matching candidates in the database, including
their structure and molecular formula. We also used the Auto Assign tool in MS Structure
ID Suite to score compounds on a 0–1 scale by comparing their experimental MS2 spectra
to the predicted fragments of the candidate structures, further evaluating all matches and
ultimately identifying the structure that best matches the analysed data.

5. Conclusions

In this study, 28 strains of marine fungi were isolated, purified, and identified from the
marine area of Quanzhou Bay, and the OSMAC strategy was used to ferment the 28 strains
of marine fungi on a small scale to promote the production of metabolites that inhibit
cancer cell growth. A total of 77 crude extracts were obtained and tested for the cancer
cell inhibition rate, and six strains of marine fungi with significant differences in the Hela
cell inhibition rate were screened, which included P-WZ-2, P-WZ-3-2, P-WZ-4, P-WZ-5,
P56, and P341, respectively. The differential components of the secondary metabolites
of the six marine fungal strains were identified by the UPLC-QTOF-MS technique and
using the ACD/MS Structure ID Suite software, and a total of 23 compounds 1–23 were
identified. We have shown that the OSMAC strategy has a positive effect on both the
abundance and diversity of secondary metabolites in marine fungi and that changes in
culture conditions have a direct effect on the growth rate of strains against cancer cells.
And our study is of great value for the full exploitation and utilisation of marine fungal
resources. Meanwhile, the application of UPLC-QTOF-MS technology has laid a material
and theoretical foundation for the targeted separation of secondary metabolites with
anticancer activity or specific structural types and has improved the discovery efficiency of
anticancer active substances.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21120646/s1, Figures S1–S3: Possible fragmentation pathways
of the structure of compounds 1–23; Table S1: Mass spectral information of differential compounds in
secondary metabolites of marine fungi analysed based on the UPLC-QTOF-MS technique; Table S2:
Mass spectral information of differential compounds in secondary metabolites of marine fungi
analysed based on the UPLC-QTOF-MS technique [28–56].

Author Contributions: Conceptualization, Y.-T.W., X.-N.Z., P.-X.Z. and C.-F.W.; methodology, Y.-T.W.
and X.-N.Z.; formal analysis, Y.-T.W., P.-X.Z., J.L., X.-Y.W. and J.-Q.S.; investigation, Y.-T.W., J.L.,
X.-Y.W., J.-Q.S., C.-F.W., W.D., Q.Z., X.-N.Z. and J.-Q.S.; resources, Y.-T.W., J.L., X.-Y.W., J.-Q.S.,
C.-F.W., W.D., Q.Z., X.-N.Z. and J.-Q.S.; writing—original draft preparation, Y.-T.W.; writing—review
and editing, Y.-T.W., X.-N.Z., P.-X.Z., C.-F.W. and J.-Q.L.; supervision, C.-F.W. and J.-Q.L.; funding
acquisition, J.-Q.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study received funding from the Open research topics of Fujian Provincial Key
Laboratory of Marine Algae Active Substances Preparation and Functional Development (Grant No.
2022-KF04), the Fujian Provincial Industry-University Cooperation Project (Grant No. 2021Y4012),
the QuanZhou High Level Talent Innovation and Entrepreneurship Project (Grant No. 2023C003R),
and the National Natural Science Foundation of China (Grant No. 21772047).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data used to prepare this manuscript are contained within the
article and its corresponding Supplementary Material.

Acknowledgments: We thank Chenlei Lian (Huaqiao University) for her help in isolating and
purifying the strains. We would also like to thank Mingqing Tang (Huaqiao University) for her
assistance in the statistics.

https://www.mdpi.com/article/10.3390/md21120646/s1
https://www.mdpi.com/article/10.3390/md21120646/s1


Mar. Drugs 2023, 21, 646 13 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Florean, C.; Dicato, M.; Diederich, M. Immune-modulating and anti-inflammatory marine compounds against cancer. Semin

Cancer Biol. 2022, 80, 58–72. [CrossRef] [PubMed]
2. Takooree, H.; Aumeeruddy, M.Z.; Rengasamy, K.R.R. A systematic review on black pepper (Piper nigrum L.): From folk uses to

pharmacological applications. Crit. Rev. Food Sci. Nutr. 2019, 59, S210–S243. [CrossRef] [PubMed]
3. Alves-Silva, J.M.; Romane, A.; Efferth, T.; Salgueiro, L. North african medicinal plants traditionally used in cancer therapy. Front

Pharmacol. 2017, 8, 383. [CrossRef] [PubMed]
4. Xiong, Z.Q.; Wang, J.F.; Hao, Y.Y.; Wang, Y. Recent advances in the discovery and development of marine microbial natural

products. Mar. Drugs 2013, 11, 700–717. [CrossRef] [PubMed]
5. Demain, A.L. Importance of microbial natural products and the need to revitalize their discovery. J. Ind. Microbiol Biotechnol. 2014,

41, 185–201. [CrossRef] [PubMed]
6. Romano, S.; Jackson, S.A.; Patry, S. Extending the “one strain many compounds” (OSMAC) principle to marine microorganisms.

Mar. Drugs 2018, 16, 244. [CrossRef] [PubMed]
7. Pinedo-Rivilla, C.; Aleu, J.; Duran-Patron, R. Cryptic metabolites from marine-derived microorganisms using OSMAC and

epigenetic approaches. Mar. Drugs 2022, 20, 84. [CrossRef]
8. Bode, H.B.; Bethe, B.; Hofs, R.; Zeeck, A. Big effects from small changes: Possible ways to explore nature’s chemical diversity.

Chembiochem 2002, 3, 619–627. [CrossRef]
9. Bin, Y.; Junde, D.; Xiuping, L. New prenylated indole alkaloids from fungus Penicillium sp. derived of mangrove soil sample.

Tetrahedron 2014, 70, 3859–3863.
10. Amagata, T.; Tanaka, M.; Yamada, T.; Doi, M.; Minoura, K. Variation in cytostatic constituents of a sponge-derived Gymnascella

dankaliensis by manipulating the carbon source. J. Nat. Prod. 2007, 70, 1731–1740. [CrossRef]
11. Wang, Z.; Jia, J.; Wang, L. Anti-HSV-1 activity of aspergillipeptide D, a cyclic pentapepetide isolated from fungus Aspergillus sp.

SCSIO 41501. Virol. J. 2020, 17, 41. [CrossRef] [PubMed]
12. Liu, Y.; Li, X.M.; Meng, L.H. Bisthiodiketopiperazines and acorane sesquiterpenes produced by the marine-derived fungus

Penicillium adametzioides AS-53 on different culture media. J. Nat. Prod. 2015, 78, 1294–1299. [CrossRef] [PubMed]
13. Schwarz, J.; Hubmann, G.; Rosenthal, K. Triaging of culture conditions for enhanced secondary metabolite diversity from different

bacteria. Biomolecules 2021, 11, 193. [CrossRef] [PubMed]
14. Farinella, V.F.; Kawafune, E.S.; Tangerina, M. OSMAC strategy integrated with molecular networking for accessing griseofulvin

derivatives from endophytic fungi of Moquiniastrum polymorphum (asteraceae). Molecules 2021, 26, 7316. [CrossRef] [PubMed]
15. Yao, F.H.; Liang, X.; Qi, S.H. Eight new cyclopentenone and cyclohexenone derivatives from the marine-derived fungus Aspergillus

sp. SCSIO 41501 by OSMAC strategy. Nat. Prod. Res. 2021, 35, 3810–3819. [CrossRef] [PubMed]
16. Schrimpe-Rutledge, A.C.; Codreanu, S.G.; Sherrod, S.D. Untargeted metabolomics strategies-challenges and emerging directions.

J. Am. Soc. Mass Spectrom. 2016, 27, 1897–1905. [CrossRef] [PubMed]
17. Tangerina, M.M.P.; Furtado, L.C.; Leite, V.M.B.; Bauermeister, A. Metabolomic study of marine Streptomyces sp.: Secondary

metabolites and the production of potential anticancer compounds. PLoS ONE 2020, 15, e244385. [CrossRef]
18. Van der Hooft, J.J.J.; Mohimani, H.; Bauermeister, A.; Dorrestein, P.C. Linking genomics and metabolomics to chart specialized

metabolic diversity. Chem. Soc. Rev. 2020, 49, 3297–3314. [CrossRef]
19. Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S.Y.; Medema, M.H. AntiSMASH 5.0: Updates to the secondary

metabolite genome mining pipeline. Nucleic Acids Res. 2019, 47, W81–W87. [CrossRef]
20. Pekacar, S.; Deliorman Orhan, D. Investigation of antidiabetic effect of pistacia atlantica Leaves by activity-guided fractionation

and phytochemical content analysis by LC-QTOF-MS. Front. Pharmacol. 2022, 13, 826261. [CrossRef]
21. Croley, T.R.; White, K.D.; Callahan, J.H.; Musser, S.M. The chromatographic role in high resolution mass spectrometry for

non-targeted analysis. J. Am. Soc. Mass Spectrom. 2012, 23, 1569–1578. [CrossRef] [PubMed]
22. McEachran, A.D.; Sobus, J.R.; Williams, A.J. Identifying known unknowns using the US EPA’s CompTox chemistry dashboard.

Anal. Bioanal. Chem. 2017, 409, 1729–1735. [CrossRef] [PubMed]
23. Chervin, J.; Stierhof, M.; Tong, M.H.; Peace, D. Targeted dereplication of microbial natural products by high-resolution MS and

predicted LC retention time. J. Nat. Prod. 2017, 80, 1370–1377. [CrossRef] [PubMed]
24. Tabudravu, J.N.; Pellissier, L.; Smith, A.J.; Subko, K.; Autréau, C.; Feussner, K. LC-HRMS-Database screening metrics for rapid

prioritization of samples to accelerate the discovery of structurally new natural products. J. Nat. Prod. 2019, 82, 211–220.
[CrossRef] [PubMed]

25. Li, Q.; Xu, W.; Fan, R.Z. Penithoketone and peni-thochromones A-L, polyketides from the deep-sea-derived fungus Penicillium
thomii YPGA3. J. Nat. Prod. 2020, 83, 2679–2685. [CrossRef] [PubMed]

26. Li, Y.; Shi, J.; Liu, R.; Liu, Z. Structure revisions of phenolic bisabolane sesquiterpenes and a ferroptosis inhibitor from the
marine-derived fungus Aspergillus versicolor YPH93. J. Nat. Prod. 2023, 86, 830–841. [CrossRef]

27. Li, Y.H.; Li, X.M.; Yang, S.Q.; Shi, X.S. Antibacterial alkaloids and polyketide derivatives from the deep sea-derived fungus
Penicillium cyclopium SD-413. Mar. Drugs 2020, 18, 553. [CrossRef]

https://doi.org/10.1016/j.semcancer.2020.02.008
https://www.ncbi.nlm.nih.gov/pubmed/32070764
https://doi.org/10.1080/10408398.2019.1565489
https://www.ncbi.nlm.nih.gov/pubmed/30740986
https://doi.org/10.3389/fphar.2017.00383
https://www.ncbi.nlm.nih.gov/pubmed/28694778
https://doi.org/10.3390/md11030700
https://www.ncbi.nlm.nih.gov/pubmed/23528949
https://doi.org/10.1007/s10295-013-1325-z
https://www.ncbi.nlm.nih.gov/pubmed/23990168
https://doi.org/10.3390/md16070244
https://www.ncbi.nlm.nih.gov/pubmed/30041461
https://doi.org/10.3390/md20020084
https://doi.org/10.1002/1439-7633(20020703)3:7%3C619::AID-CBIC619%3E3.0.CO;2-9
https://doi.org/10.1021/np070165m
https://doi.org/10.1186/s12985-020-01315-z
https://www.ncbi.nlm.nih.gov/pubmed/32192525
https://doi.org/10.1021/acs.jnatprod.5b00102
https://www.ncbi.nlm.nih.gov/pubmed/26039736
https://doi.org/10.3390/biom11020193
https://www.ncbi.nlm.nih.gov/pubmed/33573182
https://doi.org/10.3390/molecules26237316
https://www.ncbi.nlm.nih.gov/pubmed/34885898
https://doi.org/10.1080/14786419.2020.1739046
https://www.ncbi.nlm.nih.gov/pubmed/32162974
https://doi.org/10.1007/s13361-016-1469-y
https://www.ncbi.nlm.nih.gov/pubmed/27624161
https://doi.org/10.1371/journal.pone.0244385
https://doi.org/10.1039/D0CS00162G
https://doi.org/10.1093/nar/gkz310
https://doi.org/10.3389/fphar.2022.826261
https://doi.org/10.1007/s13361-012-0392-0
https://www.ncbi.nlm.nih.gov/pubmed/22711514
https://doi.org/10.1007/s00216-016-0139-z
https://www.ncbi.nlm.nih.gov/pubmed/27987027
https://doi.org/10.1021/acs.jnatprod.6b01035
https://www.ncbi.nlm.nih.gov/pubmed/28445069
https://doi.org/10.1021/acs.jnatprod.8b00575
https://www.ncbi.nlm.nih.gov/pubmed/30735391
https://doi.org/10.1021/acs.jnatprod.0c00571
https://www.ncbi.nlm.nih.gov/pubmed/32902982
https://doi.org/10.1021/acs.jnatprod.2c01022
https://doi.org/10.3390/md18110553


Mar. Drugs 2023, 21, 646 14 of 15

28. Son, S.; Ko, S.K.; Kim, S.M.; Kim, E.; Kim, G.S.; Lee, B. Antibacterial cyclic lipopeptide enamidonins with an enamide-linked acyl
chain from a Streptomyces species. J. Nat. Prod. 2018, 81, 2462–2469. [CrossRef]

29. Tsukamoto, S.; Kato, H.; Samizo, M.; Nojiri, Y. Notoamides F−K, prenylated indole alkaloids isolated from a marine-derived
Aspergillus sp. J. Nat. Prod. 2008, 71, 2064–2067. [CrossRef]

30. Wang, F.; Sarotti, A.M.; Jiang, G.; Huguet-Tapia, J.C.; Zheng, S.L. Waikikiamides A-C: Complex diketopiperazine dimer and
diketopiperazine-polyketide hybrids from a Hawaiian marine fungal strain Aspergillus sp. FM242. Org. Lett. 2020, 22, 4408–4412.
[CrossRef]

31. Xie, C.L.; Zhang, D.; Xia, J.M.; Hu, C.C.; Lin, T. Steroids from the deep-sea-derived fungus Penicillium granulatum MCCC 3A00475
induced apoptosis via Retinoid X Receptor (RXR)-α pathway. Mar. Drugs 2019, 17, 178. [CrossRef] [PubMed]

32. Lee, I.K.; Jang, Y.W.; Yu, S.H.; Yun, B.S. New triterpene glucosides, oligoporins A-C, from Oligoporus tephroleucus protect DNA
from Fenton reaction. Bioorg. Med. Chem. Lett. 2007, 17, 4906–4909. [CrossRef] [PubMed]

33. Wenzel, S.C.; Müller, R. Myxobacterial natural product assembly lines: Fascinating examples of curious biochemistry. Nat. Prod.
Rep. 2007, 24, 1211–1224. [CrossRef] [PubMed]

34. Perlova, O.; Gerth, K.; Kaiser, O.; Hans, A.; Müller, R. Identification and analysis of the chivosazol biosynthetic gene cluster from
the myxobacterial model strain Sorangium cellulosum So ce56. J. Biotechnol. 2006, 121, 174–191. [CrossRef] [PubMed]

35. Guo, Y.W.; Gong, B.Q.; Yuan, J.; Li, H.J. l-Phenylalanine alters the privileged secondary metabolite production in the marine-
derived fungus Trichoderma erinaceum F1-1. J. Nat. Prod. 2020, 83, 79–87. [CrossRef] [PubMed]

36. Mitova, M.I.; Lang, G.; Blunt, J.W.; Cummings, N.J. Cladobotric acids A-F: New cytotoxic polyketides from a new zealand
Cladobotryum sp. J. Org. Chem. 2006, 71, 492–497. [CrossRef] [PubMed]

37. Akira, M.; Kosei, H.; Saburo, T. Fragin, a New Biologically Active Metabolite of a Pseudomonas. Agric. Biol. Chem. 1969, 33,
1599–1605.

38. Tamura, S.; Murayama, A.; Hata, K. Isolation and structural elucidation of fragin, a new plant growth inhibitor produced by a
Pseudomonas. Agric. Biol. Chem. 1967, 31, 758–759. [CrossRef]

39. Nagahara, Y.; Shinomiya, T.; Kuroda, S.; Kaneko, N. Phytosphingosine induced mitochondria-involved apoptosis. Cancer Sci.
2005, 96, 83–92. [CrossRef]

40. Glenz, R.; Kaiping, A.; Göpfert, D.; Weber, H. The major plant sphingolipid long chain base phytosphingosine inhibits growth of
bacterial and fungal plant pathogens. Sci. Rep. 2022, 12, 1081. [CrossRef]

41. Weber, S.S.; de Souza, A.C.S.; Soares, D.C.L. Chemical profile, antimicrobial potential, and antiaggregant activity of supercritical
fluid extract from Agaricus bisporus. Chem. Pap. 2022, 76, 6205–6214. [CrossRef]

42. De Medeiros, L.S.; Abreu, L.M.; Nielsen, A.; Ingmer, H. Dereplication-guided isolation of depsides thielavins S-T and lecanorins
D-F from the endophytic fungus Setophoma sp. Phytochemistry 2015, 11, 1154–1162. [CrossRef] [PubMed]

43. Chen, L.; Zhang, Q.Q.; Hu, X. Novel cytotoxic metabolites from the marine-derived fungus Trichoderma citrinoviride. Heterocycles
2014, 89, 189. [CrossRef]

44. Houard, J.; Aumelas, A.; Noël, T.; Pages, S.; Givaudan, A. Cabanillasin, a new antifungal metabolite, produced by ento-
mopathogenic Xenorhabdus cabanillasii JM26. J. Antibiot. 2013, 66, 617–620. [CrossRef] [PubMed]

45. León, F.; Brouard, I.; Torres, F.; Quintana, J. A new ceramide from suillus luteus and its cytotoxic activity against human melanoma
cells. Chem. Biodivers. 2008, 5, 120–125. [CrossRef] [PubMed]

46. Gan, M.; Zheng, X.; Gan, L.; Guan, Y.; Hao, X. Streptothricin derivatives from Streptomyces sp. I08A 1776. J. Nat. Prod. 2011, 74,
1142–1147. [CrossRef] [PubMed]

47. Luo, H.; Li, X.M.; Li, C.S. Diphenyl ether and benzophenone derivatives from the marine mangrove-derived fungus Penicillium
sp. MA-37. Phytochemistry Lett. 2014, 9, 22–25. [CrossRef]

48. Zhang, F.; Gang, D.; Li, L. Isolation, antimicrobial activity, and absolute configuration of the furylidene tetronic acid core of
pestalotic acids A-G. Org. Biomol. Chem. 2012, 10, 5307. [CrossRef]

49. Li, T.; Ni, S.; Jia, C.; Wang, H.; Sun, G.; Wu, L.; Gan, M. Identification of 4,5-dihydro-4-hydroxygeldanamycins as shunt products
of geldanamycin biosynthesis. J. Nat. Prod. 2012, 75, 1480–1484. [CrossRef]

50. Al-Awadhi, F.H.; Gao, B.; Rezaei, M.A.; Kwan, J.C.; Li, C. Discovery, synthesis, pharmacological profiling, and biological
characterization of brintonamides A-E, novel dual protease and GPCR modulators from a marine Cyanobacterium. J. Med. Chem.
2018, 61, 6364–6378. [CrossRef]

51. Gu, B.B.; Jiao, F.R.; Wu, W.; Jiao, W.H.; Li, L.; Sun, F. Preussins with Inhibition of IL-6 expression from Aspergillus flocculosus 16D-1,
a fungus isolated from the marine sponge phakellia fusca. J. Nat. Prod. 2018, 81, 2275–2281. [CrossRef] [PubMed]

52. Liu, H.X.; Li, H.H.; Chen, Y.C. Cytotoxic secondary metabolites from an endophytic fungal strain of phomopsis phyllanthicola.
Chin. J. Org. Chem. 2019, 39, 1475. [CrossRef]

53. Lena, H.; Debbab, A.; Ngoc, T.D. Polyketides from the mangrove-derived endophytic fungus Acremonium strictum. Tetrahedron
Lett. 2014, 55, 3463–3468.

54. Xiao, J.; Zhang, Q.; Gao, Y.Q. Secondary metabolites from the endophytic Botryosphaeria dothidea of melia azedarach and their
antifungal, antibacterial, antioxidant, and cytotoxic activities. J. Agric. Food Chem. 2014, 62, 3584–3590. [CrossRef]

55. Isaka, M.; Palasarn, S.; Prathumpai, W.; Laksanacharoen, P. Pimarane diterpenes from the endophytic fungus Eutypella sp. BCC
13199. Chem. Pharm. Bull. 2011, 59, 1157–1159. [CrossRef]

https://doi.org/10.1021/acs.jnatprod.8b00497
https://doi.org/10.1021/np800471y
https://doi.org/10.1021/acs.orglett.0c01411
https://doi.org/10.3390/md17030178
https://www.ncbi.nlm.nih.gov/pubmed/30893778
https://doi.org/10.1016/j.bmcl.2007.06.034
https://www.ncbi.nlm.nih.gov/pubmed/17588752
https://doi.org/10.1039/b706416k
https://www.ncbi.nlm.nih.gov/pubmed/18033576
https://doi.org/10.1016/j.jbiotec.2005.10.011
https://www.ncbi.nlm.nih.gov/pubmed/16313990
https://doi.org/10.1021/acs.jnatprod.9b00710
https://www.ncbi.nlm.nih.gov/pubmed/31886665
https://doi.org/10.1021/jo051883l
https://www.ncbi.nlm.nih.gov/pubmed/16408955
https://doi.org/10.1080/00021369.1967.10858877
https://doi.org/10.1111/j.1349-7006.2005.00012.x
https://doi.org/10.1038/s41598-022-05083-4
https://doi.org/10.1007/s11696-022-02308-8
https://doi.org/10.1016/j.phytochem.2014.12.020
https://www.ncbi.nlm.nih.gov/pubmed/25586883
https://doi.org/10.3987/COM-13-12874
https://doi.org/10.1038/ja.2013.58
https://www.ncbi.nlm.nih.gov/pubmed/23756685
https://doi.org/10.1002/cbdv.200890002
https://www.ncbi.nlm.nih.gov/pubmed/18205114
https://doi.org/10.1021/np2000733
https://www.ncbi.nlm.nih.gov/pubmed/21510638
https://doi.org/10.1016/j.phytol.2014.03.012
https://doi.org/10.1039/c2ob25469g
https://doi.org/10.1021/np3001738
https://doi.org/10.1021/acs.jmedchem.8b00885
https://doi.org/10.1021/acs.jnatprod.8b00662
https://www.ncbi.nlm.nih.gov/pubmed/30350993
https://doi.org/10.6023/cjoc201812009
https://doi.org/10.1021/jf500054f
https://doi.org/10.1248/cpb.59.1157


Mar. Drugs 2023, 21, 646 15 of 15

56. Watanabe, S.; Hirai, H.; Kambara, T.; Kojima, Y.; Nishida, H.; Sugiura, A. CJ-13,981 and CJ-13,982, new squalene synthase
inhibitors. J. Antibiot. 2001, 54, 1025–1030. [CrossRef]

57. Xie, F.; Sun, Y.; Zi, Z.F.; Wang, W.J.; Wan, D.Y.; Zhou, H.; Ding, Z.T. Discovery of pyranonaphthoquinones and an eighteen-
membered ring macrolide from the rhizospheric soil-derived fungus Phialocephala sp. YUD18001 by OSMAC strategy. Fitoterapia
2023, 25, 105690. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7164/antibiotics.54.1025
https://doi.org/10.1016/j.fitote.2023.105690

	Introduction 
	Results 
	Isolation and Identification of Marine Fungi 
	Using the OSMAC Strategy to Cultivate Marine Fungi and Their Cancer Cell Inhibition Potential 
	Analysis of Differential Composition of Secondary Metabolites of Strains by UPLC-QTOF-MS 

	Discussion 
	Materials and Methods 
	General Experimental Procedure 
	Marine Fungi Material 
	OSMAC Strategy 
	Cancer Cell Inhibition Rate Test 
	UPLC-QTOF-MS Analysis 

	Conclusions 
	References

