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Preface

Marine fungi can be isolated from marine animals, plants, sediments, and seawater. Due to

the complex marine environments, marine fungal metabolites have novel structures and diverse

activities. Over 1,500 species of marine fungi, including about 530 species of obligate marine fungi,

are known. Marine fungi are important sources of biologically active natural products due to their

ability to produce secondary metabolites with novel structures and pharmacological activities. Over

recent decades, pharmaceutical and medical applications of marine fungi have been explored, and

new drugs from relatively underexplored sources are essential. Halimide (phenylahistin), a naturally

occurring fungal natural product with a diketopiperazine structure isolated from Aspergillus ustus, is

being studied in a Phase 3 clinical trial for the treatment of non-small-cell lung cancer (NSCLC). Its

synthetic analog, plinabulin (NPI 2358), is being developed by BeyondSpring Pharmaceuticals, and a

New Drug Application (NDA) has been submitted in the United States and China for its use in the

treatment of NSCLC and chemotherapy-induced neutropenia (CIN).

This book provides details about the isolation, structure determination, and bioactivities of

marine fungal natural products. Hence, bioactive secondary metabolites from marine fungi are

important for academic research, pharmaceutical, nutraceutical, and biomedical industries. I would

like to acknowledge Marine Drugs for their encouragement and suggestions to get this wonderful

compilation related to the special issue “Bioactive Secondary Metabolites of Marine Fungi”. I

would also like to sincerely thank all the contributors for their high-quality manuscripts, support,

and advice.

Hee Jae Shin

Editor
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Natural Products from Chilean and Antarctic Marine Fungi and
Their Biomedical Relevance

Dioni Arrieche 1,†, Jaime R. Cabrera-Pardo 2,†, Aurelio San-Martin 3, Héctor Carrasco 4,* and Lautaro Taborga 1,*

1 Laboratorio de Productos Naturales, Departamento de Química, Universidad Técnica Federico Santa María,
Avenida España 1680, Valparaíso 2340000, Chile

2 Laboratorio de Química Aplicada y Sustentable (LabQAS), Departamento de Química, Universidad del
Bio-Bio, Avenida Collao 1202, Concepción 4030000, Chile

3 Departamento de Ciencias y Recursos Naturales, Facultad de Ciencias Naturales, Universidad de Magallanes,
Avenida Bulnes 01855, Punta Arenas 6200112, Chile

4 Grupo QBAB, Instituto de Ciencias Químicas y Aplicadas, Facultad de Ingeniería, Universidad Autónoma de
Chile, Llano Subercaseaux 2801, Santiago 8900000, Chile

* Correspondence: hector.carrasco@uautonoma.cl (H.C.); lautaro.taborga@usm.cl (L.T.)
† These authors contributed equally to this work.

Abstract: Fungi are a prolific source of bioactive molecules. During the past few decades, many
bioactive natural products have been isolated from marine fungi. Chile is a country with 6435 Km of
coastline along the Pacific Ocean and houses a unique fungal biodiversity. This review summarizes
the field of fungal natural products isolated from Antarctic and Chilean marine environments and
their biological activities.

Keywords: marine natural products; marine fungi; Chilean marine fungi; biological activities

1. Introduction

Natural products (NPs) represent a rich and vast biologically relevant chemical space
that remains extremely difficult to access with the current arsenal of tools in chemical syn-
thesis [1]. NPs are characterized by enormous scaffold diversity and structural complexity.
Nature, via evolution, has optimized secondary metabolites to serve pivotal biological
functions, including endogenous defense mechanisms as well as interaction with other
organisms [2]. Natural products-based medicines can be traced back thousands of years
and still contribute to many approved drugs. Indeed, natural products and their derivatives
represented 27% of all therapeutics approved by the FDA between 1981 and 2019 [3,4]. In
recent years, this proportion has increased, illustrating the continued importance of NPs.
Research programs focused on unveiling new NPs from understudied microorganisms,
such as fungi isolated from Chilean marine environments, are crucial to the future drug
development pipeline.

Fungi represent one of the largest groups of organisms. They are widely distributed
across both mild and extreme ecosystems on our planet [5]. They have developed a
unique metabolic plasticity, allowing them to rapidly adapt and survive through the
biosynthesis of an array of fascinating natural products [6]. A recent analysis of fungal
genomes has revealed many secondary metabolite pathways that can be tuned or modified,
producing novel and valuable chemical scaffolds [7]. Fungal-derived natural products
are pharmaceutically abundant, with several important biological applications ranging
from highly potent toxins to approved drugs [8]. Since the discovery of penicillin, an
antibiotic of fungal origin, many efforts around the globe have been devoted to searching
for fungal-derived bioactive products. Fungi are a vast yet untapped source to search
for pharmaceutically relevant molecules displaying a range of bioactivity, including anti-
cancer, antioxidant, hepatoprotective, antibacterial, antidiabetic, and anti-inflammatory
capabilities.

Mar. Drugs 2023, 21, 98. https://doi.org/10.3390/md21020098 https://www.mdpi.com/journal/marinedrugs
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Oceans are the source of a wide variety of natural products with unique structures
mainly produced by marine macro-organisms, such as invertebrates (e.g., sponges, soft
corals, tunicates) and algae. Additionally, many marine natural products have proved to be
pharmacologically relevant [9–11].

Secondary metabolites obtained from marine fungi have been particularly interesting,
mainly because of their unique chemical structures and biomedical applications [8,12]. In
1949, cephalosporin C was discovered from a culture of Cephalosporium fungus species
obtained from the Sardinian coast [13]. Since then, extensive efforts over decades of
work have revealed the vast chemical and biological potential of marine fungal natural
products. Strains of marine fungi have been obtained from practically every possible marine
habitat, including inorganic, marine microbial communities, marine plants, and marine
vertebrates [10]. While the number of cultivable marine fungi is extremely low (1% or less)
compared to their global biodiversity [8–10], the number of natural products that have been
isolated and characterized from marine fungi exceeds 1000 molecules [14]. These include
alkaloids, lipids, peptides, polyketides, prenylated polyketides, and terpenoids [14–17].

Chile has 6435 km of coastline and exercises exclusive rights over its maritime space
called the Chilean Sea. This comprises four zones: the Territorial Sea (120,827 km2), the
contiguous zone (131,669 km2), the exclusive economic zone (3,681,989 km2), and that
corresponding to the Continental shelf (161,338 km2) [18].

The Chilean maritime territory, in the Pacific Ocean, consists of highly structured
geographic sections displaying unique features that arise from the interactions of water
masses with the seabed, emerged relief, air masses and centers of atmospheric action [19].
These phenomena lead to an environment suitable for a rich biodiversity ranging from
microscopic organisms that swarm the waters in incredible numbers to large fish and
other organisms [20]. Along the lengthy coastline, Chilean waters also differ in terms of
important characteristics, e.g., mineral and saline composition [19].

The cold waters associated with both the Humboldt and Antarctic currents are char-
acterized by a high gas and nitrogen content, unlike in temperate and warm waters.
Consequently, phytoplankton is abundant in the Chilean sea and supports the growth
of various marine organisms, specifically fungi. Therefore, Chile´s coastline provides a
distinct environment for fungal biodiversity to flourish [21].

Despite its importance, there are not many reports about secondary metabolites from
marine fungi or marine-derived fungi in Chile. Reports included in this review cover the
period from 1996 until present. In this work, we have made a comprehensive review of
compounds that have been isolated and chemically characterized during this time. Their
biological activities are also reported.

2. Secondary Metabolites Isolated from Chilean Marine Fungi in Continental Coasts

Studies carried out on cultures of Cladosporium cladosporioides, a fungus isolated from
the marine sponge Cliona sp. collected in Region IV of Chile in 2004, led to the identification
of p-methylbenzoic acid (1) and peroxyergosterol (2) (Figure 1). This was the first time
that 1 had been isolated as a natural product. It was reported that peroxyergosterol from
Inonotus obliquus inhibited the growth of cancer cells and showed cytotoxic effects on
the same cell lines. Additionally, peroxyergosterol displayed potent inhibition of lipid
peroxidation and higher antioxidant activity than well-known antioxidants, such as α-
tocopherol and thiourea. A recent study also revealed inhibitory effects of peroxyergosterol
on inflammation and tumor promotion in mouse skin [22]. In addition, compounds 1

and 2 did not show antimicrobial activity against Gram-positive (Staphylococcus aureus, S.
epidermidis) or Gram-negative bacteria (Escherichia coli, Proteus mirabilis, Enterococcus faecalis)
in the agar plate diffusion assay. Both compounds were inactive against Artemia salina [23].
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Figure 1. Secondary metabolites isolated from Cladosporium cladosporioides.

Four previously reported metabolites (3–6, Figure 2) were isolated from Penicillium
brevicompactun, collected in Quintay, Chile (region V). The mycelium and broth were
extracted with ethyl acetate, and the solvent was evaporated to provide a crude extract that
showed in vitro antibacterial activity against both Gram-positive (Staphylococcus aureus,
S. epidermidis) and Gram-negative bacteria (Escherichia coli, Proteus mirabilis, Enterococcus
faecalis and Pseudomonas aeruginosa) [24].

Figure 2. Secondary metabolites isolated from Penicillium brevicompactun.

Four steroids (2, 7–9) (Figures 1 and 3) were isolated from cultures of Geotrichum sp., a
fungus obtained from marine sediment collected in Concepción Bay, Chile (Region VIII).
Compound 7 is commonly found in fungal extracts since it plays a structural role in the
cytoplasmic membrane. Similarly, 2 is a ubiquitous NP present in a variety of lichens,
fungi, sponges, and marine organisms. Compound 8 has been isolated from Lampteromyces
japonicus and a luminous bacterium. Additionally, 8 has been found in non-luminous
basidiomycete fungi, including Fomes officinalis and Scleroderma polyrhizum. It has also been
isolated from a marine sponge Dictyonella incisa [25]. This is the first time this compound
has been identified in a facultative marine fungus [26].

Figure 3. Secondary metabolites isolated from Geotrichum sp.
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Compound 10 is the first indole derivative isolated from a marine fungus (Cladosporium
cladosorioides). The crystal structure of N-methyl-1H-indole-2-carboxamide (10) (Figure 4)
was determined by single-crystal X-ray diffraction [27].

Figure 4. Secondary metabolite isolated from Cladosporium cladosorioides.

Two dibenzylbutyrolactones (11,12) (Figure 5) and two sesterterpenoids (13,14) (Figure 5)
were obtained from Aspergillus sp. (2P-22) isolated from the marine sponge, Cliona chilensis
collected in Los Molles, Chile (Region IV) [28]. Spectroscopic data highlighted compound
11 as a novel compound named butylrolactone-VI. All four compounds were then tested for
antibacterial activity against both Gram-positive (Clavibacter michiganensis 807) and Gram-
negative bacteria (Pseudomonas syringae pv syringae, Xanthomonas arboricola pv juglandis 833,
Erwinia carotovora, Agrobacterium tumefaciens A348), vasorelaxant effects, and antitumor
bioactivities employing a broth culture of A. tumefaciens [28].

Figure 5. Secondary metabolites isolated from Aspergillus sp.

3. Secondary Metabolites Isolated from Antarctic Marine Fungi

The Antarctic continent represents one of the most extreme environments on earth
for life to exist [29]. This ecosystem is characterized by high-stress conditions, including
low temperatures, scarce availability of nutrients, high acidity, and high levels of ultra-
violet radiation [30]. In order to survive under these highly demanding conditions, fungi
living in the Antarctic have had to adapt their biochemical machinery and have done
so through modifications in gene expression as well as the biosynthesis of secondary
metabolites. Thus, Antarctic fungi represent a unique, biologically relevant chemical space
with tremendous potential to contribute to the development of effective therapeutics [31].
Indeed, a number of efforts have reported unique NPs isolated from fungi living in Antarctic
environments [31] and this emerging field promises a vast capacity for expansion.
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In cold marine ecosystems, the presence of fungi has been associated with macroalgae
and invertebrates, although some species have also been recorded in seawater and sedi-
ments [32,33]. Five new asterric acid derivatives were identified and isolated from the fer-
mentation of the Antarctic ascomycete Geomyces sp.: ethyl asterrate (15) (Figure 6), n-butyl
asterrate (16) (Figure 6), and geomycins A–C (17–19) (Figure 6). These compounds were
evaluated for antifungal and antibacterial properties. Geomycin B (18) showed significant
activity against Aspergillus fumigatus ATCC 10894, with IC50/MIC values of 0.86/29.5 μM,
indicating much higher antifungal activity than the positive control fluconazole, which
showed IC50/MIC values of 7.35/163.4 μM [31,34].

Figure 6. Secondary metabolites isolated from Geomyces sp.

Six new peptaibols (linear or cyclic peptides), named asperelines A–F (20–25) (Figure 7),
were characterized from the fermentation of the marine-derived fungus Tridocherma asperel-
lum collected from the sediment of the Antarctic Penguin Island. Chemical structures were
determined using 1D and 2D NMR techniques as well as ESIMS/MS [35].

Next, two highly oxygenated polyketides, penylactones A and B (26 and 27) (Figure 8)
were isolated and identified from Penicillium crustosum PRB-2. These compounds had
a similar chemical structure but opposite absolute stereochemistry. Compounds 26 and
27 were tested for their ability to inhibit nuclear factor-κB (NF-κB) via transient trans-
fection and reporter gene expression assays. Of the two compounds, only 27 showed
inhibitory activity with a relatively weak effect of 40% inhibitory rate at a concentration of
10 μM [36]. The authors also proposed a biosynthetic pathway for both compounds, shown
in Scheme 1 [36]. These penylactones are characterized by a new carbon skeleton formed
from two units of 3,5-dimethyl-2,4-diol-acetophenone and γ-butyrolactone. Six compounds
were subsequently synthesized through a novel biomimetic synthesis pathway, as shown
in Scheme 2 [37].
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Scheme 1. Proposed biosynthetic pathway to 26 and 27.
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Scheme 2. Biomimetic synthesis of ent-Penilactone A and Penilactone B.
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A study of the Antarctic fungus Oidiodendron truncatum GW3-13 isolated two new
epipolythiodioxopiperazines, chetrazins B (28) and C (29), together with five new dike-
topiperazines, chetracin D (30), and oidiooperazines A–D (31–34) (Figure 9). In vitro studies
using 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) showed that
compound 28 exhibits potent biological activity in the nanomolar range against a panel of
five human cancer lines (HCT-8, BEL-7402, BGC-823, A-549, and A-2780) [38].

Figure 7. Secondary metabolites isolated from Tridocherma asperellum.
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Figure 8. Secondary metabolites isolated from Penicillium crustosum PRB-2.

Figure 9. Secondary metabolites isolated from the Antarctic fungus Oidiodendron truncatum.

In the same study, compounds 29 and 30 exhibited significant cytotoxicity at micromo-
lar concentration. Finally, it was observed that compounds 31–34 did not show cytotoxicity
at a concentration of 10 μM. This led to the conclusion that the sulfide bridge was a de-
termining factor in the biological activity presented by these compounds. In contrast, the
number of sulfur atoms in the bridge did not seem to influence the bioactivity [38].

Organic extracts of several fungi were isolated from samples of Porifera collected on
King George Island. Although pure compounds could not be isolated, the presence of
biological activities and potential as antimicrobial agents could be investigated. Antimi-
crobial activity was tested using strains of Pseudomonas aeruginosa, Staphylococcus aureus
ATCC25922, Clavibacter michiganensis 807, and Xanthomonas campestris 833. Antitumoral
activity was assessed using Agrobacterium tumefaciens At348 as a model, and antioxidant
activity was determined by comparing the absorbance of ascorbic acid obtained from each

9
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extract. Approximately 50% of the 101 extracts showed antibacterial activity against at
least one of the bacteria tested, being more active against Gram-positive bacteria such as
Staphylococcus aureus. Moreover, 43 extracts showed 50% inhibition of crown gall tumor
growth on potato. Antioxidant studies revealed that 97 fungal extracts displayed decent
activities varying from very low to mild, and only three isolates showed high antioxidant
activities [39].

Four new compounds, namely Pseudogymnoascins A–C (35–37) and 3-nitroasterric
acid (38) (Figure 10), were characterized from a culture of Pseudogymnoascus sp., obtained
from an Antarctic marine sponge of the genus Hymeniacidon [40]. Remarkably, these com-
pounds were the first nitro derivatives of asterric acid identified. The antimicrobial activity
of compounds 35–38 was evaluated against Pseudomonas aeruginosa PAO1, Actinobacter
baumannii CL5973, Escherichia coli MB2884, Staphylococcus aureus EP1167, and S. aureus
MB5394. Their antifungal activity was also tested against Candida albicans MY1055, C.
albicans ATCC64124, and Aspergillus fumigatus ATCC46645. Cytotoxicity against the tested
microorganisms was not observed, suggesting that the presence of the nitro group in the
structure may negatively influence the biological activity of these compounds [40].

Figure 10. Secondary metabolites isolated from Pseudogymnoascus sp.

One hundred fungal strains were isolated from 55 samples of maritime Antarctic and
classified into 35 fungal taxa within 20 genera. Extracts from these strains were tested
against human tumoral cells, parasitic protozoa (Leishmania amazonensis, Trypanosoma cruzi),
fungi, and bacteria. The extracts from Purpureocillum lilacinum displayed high trypanocidal,
antibacterial, and antifungal activities with moderate toxicity over normal cells [41].

In recent years the chemical compounds of Penicillium sp. S-1-18 isolated from Antarc-
tic seabed sediments has been extensively investigated. Butanolide A (39), a new fura-
none derivative, and guignarderemophilane F (40), a new sesquiterpene, together with
six known compounds: penicyclone A (41), xylarenone A (42), callyspongidipeptide A
(43), cyclo-(L-Phe-4R-hydroxyl-L-Pro) (44), cyclo-(L-Pro-L-Phe) (45), and N-(2-hydroxy-
propanoyl)-2-aminobenzoic acid amide (46), were isolated (Figure 11). The structures of
these metabolites were determined using 1D- and 2D-NMR spectroscopic methods. In-
hibitory effects against PTP1B activity were tested for all compounds. Only compound 39
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showed activity against PTP1B, which was moderate compared with the positive control
oleanolic acid [42].

Figure 11. Secondary metabolites isolated from Penicillium sp. S-1-18.

An interesting study of the distribution of marine fungi found that Pseudogymnoascus
sp. and species of the genus Penicillium were present in all marine samples. Samples
collected at 20 m or more in depth, at temperatures near 0 ◦C, had higher diversity those
from the intertidal zone (superficial samples) [43].

The antibacterial activity was assessed for four new compounds, Penixylarins A–D
(47–50), obtained from a culture of the Antarctic fungus Penicillium crustosum PRB-2 and
the mangrove-derive fungus Xylaria sp. HDN12-249 (Figure 12). Compounds 48 and 49

showed antibacterial activity against B. subtilis, M. phlei, and V. parahemolyticus. Compound
49 additionally displayed potential antituberculosis effects against Mycobacterium phlei [44].

Figure 12. Penixylarins A–D, isolated from Penicillium crestosum PRB-2 and the fungus Xylaria sp.
HDN12-249.
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In a 2018 review, Tripathi et al. described more than two hundred natural products
isolated from prokaryotes and eukaryotes living in polar regions, including fungi. Their
pharmacology, relevant bioactivity, and chemical structures were reported in the review [45].
One year later, anticancer compounds were isolated from seaweed-derived endophytic
fungi [46].

Using a different sampling strategy, pieces of excrement from Adelie penguins allowed
the isolation of Penicillium chrysogenum. Although the sample was not collected from a
marine environment per se, the feeding habits of the penguins support the idea that
the microorganisms isolated are marine. The exact location of the sample collection site
was not stated but is presumably near the Chinese Great Wall Antarctic base. A new
compound Chrysonin (51) was obtained as a pair of enantiomers 6S- and 6R-chrysonin
(51a and 51b) (Figure 13). These compounds display an eight-membered heterocycle
fused with a benzene ring. Interestingly, there is no precedent of one natural compound
with this structure. Compound 52 was also isolated as a mixture of a new zwitterionic
compound chrysomamide (52a) and N-[2-trans-(4-hydroxyphenyl) ethenyl] formamide
(52b) (Figure 13). Compound 53, shown in Figure 13, contains the unusual isocyanide
functional group. This functional group has been found in several marine organisms, such
as cyanobacteria, Penicillium fungi, marine sponges, and nudibranchs. Furthermore, there
is no precedent of one natural compound with an eight-membered heterocycle fused with
a benzene ring. Antibacterial activity of each compound against eight microorganisms was
determined. Compound 53 (Figure 13) was active against Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Acinetobacter baumannii. The same metabolite and compound 54 (Figure 13)
both showed significant cytotoxicity against four cancer cell lines: A. baumannii ATCC
19606, E. coli ATCC 25922, M. luteus SCSIO MLO1, and MRSA, shhs-A1. Compound 55

(Figure 13) displayed the best alpha glucosidase inhibition [47].

Figure 13. Secondary metabolites isolated from Penicillium chrysogenum.

Penicillium echinulatum was isolated from the surface of the alga Adenocystis utricularis
collected on a beach close to Comandante Ferraz Brazilian station on King George Island.
In this study, photosafety was evaluated using photoreactivity (OECD TG 495) and pho-
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totoxicity assays performed by 3T3 neutral red uptake (3T3 NRU PT, OECD TG 432) and
the RHS model. The purification of four alkaloids was achieved in a bio-guided process.
Four known metabolites were identified: (−)-cyclopenin (56), dehydrocyclopeptine (57),
viridicatin (58), and viridicatol (59) (Figure 14), and their photoprotective and antioxidant
activities were shown [48].

Figure 14. Alkaloids isolated from Penicillium echinulatum.

The antibacterial activity of Penicillic acid (60) (Figure 15), isolated from Penicillium sp.
CRM-1540 found in Antarctic marine sediment at King George Island, was evaluated. This
compound was obtained as the major bioactive fraction through a bioguided study. Results
showed 90% bacterial inhibition in vitro at 25 μg mL−1 against Xanthomonas citri [49].

Figure 15. Penicillic acid isolated from Penicillium sp. CRM-1540.

Talaverrucin A (61) (Figure 16), a heterodimeric oxaphenalenone with a rare fused
ring system, was isolated from Talaromyces sp. HDN151403 (Prydz Bay, Antarctica). The
oncogenic Wnt/β-catecin inhibitory effect was tested and showed inhibitory activity in
zebrafish embryos in vivo and cultured mammalian cells in vitro [50].

Figure 16. Talaverrucin A isolated from Penicillium sp. CRM-1540.

The cytotoxic activity of Citromycin (62) (Figure 17) was tested against ovarian cancer
SKOV3 and A2780 cells. No cytotoxic activity was observed. The compound 62 was
obtained from Sporothrix sp. and showed inhibition of extracellular signal-regulated kinase
(ERK)-1/1 [51].
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Figure 17. Citromycin isolated from Sporothrix sp.

Four new cytotoxic nitrobenzoyl sesquiterpenoids, insulicolides D–G (63–66) (Figure 18),
were isolated from Aspergillus insulicola HDN151418, which was obtained from an uniden-
tified Antarctica sponge (Prydz Bay). Compounds 65 and 66 showed selective inhibition
against human PDAC cell lines [52].

Figure 18. Insucolides (D–G) isolated from Aspergillus insulicola HDN151418.

Three new perylenequinone derivatives (Xanalterate A, 67, Altertoxin VIII, 68 and
IX, 69) together with a known natural product, Stemphyperylenol (70) (Figure 19), were
isolated from Alternaria sp. HDN19-690 associated to an Antarctic sponge. Compound 67

exhibited promising antibacterial activity against methicillin-resistant coagulase negative
Staphylococcus (MRCNS), Bacillus subtilis, Proteus mirabilis, Bacillus cereus, Escherichia coli,
and Mycobacterium phlei with MIC values ranging from 3.13 to 12.5 μM [53].
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Figure 19. Perylenequinones isolated from Aspergillus insulicola HDN151418.

4. Materials and Methods

Scifinder database and the repositories of the Pontificia Universidad Católica de Chile
and Universidad Técnica Federico Santa Maria were used to search for reports published
from 1996 to date. The search criteria focused on marine fungi obtained from Chilean
coasts, the South Shetland Islands, and Antarctic peninsula and reports of novel marine
NPs that were spectroscopically characterized and presented biological or pharmaceutical
properties. Descriptions involving vegetable extracts or primary metabolites were omitted.

5. Conclusions

Natural products from Chilean marine fungi represent a prolific and yet underexplored
source of chemical structures with remarkable biomedical applications (Table 1). Alkaloids,
polyketides, terpenoids, isoprenoids, non-isoprenoid compounds, and quinones display the
most relevant biological activities. There are few studies on secondary metabolites isolated
from marine fungi collected in Chile, highlighting the antimicrobial activity presented by
some crude extracts and the antitumor activity of some of the isolated compounds. The
dearth of studies may be attributed to the difficulties in cultivating microorganisms, some
of which cannot survive under standard laboratory conditions and therefore cannot be
cultured using traditional techniques. It is complicated to reproduce the conditions found
inside the host marine organisms. The culture medium used is suitable for facultative fungi
but probably inadequate for natural marine fungi. Recent advances in chromatographic
and spectroscopic techniques now open a world of possibility for isolating secondary
metabolites of these organisms that are abundant in Chilean marine ecosystems.

Table 1. Secondary metabolites isolated from Chilean and Antarctic Fungi.

Compounds Fungi Region Bioactivity References

1 Cladosporium cladosporioides

Chilean coasts

Not antimicrobial activity showed [23]

2
Inonotus obliquus
Geotrichum sp.

Cytotoxic activity, Lipid-peroxidation,
Antioxidant activity [22,23,26]

3

Penicillium brevicompactum
Antibacterial activity

[24]
4

5

6

7 Geotrichum sp. Not tested [26]

8

Scleroderma polyrizum
Geotrichum sp.

Lampteromyces japonicus
Fomes officinalis

Not tested [25,26]
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Table 1. Cont.

Compounds Fungi Region Bioactivity References

9 Geotrichum sp.

Chilean coasts

Not tested [26]

10 Geomyces sp. Not tested [27]

11

Aspergillus sp.

Antibacterial activity

[28]12 Antitumor activity

13 Vasorelaxant activity

14 Aspergillus sp. Not tested [28]

15

Geomyces sp.

Antarctic

Not antimicrobial, and antifungal
activity showed

[31–34]
16

Not antimicrobial, and antifungal
activity showed

17
Not antimicrobial, and antifungal

activity showed

18 Antifungal activity

19 Antibacterial activity

20

Tridocherma asperellum

Not tested

[35]

21 Not tested

22 Not tested

23 Not tested

24 Not tested

25 Not tested

26
Penicillium crustosum

Not cytotoxic activity showed
[36,37]

27 Inhibit nuclear factor-κB (NF-κB)

28

Oidiodendron truncatum
GW3-13

Cytotoxic activity

[38]

29

30

31 No significant cytotoxic activity showed

32 No significant cytotoxic activity showed

33 No significant cytotoxic activity showed

34 No significant cytotoxic activity showed

35

Pseudogymnoascus sp.

Not antimicrobial and antifungal activity showed

[40]
36 Not antimicrobial and antifungal activity showed

37 Not antimicrobial and antifungal activity showed

38 Not antimicrobial and antifungal activity showed

39

Penicillium sp. Antarctic

Antiproliferative effect

[42]

40 Not antiproliferative effect showed

41 Not antiproliferative effect showed

42 Not antiproliferative effect showed

43 Not antiproliferative effect showed

44 Not antiproliferative effect showed

45 Not antiproliferative effect showed

46 Not antiproliferative effect showed
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Table 1. Cont.

Compounds Fungi Region Bioactivity References

47

Penicillium crestosum (PRB-2)

Antarctic

No cytotoxic and antibacterial activity showed

[44]
48 Antibacterial activity

49 Antibacterial activity

50 No cytotoxic, and antibacterial activity showed

51

Penicillium chrysogenum

Moderate alpha glucosidase inhibition, no
cytotoxic and antibacterial activity showed

[47]

51a Moderate alpha glucosidase inhibition, no
cytotoxic and antibacterial activity showed

51b Moderate alpha glucosidase inhibition, no
cytotoxic and antibacterial activity showed

52a Moderate alpha glucosidase inhibition, no
cytotoxic and antibacterial activity showed

52b Moderate alpha glucosidase inhibition, no
cytotoxic and antibacterial activity showed

53 Antibacterial activity

54 Cytotoxic activity

55 Alpha glucosidase inhibition

56

Penicillium echinulatum

Photoprotective and antioxidant activity [48]

57 No cytotoxic and antibacterial activity showed

58 Cytotoxic activity

59 Cytotoxic activity

60 Penicillium sp. CRM-1540 Antibacterial activity [49]

61 Talaromyces sp. HDN151403 Cytotoxic activity [50]

62 Sporothrix sp. Cytotoxic activity [51]

63

Aspergillus insulicola
HDN151418

No cytotoxic activity showed

[52]
64 No cytotoxic activity showed

65 Cytotoxic activity

66 Cytotoxic activity

67

Alternaria sp. HDN19-690

Antibacterial activity, no cytotoxic activity
showed

[53]68 No cytotoxic and antibacterial activity showed

69 No cytotoxic and antibacterial activity showed

70 No cytotoxic and antibacterial activity showed
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Abstract: Marine-derived fungi are renowned as a source of astonishingly significant and synthet-
ically appealing metabolites that are proven as new lead chemicals for chemical, pharmaceutical,
and agricultural fields. Aspergillus sydowii is a saprotrophic, ubiquitous, and halophilic fungus
that is commonly found in different marine ecosystems. This fungus can cause aspergillosis in
sea fan corals leading to sea fan mortality with subsequent changes in coral community structure.
Interestingly, A. sydowi is a prolific source of distinct and structurally varied metabolites such as
alkaloids, xanthones, terpenes, anthraquinones, sterols, diphenyl ethers, pyrones, cyclopentenones,
and polyketides with a range of bioactivities. A. sydowii has capacity to produce various enzymes
with marked industrial and biotechnological potential, including α-amylases, lipases, xylanases,
cellulases, keratinases, and tannases. Also, this fungus has the capacity for bioremediation as well as
the biocatalysis of various chemical reactions. The current work aimed at focusing on the bright side
of this fungus. In this review, published studies on isolated metabolites from A. sydowii, including
their structures, biological functions, and biosynthesis, as well as the biotechnological and industrial
significance of this fungus, were highlighted. More than 245 compounds were described in the
current review with 134 references published within the period from 1975 to June 2023.

Keywords: fungi; Aspergillus sydowii; metabolites; enzymes; biotechnology; bioremediation;
renewable resources; life on land; marine natural products; drug discovery

1. Introduction

Fungi have so far received substantial attention for enhancing value in agricultural,
industrial, pharmaceutical, and health fields [1–4]. During the past few decades, there
have been some extremely intriguing advances in the utilization of fungi for new processes,
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products, and solutions that are crucial for the world. Also, fungi are proven to be a
prolific pool of structurally varied bioactive metabolites. Additionally, fungal enzymes
have been utilized instead of chemical processes in various industries, including those
of textiles, leather, paper, pulp, animal feed, baked goods, beer, wine, and juice, which
greatly reduces negative environmental effects [5]. Genus Aspergillus (Moniliaceae) is
one of the most valuable fungal genera of commercial, biotechnological, and medicinal
importance [6–8]. It comprises 400 species and attracts remarkable interest as a wealthy pool
of structurally varied metabolites, including terpenoids, alkaloids, peptides, xanthones,
and polyketides [7–9]. These metabolites have diverse bioactivities such as antibacterial,
cytotoxic, antifungal, and anti-HIV activities.

Aspergillus sydowii is a saprotrophic, ubiquitous, and halophilic fungus and represents
one of the widely distributed Aspergillus species [10–12]. It is commonly found in different
habitats all over the world, including diverse soil and marine ecosystems, and possesses a
broad range of salinity tolerance [13]. Interestingly, halophilic A. sydowii is employed as a
model organism for investigating filamentous fungi’s molecular adaptation to hyperosmo-
larity [13]. A. sydowii can survive as a food contaminant, as a soil-decomposing saprotroph,
and as an opportunistic human pathogen [14]. It causes onychomycosis and aspergillosis
in humans, as well as aspergillosis in sea fan corals, on the basis of Koch’s postulate and
physiological, morphological, and nucleotide sequence analyses [15–17]. Aspergillosis
symptoms involve small necrotic lesions of tissues with purple halos, like the pathology
of coral bleaching [18]. This leads to sea fan mortality and subsequent changes in coral
community structure [18]. It was reported to cause 20–90% mortality in sea fans in the
Florida Keys [18].

In addition to its pathogenic potential, A. sydowii has captured a considerable number
of researchers’ attention due to its capacity to create a variety of biotechnologically and
industrially significant enzymes, such as lipases, α-amylases, xylanases, cellulases, tan-
nases, and keratinases [19–23]. Additionally, A. sydowii biosynthesizes various classes of
metabolites, such as sesquiterpenoids, alkaloids, xanthones, monoterpenes, anthraquinones,
sterols, triterpenes, diphenyl ethers, pyrones, cyclopentenones, anthocyanins, and polyke-
tides [11,24–38]. These metabolites have drawn remarkable interest because of their promi-
nent bioactivities, including antioxidant, immunosuppression, antiviral, anti-mycobacterial,
antimicrobial, cytotoxic, anti-inflammation, protein tyrosine phosphatase 1B (PTP1B) inhi-
bition, anti-nematode, anti-diabetic, and anti-obesity properties [32,34,37,39–48]. Further,
this fungus is employed for the synthesis of different types of nanoparticles that could have
beneficial pharmaceutical, biotechnological, and industrial applications [49–52]. Recently,
the number of articles on A. sydowii metabolites and their biotechnological and industrial
relevance has risen substantially. It is noteworthy that a review paper discussing A. sydowii,
particularly the positive aspects of this commercially useful fungus, was not found. There-
fore, the current work provided a comprehensive and close insight into this fungus. The
published information on the secondary metabolites identified from this fungus and their
bioactivities were compiled. Additionally, the research on A. sydowii, including applications
in industry, biotechnology, and nanotechnology, has been reviewed. Studies published
in the literature within the period from 1975 to 2023 were reported. Additionally, the
documented biosynthesis routes of the fungus’ major metabolites were illustrated.

Searches were conducted in depth on literature databases, namely PubMed, Web of
Science, and Scopus, as well as on various websites of publishers (Wiley Online Library,
Taylor & Francis, Springer, JACS, Thieme, and Bentham) and scientific websites (Google
Scholar, PubMed, and ScienceDirect). The following phrases and keywords were used for
the search: “Aspergillus sydowii,” “Aspergillus sydowii + compounds,” “Aspergillus sydowii
+ metabolites,” “Aspergillus sydowii + NMR,” “Aspergillus sydowii + biological activity,”
“Aspergillus sydowii + Enzymes,” “Aspergillus sydowii + biotechnology,” “Aspergillus sydowii
+ biotechnological importance,” and “Aspergillus sydowii + nanoparticles”.
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2. Secondary Metabolites of Aspergillus sydowii
2.1. Sesquiterpenes

Phenolic bisabolane sesquiterpenoids are among the main constituents reported from
this fungus. They are a rare class of terpenes that have a p-alkylated benzene connected
with 1C and 8C side chains at C-5 and C-2, respectively. Their structural variability is due to
cyclization, reduction, or oxidation at various alkyl chain carbons to yield carboxylic acid,
alcohol, lactone, double bond, pyran, and furan functionalities. Besides their fascinating
skeletons, they show various bioactivities. It is noteworthy that most of the reported
bisabolanes were separated from marine-derived A. sydowii as discussed below (Table 1).

Table 1. Sesquiterpenoids reported from Aspergillus sydowii (molecular weight and formulae, strain,
host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

(+)-(7S)-Sydonic acid (1) 266 C15H22O4 Cultured, IFO 7531, Japan [11]

- - Acanthophora spicifera (red alga), Rameswaram,
India [53]

Marine sediment, Hsinchu, Taiwan [54]
- - CUGB-F126, seawater, Bohai Sea, Tianjin [15]
- - C1-S01-A7, seawater sample, West Pacific Ocean [55]

- - PSU-F154, genus Annella sp. (gorgonian sea fan),
coastal area, Surat Thani, Thailand [56]

- - MSX19583, spruce litter, Colorado, USA [33]

- - ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

- - C1-S01-A7, seawater sample, West Pacific Ocean [55]

- - SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

- - Deep-sea mud, Dalian, China [58]
- - CPCC 401353, cultured, China [59]

- - LW09, deep-sea sediment, Southwest Indian
Ridge [47]

(7S)-(+)-Hydroxysydonic
acid = Aspergoterpenin C
(2)

282 C15H22O5 Cultured, IFO 7531, Japan [11]

- - Acanthophora spicifera (red alga), Rameswaram,
India [53]

- - SP-1, marine sediment sample, Antarctic Great
Wall Station [40]

- - EN-434, Symphyocladia
latiuscula (red alga), Qingdao coastline, China [32]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

- - Piece of deep-sea mud, Dalian, China [58]
- - CPCC 401353, cultured, China [59]

- - LW09, deep-sea sediment, Southwest Indian
Ridge [47]

(7S)-(−)-10-
Hydroxysydonic
acid (3)

282 C15H22O5 Piece of deep-sea mud, Dalian, China [58]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

- - CPCC 401353, cultured, China [59]

(+)-(7S)-7-O-
Methylsydonic
acid (4)

280 C16H24O4
PSU-F154, genus Annella sp. (marine gorgonian
sea fan), coastal area, Surat Thani, Thailand [56]

(7S,11S)-(+)-12-
Hydroxysydonic
acid (5)

282 C15H22O5 Marine sediment, Hsinchu, Taiwan [54]

- - SP-1, marine sediment, Antarctic Great Wall
Station [40]

- - SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

- - LW09, deep-sea sediment, Southwest Indian
Ridge [47]
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Table 1. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

(7S,11S)-(+)-12-
Acetoxysydonic
acid (6)

324 C17H24O6
ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

(S)-(+)-Dehydrosydonic
acid (7) 264 C15H20O4

ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

7-Deoxy-7,14-
didehydrosydonic
acid (8)

248 C15H20O3 CUGB-F126, seawater, Bohai Sea, Tianjin [15]

- - SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

(E)-7-deoxy-7,8-
didehydrosydonic
acid (9)

248 C15H20O3
SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

(Z)-7-deoxy-7,8-
didehydrosydonic
acid (10)

248 C15H20O3
SCSIO 41301, marine sponge Phakellia fusca, Xisha
Islands, China [35]

(−)-(R)-
Cyclohydroxysydonic
acid (11)

280 C15H20O5
LW09, deep-sea sediment, Southwest Indian
Ridge [47]

Penicibisabolane G (12) 264 C15H20O4
LW09, deep-sea sediment, Southwest Indian
Ridge [47]

11,12-Dihydroxysydonic
acid (13) 298 C15H22O6

LW09, deep-sea sediment, Southwest Indian
Ridge [47]

Expansol G (14) 324 C17H24O6
LW09, deep-sea sediment, Southwest Indian
Ridge [47]

Aspergillusene C (15) 264 C15H20O4
ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

Aspergillusene D (16) 250 C15H22O3
SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

Methyl
(S)-(3-Hydroxy-4-(2-
hydroxy-6-methylheptan-
2-yl)benzoyl)glycinate =
(+)-(7S)-Sydonic acid
glycinate (17)

337 C18H27NO5 CUGB-F126, seawater, Bohai Sea, Tianjin [15]

Serine sydonate (18) 353 C18H27NO6 Deep-sea mud, Dalian, China [58]

- - Cultured, CPCC 401353, China [59]

4′-Alkenyl serine sydonate
(19)

351 C18H25NO6 Deep-sea mud, Dalian, China [58]

4′-Hydroxyl serine
sydonate (20)

369 C18H27NO7 Deep-sea mud, Dalian, China [58]

5′-Hydroxyl serine
sydonate (21)

369 C18H27NO7 Deep-sea mud, Dalian, China [58]

cyclo-12-Hydroxysydonic
acid (22) 264 C15H20O4

SCSIO 41301, Phakellia fusca (marine sponge),
Xisha Islands, China [35]

Sydowic acid (23) 264 C15H20O4 Cultured, Japan [27,29,30]
- - IFO 4284, cultured, Japan [29,30]

- - Acanthophora spicifera (red alga), Rameswaram,
India [53]

- - CUGB-F126, seawater, Bohai Sea, Tianjin [15]
- - C1-S01-A7, seawater sample, West Pacific Ocean [55]
- - EN-434, Symphyocladia

latiuscula (red alga), Qingdao coastline, China [32]

- - Rhododendron mole (leaves), Xing’an, Guangxi,
China [26]
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Table 1. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

(7S,8S)-8-Hydroxysydowic
acid (24) 280 C15H20O5

EN-434, Symphyocladia
latiuscula (red alga), Qingdao coastline, China [32]

(±)-(7R*,10R*)-10-
Hydroxysydowic
acid (25)

280 C15H20O5
EN-434, Symphyocladia
latiuscula (red alga), Qingdao coastline, China [32]

(−)-(7R,10S)-10-
Hydroxysydowic
acid (26)

280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

- - Rhododendron mole (leaves), Xing’an, Guangxi,
China [26]

(−)-(7R,10R)-iso-10-
Hydroxysydowic
acid (27)

280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane A (28) 278 C15H18O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane B (29) 292 C15H16O6
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane C (30) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane D (31) 278 C15H18O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane E (32) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane F (33) 278 C15H18O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane G (34) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane H (35) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane I (36) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane J (37) 264 C14H16O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane K (38) 284 C13H16O5S MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane L (39) 206 C12H14O3
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane M (40) 280 C15H20O5
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Asperbisabolane N (41) 340 C17H24O7
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Aspergillusene A =
(E)-5-(Hydroxymethyl)-2-
(6′-methylhept-2′-en-2′-
yl)phenol (42)

234 C15H22O2
PSU-F154, marine gorgonian sea fan of the genus
Annella sp., coastal area, Surat Thani, Thailand [56]

- - Marine sediment, Hsinchu, Taiwan [54]

- - ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

- - LW09, deep-sea sediment, Southwest Indian
Ridge [47]

25



Mar. Drugs 2023, 21, 441

Table 1. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Aspergillusene B (43) 246 C15H18O3
PSU-F154, genus Annella sp. (gorgonian sea fan),
coastal area, Surat Thani, Thailand [56]

- - LW09, deep-sea sediment, Southwest Indian
Ridge [47]

β-D-Glucopyranosyl
aspergillusene A (44) 396 C21H32O7

J05B-7F-4, Stelletta sp. (marine sponge), South
Korea [36]

(+)-(7S)-Sydonol (45) 252 C15H24O3 MSX19583, spruce litter, Colorado, USA [33]
- - Marine sediment, Hsinchu, Taiwan [54]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

(+)-(7S)-7-O-
Methylsydonol (46) 266 C16H26O3 Marine sediment, Hsinchu, Taiwan [54]

7-Deoxy-7,14-
didehydrosydonol (47) 234 C15H22O2 Marine sediment, Hsinchu, Taiwan [54]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

(−)-5-(hydroxymethyl)-2-
(2′,6′,6′-
trimethyltetrahydro-2H-
pyran-2-yl)phenol (48)

250 C15H22O3
Rhododendron mole (leaves), Xing’an, Guangxi,
China [26]

Anhydrowaraterpol B (49) 250 C15H22O3 Marine sediment, Hsinchu, Taiwan [54]

- - ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

(Z)-5-(Hydroxymenthyl)-2-
(6′)-methylhept-2′-en-2′-
yl)-phenol (50)

234 C15H22O2
ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

- - MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Methyl(R,E)-6-(2,3-
dihydroxy-4-methylpenyl)-
2-methylhept-5-enoate (51)

278 C16H22O4
SW9, seawater sample, Yangma Island, Yantai,
China [41]

Cyclowaraterpol A (52) 250 C15H22O3
ZSDS1-F6, unidentified marine sponge, Xisha
Islands, China [45]

(7S)-Flavilane A (53) 298 C16H26O3S 10–31, deep-sea sediments, cold seep off
southwestern Taiwan [38]

(7S)-4-Iodo-flavilane A (54) 424 C16H25IO3S 10–31, deep-sea sediments, cold seep off
southwestern Taiwan [38]

Aspersydosulfoxide A (55) 280 C16H24O2S LW09, deep-sea sediment, Southwest Indian
Ridge [47]

Aspercuparene A (56) 262 C15H18O4
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Aspercuparene B (57) 264 C15H20O4
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

Aspercuparene C (58) 260 C15H16O4
MCCC 3A00324, deep-sea sediment, South
Atlantic Ocean [57]

In 1978, Hamasaki and his group separated and characterized compounds 1 and 2

as optically inactive metabolites from A. sydowii acetone extract by spectral and chemical
means. These compounds were soluble in saturated NaHCO3 and positively reacted with
bromophenol blue [11] (Figure 1).
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Figure 1. Structures of sesquiterpenoids (1–21) reported from A. sydowii.

Aspergillusene D (16) with a 7S-configuration was reported as a new sesquiterpenoid
from Phakellia fusca-associated A. sydowii SCSIO-41301 by Liu et al., along with compounds
1, 5 8, 9, 10, and 22 that were characterized based on spectral and ECD (electronic circular
dichroism) analyses [35]. Xu et al. separated compound 17, along with compounds 1, 8,
and 23, from A. sydowii CUGB-F126 isolated from the Bohai Sea, Tianjin, using SiO2 (silica
gel)/Sephadex LH-20/HPLC (high-performance liquid chromatography). Compound 17 is
a new sydonic acid analog with a glycinate moiety [15].

Sun et al. developed a new approach that integrated computational programs (MS
(mass spectrometry)-DIAL and MS-FINDER) and web-based tools (MetaboAnalyst and
GNPS) for the identification of A. sydowii–Bacillus subtilis coculture metabolites, wherein
25 biosynthesized metabolites were detected and purified by SiO2/ODS CC/HPLC. Among
them, compounds 1, 2, 3, and 18–21 were characterized by spectral and CD (circular dichro-
ism) analyses [58]. Further, Hu et al. separated and characterized new bisabolene-type
sesquiterpenoids 24 and 25 as well as the known analogs 2 and 23 from A. sydowii EN-434 ob-
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tained from Symphyocladia latiuscula marine red alga using RP-18 (reversed phase-18)/SiO2
CC (silica gel column chromatography) and spectral and ECD data. Compounds 24 and
25 have 7S/8S and 7R*/10R* configurations, respectively [32]. Fourteen new phenolic
bisabolanes with varied structures, labeled 28–41, were separated and characterized by Niu
et al. from the deep-sea sediment-derived A. sydowii MCCC-3A00324 (Figure 2).

 

Figure 2. Structures of sesquiterpenoids (22–41) reported from A. sydowii.

Compounds 28 and 29 are the first bisabolanes with a 6/6/6 tricyclic skeleton, whereas
compound 30 features a novel seco-bisabolane with a rare dioxolane moiety, and compound
38 has an unusual methylsulfonyl moiety [57]. Trisuwan et al. purified—from A. sydowii
PSUF154 isolated from gorgonian sea fan of genus Annella—new bisabolane-type sesquiter-
penes 4, 42, and 43, along with 1. Compound 42 has 2-substituted 6-methyl-2-heptenyl
and 1,2,4-trisubstituted benzene. Compound 43‘s benzofuran moiety results from the ether
linkage of C-1 OH of the tri-substituted phenyl and 2-substituted 6-methyl-2-heptenyl
moieties. Compound 4 is a methyl ether of compound 1 with a 7S configuration [56]. The
first phenolic bisabolane sesquiterpene glycoside, β-D-glucopyranosyl aspergillusene A
(44), was purified from sponge-derived A. sydowii [36] and assigned using spectral and
chemical methods [36].

Chung et al. stated that the addition of 5-azacytidine (a DNA methyltransferase
inhibitor) to the culture of marine sediment-derived A. sydowii obtained from Hsinchu,
Taiwan, significantly promoted the production of various metabolites [54]. Investigation
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of the EtOAc (ethyl acetate) extract of 5-azacytidine-treated culture broth by SiO2 CC and
HPLC yielded new bisabolane sesquiterpenoids 5, 46, and 47, along with 1, 42, 45, and 49,
that were assigned based on spectral analyses. The S-configuration of compounds 5 and
46 was assigned using optical rotation comparison, whereas compound 46 ([α]D +1.87)
is a methyl derivative of compound 45 ([α]D +7.2) and compound 5 ([α]D +3.9) is C-12
hydroxy analog of compound 1 ([α]D +23) (Figure 3). On the other hand, compound 47

is closely similar to the previously reported compound 8 except for the absence of the
C-3 carboxylic group in compound 47 [54]. Compounds 5, 46, and 47 were proposed
to be biosynthesized from farnesyl diphosphate (FPP) created from the addition of an
IPP (isopentenyl diphosphate) unit to a GPP (geranyl diphosphate) (Scheme 1). Then,
cyclization and folding of the carbon chain through an electrophilic attack on double bonds
produced the bisabolane nucleus that then underwent a series of carboxylation, hydration,
oxidation, and reduction to give compounds 5, 46, and 47 [54].

 
Figure 3. Structures of sesquiterpenoids (42–58) reported from A. sydowii.

A new bisabolane sesquiterpenoid, compound 15, in addition to compounds 1, 7,
6, 42, 47, 49, 50, and 52, were purified from A. sydowii ZSDS1-F6 EtOAc extract using
SiO2/Sephadex LH-20/RP-HPLC by Wang et al. [45]. Compound 51 is a new aromatic
bisabolene-type sesquiterpenoid with 11S-configuration purified and characterized from
the sea-derived A. sydowii SW9 [41]. In 2022, Liu et al. purified a rare iodine- and sulfur-
containing derivative (7S)- 4-iodo-flavilane A (54) along with compound 53. Compound
54 is 4-iodinated analog of compound 53 and its absolute S-configuration was proven by
ECD analysis [38]. Furthermore, three undescribed cuparene-type sesquiterpenes, labeled
56–58, were isolated from fermented cultured EtOAc extract of the sea sediment-derived
A. sydowii MCCC-3A00324 using SiO2/RP-18/Sephadex LH-20 CC/HPLC and assigned
using spectral and ECD analyses. They represent rare cuparene-type sesquiterpenoids
having a C-10 keto group and were discovered for the first time from filamentous fungi [57].
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Scheme 1. Biosynthetic pathway of compounds 5, 46, and 47: GPP: Geranyl diphosphate; FPP:
Farnesyl diphosphate; IPP: Isopentenyl diphosphate [54].

2.2. Mono- and Triterpenoids and Sterols

In 2020, the chemical investigation of deep-sea sediment-isolated A. sydowii MCCC-
3A00324 by Niu et al. led to the separation of new osmane-type monoterpenoids asper-
monoterpenoids A (59) and B (60) by SiO2 CC/HPLC and their structures were determined
by spectral, ECD, and specific rotation analyses (Table 2, Figure 4). Compounds 59 and 60

are the first osmane monoterpenes reported from fungi, whereas compound 59 features a
novel skeleton, which is possibly derived after the cleavage of the cyclopentane ring and ox-
idation reaction of the osmane monoterpenoid. They have 4S and 4S/5R/6S configurations,
respectively [60].

 

Figure 4. Structures of mono- (59 and 60) and triterpenoids (61 and 62) and sterols (63–68) reported
from A. sydowii.
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Table 2. Mono- and triterpenoids and sterols reported from A. sydowii (molecular weight and
formulae, strain, host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Monoterpenoids

Aspermonoterpenoid A (59) 198 C10H14O4
MCCC 3A00324, deep-sea
sediment, South Atlantic Ocean [60]

Aspermonoterpenoid B (60) 182 C10H14O3
MCCC 3A00324, deep-sea
sediment, South Atlantic Ocean [60]

Triterpenoids

(4S,5S,6S,8S,9S,10R,13R,14S,16S,17Z)-6,16-
Diacetoxy-25-hydroxy-3,7-dioxy-29-
nordammara-1,17(20)-dien-21-oic
acid (61)

572 C32H44O9
PFW1-13, driftwood, beach of
Baishamen, Hainan, China [48]

Helvolic acid (62) 554 C32H42O8
PFW1-13, driftwood, beach of
Baishamen, Hainan, China [48]

Sterols

Ergosterol peroxide (63) 430 C28H46O3
C1-S01-A7, seawater, West
Pacific Ocean [55]

Ergosta-7,22-dien-3β-ol (64) 398 C28H46O C1-S01-A7, seawater, West
Pacific Ocean [55]

Ergosterol (65) 396 C28H44O C1-S01-A7, seawater, West
Pacific Ocean [55]

β-Sitosterol (66) 414 C29H50O C1-S01-A7, seawater, West
Pacific Ocean [55]

Cerevisterol (67) 430 C28H46O3
YH11-2, deep-sea fungus, Guam,
South Japan [44]

(17R)-17-Methylincistererol (68) 346 C22H34O3
YH11-2, deep-sea fungus, Guam,
South Japan [44]

These metabolites were proposed to be biosynthesized from a GPP that underwent
subsequent hydrolysis/oxygenation/cyclization to yield the monocyclic osmane monoter-
penoid ring. Then, carbon–carbon bond cleavage of osmane gives intermediate I and its
further oxygenation yields compound 59, whilst the osmane oxygenation forms compound
60 [60] (Scheme 2).

.

Scheme 2. Biosynthetic pathway of compounds 59 and 60 [60].

Zhang et al. purified and characterized compound 61, a new 29-nordammarane-type
triterpenoid, in addition to its known analog, compound 62, from the marine-derived
A. sydowii PFW1-13 [48]. Compound 61 is structurally similar to compound 62 with a
1,1,2-trisubstituted ethanol unit instead of a trisubstituted ethenyl unit, suggesting that
compound 61 is a C24–C25 hydrated derivative of compound 62 [48]. Its configuration
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was assigned as 4S/5S/6S/8S/9S/10R/13R/14S/16S/17Z based on comparing its optical
rotation (−118.9) with that of compound 62 (optical rotation −105.1) [48].

Wang et al., in 2019, reported the separation of ergosterol derivatives 63–66 from
deep-sea water-isolated A. sydowii [55], while compounds 68 and 69 were separated by
Li et al.; compound 69 was assumed to be a sterol degradation product [44].

2.3. Xanthone and Anthraquinone Derivatives

Xanthones are commonly found in lichen, fungi, plants, and bacteria [61]. In fungi,
xanthones are mostly derived from acetyl-CoA through a series of polyketide synthase-
catalyzed chemical transformations [62]. These metabolites were found to demonstrate
diverse bioactivities.

Compounds 69 and 71 were reported from the EtOAc extract of 5-azacytidine-treated
A. sydowii culture broth [54]. Additionally, from liverwort Scapania ciliate-accompanied
A. sydowii, new xanthone derivatives, labeled 72, 76, and 77, and known compounds
74 and 78 were isolated by SiO2/Sephadex LH-20 CC/HPLC and assigned by spectral
data. Compounds 76 and 77 are examples of sulfur-containing xanthones; compound 77

has an additional acetyl group at C-13 and compound 72 features C-2-OH instead of the
methylthio moiety as in compound 76 [63]. New hydrogenated xanthones, aspergillusones
A (86) and B (87), along with compounds 69, 71, 73, 88, and 90, were purified from a strain
associated with the gorgonian sea fan of the genus Annella by Trisuwan et al. Compound 86

is a 11-deoxy derivative of compound 88 with an optical rotation of −1.6 and the same C-7
and C-8 absolute configuration, whereas compound 87 is a 1-hydroxy analog of compound
90 with 7R/8R and −46.3 optical rotation (Figure 5) [56].

 
Figure 5. Structures of xanthones (69–80) reported from A. sydowii.

In 2019, Wang et al. purified two novel xanthones, labeled 70 and 79, along with the
known xanthones 71, 72, 74, 86, 88, and 89 and quinones 91, 94, and 96, from seawater-
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derived A. sydowii C1-S01-A7 using SiO2/Sephadex LH-20/RP-18/HPLC; the compounds
were elucidated by spectral analyses (Table 3). Compound 79 is similar to previously
reported 2-hydroxyvertixanthone with an additional formyl moiety at C-6, whereas com-
pound 70 is similar to compound 69 with one more acetyl group at C-12 [55].

Table 3. Xanthones and quinones reported from Aspergillus sydowii (molecular weight and formulae,
strain, host, and location).

Compound Name/Chemical Class Mol. Wt. Mol. Formula Strain, Host, and Location Ref.

Xanthones

Sydowinin A (69) 300 C16H12O6 Cultured, IFO 4284, Japan [29]

- -
PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

12-O-Acetyl-sydowinin A (70) 342 C18H14O7 C1-S01-A7, seawater, West Pacific Ocean [55]
Sydowinin B (71) 316 C16H12O7 Cultured, IFO 4284, Japan [29]

- - Marine sediment, Hsinchu, Taiwan [54]

- -
PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

- - Marine sediment, Hsinchu, Taiwan [54]
- - C1-S01-A7, seawater, West Pacific Ocean [55]

13-O-Acetylsydowinin B (72) 358 C18H14O8
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

- - J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

- - C1-S01-A7, seawater, West Pacific Ocean [55]

Methyl 8-hydroxy-6-methyl-9-oxo-9H-
xanthene-1-carboxylate (73) 284 C16H12O5

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

Pinselin (74) 300 C16H12O6

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

- - Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

- - C1-S01-A7, seawater, West Pacific Ocean [55]
Methyl 1,6-dihydroxy-3-methyl-9-oxo-
9H-xanthene-1-carboxylate (75) 300 C16H12O6

Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [56]

Sydoxanthone A (76) 388 C19H16O7S Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

Sydoxanthone B (77) 346 C17H14O6S Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

8-Hydroxy-6-methyl-9-oxo-9H-
xanthene-1-carboxylic acid methyl
ester (78)

284 C16H12O5
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

2-Hydroxy-6-formyl-
vertixanthone (79) 314 C16H10O7 C1-S01-A7, seawater, West Pacific Ocean [55]

2-Hydroxy-1-(hydroxymethyl)-8-
methoxy-3-methyl-9H-xanthen-9-
one (80)

286 C16H14O5
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

2-Hydroxy-1-(hydroxymethyl)-7,8-
dimethoxy-3-methyl-9H-xanthen-9-
one (81)

316 C17H16O6
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

Austocystin A (82) 372 C19H13ClO6

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]
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Table 3. Cont.

Compound Name/Chemical Class Mol. Wt. Mol. Formula Strain, Host, and Location Ref.

6-Methoxyl austocystin A (83) 402 C20H15ClO7

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]

Sterigmatocystin (84) 324 C18H12O6

DC08, Dachtylospongia sp. (marine
sponge), South Coast, West Sumatra,
Indonesia

[39]

Sydowinol (85) 318 C16H14O7 IFO 4284, Cultured, Japan [29]

Aspergillusone A (86) 304 C16H16O6

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

- - C1-S01-A7, seawater, West Pacific Ocean [55]

Aspergillusone B (87) 338 C16H18O8

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

(7R,8R)-AGI-B4 (88) 320 C16H16O7

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

- - Marine sediment, Hsinchu, Taiwan [54]
- - C1-S01-A7, seawater, West Pacific Ocean [55]

12-O-Acetyl (7R,8R)-AGI-B4 (89) 362 C18H18O8 C1-S01-A7, seawater, West Pacific Ocean [55]

(7R,8R)-α-Diversonolic ester (90) 322 C16H18O7

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

Quinones

Emodin (91) 270 C15H10O5
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

- - C1-S01-A7, seawater, West Pacific Ocean [55]

Emodic acid (92) 300 C15H8O7
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

Parietinic acid (93) 314 C16H10O7
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

Questin (94) 284 C16H12O5
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

- - C1-S01-A7, seawater, West Pacific Ocean [55]

- - SCSIO 41301, marine sponge Phakellia
fusca, Xisha Islands, China [35]

1,6,8-Trihydroxy-3-
methylanthraquinone (95) 270 C15H10O5

SCSIO 41301, marine sponge Phakellia
fusca, Xisha Islands, China [35]

Yicathin C (96) 312 C17H12O6
C1-S01-A7, seawater sample, West Pacific
Ocean [55]

1-Hydroxy-6,8-dimethoxy-3-
methylanthraquinone (97) 298 C17H14O5

Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

(+)-3,3′,7,7′,8,8′-hexahydroxy-5,5′-
dimethyl-bianthra-quinone (98) 538 C30H18O10

#2B, leaves, Aricennia marina, Yangjiang,
Guangdong, China [64]

Xanthoradone A (99) 490 C27H22O9
#2B, leaves, Aricennia marina, Yangjiang,
Guangdong, China [64]

The cultured EtOAc extract of A. sydowii SCSIO-41301 associated with Phakellia fusca
provided new xanthones 80 and 81. Compound 80 is related to versicone A with 3-OH
instead of the isopentene group in versicone A, while compound 81 has an additional
6-OCH3 group compared to compound 80 [35]. The new mycotoxin 6-methoxyl austocystin
A (83) and the related known compound 82 were isolated from Verrucella umbraculum-
associated A. sydowii SCSIO-00305 (Figure 6). Compound 83 is similar to compound 82

except for the presence of an additional C6-OCH3. Their 1′R/2S configuration was assigned
based on X-ray analysis [24].
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Figure 6. Structures of xanthones (81–90) reported from A. sydowii.

Additionally, compounds 92–95 are anthraquinones reported by Liu et al. from a
Phakellia fusca-associated fungal strain [35] (Figure 7). Compounds 98 and 99 are quinone
derivatives separated from A. sydowii #2B associated with Aricennia marina by Wang
et al. [64].

2.4. Alkaloids

Alkaloids have drawn considerable attention because of their unique structural fea-
tures and varied bioactivities. Interestingly, alkaloids belonging to various classes were
reported from A. sydowii.

From the culture broth of coral Verrucella umbraculum-accompanied A. sydowii SCSIO-
00305, using bio-guided fractionation, a new indole diketopiperazine member, cyclotrypro-
statin E (101), and compounds 100, 102, and 117–123 were purified using RP-18 CC/HPLC
and characterized by spectral data interpretation [31] (Figure 8). Compound 101 is similar
to compound 100 bar the replacement of the tri-substituted double bond in compound 100

with an oxygen-bonded quaternary carbon; compound 117 possesses indolyl, piperazinyl,
and 1,2-disubstituted phenyl groups [31].

35



Mar. Drugs 2023, 21, 441

 

Figure 7. Structures of quinones (91–99) reported from A. sydowii.

 

Figure 8. Structures of alkaloids (100–117) reported from A. sydowii.
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In 2008, Zheng et al. purified new diketopiperazines 103–105 and a new oxaspiro
[4.4]lactam-containing alkaloid, labeled 131, along with compounds 106–109, 111, 112, 130,
and 140–143 from the EtOAc extract of A. sydowii PFW1-13 isolated from driftwood sourced
from Baishamen beach, Hainan, China, using SiO2/Sephadex LH-20 CC/HPLC [48]. The
configurations of compounds 103–105 and 131 were assigned based on NMR (nuclear
magnetic resonance) and CD spectral analyses, and the specific rotation was 3S/12S/18S for
compound 103 and 9S/12S for compounds 104 and 105, while compound 131 was identified
as a 14-nor-derivative of compound 130 with 5S/8S/9R/10S/11S/12Z configuration [48].

Biosynthetically, compounds 103–105 were postulated to be generated through a mixed
mevalonic acid/amino acid pathway. Compound 105 is generated from the oxidation of
compound 107, which results from mevalonic acid, tryptophan, and alanine. A cyclo(Trp-
Pro) is formed from proline and tryptophan and is further oxidized and methylated to
produce ethoxylated cyclo(Trp-Pro). Then, the latter reacts with mevalonic acid to yield
compound 104 and intermediate I. An intramolecular aldol reaction of intermediate I

yields intermediate III, which is deoxygenated to produce compound 106. Additionally,
the dehydrogenation of compound 106 gives compound 103 (Scheme 3).

 

Scheme 3. Biosynthetic pathway of compounds 103–106 [48].

Kaur et al. separated a new diketopiperazine dimer WIN 64821 (115) and the known
compound 110 using SiO2 CC and RP-HPLC from the CH3OH/CH3CN extract of A. sydowii
MSX-19583 obtained from spruce litter; the compounds were assigned by spectral and
ECD analyses and Marfey’s Method (Table 4). Compound 115 is structurally similar to the
ditryptophenaline reported in various Aspergillus species and derived from tryptophan and
phenylalanine subunits [33].
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Table 4. Alkaloids reported from Aspergillus sydowii (molecular weight and formulae, strain, host,
and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, and Location Ref.

Cyclotryprostatin B (100) 425 C23H27N3O5

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Cyclotryprostatin E (101) 443 C23H29N3O6

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumitremorgin B (102) 479 C27H33N3O5

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

6-Methoxyspirotryprostatin B (103) 393 C22H23N3O4
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

18-Oxotryprostatin A (104) 395 C22H25N3O4
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

14-Hydroxyterezine D (105) 341 C19H23N3O3
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Spirotryprostatin A (106) 365 C21H23N3O2
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Terezine D (107) 325 C19H23N3O2
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Fumitremorgin C (108) 379 C22H25N3O3
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

12,13-Dihydroxyfumitremorgin
C (109) 411 C22H25N3O5

PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

(11S,14S)-Cyclo-(L-Trp-L-Phe) (110) 333 C20H19N3O2

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

- - MSX19583, spruce litter, Colorado, USA [33]

- - J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

- - ZSDS1-F6, unidentified marine sponge,
Xisha Islands, China [45]

- - SP-1, marine sediment, Antarctic Great
Wall Station [40]

- - MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

Didehydrobisdethiobis(methylthio)
gliotoxin (111) 356 C15H20N2O4S2

PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Verruculogen (112) 354 C15H18N2O4S2
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Cyclo-(S-Pro-S-Ile) (114) 210 C11H18N2O2 Cultured, China [28]
Cyclo-(S-Pro-R-Leu) (113) 210 C11H18N2O2 Cultured, China [28]
WIN 64821 (115) 664 C40H36N6O4 MSX19583, spruce litter, Colorado, USA [33]

- - C1-S01-A7, seawater, West Pacific Ocean [55]
Bisdethiobis(methylthio)-
acetylaranotin (116) 534 C24H26N2O8S2 Cultured, China [28]

[4-(2-Methoxyphenyl)-1-
piperazinyl][(1-methyl-1H-indol-3-
yl)]-methanone (117)

349 C21H23N3O2

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumiquinazoline A (118) 445 C24H23N5O4

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumiquinazoline B (119) 445 C24H23N5O4

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]
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Table 4. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, and Location Ref.

Fumiquinazoline C (120) 443 C24H21N5O4

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumiquinazoline D (121) 443 C24H21N5O4

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumiquinazoline F (122) 358 C21H18N4O2

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

Fumiquinazoline G (123) 358 C21H18N4O2

SCSIO 00305, Verrucella
umbraculum (gorgonian), Sanya, Hainan,
China

[31]

2-(4-Hydroxybenzyl)-4-(3-
acetyl)quinazolin-one (124) 294 C17H14N2O3

SW9, seawater, Yangma Island, Yantai,
China [41]

2-(4-Hydroxybenzoyl)-4(3H)-
quinazolinone (125) 252 C15H12N2O2

SW9, seawater, Yangma Island, Yantai,
China [41]

2-(4-Oxo-3,4-dihydroquinazolin-2-
yl)benzoic
acid (126)

266 C15H10N2O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

Acremolin (127) 231 C11H13N5O MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

Acremolin C (128) 245 C12H15N5O SP-1, marine sediment, Antarctic Great
Wall Station [40]

Acremolin D (129) 289 C13H15N5O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

Pseustin A (130) 431 C22H25NO8
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

14-Norpseurotin A (131) 417 C21H23NO8
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Azaspirofurans A (132) 411 C21H19NO7
D2-6, Marine sediment, Jiaozhou Bay,
China [43]

Azaspirofurans B (133) C22H21NO7
D2-6, Marine sediment, Jiaozhou Bay,
China [43]

Chrysotriazole A (134) 311 C17H17N3O3
SW9, seawater, Yangma Island, Yantai,
China [41]

Indoleacetic acid (135) 175 C10H9NO2
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

Pyrrole-2-carboxylic acid (136) 111 C5H5NO2
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [65]

2-Acetylaminobenzamide (137) 178 C9H10N2O2 C1-S01-A7, seawater, West Pacific Ocean [55]
1,4-Dioxa-9,12-diazacyclohexadecane-
5,8,13,16-tetraone (138) 286 C12H18N2O6 Cultured, China [28]

N-Acetyltyramine (139) 179 C10H13NO2 Cultured, China [28]

Fumigaclavine B (140) 366 C23H30N2O2
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Fumigaclavine C (141) 298 C18H22N2O2
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Pyripyropene A (142) 525 C29H35NO8
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

Pyripyropene E (143) 569 C30H35NO10
PFW1-13, driftwood, Baishamen beach,
Hainan, China [48]

A new quinazolinone alkaloid, labeled 124, as well as related alkaloid 125 and triazole
analog 134 were separated and characterized from the mycelia EtOAc extract of seawater-
derived A. sydowii SW9 using SiO2/Rp-18/Sephadex LH-20 CC and spectral analyses
(Figure 9). Compound 124 is an acetyl derivative of 2-(4-hydroxybenzyl)quinazolin-4(3H)-
one, previously reported from Cordyceps-associated Isaria farinose [41,66].
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Figure 9. Structures of quinazoline alkaloids (118–126) reported from A. sydowii.

Acremolins are rare alkaloids with a 5/6/5 tricyclic core, possessing an imidazole
moiety fused with a methyl guanine moiety. Interestingly, acremolins were reported from
Aspergillus species Aspergillus sp. S-3-75 and SCSIO-Ind09F01 and A. sydowii SP-1 [40,67].
From the Antarctic A. sydowii SP-1, a new alkaloid acremolin C (128) along with compound
110 were separated using SiO2 CC/ODS/HPLC and characterized by spectral methods.
Compound 128 is a regio-isomer of acremolin B previously reported by Tian et al. from the
deep-sea-derived fungus Aspergillus sp. SCSIO and has a isopropyl group at C-2′ instead of
C-1′ (Figure 10) [40,67]. In 2022, Niu et al. purified and characterized, from the deep-sea-
derived A. sydowii MCCC-3A00324, a new acremolin alkaloid acremolin D (129) along with
compounds 110, 126, 127, 135, and 136 using SiO2 CC/HPLC and spectral and ECD data.
Compound 129 is closely related to compound 127 in that one CH3 group in 127 has been
replaced by an acetoxy methylene group [65].

New hetero-spirocyclic γ-lactam analogs azaspirofurans A (132) and B (133) were
separated from the marine sediment-derived A. sydowii D2-6 using SiO2/Sephadex LH-20
CC and were characterized based on spectral and chemical evidence (Figure 10). These
compounds featured an ethyl furan ring linked to 1-oxa-7-azaspiro[4,4]non2-ene-4,6-dione
core [43].

2.5. Phenyl Ether Derivatives

Phenyl ethers are a group of simple polyketides that are widely reported in various
Aspergillus species and have shown significant bioactivities (Table 5).
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Figure 10. Structures of alkaloids (127–143) reported from A. sydowii.

41



Mar. Drugs 2023, 21, 441

Table 5. Phenyl ether derivatives reported from Aspergillus sydowii (molecular weight and formulae,
strain, host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Violaceol I (144) 262 C14H14O5
MF357, sea sediment, East China Sea,
China [37]

- - J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

Violaceol II (145) 248 C13H12O5
MF357, sea sediment, East China Sea,
China [37]

- - J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

Diorcinol (146) 230 C14H14O3 Marine sediment, Hsinchu, Taiwan [54]

- - J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

- - FNA026, seawater, Xiamen, China [9]

- - MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

4-Carboxydiorcinal (147) 274 C15H14O5
J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

FNA026, seawater, Xiamen, China [9]

Diorcinolic acid (148) 318 C16H14O7
J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

Glyceryl diorcinolic acid (149) 392 C19H20O9 FNA026, seawater, Xiamen, China [9]

4-Methoxycarbonyl diorcinol (150) 288 C16H16O5 FNA026, seawater, Xiamen, China [9]

10-Deoxygerfelin (151) 274 C15H14O5 CPCC 401353, cultured, China [59]

Cordyol C (152) 246 C14H14O4
J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

- - FNA026, seawater, Xiamen, China [9]

- - MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

Cordyol E (153) 244 C15H16O3
J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

Cordyol F (154) 276 C15H16O5 FNA026, seawater, Xiamen, China [9]

Cordyol
C-3-O-α-D-ribofuranoside (155) 378 C19H22O8 FNA026, seawater, Xiamen, China [9]

Diorcinol-3-O-α-D-
ribofuranoside (156) 362 C19H22O7 FNA026, seawater, Xiamen, China [9]

4-Methoxycarbonyl
diorcinol-3-O-α-D-glucoside (157) 450 C22H26O10 FNA026, seawater, Xiamen, China [9]

Disydonol B (158) 486 C30H46O5 FNA026, seawater, Xiamen, China [55]

2-(Ethoxycarbonyl)-4′-
carboxydiorcinal (159) 348 C17H16O8 FNA026, seawater, Xiamen, China [9]

7-Ethyldiorcinol (160) 244 C15H16O3 FNA026, seawater, Xiamen, China [9]

3-Hydroxydiorcinol (161) 246 C14H14O4 FNA026, seawater, Xiamen, China [9]

Aspergilol E (162) 304 C16H16O6 FNA026, seawater, Xiamen, China [9]

4-Hydroxy-2-(3′-hydroxy-4-
methoxycarbonyl-5′-methylphenoxy)-
6-methylbenzoic
acid (163)

332 C17H16O7 FNA026, seawater, Xiamen, China [9]
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Table 5. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Aspermutarubrol (164) 262 C14H14O5 FNA026, seawater, Xiamen, China [9]

Bisviolaceol II (165) 506 C28H26O9
10–31, sediments, deep-sea, cold seep off
southwestern Taiwan [38]

Sydowiol A (166) 370 C20H18O7
MF357, sea sediment, East China Sea,
China [37]

Sydowiol B (167) 384 C21H20O7
MF357, sea sediment, East China Sea,
China [37]

Sydowiol C (168) 384 C21H20O7
MF357, sea sediment, East China Sea,
China [37]

A new biphenyl ether derivative diorcinolic acid (148) together with compounds
144–147, 152, and 153 were separated from marine sponge Stelletta sp.-associated A. sydowii
(Figure 11). Compound 149 featured two ether-linked 1,3-dioxy-6-carboxy-5-methylphenyl
units. It was assigned as dicarboxylated diorcinol (carboxylated orcinol‘s ether-linked
dimer) [36]. Bioassay-guided separation of the East China Sea sediment-derived A. sydowii
MF357 yielded new tris-pyrogallol ethers sydowiols A–C (166–168) and related bis-pyrogall
ol ethers 144 and 145 that were characterized based on detailed spectral analysis and sym-
metry considerations [37]. On the other hand, the LC–UV–MS-guided separation of EtOAc
extract of China Sea-derived A. sydowii resulted in new diphenyl ethers 155–157 and 159–
161 along with compounds 146, 147, 149, 150, 152, and 162–164 using SiO2/Sephadex LH-20
CC/HPLC; the compounds were assigned using spectral and chemical methods. Com-
pounds 155 and 156 are rare glycosides, possessing a D-ribose moiety, whereas compound
157 has a D-glucose moiety [9].

 

Figure 11. Structures of phenyl ether derivatives (144–157) reported from A. sydowii.
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From cold seep-derived A. sydowii 10–31, bisviolaceol II (165), a new tetraphenyl
ether derivative, was isolated and characterized by Liu et al. using SiO2/Sephadex LH-20
CC/HPLC and spectral tools, respectively [38] (Figure 12).

 

Figure 12. Structures of phenyl ether derivatives (158–168) reported from A. sydowii.

2.6. Chromane and Coumarin Derivatives

Citrinin is a polyketide-derived mycotoxin that was first reported in Penicillium cit-
rinum as lemon-yellow particles. Also, other species of Monascus, Penicillium, and Aspergillus
genera are found to be capable of producing this toxin [68].

The coculture of two or more different microbes is a useful approach for activating
silent biosynthetic genes to accumulate cryptic compounds. In this regard, an investi-
gation on the EtOAc extract of a coculture of A. sydowii EN-534 and P. citrinum EN-535
obtained from the marine red alga Laurencia okamurai using SiO2/Sephadex LH-20/RP-18
CC/preparative TLC (thin-layer chromatography) resulted in the separation of new citrinin
analogs 171 and 172, in addition to compounds 169, 170, and 173–176, that were character-
ized by spectral, optical rotation, ECD, and X-ray analyses (Table 6, Figure 13). Compounds
171 and 172 are a citrinin dimer and citrinin monomer, respectively. The configurations of
compounds 171–173 were assigned as 3R/4S/2′R/3′S, 3R/4S/2′R, and 3′S/1S/3R/4S by
X-ray and ECD analyses [69]. Further, asperentin B (178), a new asperentin analog, was
obtained from the Mediterranean sea sediment-derived A. sydowii EN50, which is closely
related to compound 177 but with an additional OH at C-6 [46]; it was proposed to be
derived from the hydroxylation of PKS (polyketide synthase) precursor at the aromatic
ring [46].

44



Mar. Drugs 2023, 21, 441

Table 6. Chromane and coumarin derivatives reported from Aspergillus sydowii (molecular weight
and formulae, strain, host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Citrinin (169) 250 C13H14O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Penicitrinol A (170) 382 C23H26O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [[6]

seco-Penicitrinol A (171) 398 C23H26O6
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Penicitrinol L (172) 266 C14H18O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Penicitrinone A (173) 380 C23H24O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Penicitrinone F (174) 394 C24H26O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Dihydrocitrinone (175) 266 C13H14O6
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Decarboxydihydrocitrinone (176) 222 C12H14O4
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

(−)-Asperentin (177) 292 C16H20O5
F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

LF660, sea sediment, Mediterranean Sea,
Levantine Basin SE of Crete [46]

Asperentin B (178) 308 C16H20O6
LF660, sea sediment, Mediterranean Sea,
Levantine Basin SE of Crete [46]

5-O-Methyl-asperentin B = 5-
Hydroxyl-6-O-methylasperentin (179) 322 C17H22O6

F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

LF660, sea sediment, Mediterranean Sea,
Levantine Basin SE of Crete [46]

6-O-α-D-Ribosylasperentin (180) 424 C21H28O9
F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

6-O-α-D-Ribosyl-8-O-
methylasperentin (181) 438 C22H30O9

F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

5′-Hydroxyasperentin (182) 308 C16H20O6
F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

4′-Hydroxyasperentin (183) 308 C16H20O6
F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

Asperentin-8-methyl ether (184) 306 C17H22O5
F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

5′-Hydroxyasperentin-8-methyl
ether (185) 322 C17H22O6

F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

4′-Hydroxyasperentin-6-methyl
ether (186) 322 C17H22O6

F00785, Enteromorpha prolifera (green alga),
Jinjiang Saltern, Fujian province, China [70]

(3R,4S)-3,4,5-Trimethyl-isochroman-
6,8-diol (187) 208 C12H16O3

YH11-2, deep-sea fungus, Guam, South
Japan [44]

(3R,4S)-6,8-dihydroxy-3,4,5-
trimethylisochroman-1-one (188) 222 C12H14O4

YH11-2, deep-sea fungus, Guam, South
Japan [44]
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Table 6. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

2-(12S-Hydroxypropyl)-3-
hydroxymethyl-6-hydroxy-7-
methoxychromone (189)

280 C14H16O6
#2B, Aricennia marina (leaves), Yangjiang,
Guangdong, China [64]

7-Hydroxy-2-(2-hydroxypropyl)-5-
methyl
chromone (190)

234 C13H14O4
J05B-7F-4, Stelletta sp. (marine sponge),
South Korea [36]

Aspercoumarine acid (191) 206 C10H6O5
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

(2R)-2,3-Dihydro-7-hydroxy-6,
8-dimethyl-2-[(E)-prop-1-
enyl]chromen-4-one (192)

232 C14H16O3
YH11-2, deep-sea fungus, Guam, South
Japan [44]

seco

R S
R S

S R

 

Figure 13. Structures of chromane and coumarin derivatives (169–192) reported from A. sydowii.

2.7. Pyrane, Cyclopentene, Cyclopropane, and Lactone Derivatives

Two new 2-pyrone derivatives 195 and 196 and a new cyclopentenone derivative
208 along with known analog 197 were isolated from the South China Sea gorgonian
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Verrucella umbraculum-derived A. sydowii SCSIO-00305 utilizing SiO2/RP-10/Sephadex LH-
20 CC/HPLC (Figure 14). The 8R/8S/5S absolute configuration of compounds 195, 196,
and 208 was established using Mosher’s method and ECD spectra [24]. Liu et al. separated
pryan analogs 194 and 193 from A. sydowii SCSIO-41301 (Table 7) [35]. Two new pyrone
derivatives, labeled 189 and 198, together with compounds 199 and 200 were separated
from Aricennia marina-inhabiting A. sydowii #2B by SiO2/Sephadex LH-20 CC/HPLC. Based
on X-ray analysis and optical rotation measurement, compound 189 has 1S-configuration,
while compounds 198 and 200 are racemic mixtures. Compounds 198 and 200 are alpha-
pyrone derivatives; however, compound 189 is γ-pyrone [64]. Further, two undescribed
α-pyrone derivatives 191 and 201 were separated and characterized from deep-sea-derived
A. sydowii MCCC-3A00324. Compound 201 bears two phenyl moieties at C-3 and C-5 [60].

 

Figure 14. Structures of pyrane, cyclopentene, cyclopropane, and lactone derivatives (193–216)
reported from A. sydowii.
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Table 7. Chromane and coumarin derivatives reported from Aspergillus sydowii (molecular weight
and formulae, strain, host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

4-Hydroxy-3,6-dimethyl-2-
pyrone (194) 140 C7H8O3

SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

4-Methyl-5,6-dihydropyren-2-
one (193) 112 C6H8O2

SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

Sydowione A (195) 226 C12H18O4

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]

Sydowione B (196) 226 C12H18O4

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]

Paecilpyrone A (197) 238 C13H18O4

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]

(±)-Pyrenocine S (198) 226 C11H14O5
#2B, Aricennia marina (leaves), Yangjiang,
Guangdong, China [64]

Pyrenocine A (199) 208 C11H12O4
#2B, Aricennia marina (leaves), Yangjiang,
Guangdong, China [64]

(±)-Pyrenocine E (200) 240 C12H16O5
#2B, Aricennia marina (leaves), Yangjiang,
Guangdong, China [64]

Asperphenylpyrone (201) 310 C18H14O5
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

Macrolactin U′ (202) 480 C31H44O4 Deep-sea mud, Dalian, China [58]

Sydocyclopropane A (203) 270 C14H22O5
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [42]

Sydocyclopropane B (204) 182 C11H18O2
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [42]

Sydocyclopropane C (205) 184 C10H16O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [42]

Sydocyclopropane D (206) 184 C10H16O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [42]

Hamavellone B (207) 180 C11H16O2
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [42]

Sydowione C (208) 284 C15H24O5

SCSIO 00305, Verrucella
unbracculum (gorgonian), South China Sea,
Sanya, Hainan, China

[24]

Cycloerodiol (209) 240 C15H28O2 Cultured, China [28]

Sydowin A (210) 412 C18H14Cl2O7
Acanthophora spicifera (red alga),
Rameswaram, India [53]

Sydowin B (211) 396 C18H14Cl2O6
Acanthophora spicifera (red alga),
Rameswaram, India [53]

3-(2-Hydroxypropyl)-4-(hexa-2E,4E-
dien-6-yl)furan-2(5H)-one (212) 222 C13H18O3 Cultured, China [28]

Pestalotiolactone A (213) 184 C10H16O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]
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Table 7. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

1-Hydroxyboivinianin A (214) 206 C12H14O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [57]

(±)-Sydowiccal (215) 222 C12H14O4
Rhododendron mole (leaves), Xing’an,
Guangxi, China [26]

Butyrolactone-I (216) 424 C24H24O7
#2B, Aricennia marina (leaves), Yangjiang,
Guangdong, China [64]

The cyclopropyl moiety is the smallest cycloalkane moiety. It is a strained moiety that
usually occurs as a structural subunit of various natural metabolites, particularly alkaloids,
steroids, and terpenoids [71,72]. Many polycyclic natural metabolites bearing this ring
were reported in higher plants, archaea, fungi, and bacteria, while monocyclic molecules
are rarely found [73]. In 1920, the first monocyclic cyclopropane (+)-trans-chrysanthemic
acid was reported [42]. In 2022, sydocyclopropanes A–D (203–206), novel monocyclic
cyclopropane acids, along with compound 207 were separated from the deep-sea sediment-
associated A. sydowii MCCC-3A00324 using SiO2 CC/Sephadex LH-20/HPLC and were
characterized by spectral, ECD, and DP4+ probability analyses by Niu et al. [42]. These
metabolites feature a 1,1,2,3-tetrasubstituted cyclopropane moiety with different alkyl side
chains. Their established configurations were 1S/2S/3S/12R for compound 203, 1S/2S/3S
for compounds 204 and 205, and 1S/2R/3S for compound 206, which was identified as a
C-2 epimer of compound 205 [42].

In 2006, Teuscher et al. separated and characterized new hydroxylated, chlorinated di-
aryl cyclopentenone derivatives 210 and 211 from red alga Acanthophora spicifera-associated
A. sydowii using Sephadex LH-20/HPLC and NMR/CD analyses, respectively. These
kinds of metabolites were related to diaryl cyclopentenones reported in order Boletales
basidiomycetic fungi and involved in conspicuous bluing reactions of fruiting bodies and re-
ported for the first time from ascomycetes [53]. Compound 215 was isolated as enantiomers,
involving (+)-(215a) and (−)-(215b), using SiO2/RP-18 CC/HPLC from Rhododendron mole-
accompanied A. sydowii and elucidated by spectral and CD analyses. They were purified
by chiral HPLC and identified to have 7S and 7R configurations, respectively [26].

2.8. Other Metabolites

New catechol derivatives 223 and 224 were separated as racemic by Liu et al. and
could not be separated into their enantiomers. Compound 224 resembles compound 223,
except for the presence of the C-2 COOH group and a 2-methylpentan-1-ol unit, instead
of the 2-CH3 and propionic acid moiety in compound 223 [35] (Table 8, Figure 15). A
new chorismic acid analog, labeled 217, was reported by Liu et al. and its 3R/4S/5R/1′S
configuration was assigned based on ECD analysis [41]. The same group separated a
dibenzofuran derivative, labeled 234, from A. sydowii SCSIO-41301 [35]. Compounds 228–
230 and 234 were separated by Niu et al. from the deep-sea sediment-associated A. sydowii
MCCC-3A00324 [60].

Anthocyanins belong to the flavonoids family and are generally reported from plant
sources. These metabolites have various applications in agro-food industries such as in
natural dyes; additionally, their substantial therapeutic human health in treating obesity
and improving cardiovascular function are of note [74]. In 2020, Bu et al. reported the
capacity of A. sydowii H-1 to produce anthocyanins using metabolomic and transcriptomic
analyses [25]. Compounds 242–246 were characterized; compounds 242 and 244 were the
most abundant of the identified anthocyanins [25]. Interestingly, cinnamate-4-hydroxylase
and chalcone synthase genes were identified as the key genes involved in anthocyanin
biosynthesis [25]. This expanded the knowledge of natural anthocyanin biosynthesis by
fungi for the first time.
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Table 8. Other metabolites reported from Aspergillus sydowii (molecular weight and formulae, strain,
host, and location).

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Sydowether (217) 354 C18H26O7
SW9, seawater, Yangma Island, Yantai,
China [41]

1,9-Dihydroxy-3-(hydroxymethyl)-10-
methoxydibenzo[b,e]oxepine-
6,11-dione (218)

316 C16H12O7
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

8-Demethoxy-10-methoxy-
wentiquinone
C (219)

300 C16H12O6 C1-S01-A7, seawater, West Pacific Ocean [55]

Moniliphenone (220) 286 C16H14O5
Scapania ciliata (Chinese liverwort), Maoer
Mountain, Guangxi, China [63]

Phenol A acid (221) 240 C12H16O5
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

Phenol A (222) 196 C11H16O3
EN-534, Laurencia okamurai (red alga),
Qingdao, China [69]

3-(2,5-Dimethylbenzo[d][1,3]dioxol-2-
yl)propanoic
acid (223)

222 C12H14O4
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

2-(5-Hydroxy-4-methylpentyl)-2-
methylbenzo[d][1,3]dioxole-5-
carboxylic acid (224)

280 C15H20O5
SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

4-Hydroxyphenylacetic acid (225) 152 C8H8O3
SP-1, marine sediment, Antarctic Great
Wall Station [40]

Orcinol (226) 124 C7H8O2

PSU-F154, genus Annella sp. (gorgonian
sea fan), coastal area, Surat Thani,
Thailand

[56]

3-Hydroxybenzoic acid (227) 138 C7H6O3 CPCC 401353, cultured, China [59]

4-Hydroxybenzoic acid (228) 138 C7H6O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

3,4,5-Trimethoxybenzoic acid (229) 212 C10H12O5
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

4-(3′,4′-Dihydroxyphenyl)-2-
butanone (230)

180 C10H12O3
MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

4-Hydroxybenzaldehyde (231) 122 C7H6O2 C1-S01-A7, seawater, West Pacific Ocean [55]

Benzoic acid (232) 122 C7H6O2 CPCC 401353, cultured, China [59]

Gibellulin B (233) 260 C14H12O5 FNA026, seawater, Xiamen, China [9]

3,7-Dihydroxy-1,9-
dimethyldibenzofuran (234) 228 C14H12O3 FNA026, seawater, Xiamen, China [9]

- - SCSIO 41301, Phakellia fusca (marine
sponge), Xisha Islands, China [35]

- - MCCC 3A00324, deep-sea sediment,
South Atlantic Ocean [60]

Orsellinic acid (235) 168 C8H8O4 Deep-sea mud, Dalian, China [58]

- - CPCC 401353, cultured, China [59]

2-Methoxy-5-methyl-3-
(methylsulfonyl)phenol (236) 216 C9H12O4S Rhododendron mole (leaves), Xing’an,

Guangxi, China [26]

2,3,5-Trimethyl-6-(3-oxobutan-2-yl)-
4H-pyran-4-one (237) 208 C12H16O3

YH11-2, deep-sea fungus, Guam, South
Japan [44]

5-[(2S,3R)-3-Hydroxybutan-2-yl]-4-
methylbenzene-1,3-diol (238) 196 C11H16O3

YH11-2, deep-sea fungus, Guam, South
Japan [44]

2,4-Dihydroxy-3,5,6-
trimethylbenzaldehyde (239) 180 C10H12O3

YH11-2, deep-sea fungus, Guam, South
Japan [44]
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Table 8. Cont.

Compound Name Mol. Wt. Mol. Formula Strain, Host, Location Ref.

Macrolactin A (240) 402 C24H34O5 Piece of deep-sea mud, Dalian, China [58]

(Z)-6-Tridecenoic acid (241) 212 C13H24O2 Cultured, China [28]

Malvidin 3-O-glucoside (242) 479 C22H23O12
+\ H-1, bacterial wilt-affected ginger humus,

Chengdu, China [25]

Malvidin 3-O-galactoside (243) 449 C21H21O11
+ H-1, bacterial wilt-affected ginger humus,

Chengdu, China [25]

Cyanidin 3-O-glucoside (244) 493 C23H25O12
+ H-1, bacterial wilt-affected ginger humus,

Chengdu, China [25]

Peonidin O-malonylhexoside (245) 549 C25H25O14
+ H-1, bacterial wilt-affected ginger humus,

Chengdu, China [25]

Cyanidin (246) 287 C15H11O6
+ H-1, bacterial wilt-affected ginger humus,

Chengdu, China [25]

 

Figure 15. Other metabolites (217–246) reported from A. sydowii.
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3. Biological Activities of A. sydowii Extracts and Its Metabolites

3.1. Cytotoxic Activity

A. sydowii MSX19583 extract (%cell viability: 54%, conc.: 20 μg/mL) had moderate
cytotoxic capacity against MDA-MB-435 (human melanoma cell line) in an MTT assay [33],
while a cultured EtOAc extract displayed a marked toxic effect (LD50 (lethal dose 50)
36 μg/mL) in a brine shrimp assay [36].

Vascular endothelial cell growth factor (VEGF) is a tumor-secreted protein that stimu-
lates both the migration and growth of vascular endothelial cells; thus, interference with
VEGF signaling suppresses tumor growth or blocks angiogenesis [34].

Compound 88 was found to suppress HUVEC (human umbilical vein endothelial cell)
proliferation caused by VEGF, bFGF (basic fibroblast growth factor), or ECGS (endothelial
cell growth supplement) (IC50s: 1.4, 2.8 μM, and 6.2 μM, respectively) compared to SU5416
(a tyrosine kinase inhibitor, IC50s: 0.05, 5.3, and 30.5 μM, respectively) [34] and demon-
strated selective cytotoxic capacity versus A549 (human lung adenocarcinoma epithelial
cell line) (IC50 < 10 μM) [55].

In an MTT assay, compounds 101 and 117 demonstrated a notable cytotoxic capacity
toward A375 (human melanoma cell line) (IC50: 5.7 μM), whereas compound 101 had no
cytotoxicity towards adenocarcinoma cells A549, A375, and Hela (human cervical epitheloid
carcinoma cell line) compared to cis-platin [31] and compounds 1, 45, 110, and 115 were
inactive against MDA-MB-435 and HT-29 (human colon cancer cell lin) [33] (Table 9).

Table 9. Cytotoxic metabolites reported from A. sydowii.

Compound Name Assay/Cell Line
Biological Results (IC50) *

Ref.
Compound Positive Control

Cerevisterol (67) P388/SRB 0.12 μM CDDP 0.039 μM [44]

6-Methoxyl austocystin A (83) Artemia salina 2.9 μM Toosendanin 2.2 μM [24]

[4-(2-Methoxyphenyl)-1-piperazinyl][(1-methyl-
1H-indol-3-yl)]-methanone (117) MTT/A375 5.7 μM - [31]

(3R,4S)-3,4,5-Trimethylisochroman-6,8-diol (187) P388/SRB 1.95 μM CDDP 0.039 μM [44]

(2R)-2,3-Dihydro-7-hydroxy-6,8-dimethyl-2-[(E)-
prop-1-enyl] chromen-4-one (192) P388/SRB 0.14 μM CDDP 0.039 μM [44]

Sydowione A (195) Artemia salina 19.5 μM Toosendanin 2.2 μM [24]

Sydowione B (196) Artemia salina 14.3 μM Toosendanin 2.2 μM [24]

Sydowione C (208) Artemia salina 8.3 μM Toosendanin 2.2 μM [24]

2,4-Dihydroxy-3,5,6-trimethylbenzaldehyde (239) P388/SRB 0.59 μM CDDP 0.039 μM [44]

* IC50, Half maximal inhibitory concentration.

Acremolin D (129) had cytotoxic efficacy versus K562 (human erythroleukemic) and
Hela-S3 (human cervix adenocarcinoma) cell lines with % inhibition equal to 25.1 and 30.6%,
respectively, while compound 127 displayed activity (% inhibition: 20.9–35.5%) versus
HepG2 (human hepatocellular liver carcinoma cell line), A549, and K562 in an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [65]. Azaspirofurans A (132)
displayed moderate cytotoxic potential versus A549 cell proliferation (IC50: 10 μM) in the
MTT method [43] and compounds 103–105 (IC50s: 8.29, 1.28, and 7.31 μM, respectively)
demonstrated weak capacities [48].

Compounds 44 and 149 were mildly active versus KB (human oral epidermoid carci-
noma cell line), HepG2, and HCT-116 (human colon cancer cell line) cells (IC50s: 50–70 μM)
compared to doxorubicin (IC50s: 5–6 μM) [36]. Wang et al. reported that compounds 146,
149, 152, 155, 160, and 161 were found to exhibit cytotoxic potential versus A549, U937 (pro-
monocytic, human myeloid leukaemia cell line), HL-60 (human promyelocytic leukemia
cell line), and K562 cells (IC50: 3.36–23.03 μM) [9]. Wang et al. stated that compounds 98, 99,
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199, 200, and 216 possessed cytotoxic capacities versus VCaP (human prostate cancer cell
line) (IC50s: 1.92–33.36 μM), but compound 189 was inactive in comparison with docetaxel
(IC50: 4.95 nM) in the MTT method [64]. Compounds 83, 195, 196, and 208 possessed
toxicity towards brine shrine nauplii (LC50s: 2.9–19.5 μM), whereas compound 83 had
a potent efficacy (LC50: 2.9 μM) compared to toosendanin (LC50: 2.2 μM) [24]. On the
other hand, compounds 192 and 239 revealed powerful cytotoxic potential versus P388
(menogaril-resistant mouse leukaemia cell line) (IC50s: 0.14 and 0.59 μM, respectively) in a
SRB (sulforhodamine B) assay; however, compound 237 was inactive [44].

3.2. Antioxidant and Immunosuppression Activities

Compound 24 was found to have DPPH (1,1-diphenyl-2-picrylhydrazyl) scavenging
activity (IC50: 113.5 μM/L), while compound 25 was inactive (IC50 value > 300 μM/L) com-
pared to BHT (butylated hydroxytoluene) (IC50: 30.8 μM/L) in a DPPH assay, suggesting
that the OH position and racemization influenced the activity [32]. Also, compound 88

demonstrated antioxidant capacity (IC50: 17.0 μM) compared to butylated hydroxyanisole
(IC50: 0.13 μM). Compound 88 differed from compound 71 in lacking C7–C8 double bonds,
revealing that the planar structure of compound 71 might reduce its activity [56]. On the
other hand, compounds 195 and 196 had more potent antioxidant activity (IC50s: 46.0 and
46.6 μM, respectively) than L-ascorbic acid (IC50: 61.0 μM); however, compounds 83 and
208 were weakly active (IC50s: 98.0 and 86.3 μM, respectively) [24].

Compounds 72, 74, 76–78, 91, 94, 97, 218, and 220 were evaluated in vitro for im-
munosuppression capacity against Con-A (concanavalin A)- and LPS (lipopolysaccharide)-
induced mouse splenic lymphocyte proliferation. It was noted that compounds 91 and 94

displayed moderate potential (IC50s: 8.45 and 10.10 μg/mL and 10.25 and 14.10 μg/mL,
respectively), compared to cyclosporin A (IC50: 0.62 μg/mL for Con-A and 0.53 μg/mL for
LPS). Other compounds showed weak or no activity [63].

3.3. Anti-Mycobacterial, Anti-Microalgal, and Antimicrobial Activities

Infectious illnesses seriously threaten human health worldwide [75,76]. Recently, the
increasing recurrence of pathogens’ resistance to antimicrobials represents an alarming
trend in infectious diseases that results from misuse or overuse of existing antimicrobials
and has become a universal health concern [75,76].

A. sydowii ethyl acetate extract (conc.: 500 μg/disk) had selective activity against
B. subtilis and E. coli (inhibition zone diameters (IZDs) 12 and 15 mm, respectively); how-
ever, it was inactive against S. aureus, C. albicans, Cladosporium herbarum, and C. cucumer-
inum [53]. In another study, the EtOAc extract of Dactylospongia sp.-associated A. sydowii
DC08 revealed antibacterial potential versus E. coli and S. aureus (IZDs 12.31 and 14.25 mm,
respectively) [77]. Wang et al. reported that A. sydowii ZSDS1-F6 EtOAc extract displayed
significant antimicrobial capacity versus Aeromonas hydrophila and Klebsiella pneumonia [45].

The antibacterial effectiveness of compounds 1, 2, 5, 11–14, 42, 43, and 55 versus
phytopathogenic bacteria Ralstonia solanacarum and Pseudomonas syringae utilizing a broth
microdilution method revealed that compound 5 had inhibition potential versus P. syringae
(MIC (minimum inhibitory concentration): 32 μg/mL), whereas compounds 1, 14, and
43 were active versus R. solanacarum (MICs: 32 μg/mL) using the broth microdilution
method [47] (Table 10). Further, compounds 11 and 14 inhibited Fusarium oxysporum
spore germination (EC50s: 54.55 and 77.16 μg/mL, respectively), while compounds 1, 11,
14, and 43 inhibited Alternaria alternata spore germination (EC50s: 26.02–46.15 μg/mL),
suggesting the possible use of bisabolane sesquiterpenoids as anti-phytopathogens [47].
Also, compound 44 revealed antibacterial efficacy versus the human pathogen S. aureus and
fish pathogens S. iniae and V. ichthyoenteri [36]. Compounds 71, 88, and 91 showed weak
potential against Vibrio rotiferianus (MICs: 16–33 μg/mL); however, compounds 69, 79, 86,
88, 91, and 219 were weakly active versus MRSA (methicillin-resistant Staphylococcus aureus)
(MICs: 15–32 μg/mL) compared to erythromycin and chloramphenicol [55].
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Table 10. Anti-mycobacterial, antimicrobial, and anti-microalgal metabolites reported from A. sydowii.

Compound Name Assay/Organism
Biological Results

Ref.
Compound Positive Control

Antibacterial (MIC)

(7S)-(+)-hydroxysydonic acid (2) Broth microdilution/S. aureus 0.5 μg/mL Tigecycline 0.06 μg/mL [40]
Broth microdilution/
MRSA 1 μg/mL Tigecycline 0.25 μg/mL [40]

Broth
microdilution/S. epidermidis 0.25 μg/mL Tigecycline 0.03 μg/mL [40]

Broth microdilution/
MRAE 0.5 μg/mL Tigecycline 0.12 μg/mL [40]

(7S,11S)-(+)-12-Hydroxysydonic
acid (5)

Broth microdilution/S. aureus 0.5 μg/mL Tigecycline 0.06 μg/mL [40]
Broth microdilution/
MRSA 1 μg/mL Tigecycline 0.25 μg/mL [40]

Broth
microdilution/S. epidermidis 0.25 μg/mL Tigecycline 0.03 μg/mL [40]

Broth microdilution/
MRAE 0.5 μg/mL Tigecycline 0.12 μg/mL [40]

(11S,14S)-Cyclo-(L-Trp-L-Phe) (110) Broth microdilution/S. aureus 0.25 μg/mL Tigecycline 0.06 μg/mL [40]
Broth microdilution/
MRSA 1 μg/mL Tigecycline 0.25 μg/mL [40]

Broth
microdilution/S. epidermidis 0.12 μg/mL Tigecycline 0.03 μg/mL [40]

Broth microdilution/
MRAE 0.5 μg/mL Tigecycline 0.12 μg/mL [40]

Citrinin (169) Microplate assay/E. coli 8 μg/mL Chloramphenicol 1 μg/mL [69]
Microplate
assay/Micrococcus luteus 16 μg/mL Chloramphenicol 2 μg/mL [69]

Microplate
assay/Vibrio parahaemolyticus 8 μg/mL Chloramphenicol 2 μg/mL [69]

Penicitrinol A (170) Microplate assay/E. coli 8 μg/mL Chloramphenicol 1 μg/mL [69]
Microplate
assay/Micrococcus luteus 4 μg/mL Chloramphenicol 2 μg/mL [69]

Microplate
assay/Vibrio parahaemolyticus 8 μg/mL Chloramphenicol 2 μg/mL [69]

Antituberculosis (IC50)

Sydowiol A (166) M. tuberculosis protein tyrosine
phosphatase inhibitor

14.0 μg/mL - [37]
Sydowiol B (167) 24.0 μg/mL - [37]

Anti-microalgae (IC50)

(7S)-Flavilane A (53) Broth microdilution/
Prorocentrum micans 4.6 μg/mL CuSO4 2.7 μg/mL [38]

Broth microdilution/
Prorocentrum minimum 2.4 μg/mL CuSO4 2.2 μg/mL [38]

(7S)- 4-Iodo-flavilane A (54) Broth microdilution/
Prorocentrum micans 11.0 μg/mL CuSO4 2.7 μg/mL [38]

Broth microdilution/
Prorocentrum minimum 1.3 μg/mL CuSO4 2.2 μg/mL [38]

Bisviolaceol II (165) Broth microdilution/
Prorocentrum minimum 5.2 μg/mL CuSO4 2.2 μg/mL [38]

Compounds 2, 3, and 110 demonstrated notable antibacterial efficacy versus S. aureus,
MRSA, S. epidermidis, and MRSE (MICs: 0.25–1.0 μg/mL) compared to trigecycline (MICs:
0.06–0.12 μg/mL); however, compound 128 displayed moderate-to-weak activity (MICs: 4–
32 μg/mL) [40]. Compounds 42, 50, and 146 had moderate effectiveness versus K. pneumonia
(MICs: 21.4, 10.7, and 21.7 μM, respectively); also, compounds 1 and 42 exhibited moderate
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activity against E. faecalis (MIC: 18.8 μM) and A. hydrophila (MIC: 4.3 μM), respectively,
using an agar dilution method [45].

Compounds 53, 54, and 165 (conc.: 20 μg/disc) were found to prohibit the growth
of bacteria (V. anguillarum, V. harveyi, V. parahaemolyticus, and V. splendidus) and harmful
microalgae (P. micans and P. minimum) in a disc diffusion assay [38]. Pathogenic bacteria
and harmful algal blooms pose substantial threats to marine aquaculture. Compounds
53 and 54 inhibited P. micans and P. minimum (IC50 ranging from 1.3 to 11 μg/mL), while
compound 165 only had inhibitory efficacy against P. minimum (IC50: 5.2 μg/mL). Addition-
ally, these compounds showed inhibition against Vibrio species (V. anguillarum, V. harveyi,
V. parahaemolyticus, and V. splendidus) with IZDs ranging from 6.4 to 8.7 mm. The MICs for
compounds 53 and 54 were 8 μg/mL against V. anguillarum and V. parahaemolyticus and
16 μg/mL against V. harveyi [38].

Compounds 61, 62, 130, and 131 displayed notable growth inhibition potential versus
E. coli, B. subtilis, and M. lysoleikticus (MICs: 3.74–87.92 μM); compounds 131 and 61 were
more powerful than compounds 62 and 130 [48]. Antibacterial testing of compounds 51, 124,
125, and 134 against human pathogenic bacterial strains E. coli, S. aureus, S. pneumoniae, and
S epidermidis revealed that compounds 51, 124, and 125 demonstrated selective inhibitory
capacities (MICs ranging from 2.0–16 μg/mL), whereas compound 51 had significant
activity against E. coli (MIC: 2.0 μg/mL) that was comparable to chloramphenicol (MIC:
2.0 μg/mL) [41].

Among the pyrogallol ethers, i.e., compounds 144, 145, and 166–168 reported by
Liu et al. in 2013, compounds 166 and 168 (IC50: 14.0 and 24.0 μg/mL, respectively)
demonstrated Mt PtpA (protein tyrosine phosphatase A) (Mycobacterium tuberculosis pro-
tein tyrosine phosphatase A)-inhibitory activity and compound 168 moderately inhibited
S. aureus (MIC: 12.5 μg/mL) [37]. M. tuberculosis secretes PtpA into the infected macrophages’
cytosol to avoid devastation by macrophage phagocytosis. Inhibition of PtpA remarkably
attenuates M. tuberculosis growth in human macrophages; therefore, Mt PtpA is a target for
developing anti-tuberculosis drugs [37].

Liu et al. stated that compounds 144–146, 152, and 153 were moderately effective
versus fish pathogens S. iniae FP3187, and V. ichthyoenteri (Vi0917-1 and Vi099-7) and
human pathogen S. aureus (SG 511 and SG 503) [36]. Compounds 147 and 149 were inactive,
suggesting that methoxy groups increased the antibacterial potential; however, the carboxyl
group reduced the activity of diphenyl ether derivatives [36]. Additionally, compounds 138,
139, 144, 209, and 210 possessed moderate antibacterial effectiveness (MICs: 6.3–25.0 μM)
versus series of bacterial strains [28] and compound 84 was moderately active (MICs: 64,
128, 16, 32, and 32 μg/mL, respectively) versus MRSA, MDRPA (multi-drug-resistant
Pseudomonas aeruginosa), E. coli, S. aureus, and P. aeruginosa in an agar diffusion assay [39].

Compounds 137, 169–172, 174–176, 221, and 222 reported from A. sydowii EN-534 and
Penicillium citrinum EN-535 coculture were examined for antibacterial potential versus
strains of human and aquatic bacteria. Compounds 137, 169, and 170 showed antibacterial
capacity against bacteria E. coli, E. ictaluri, M. luteus, V. parahaemolyticus, and V. alginolyticus
(MICs ranged from 4 to 64 μg/mL), while compounds 137, 171, 172, and 174 were active
against V. alginolyticus and E. ictaluri (MICs: 32–64 μg/mL). Additionally, compound 170

had marked activity against M. luteus (MIC: 4 μg/mL) compared to chloramphenicol (MIC:
2 μg/mL) [69].

3.4. Anti-Influenza Virus Activity

The influenza pandemic remains a threat to public health because of its elevated rates
of mortality and morbidity. Although vaccination is the primary means for preventing
this illness, antiviral medications are an essential adjunct to vaccines for influenza control
and prevention [78,79]. In the last several decades, natural products have been subjected
to intensive investigations as a possible alternative therapy for the recovery and treat-
ment of influenza. Various reports have demonstrated that developing natural bioactive
metabolites has remarkable advantages [78,79]. It is noteworthy that the renowned anti-
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influenza oseltamivir was synthesized using natural shikimic and quinic acids as starting
materials [78,79]. Some reports assessed the anti-influenza potential of A. sydowii-isolated
metabolites; these are highlighted below (Table 11).

Table 11. Anti-influenza virus metabolites reported from Aspergillus sydowii.

Compound Name Virus/Assay
Biological Results (IC50)

Ref.
Compound Positive Control

7-Deoxy-7,14-didehydrosydonic
acid (8)

Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 7.07 μM Ribavirin 2.53 μM [35]

cyclo-12-Hydroxysydonic acid (22) Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 8.89 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 36.41 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 24.46 μM Ribavirin 3.97 μM [35]

2-Hydroxy-1-(hydroxymethyl)-8-
methoxy-3-methyl-9H-xanthen-9-
one (80)

Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 4.70 μM Ribavirin 2.53 μM [35]

FM-1/1/47 (H1N1)/Pseudovirus
neutralization and MTT 4.04 μM Ribavirin 3.97 μM [35]

2-Hydroxy-1-(hydroxymethyl)-7,8-
dimethoxy-3-methyl-9H-xanthen-9-
one (81)

Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 2.17 μM Ribavirin 2.53 μM [35]

Emodic acid (92) Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 2.00 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 17.53 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 5.37 μM Ribavirin 3.97 μM [35]

Parietinic acid (93) Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 7.88 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 30.09 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 39.60 μM Ribavirin 3.97 μM [35]

Questin (94) Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 1.92 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 9.62 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 11.1 μM Ribavirin 3.97 μM [35]

1,6,8-Trihydroxy-3-
methylanthraquinone (95)

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 9.72 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 18.48 μM Ribavirin 3.97 μM [35]
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Table 11. Cont.

Compound Name Virus/Assay
Biological Results (IC50)

Ref.
Compound Positive Control

Bisdethiobis(methylthio)-
acetylaranotin (116)

Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 34.60 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 24.56 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 44.08 μM Ribavirin 3.97 μM [35]

Citrinin (169) H5N1/Influenza neuraminidase
inhibition screen kit 45.6 nM Oseltamivir 3.6 nM [69]

Penicitrinol A (170) H5N1/Influenza neuraminidase
inhibition screen kit 21.2 nM Oseltamivir 3.6 nM [69]

seco-Penicitrinol A (171) H5N1/Influenza neuraminidase
inhibition screen kit 24.7 nM Oseltamivir 3.6 nM [69]

Penicitrinol L (172) H5N1/Influenza neuraminidase
inhibition screen kit 41.5 nM Oseltamivir 3.6 nM [69]

Penicitrinone A (173) H5N1/Influenza neuraminidase
inhibition screen kit 12.9 nM Oseltamivir 3.6 nM [69]

Penicitrinone F (174) H5N1/Influenza neuraminidase
inhibition screen kit 18.5 nM Oseltamivir 3.6 nM [69]

Sydocyclopropane A (203) WSN/33 (H1N1)/Cytopathic effect
reduction/A/WSN/33 (H1N1) 26.7 μM Oseltamivir 18.1

μM [42]

Sydocyclopropane B (204) Cytopathic effect
reduction/A/WSN/33 (H1N1) 29.5 μM Oseltamivir 18.1

μM [42]

Hamavellone B (207) Cytopathic effect
reduction/A/WSN/33 (H1N1) 35.8 μM Oseltamivir 18.1

μM [42]

3,7-Dihydroxy-1,9-
dimethyldibenzofuran (234)

Puerto Rico/8/34 (H1N1)/Pseudovirus
neutralization and MTT 1.31 μM Ribavirin 2.53 μM [35]

Aichi/2/68 (H3N2)/Pseudovirus
neutralization and MTT 1.24 μM Ribavirin 6.23 μM [35]

FM-1/1/47(H1N1)/Pseudovirus
neutralization and MTT 2.84 μM Ribavirin 3.97 μM [35]

Interestingly, compounds 80 and 81 possessed notable selective inhibition versus two
influenza A virus subtypes, including A/Puerto Rico/8/34 (H1N1) and A/FM-1/1/47
(H1N1) (IC50s: 2.17–4.70 μM), compared to ribavirin (IC50s: 2.53 to 6.23 μM). Additionally,
compounds 92 and 94 had potent efficacy on A/Puerto Rico/8/34 (H1N1) (IC50s: 1.92
and 2.0 μM, respectively). Furthermore, compound 234 demonstrated broad inhibitory
potential against A/Puerto Rico/8/34 (H1N1), A/Aichi/2/68 (H3N2), and A/FM-1/1/47
(H1N1) (IC50s: 1.31, 1.24, and 2.84 μM, respectively) compared to ribavirin (IC50s: 2.53,
6.23, and 3.97 μM, respectively) [35]. Compounds 50, 146, and 152 demonstrated weak
anti-H3N2 potential (IC50s: 57.4, 66.5, and 78.5 μM, respectively) in a CPE (cytopathic
effect) inhibition assay compared to Tamiflu (IC50: 0.95 μM) [45]. Further, Yang et al. stated
that compounds 137, 169–172, and 174 demonstrated anti-influenza NA (neuraminidase)
activity, with compounds 137 and 174 displaying better efficacy (IC50s: 12.9 nM and 18.5 nM,
respectively) compared to oseltamivir (IC50: 3.6 nM) [69]. Additionally, compounds 203–
207 demonstrated antiviral potential versus the A/WSN/33 virus (H1N1) (IC50s ranged
from 26.7 to 77.2 μM), compared to oseltamivir (IC50: 18.1 μM); compounds 203, 204, and
207 were the most active (IC50s: 26.7, 29.5, and 35.8 μM, respectively). It was found that
the C-1 methyl 2-hydroxy-4-oxobutanoate side chain significantly enhanced the antiviral
activity (e.g., compound 203 vs. compound 205) and C-3 configuration had less influence
on activity (e.g., compound 205 vs. compound 206) [42].
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3.5. Anti-Diabetic and Anti-Obesity Activities

A close relation among between diabetes and obesity has been proven [80]. Insulin-
triggered cellular glucose uptake is a crucial step in glucose regulation and any defect in
this mechanism results in insulin resistance [81]. Enhancement of insulin sensitivity is one
of the significant hallmarks of anti-diabetic agents. Lipid accumulation in diabetic patients
can result in serious effects such as diabetic cardiomyopathy [82]. Hence, efficient anti-
diabetics should decrease adipocytes’ lipid accumulation and facilitate lipid metabolism
and burning [54].

In an anti-diabetic assay, compounds 1, 5, 42, 45, 46, 47, 49, 69, 71, and 88 were found
to increase differentiated 3T3-L1 (fibroblast embryo mouse cell line) adipocytes’ medium
glucose consumption. Among them, compound 45 significantly reduced culture medium
glucose concentration (324.6 mg/dL) by 24% compared to control (glucose: 427.4 mg/dL).
It was noted that the presence of a methylene alcohol and a hydroxy group on C-3 and C-7,
respectively, in bisabolane sesquiterpenes is substantial in promoting 3T3-L1 adipocytes’
glucose uptake [54]. Additionally, their efficacy on differentiated 3T3-L1 adipocytes’ lipid
accumulation utilizing oil-red O stain revealed that compound 45 notably prohibited lipid
accumulation up to 48% in a 3T3-L1 adipocyte culture medium, indicating the compound
45 promoted glucose consumption and suppressed lipid accumulation in adipocytes [54].

3.6. Protein Tyrosine Phosphatase Inhibition

Protein tyrosine phosphatases (PTPs) are proven to be substantial new targets for
new anti-diabetes [58]. For example, PTP1B (protein tyrosine phosphatase 1B) negatively
regulates insulin action in the insulin receptor signaling pathway, SHP1 (SH2-containing
protein tyrosine phosphatase 1) negatively controls signaling pathways, which streamlines
glucose homeostasis through modulating insulin signaling in muscles and the liver, and
CD45 (leukocyte common antigen) is a receptor for some ligands and regulates SHP-1
recruitment [58]. Also, PTP1B has a substantial role in cancer development, inflammation
processes, and insulin signaling cascade. Therefore, PTP1B inhibitors are considered drug
candidates for treating cancer, diabetes, inflammation processes, and sleeping sickness [46].

Asperentin B (178) had potent PTP1B inhibition capacity (IC50: 2.05 μM) compared to
suramin (IC50: 11.85 μM). It was sixfold more potent than suramin, suggesting its possible
application in anti-diabetes and anti-sleeping sickness therapeutic agents [46]. Furthermore,
compounds 1, 3, and 18 displayed significant PTP1B-inhibitory potential (IC50s: 7.97, 15.88,
and 14.18 μM, respectively), while compounds 1, 2, 18, and 240 had potent activity towards
SHP1 (IC50s: 8.35, 15.72, 11.68, and 14.61 μM, respectively). The PTP1B data indicated that
the side chains influenced activities [58].

3.7. Anti-Inflammation Activity

Compounds 42, 45, and 88 markedly inhibited fMLP (tripeptide N-formyl-L-methionyl-
L-leucyl-L-phenylalanine)/CB (cytochalasin B)-caused superoxide anion generation (IC50s:
5.23, 6.11, and 6.00 μM, respectively) and elastase release (IC50s: 16.39, 8.80, and 6.60
μM, respectively) by neutrophils [54]. It is noteworthy that compounds 1, 5, 46, and 49

had selective inhibition versus fMLP/CB-caused superoxide anion generation [54]. These
results demonstrated the importance of C-7 OH (compound 45 vs. compound 46) and C-3
methylene alcohol (compounds 46, 45, and 49 vs. compounds 1 and 5) on activity (Table 12).
On the other hand, compound 71 also revealed a significant superoxide anion generation in-
hibition capacity (IC50: 21.20 μM) compared to compound 69 [54]. The isolated metabolites,
compounds 1–3, 26–42, 45, 47, 50, 56–58, and 214, showed a dose-dependent inhibition
of LPS-induced NO (nitric oxide) secretion (conc.: 10 and 5 μM) in BV-2 microglia cells
using a CCK-8 (cell counting kit-8) assay. Compounds 33, 39, 42, 47, 50, and 57 revealed an
inhibition rate >45% (conc.: 10 μM). The structure–activity relation indicated that the Δ7,8

double bond in sydowic acid derivatives enhanced NO secretion inhibition (e.g., compound
33 vs. compound 26). Compound 39, with a 56.8% inhibition rate, was found to exert its
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anti-inflammation activity by prohibiting the NF-κB (nuclear factor kappa B)-activated
pathway [57].

Table 12. Anti-inflammatory metabolites reported from Aspergillus sydowii.

Compound Name Assay
Biological Results

Ref.
Compound Positive Control

(S)-(+)-Sydonic acid (1) Inhibition of
superoxide anion 17.82 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

(7S,11S)-(+)-12-Hydroxysydonic acid (5) Inhibition of
superoxide anion 31.95 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Aspergillusene A (42) Inhibition of
superoxide anion 6.11 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Inhibition of elastase
release 8.80 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

(+)-(7S)-Sydonol (45) Inhibition of
superoxide anion 5.23 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Inhibition of elastase
release 16.39 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

(7S)-(+)-7-O-Methylsydonol (46) Inhibition of
superoxide anion 13.80 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Anhydrowaraterpol B (49) Inhibition of
superoxide anion 21.52 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Sydowinin B (71) Inhibition of
superoxide anion 21.20 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Inhibition of elastase
release 12.62 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

(7R,8R)-AGI-B4 (88) Inhibition of
superoxide anion 6.00 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

Inhibition of elastase
release 6.60 μM (IC50) Sorafenib 1.27 μM

(IC50) [54]

It was found that compounds 145 and 153 mildly suppressed NO production induced
by LPS-NO in RAW 264.7 cells (IC50: 73 μM) compared to dexamethasone (IC50: 18 μM) [36].
Additionally, compounds 59, 60, 146, 152, 191, 201, 213, 228–230, and 234 demonstrated an
inhibitory capacity of NO production induced by LPS in BV-2 microglia cells without toxic-
ity according to a CCK-8 assay. Interestingly, compound 234 (10 μM) was the most potent
(inhibition rate: 94.4%) among these tested compounds (inhibition rate: 10.2–35.4%) [60].

Compounds 98, 189, 199, and 200 possessed inhibitory effectiveness on LPS-boosted
NO production in RAW264.7 cells (IC50s: 25.25–43.08 μM), compared to dexamethasone
(IC50: 35.17 uM) [64]. Recently, Chen et al. reported that compounds 215 and 236 exhibited
weak inhibition of LPS-induced NO production (20.1, 21.5, and 18.1%, respectively), com-
pared to dexamethasone (% inhibition: 99.9%) in RAW 264.7 cells using a Griess reaction
assay [26].

3.8. Anti-Nematode Activity

Globally, parasitic nematodes cause diseases of major socio-economic significance
to humans and animals. They have a long-term impact on human health, especially
in children [83]. Indeed, nematodes’ resistances to available anti-nematode agents are
widespread all over the world [84]. Thus, there is an insistent demand to discover new
agents for the effective and sustained control of nematodes.

Sun et al. evaluated the anti-nematode activity of compounds 1–3, 18–21, 202, 235,
and 240. It is noteworthy that only compound 3 showed anti-nematode potential (IC50:
50 μM) [58]. A study by Yang et al. revealed that compounds 1, 11, and 14 possessed
nematicidal potential versus second-stage juvenile Meloidogyne incognita (J2s); compound 1

had the strongest activity (% mortality: 80% at 60 and LC50: 192.40 μg/mL). Furthermore,
compounds 1, 11, and 14 paralyzed the nematode and then impaired its pathogenicity [47].
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4. Industrial and Biotechnological Applications

The discovery and development of effective enzymes for the use of renewable re-
sources as raw materials is a requirement for the transition to a biobased economy. Many
enzymes are crucial in efficiently hydrolyzing raw materials by enzymatic means. Ex-
ploring the potential of untapped natural habitats is a potent method for overcoming the
limited enzymatic toolkit.

A. sydowii was found to be a rich source of enzymes with marked industrial and
biotechnological potential, including α-amylases, lipases, xylanases, cellulases, keratinase,
and tannases, which are discussed here.

4.1. α-Amylase, Tannases, and Lipase Enzymes

Amylases (AAs) are utilized in multiple manufacturing processes, including fermenta-
tion, textile, detergent, paper, and pharmaceutical sectors [85]. Given the low cost and wide
availability of the starch feedstock used to make food, bioethanol, textile, paper, detergent,
and chemicals, there is a significant demand for α-amylase [86]. However, because of
advancements in biotechnology, the use of AAs has increased in a variety of sectors such as
those of clinical, pharmaceutical, and analytical chemistry, as well as in the food, textile,
and brewing industries [85]. The huge industrial demand for AAs to support economically
competitive manufacturing processes is still being severely hampered by the cost and
effectiveness of AA cocktails [19]. In this regard, it is imperative to generate effective and
affordable AAs by using inexpensive sources such as agricultural wastes.

Adegoke and Odibo produced AAs from A. sydowii IMI-502692 utilizing the solid-state
fermentation of buffered cassava root fiber. It was found that this activity was enhanced by
Ca2+, Cu2+, and Zn2+; however, it was prohibited by Fe2+, Sr2+, Ni2+, and Mn2+ [19].

A study by Elwan et al. reported that A. sydowii had a potential for lipase production
(lipase yield of 90 μ/mL) in optimum culture conditions, specifically 5.4 pH; 2.0% sucrose,
0.2% corn oil, 0.23% (NH4)2SO4, 0.1% KH2PO4, 0.05% MgSO4·7H2O, 0.05%KCl, and using
0.1 M phosphate–citrate buffer and incubating at 30◦C for 20 h [22].

Tannase, an extracellular enzyme belonging to the hydrolase family, is derived from
various species of the Aspergillus genus [8,87]. It catalyzes the breakdown of depsides and
tannins. Tannase lessens tannins’ unwanted effects (astringent and bitter taste), enhancing
the flavor qualities of products such as animal feeds and foodstuffs. It is used in various
applications, including polyphenolic compound structural elucidation, bioremediating
tannin-contaminated wastewaters, gallic acid production, and coffee-flavored soft drink,
fruit juice, and instant tea production [20].

In 2020, Albuquerque et al. purified and characterized tannase-acyl hydrolase from
A. sydowii SIS-25 derived from Caatinga soil (Serra Talhada, Pernambuco, Brazil) utilizing
a polyethylene glycol-citrate aqueous two-phase system. This enzyme removed phenolic
components and enhanced the sensory qualities of green tea and produced gallic acid [20].

4.2. Bioremediation and Biodegradation

Sustainable development goals (SDGs) target various concerns in our planet such
as food security, health, environmental sustainability, bioremediation, climate change,
alternative eco-friendly fuel, improving water quality, sustainable food production, and
discovering new drugs [88]. Treatment and measurement of various contaminants in wa-
ter, soil, and air are complicated issues and are linked to the nature of contaminants and
their environmental interactions. Reusing wastewater offers a substitute supply for the
irrigation of agricultural land that has been used for decades in many nations. Recycling
wastewater adheres to circular economy principles by reducing waste and encouraging
ongoing resource reuse [89] which potentially assists various national initiatives in promot-
ing sustainable agriculture methods. Creating agricultural systems with minimal required
inputs and zero waste contributes to SDG 2 (End hunger) (via sustainable food production),
SDG 12 (Responsible consumption and production), SDG 13 (Climate action), and SDG
15 (Sustainable use of terrestrial ecosystems) [90]. Various researches have focused on
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biologically based methods, relying on natural processes to remove contaminants such as
the utilization of microorganisms (bioremediation) such as fungi to remarkably contribute
to achieving the SDGs [88].

4.2.1. Polycyclic Aromatic Hydrocarbons

PAHs (polycyclic aromatic hydrocarbons) are a heterogeneous class of hydrocarbons
having two or more fused aromatic rings. In nature, they are formed as a result of organic
matter’s incomplete decomposition and human activities such as petroleum spilling, waste
incineration, home heaters, and the burning of carbon, oil, gas, or wood [91]. Additionally,
PhCs (pharmaceutical compounds), a second class of contaminants, have become more
significant in recent years as a result of their durability and abundance in surface water
bodies and the ineffectiveness of treatment facilities eliminating them [92]. According to
Olicón-Hernández et al., these contaminants are hazardous to aquatic life and contribute to
microbial resistance’s emergence [93]. Numerous studies have focused on the microbial
biodegradation of these contaminants, particularly by fungi [93,94], because these pollu-
tants are known for their high toxicity and persistence [94]. It is noteworthy that halophilic
fungi are useful in xenobiotic mycoremediation under high-salinity conditions [94].

González-Abradelo et al. studied the potential of A. sydowii EXF-12860 toward the
bioremediation of saline wastewaters, containing toxic and persistent PAHs and PhCs. It
was stated that A. sydowii may be helpful in lowering the amounts of harmful PAHs and
PhCs under high-salinity conditions (>1 M NaCl) during the biotechnological downstream
processing of diverse industrial wastewater. It removed 100% of fifteen complex PAHs at
500 ppm in biorefinery wastewater at high salt concentrations. Additionally, it has ecotoxic
activity as it demonstrated the same capability to eliminate PhCs. This supported its capa-
bilities for xenobiotic biodegradation in low-water activity [94]. A novel piezo-tolerant and
hydrocarbon-oclastic deep-sea sediment-derived A. sydowii BOBA1 demonstrated a marked
degradation potential for PAHs in spent engine oil hydrocarbon fractions (71.2 and 82.5%
of spent engine oil, respectively) under high-pressure (0.1 and 10 MPa, respectively) culture
conditions with a 21-day retention period. This provided insights into the bioremediation
of hydrocarbon-contaminated deep-sea environments [95].

Additionally, Birolli et al. stated that A. sydowii CBMAI-935 isolated from a non-
contaminated site on the coast of São Sebastião (Brazil) biodegraded anthracene [96]. To
biodegrade dieldrin, one of the most widely employed organo-chlorine pesticides, banned
due to its long persistence and high toxicity to the environment, Birolli et al. found that A.
sydowii CBMAI-935 and A. sydowii CBMAI-933 were capable of growing in the presence of
dieldrin, suggesting its high tolerance. It is noteworthy that no biodegradation byproducts
were found in the GCMS, revealing that dieldrin could be converted into polar molecules
or mineralized, prohibiting the emergence of harmful or durable derivatives [97].

4.2.2. Heavy Metals and Insecticides

Cadmium (Cd) is often used in the electroplating and metallurgical industries and is
found in several pesticides, fertilizers, and fungicides [98]. Upon its absorption by both
animals and humans, it accumulates in the kidneys and liver, severely harming the renal
tubules and resulting in a variety of symptoms such as proteinuria and hyperglycemia [99].
Trichlorfon (TCF) is a broad-spectrum organic phosphorus pesticide that is utilized for
controlling pests on a variety of crops [100]. It is an inhibitor of cholinesterase that causes
delayed neuropathy in both animals’ and humans‘ nervous systems [98].

Zhang et al. reported that by inoculating A. sydowii into Cd-TCF co-contaminated soil,
TCF breakdown was accelerated, and soil enzyme activity was raised. When Brassica juncea
(Indian mustard) was planted along with A. sydowii inoculation, maximum TCF degradation
and Cd removal efficacy were noted. Brassica juncea is among those hyperaccumulator plant
species that are frequently employed for heavy metal phytoextraction from contaminated
soil. Thus, using B. juncea and A. sydowii together is a promising strategy to bioremediate
soil that has been contaminated with both TCF and Cd [98]. Tian et al. isolated PAF-2,
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a new strain of A. sydowii from pesticide-contaminated soils, that had potential for the
biodegradation of TCF and its degradation [100].

Esfenvalerate (S,S-fenvalerate), is a pyrethroid insecticide that deposits in marine sedi-
ments and is extremely harmful to aquatic creatures. Birolli et al. examined its biodegrada-
tion by marine-associated A. sydowii CBMAI-935. This strain metabolized esfenvalerate into
3-phenoxybenzoic acid, 2-(4-chlorophenyl)-3-methylbutyric acid, and its dihydroxylated
derivatives [101].

Alvarenga et al. assessed the biodegradation of a commercial formulation of chlor-
pyrifos (Lorsban 480 BR), which is one of the most widely utilized organophosphate
pesticides, by marine-derived A. sydowii CBMAI-935 associated with C. erecta. The fungus
degraded ≈ 63% of the chlorpyrifos and decreased the concentration of its hydrolysis prod-
uct 3,5,6-trichloropyridin-2-ol after 30 days [102]. In 2021, Soares et al. reported that this fun-
gus also metabolized chlorpyrifos and profenofos to 3,5,6-trichloro-1-methylpyridin-2(1H)-
one/2,3,5-trichloro-6-methoxypyridine/tetraethyl dithiodiphosphate/3,5,6-trichloropyridin-
2-ol and 4-bromo-2-chlorophenol/4-bromo-2-chloro-1-methoxybenzene/O,O-diethyl S-
propylphosphorothioate, respectively [103].

Methyl parathion is an efficient organophosphate acaricide and insecticide that is
widely utilized for pest control on a wide variety of crops, but it is extremely toxic. Al-
varenga et al. reported the ability of A. sydowii CBMAI-935 to biodegrade this pesticide
completely after 20 days. This fungus metabolized this pesticide to its more toxic isomeriza-
tion and oxidation products isoparathion and methyl paraoxon, which were subsequently
metabolized to the less toxic product 1-methoxy-4-nitrobenzene/p-nitrophenol/O,O,O-
trimethyl phosphorothioate/O,O,S-trimethyl phosphorothioate/trimethyl phosphate, sug-
gesting A. sydowii CBMAI-935’s efficiency in the bioremediation of this pesticide and its
toxic forms [103,104].

4.2.3. Lignocellulosic Biomasses

Due to the acute energy crisis and increased demand for fossil fuels, lignocellulose
is widely considered a potential cost-effective, renewable resource for bioethanol produc-
tion [105,106]. Lignocellulose consists of cellulose, hemicellulose, and lignin. Lignin, which
together with hemicellulose and cellulose makes up the majority of a plant’s skeleton, is
the second-most abundant organic renewable resource on Earth after cellulose [105,106].
The ligninolytic enzymes Lac (laccase), LiP (lignin peroxidase), VP (versatile peroxidase),
and Mnp (manganese peroxidase) play a major role in the breakdown of lignin [105,106]
and are found among the extracellular enzymes in filamentous fungi. These enzymes play
a significant role in bioremediation, as they neutralize or degrade contaminants in the
environment [6]. They also have a wide range of uses in the paper, textile, cosmetic, food,
chemical, agricultural, and energy industries.

A thermostable, low-molecular-weight xylanase belonging to the glycosyl hydrolase
11 family was purified from A. sydowii MG49 by Ghosh et al. and demonstrated specific
efficacy only in the presence of xylan and had no activity in the presence of cellulose or
carboxymethyl cellulose [23].

A. sydowii MS-19 isolated from the Antarctic region produced low-temperature lignin-
degrading enzymes LiP and Mnp. These results suggested that A. sydowii MS-19 could be
used as a source of lignocellulosic enzymes [107].

Xylan is the prime constituent of hemicellulose. Its backbone consists of a linear chain
of 1,4-linked β-D-xylopyranosyl units, which are substituted with α-L-arabinofuranosyl,
4-O-methyl-α-D-glucuronopyranosyl, or acetyl units. It is degraded by β-D-xylosidases,
endo-1,4-β-xylanases, α-glucuronidases, α-l-arabinofuranosidases, acetyl xylan esterases,
and ferulic acid esterases [108].

Brandt et al. stated that A. sydowii Fsh102 isolated from shrimp shells showed notable
xylanase-producing capacity [109]. Two xylanases I and II belonging to GH-11 (glyco-
side hydrolases) and GH-10 families, respectively, were characterized and expressed in
E. coli. These enzymes can function in a wide pH range and are tolerant of mesophilic
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temperatures. Both xylanases can be characterized as being extremely interesting for the
enzymatic breakdown of xylan-containing biomasses in industrial bioprocesses based on
their activity and stability [109]. In another study on A. sydowii SBS-45 culture filtrate, two
xylanases (I and II) were purified. They showed optimum activity at 50 ◦C and 10.0 pH.
This activity was boosted by certain metal ions and L-tryptophan [110].

Cellulose breakdown is carried out by cellulases, including β-glucosidase, endoglu-
canase, and cellobiohydrolase [108,111,112]. Cellulase has wide applications in various
fields like oil extraction, agricultural industries, food processing, waste management,
carotenoid extraction, animal feed, brewery, textile, bio-stoning, color clarification, paper,
laundry, pulp, detergent industry, and deinking [108,111,112].

A. sydowii isolated from Indore, India, had the potential to produce cellulases under
submerged fermentation. It was found that β-glucosidase, exoglucanase, and endoglu-
canase were produced at a ratio of 64:27:9, whereas lactose was the best carbon source for
inducing cellulase production [113].

4.2.4. Keratinous Wastes

Keratins are components of hooves, wool, horns, nails, hair, and feathers [8,114]. They
are insoluble proteins with highly stable polypeptide chains, containing many disulfide
bonds [115,116]. According to estimates, the United States, China, and Brazil produce
40 million tons of keratinous waste each year [117]. Also, keratinous waste is produced in
millions of tons annually in meat industry slaughterhouses worldwide [115,116]. Normal
enzymes such as papain and pepsin that break down proteins cannot break them down.
Keratinous waste management utilizing a low-cost solution is needed particularly in
underdeveloped nations. These wastes can be broken down by microbial keratinases
which are extracellular enzymes secreted by various bacterial and fungal genera [8,114].
They are widely used in different pharmaceutical industries, in treating keratinized skin,
calluses, acne, and psoriasis, and in cosmetic products manufacture (e.g., nutritional lotions,
anti-dandruff shampoos, and creams) [21,115,116]. Also, they are usually employed in
nitrogen fertilizers, feed formulas, and the leather industry, as well as in treating keratin
waste-contaminated wastewater [21].

Alwakeel et al. studied the capability of keratinase produced by A. sydowii AUMC-
10935 isolated from male scalp hair to degrade keratinous materials from chicken feathers.
The enzyme had optimal activity (120 IU/mg) at 50 ◦C and pH 8.0, which was notably
prohibited by EDTA and certain metal ions [21].

4.3. Biocatalysis

The pharmaceutical sector is continually looking for new approaches to new thera-
peutic agent syntheses, which has increased the demand for biocatalytic techniques [118].
Whole microorganism cells are effectively used as catalysts in the stereoselective biotransfor-
mation of a variety of chemical molecules. Also, many chemical reactions such as carbonyl
ketone reduction, sulfide oxidation, secondary alcohol deracemization, and Baeyer–Villiger
reactions were all catalyzed by enzymes from various microorganisms [6]. The whole cell
of A. sydowii was investigated as a biocatalyst for various chemical reactions. This was
highlighted in the current work.

Whole cells of the marine sponge-derived A. sydowii Gc12 obtained from the South
Atlantic Ocean catalyzed the hydrolysis of (R,S)-benzyl glycidyl ether to produce (R)-benzyl
glycidyl ether. Derivatives of glycidyl ether are potentially beneficial intermediates in the
manufacture of β-adrenergic blockers. A. sydowii Gc12 hydrolases showed regioselectivity
in opening the epoxide ring of racemic oxirane [119].

Sponge-associated A. sydowii CBMAI-934 derived from Chelonaplysilla erecta produced
oxidoreductase that catalyzed regioselective mono-hydroxylation of (−)-ambrox® to 1β-
hydroxy-ambrox. (−)-Ambrox®, a naturally occurring terpene, was separated from amber-
gris, a pathological substance formed in the blue whale’s intestine. This compound is of
great commercial value in the perfume industry as a fixative or fragrant agent [120]. de
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Paula and Porto investigated progesterone biotransformation by A. sydowii CBMAI-935
associated with marine sponge Geodia corticostylifera. In a good yield, this fungus was able
to oxidize progesterone at the C17-site, resulting in the two major products testololactone
and testosterone. Additionally, this Baeyer–Villiger reaction-based bio-oxidation revealed
the existence of crucial enzymes in this fungus that can aid in related steroid biotransfor-
mation [121]. A. sydowii CBMAI-935 only produced 2′,4-dihydroxy-dihydrochalcone with a
yield of 26% from 2′,4-dihydroxy-dihydrochalcone [122].

Further research was conducted by de Oliveira et al. to assess the potential of
A. sydowii CBMAI-934 isolated from the marine sponge Chelonaplysilla erecta in converting
a number of methylphenylacetonitriles into corresponding acids at a high yield. It was
found that aryl aliphatic nitrilases were induced by phenyl acetonitrile. Thus, A. sydowii
CBMAI-934 might serve as a biocatalyst for the production of carboxylic acids from ni-
triles [123]. Zhou et al. reported that A. sydowii PT-2 isolated from Pu-erh tea degraded
theobromine to 3-methylxanthine in a liquid culture through N-7 demethylation [124].
Also, Jimenez et al. reported that A. sydowii CBMAI 935 associated with C. erecta sponge
collected from Sao Sebastiao, São Paulo, Brazil, enantioselectively reduced ene of E-2-cyano-
3-(furan-2-yl)acrylamide to (R)-2-cyano-3-(furan-2-yl)propanamide with a high yield [125].
In 2018, Morais et al. studied the reduction of α-chloroacetophenones to (S)-alcohols us-
ing whole cells of marine-derived A. sydowii CBMAI 935 [126]. α-bromoacetophenones‘
biotransformation by the marine-derived A. sydowii Ce19 was studied by Rocha et al.
in 2010 [127]. This fungus accelerated α-bromoacetophenones’ bioconversion into (R)-
2-bromo-1-phenylethanol (56%), in addition to acetophenone (4%), 1-phenylethan-1,2-
diol (26%), phenylethanol (5%) and α-chlorohydrin (9%). The substituted p-nitro- and
p-bromoacetophenone’s biotransformation produced a low-concentration complex combi-
nation of breakdown products [127]. In 2017, Alvarenga and Porto tested the biocatalytic
ability of A. sydowii CBMAI-935 of marine origin to convert 2-azido-1-phenylethanone and
some derivatives to related alcohols for use in the synthesis of enantiomerically bioactive
β-hydroxy-1,2,3-triazoles. A. sydowii CBMAI 935 displayed extremely high stereoselec-
tivity and conversion values for the bio-reduction of 2-azido-1-phenylethanones to (S)-
2-azido-1-phenylethanols [128]. Further, the marine-derived A. sydowii Ce15 converted
1-(4-methoxyphenyl)ethenone to (R)-1-(4-methoxyphenyl)ethanol [129].

5. Nanoparticle Synthesis

Nanoparticles (NP) have attracted great interest recently because of their apparent
applications in different fields such as biosensors, biomedicine, cosmetics, drugs, photo-
catalysis, animal dietary supplements, biolabeling, etc. [130]. Conventional NP synthesis
approaches are not environment-friendly and are cost-intensive. Therefore, the develop-
ment of biocompatible, environment-friendly, and non-toxic protocols in nanostructure
biosynthesis is a wealthy area for scientific research, wherein the use of microbes could be
an auspicious alternative [131,132]. Fungi are more effective organisms for these purposes
than other microbes because of their special features, including their greater growth ca-
pacity, greater potential to produce a variety of enzymes, richness in mycelial branching,
ability to accumulate different metals, and capacity to grow in harsh environments [133].

A. sydowii derived from Bhavnagar coast water (Gulf of Khambhat, India) had a re-
markable intra/extracellular capacity to biosynthesize gold nanoparticles with variable
sizes depending on gold ion concentration [52]. Additionally, silver NPs were biosynthe-
sized by Wang et al. using soil-derived A. sydowii culture supernatants. These NPs revealed
an in vitro antiproliferative capacity against MCF-7 (human breast adenocarcinoma cell
line) and HeLa cells and efficient antifungal potential versus various clinical pathogenic
fungi [134].

Zhang et al. prepared magnetic chitosan microsphere-immobilized A. sydowii by
utilizing the cross-linking of γ-Fe2O3 magnetic chitosan nanocomposites with A. sydowii
through the instant gelation method. This microsphere demonstrated marked Cu adsorp-
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tion capacity (19.21 mg/g) and good regeneration properties after four cycles, suggesting
its potential application as a biosorbent for treating heavy metal-contaminated water [51].

The AgNPs synthesized by Nayak and Anitha from dune-associated A. sydowii had
significant antimicrobial potential versus selected bacterial stains; its combination with
vancomycin and ampicillin showed enhanced activity (by sevenfold against Shigella sp.
and by sixfold against B. cereus and S. aureus [50]).

Organic waste and heavy metal removal from wastewater have always been a ma-
jor concern for the environment. In order to simultaneously remove trichlorfon and
cadmium from an aqueous solution, Zhang et al., in 2020, created magnetic chitosan
beads-immobilized A. sydowii [49]. The beads demonstrated considerable trichlorfon and
cadmium removal capabilities, as well as outstanding four-cycle recyclability. As a result,
the beads are appropriate and efficient for removing cadmium and trichlorfon simultane-
ously from wastewater [49].

6. Conclusions

Fungi have been subjected to much research due to their significance as wealth gener-
ators for various enzymes and bio-metabolites, as well as being intriguing for applications
in agricultural, industrial, and pharmaceuticals fields.

A. sydowii is a globally distributed fungus that was found to have the capacity to
biosynthesize diverse classes of metabolites. In the current work, 246 metabolites were
separated from A. sydowii in the period from 1975 to 2023 (Figure 16). Most of these
metabolites were reported from 2017 to 2022.

 

Figure 16. Number of metabolites reported from A. sydowii per year.

These metabolites include sesquiterpenoids, alkaloids, xanthones, monoterpenes, an-
thraquinones, sterols, triterpenes, phenyl ethers, pyrones, cyclopentenones, anthocyanins,
coumarins, chromanes, acids, phenols, and other metabolites. Sesquiterpenoids (58 com-
pounds, 24%), phenyl ethers (25 compounds, 10%), alkaloids (44 compounds, 18%), and
xanthones (22 compounds, 9%) are the major constituents reported from this fungus
(Figure 17).
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Figure 17. Different classes of metabolites reported from A. sydowii. AnTs: anthocyanins; SQT:
sesquiterpenes; MT: monoterpenes; OMs: other metabolites; PHs: phenols; TRT: triterpens; ST: sterols:
XT: xanthones; QU: quinones; ALK: alkaloids; PhEs: phenyl ethers; CHs: chromanes; COs: coumarins;
Pys: pyranes; CPEs cyclopentenes; CyPr: cyclopropane, and lactone derivatives.

This fungus was collected from different sources such as cultures, plants, marine
environments (water, sea mud, sediment, gorgonian sea fans, algae, sponge, and driftwood),
and liverworts. Most of the reported studies were carried out on A. sydowii isolated from
marine sources. It is remarkable that this fungus has many enzymatic systems, which
may help to explain why its metabolites are so diverse. Future studies will be useful in
understanding the enzymes and genes responsible for the manufacture of these metabolites.

It was found that the coculture of this fungus with other microbes, as well as the
modification of the culture media, significantly promoted the production of structurally
varied metabolites, suggesting avenues of further research using these approaches for acti-
vating A. sydowii’s silent biosynthetic genes toward the accumulation of various substantial
compounds.

These metabolites were assessed for different bioactivities, including cytotoxic, an-
timicrobial, antioxidant, antiviral, anti-obesity, anti-inflammation, immunosuppression,
anti-diabetic, protein tyrosine phosphatase 1B (PTP1B) inhibition, and anti-nematode activ-
ities (Figure 18).

Compounds 195 and 196 displayed potent antioxidant activity. Compounds 67, 187,
192, and 239 demonstrated powerful cytotoxic potential. Compounds 2, 3, and 110 had
notable antibacterial efficacy. Compounds 80, 81, 92, 94, and 234 displayed potent anti-
influenza virus activity. Furthermore, compound 45 was found to possess anti-diabetic
and anti-obesity capacities through promoting glucose consumption and suppressing lipid
accumulation, whereas compound 178 had a potent PTP1B inhibition capacity compared
to suramin, suggesting its possible application in anti-diabetic and anti-sleeping sickness
therapeutic agents.

Despite the large number of metabolites, biological evaluation has only been con-
ducted for a limited number of them, mainly in vitro, and there is a lack of pharmacological
investigations that focus on studying the possible action mechanisms of the active metabo-
lites. Therefore, mechanistic and in vivo studies are recommended to clarify and validate
potential mechanisms for the active metabolites. Moreover, studies on the structure–activity
relationships of these metabolites should be carried out.
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Figure 18. Number of metabolites evaluated for each bioactivity.

Additionally, molecular dynamic and docking studies could be employed to investi-
gate the possible bioactivities of the untested metabolites.

On the other side, many of the tested metabolites displayed no notable effectiveness
in some of the tested activities. Therefore, estimation of other possible bioactivities and
molecular dynamic and docking studies, as well as derivatization of these metabolites,
should clearly be the target of future research.

For further production of structurally varied metabolites by this fungus, cocultivation
techniques should be considered an area for future investigation. In addition, exploring the
biosynthetic pathways of these bio-metabolites is required and could enable the rational
engineering or refactoring of these pathways for industrial purposes. Further, identification
of the biosynthetic genes responsible for these metabolites may provide the opportunity
to discover A. sydowii’s genetic potential for discovering novel metabolites by metabolic
engineering, which could lead to more affordable and novel pharmaceutics.

According to the published reports, A. sydowii can produce diverse types of enzymes
with potential biotechnological and industrial applications. Research that focuses on
engineering enzymes in such a way for maximum activity and stability under appropriate
conditions is desirable. Recombinant DNA technology and engineering of proteins are
required to improve the industrial production of these enzymes. A. sydowii can withstand
high-salinity conditions, pointing to its biotechnological and industrial relevance. It was
proven that this fungus adsorbed heavy metals and degraded pesticides, agrochemicals,
and contaminants. As a result, A. sydowii might serve as an environmentally safe tool for
bioremediation and for converting hazardous materials into useful products. The minor
reports described NP synthesis utilizing this fungus. These biosynthesized NPs possessed
antiproliferative and antimicrobial potential as well as biosorbent capacity for treating
heavy metal- and pesticide-contaminated water. However, the synthesized NPs using
A. sydowii are limited to silver, γ-Fe2O3 magnetic chitosan nanocomposites, and chitosan
beads-immobilized A. sydowii. Therefore, future research should focus on developing
protocols for implementing the biosynthesis of other types of NPs such as carbides, metal
oxides, and nitrides using this fungus and their bio-evaluation, which could be a promising
area for more anticipated beneficial effects.

Despite the large number of published studies on A. sydowii, mycologists, biologists,
and chemists still need to conduct more extensive research to fully understand the potential
of this fungus and its secondary metabolites.
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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA), a WHO high-priority pathogen that can
cause great harm to living beings, is a primary cause of death from antibiotic-resistant infections.
In the present study, six new compounds, including fumindoline A–C (1–3), 12β, 13β-hydroxy-
asperfumigatin (4), 2-epi-tryptoquivaline F (17) and penibenzophenone E (37), and thirty-nine known
ones were isolated from the marine-derived fungus Aspergillus fumigatus H22. The structures and
the absolute configurations of the new compounds were unambiguously assigned by spectroscopic
data, mass spectrometry (MS), electronic circular dichroism (ECD) spectroscopic analyses, quantum
NMR and ECD calculations, and chemical derivatizations. Bioactivity screening indicated that nearly
half of the compounds exhibit antibacterial activity, especially compounds 8 and 11, and 33–38

showed excellent antimicrobial activities against MRSA, with minimum inhibitory concentration
(MIC) values ranging from 1.25 to 2.5 μM. In addition, compound 8 showed moderate inhibitory
activity against Mycobacterium bovis (MIC: 25 μM), compound 10 showed moderate inhibitory activity
against Candida albicans (MIC: 50 μM), and compound 13 showed strong inhibitory activity against
the hatching of a Caenorhabditis elegans egg (IC50: 2.5 μM).

Keywords: methicillin-resistant Staphylococcus aureus; Aspergillus fumigatus; chemical diversity;
chemical ecology

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is recognized as one of the most
common bacteria in both community and hospital-acquired infections, causing significant
morbidity and mortality [1]. Compared to non-resistant Staphylococcus aureus infections,
the mortality rate of MRSA infections increases by 64% [2]. Vancomycin is a last-resort
treatment for MRSA infections. However, strains that are less susceptible to vancomycin
are emerging in clinics [3,4]. As a result, new antibiotics to treat MRSA infections are
desperately needed. In 2017, the development of new antibiotics for the treatment of MRSA
infections is listed as a high urgency level by the WHO (World Health Organization) [5].

The marine environment is one of the most complex atmospheres on the earth, due to
the huge variations in predation, temperature, pressure, light, and nutrient circumstances,
etc. [6]. The organisms that thrive in marine environments could produce extremely
diverse and complicated functional secondary metabolites that differ from those observed
in terrestrial environments [6–8]. In recent decades, an increasing number of bioactive
marine natural products (MNPs) have piqued the interest of chemists and pharmacologists
for their medicinal values [9,10], such as the earliest marine sponge-derived anticancer drug
cytarabine (Cytosar-U®), the marine sponge-derived antiviral drug vidarabine (Arasena
A®), the mollusk-derived ziconotide (Prialt®) for the treatment of neuropathic pain, the
famous sponge-derived anticancer drugs trabectedin (Yondelis®) and eribulin mesylate
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(Halaven®), and the marine cyanobacterium-derived anticancer drug disitamab vedotin
(Aidixi™) and tisotumab vedotintftv (TIVDAK™), etc. [11–17].

Marine fungi have been shown to produce a variety of secondary metabolites with
a variety of structures and bioactivities [18], including antibacterial, antiviral, anticancer,
and anti-inflammatory characteristics, and have already provided a number of promising
leads against MRSA [19,20]. Pestalone is a well-known anti-MRSA compound that was
discovered by Fenical and colleagues, after co-culturing a fungus of the genus Pestalotia
with a unicellular marine bacteria (strain CNJ-328) [21,22].

In our search for new anti-MRSA agents from marine-derived fungi, the EtOAc extract
of the fungus Aspergillus fumigatus H22 was found to show strong anti-MRSA activity by
in vitro anti-MRSA assay. A chemical investigation on its extract led to the identification
of 45 secondary metabolites (Figure 1), including six new novel compounds, including
fumindoline A–C (1–3), 12β,13β-hydroxy-asperfumigatin (4), 2-epi-tryptoquivaline F (17),
and penibenzophenone E (37). The isolation and structure characterization of the new
compounds, as well as the antibacterial activity of all the compounds, are described in
this work.
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Figure 1. Structures of compounds 1–45.
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2. Results

Structure Elucidation of the Isolated Compounds

Fumindoline A (1) was obtained as a chartreuse powder and had the molecular
formula of C21H23N3O4, based on HRESIMS data (Figure S8), corresponding to 12 indices
of hydrogen deficiency. This molecular formula was corroborated by 1H NMR and 13C
NMR spectroscopic data. The 1H NMR data (Table 1) showed characteristic signals for
a 1,2,4-trisubstituted benzene ring (δ 8.21 (d, J = 8.7 Hz), 6.91 (dd, J = 8.7 and 2.3 Hz),
and 7.05 (d, J = 2.3 Hz)), two singlet olefinic protons (δH 8.59 (s) and 6.79 (s)), three singlet
methyl groups (δH 2.08 (s), 2.17 (s), and 3.89 (s)), and two exchangeable (δ 8.42 (br. s) and
11.85 (br. s)). The 13C NMR and HSQC data of 1 revealed the presence of twenty-one carbon
resonances, including three methyls (δC 20.6, 27.3, and 55.4), three methylenes (δC 24.9, 31.2,
and 38.3), five sp2 methines (δC 94.8, 110.2, 111.1, 118.5, and 123.1), and ten nonprotonated
carbons (eight sp2 carbons at δC 115.0, 128.9, 135.1, 138.7, 142.4, 142.8, 158.3, and 160.7; one
amide carbonyl carbon at δC 164.7, and one carboxyl carbon at δC 174.2).

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) data of compounds 1–3 in DMSO-d6.

Positions

1 2a 2b 3a 3b

δC
δH, Mult.,
(J in Hz)

δC
δH, Mult.,
(J in Hz)

δC
δH, Mult.,
(J in Hz)

δC
δH, Mult.,
(J in Hz)

δC
δH, Mult.,
(J in Hz)

1 11.85 br. s 11.83 br. s 11.64 br. s 11.92 br. s 11.60 br. s
2 135.1 134.4 134.2 134.3 134.3
3 142.4 142.5 141.9 143.4 141.4
5 158.3 158.2 159.7 158.4 158.1
6 111.1 8.59 s 113.4 8.41 s 113.3 8.37 s 113.6 8.47 s 113.5 8.45 s
7 128.9 129.0 128.7 129.1 128.7
8 115.0 114.8 114.9 114.8 114.9
9 123.1 8.21 d (8.7) 123.2 8.22 d (8.7) 123.1 8.18 d (8.7) 123.4 8.25 d (8.7) 123.1 8.19 d (8.7)

10 110.2 6.91 dd
(8.7, 2.3) 110.2 6.91 dd

(8.7, 2.2) 110.0 6.89 dd
(8.7, 2.2) 110.5 6.93 dd

(8.7, 2.2) 110.0 6.89 dd
(8.7, 2.2)

11 160.7 160.6 160.8 161.0 160.7
12 94.8 7.05 d (2.3) 94.7 7.05 d (2.2) 94.7 7.04 d (2.2) 94.7 7.06 d (2.2) 94.8 7.04 d (2.2)
13 142.8 142.9 142.8 143.2 142.8
14 164.7 166.0 166.6 165.5 165.8
15 8.42 br. s
16 38.3 3.39 q (7.4) 49.6 3.96 m 47.5 3.67 m 49.6 3.98 m 47.9 3.70 m

3.88 m 3.91 m
17 24.9 1.80 p (7.4) 25.2 1.94 m 21.9 1.92 m 25.2 1.96 m 21.8 1.92 m

1.90 m 1.82 m 1.93 m 1.83 m
18 31.2 2.30 t (7.4) 28.6 2.26 m 31.2 2.29 m 28.6 2.28 m 31.3 2.29 m

1.89 m 2.02 m 1.91 m 1.98 m

19 174.2 59.8 4.48 dd
(8.8, 4.4) 60.4 5.30 dd

(8.5, 3.6) 59.7 4.57 dd
(8.6, 4.0) 60.8 5.18 dd

(8.6, 4.5)
20 118.5 6.79 s 173.5 173.8 172.5 172.9
21 138.7 118.5 6.76 s 119.0 6.66 s 118.0 6.75 s 119.5 6.59 s
22 27.3 2.08 s 138.1 138.0 138.1 138
23 20.6 2.17 s 27.1 2.07 s 26.9 2.04 s 27.0 2.07 s 26.5 2.04 s
24 55.4 3.89 s 20.4 2.13 s 20.2 2.01 s 20.4 2.10 s 20.1 1.90 s
25 55.4 3.89 s 55.4 3.88 s 55.5 3.89 s 55.4 3.88 s
26 51.8 3.68 s 51.6 3.45 s

“m” means multiplet or overlapped with other signals.

The planar structure of 1 was defined by the 2D NMR spectra, particularly the 1H–1H
COSY and HMBC data (Figures S5 and S7). The HMBC correlations from H-9 to C-8,
C-11, C-12, and C-13, from H-10 to C-8, and C-11, and from H-12 to C-8, C-10, C-11, and
C-13, together with the 1H–1H COSY correlations of H-9/H-10/H-12, which indicated a
1,2,4-trisubstituted benzene. The 1H–1H COSY correlations of NH-15/H2-16/H2-17/H2-
18, as well as the HMBC correlations from H2-16 to C-14, C17, and C18, from H2-17 to
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C-16, C-18, and C-19, from H2-18 to C-16, C-17, and C-19, led to the identification of the
γ-aminobutyric acid residue. The HMBC correlations from H-6 to C-2, C-7, C-8, and C-14,
H-9 to C-7, and H2-16 to C-14, as well as the chemical shifts of C-2 (δ 135.1), C-3 (δ 142.4),
C-5 (δ 158.3), C-6 (δ 111.1), and C-14 (δ 164.7), supported a 2-pyridinecarboxylic acid
moiety that was connected with a γ-aminobutyric acid moiety through C-14 and linked
with a 1,2,4-trisubstituted benzene moiety through C-7, and completed the assignment
of the moiety. The HMBC correlations from H-20 to C-2, C-3, and C-21, together with
the 1H–1H COSY correlations of H-20/H3-22/H3-23, suggested that the isobutenyl group
was located at C-3 of the 2-pyridinecarboxylic acid moiety. The key HMBC correlations
from H3-24 to C-11 indicated that the methoxy group was located at C-11. Furthermore,
these data accounted for 11 of the 12 degrees of unsaturation, implying the presence of
an additional cycle, attributed to the NH bridging between C-2 and C-13 to establish the
indole-pyridinecarboxylic acid skeleton (Figure 2). Therefore, the 2D structure of 1 was
determined as shown below.

 
Figure 2. Key 1H–1H COSY and HMBC correlations of 1.

Fumindoline B (2) was obtained as a chartreuse powder. Its molecular formula,
C22H23N3O4, with 14 degrees of unsaturation, was established on the basis of the HRESIMS
data (Figure S15). The UV spectrum showed absorptions at 282 nm and 343 nm, which
were similar to those of 1, indicating that 2 might have the same conjugation system as 1.
The IR spectrum indicated the presence of a secondary amine N-H signal (2980 cm−1) and
an amide carbonyl signal (1628 cm−1). The 1H NMR and 13C NMR spectra indicated the
presence of two sets of very similar signals, with the same number of carbons (Figures S9
and S10). The spectra of the two sets of signals are well resolved in pairs at 313K and 298K
in DMSO-d6, indicating the presence of two relatively stable isomers. From the integrals of
the completely resolved signals, a ratio of 1:0.7 was calculated for the two stable isomers.
To be better distinguished, we assigned the major isomer as 2a and the minor one as 2b,
respectively (Figure 3).

 

Figure 3. Scheme of the resonance structure of 2 and the chemical equilibrium between 2a and 2b.

The 1H NMR and 13C NMR spectra data of 2 showed close similarity to those of 1,
with the biggest difference in the methine (CH-19). A detailed analysis of the 2D NMR data,
including HSQC, HMBC, and 1H–1H COSY spectra, revealed that 2 contained the same
indole-pyridinecarboxylic acid skeleton as that of 1 (Figures 4 and S11–S13). The HMBC
correlations from H2-16 to C-17 and C-18, H2-17 to C-16, C-18, and C-19, H2-18 to C-17,
C-19, and C-20, and the 1H–1H COSY correlations of H2-16/H2-17/H2-18/H-19, together
with the molecular formula, indicated the presence of a proline moiety, and this conclusion
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was also confirmed by the 14 degrees of unsaturation and the chemical shifts of C-16 (δC
49.6 (2a); δC 47.5 (2b)) and C-19 (δC 59.8 (2a); δC 60.4 (2b)).

The E/Z isomer exists in the tertiary amide. In the solution at room temperature, the
slow rotation of the C–N bond in NMR makes it possess the characteristics of a partial
double bond [23]. A comparison of the 1H NMR signals and 13C NMR signals of 2a and 2b

revealed differences in the proline moiety, including variations in the H-19 (δH 4.48 (2a); δH
5.3 (2b)), C-16 (δC 49.6 (2a); δC 47.5 (2b)), C-17 (δC 25.2 (2a); δC 21.9 (2b)), and C-18 (δC 28.6
(2a); δC 31.2 (2b)). As shown in Figure 4, strong NOE effects between H-6 and H-16 for 2a

and between H-6 and H-19 for 2b were observed in the ROSEY spectrum (Figure S14).

Figure 4. Key 1H-1H COSY, HMBC, and ROESY correlations of 2a and 2b.

The absolute configuration of the amino acids from compound 2 was determined by
the advanced Marfey’s method [24]. The mixture obtained after hydrolyzing compound 2

and further derivatization with L-FDAA was analyzed by HPLC-DAD. The HPLC analyses
of the mixture of hydrolysates and appropriate amino acid standards confirmed the L

configurations for proline in 2 (Figure 5). Consequently, the absolute configuration of 2 was
elucidated to be 19S.

Figure 5. Advanced Marfey’s analysis of compound 2. (A): The FDAA derivatives of the hydrolysate
of 2. (B,C): The retention times for the FDAA derivatives of L-proline and D-proline. The derivatives
of the acid hydrolysate and the standard amino acids were subjected to RP HPLC analysis (Kromasil
C18 column; 5 μM, 4.6 × 250 mm; 1.0 mL/min; UV detection at 340 nm) with a linear gradient of
acetonitrile (30–40%) in water (TFA, 0.01%) over 30 min.

Fumindoline C (3) was obtained as a chartreuse powder. The molecular formula of 3

was established to be C23H25N3O4 from its HREIMS data (Figure S22). The 1H and 13C NMR
spectra of 3 were similar to those of 2, possessing two sets of signals (Figures S16 and S17),
except for the presence of an additional methoxyl group. The substitution of the methoxyl
group was further confirmed by the HMBC correlations from H3-26 to C-20. A further
comprehensive analysis of its 1H–1H COSY, HSQC, and HMBC spectra assigned the planar
structure of 3 (Figures S18–S20). The relative configuration of 3 was determined to be
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the same as that of 2 by their similar structure and ROESY data (Figures S14 and S21).
Accordingly, 3 was determined to be a methyl ester of 2.

12β,13β-hydroxy-asperfumigatin (4) was obtained as a white amorphous solid. Its
molecular formula was determined as C27H33N3O7 by HRESIMS data (Figure S31). The
1H NMR spectrum of 4 (Figure S25) displayed four singlet methyl groups (δH 1.17, 1.25,
2.11, and 2.21), one methoxyl group (δH 3.85) and four olefinic/aromatic protons (δH 6.40,
6.90, 7.27, and 7.45). The 13C-NMR spectrum (Figure S26) exhibited 27 carbon resonances
accounted for the functional groups described above and three amide carbonyl carbons
(δC 164.7, 165.5, and 165.9). A comprehensive analysis of its 2D NMR spectra, including
1H-1H COSY, HSQC, and HMBC experiments, confirmed the planar structure of 4 (Table 2,
Figures S27–S29), revealing the presence of the indole moiety and the diketopiperazine
moiety in 4 (Figure 6). The planar structure of 4 was determined to be the same as that
of asperfumigatin (5), by detailed interpretation of the 2D NMR spectra and NMR data
comparison between 4 and 5. Considering the same biosynthesis origin, compound 4 was
deduced to share the same absolute configuration at C-3 and C-6 as those of 5–13.

Table 2. 1H (500 MHz) and 13C NMR (125 MHz) data for 4 in chloroform-d.

Positions δC δH, Mult., (J in Hz) Positions δC δH, Mult., (J in Hz)

2 137.0 17 111.2 6.90 dd (8.6, 2.2)
3 43.3 6.37 dd (9.5, 1.2) 18 157.7
5 164.7 19 100.8 7.27 d (2.2)
6 59.8 4.32 dd (10.8, 6.0) 20 136.1
7 29.6 2.51 m 21 39.5 2.29 dd (14.0, 9.5)

1.95 m 2.14 dd (14.0, 1.2)
8 22.0 2.08 m 22 74.6

1.98 m 23 29.3 1.25 s
9 45.7 3.76 m 24 32.2 1.17 s

3.65 m 25 165.5
11 165.9 26 119.8 6.40 br. s
12 86.2 27 158.2
13 68.4 5.13 s 28 27.4 2.11 s
14 114.3 29 21.2 2.21 s
15 122.3 18-OCH3 55.9 3.85 s
16 119.4 7.45 d (8.6)

Figure 6. Key 1H-1H COSY, and HMBC correlations of 4.

Owing to a lack of sufficient ROESY correlations, the relative configurations of C-12
and C-13 were not determined (Figure S30). The relative configurations of 4 were deter-
mined by the DP4+ probability, based on a theoretical NMR calculation that has been
proven to be a very powerful tool in natural product structure elucidation [25,26]. The
NMR shifts of eight possible relative orientation isomers were calculated with the GIAO
method at the MPW1PW91/6-31+G(d,p), and the DP4+ probabilities of each configura-
tion were evaluated based on Boltzmann-averaged theoretical NMR shielding tensors,
which provided a 91.55% confidence for the relative configuration 3S*, 6S*, 12S*, 13R*
(Tables S1 and S2).

To determine the absolute configurations of 4, a ECD calculation method was applied.
The two configurations (3S, 6S, 12S, 13R)-4 and (3R, 6R, 12R, 13S)-4 were calculated using

81



Mar. Drugs 2022, 20, 302

time-dependent density functional theory (TDDFT) at PBE1PBE/6-311 G* level, with the
PCM model in methanol, and corrected with a 2 nm blue shift according to UV data. A
comparison of the experimental ECD spectrum of 4 and the calculated ECD spectra of (3S,
6S, 12S, 13R)-4 and (3R, 6R, 12R, 13S)-4 showed that the experimental ECD spectrum of
4 is consistent with the calculated ECD spectrum of (3S, 6S, 12S, and 13R)-4 (Figure 7).
Thus, the absolute configuration of 4 was assigned as 3S, 6S, 12S, and 13R, and named as
12β,13β-hydroxy-asperfumigatin. The only difference between compound 4 and compound
5 is the orientation of the two hydroxyl groups (12-OH, 13-OH).

Figure 7. Experimental ECD spectra of compound 4 and the calculated ECD spectra of (3S, 6S, 12S,
13R)-4 and (3R, 6R, 12R, 13S)-4.

2-epi-tryptoquivaline F (17), which was isolated as a white amorphous solid, exhibited
the [M + H]+ peak at m/z 403.1399 (HRESIMS), corresponding to C22H18N4O4, as well as
sixteen degrees of unsaturations (Figure S37). The 1H NMR, 13C NMR and HSQC spectra
(Table 3, Figures S32–S34) of 17 revealed the presence of two 1, 2-disubstituted benzene
rings (δH/δC 7.31 (d, J = 7.5 Hz)/124.4, 7.22 (dd, J = 8.0 and 7.5 Hz)/125.8, 7.43 (dd, J = 8.0
and 7.5 Hz)/131.3, 7.65 (d, J = 8.0 Hz)/115.8; δH/δC 8.29 (d, J = 8.1 Hz)/126.8, 7.58 (dd,
J = 8.1 and 7.5 Hz)/128.2, 7.85 (dd, J = 8.1 and 7.5 Hz)/135.4, 7.78 (d, J = 8.1 Hz)/128.0),
one methyl (δH/δC 1.28 (3H, d, J = 6.5 Hz)/17.9), one methylene (δH 2.61 (dd, J = 13.4
and 10.5 Hz), 3.68 (dd, J = 13.4 and 4.3 Hz), δC 33.4), four nitrogenated methines (δH/δC
4.26 (d, J = 6.5 Hz)/58.5, 5.03 (dd, J = 4.3 and 10.5 Hz)/58.3, 5.82 (s)/82.6, 8.11 (s)/145.6),
eight quaternary carbons including three carbonyls (δC 172.4, 170.9, and 161.0), four aro-
matic or olefinic carbon atoms (δC 121.9, 134.4, 138.9, and 148.1), and one oxygenated
one (δC 91.3). The NMR data of compound 17 were similar to those of tryptoquivaline
F [27], indicating the presence of one 6-5-5 gem-methyl imidazoindolone ring and one
quinazoline-4-one moiety.

Table 3. 1H (500 MHz) and 13C NMR (125 MHz) data of compound 17 in chloroform-d.

Positions δC δH, Mult., (J in Hz) Positions δC, Type δH, Mult., (J in Hz)

2 82.6 5.82 s 14 172.4
3 91.3 15 58.5 4.26 q (6.5)
4 134.4 18 161.0
5 124.4 7.31 d (7.5) 19 121.9
6 125.8 7.22 dd (8.0, 7.5) 20 126.8 8.29 d (8.1)
7 131.3 7.43 dd (8.0, 7.5) 21 128.2 7.58 dd (8.1, 7.5)
8 115.8 7.65 d (8.0) 22 135.4 7.85 dd (8.1, 7.5)
9 138.9 23 128.0 7.78 d (8.1)
11 170.9 24 148.1
12 58.3 5.03 dd (10.5, 4.3) 26 145.6 8.11 s
13 33.4 3.68 dd (13.4, 4.3) 27 17.9 1.28 d (6.5)

2.61 dd (13.4, 10.5)
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The partial relative configuration of 17 was confirmed by a ROESY experiment
(Figure S36). The ROESY correlations of H-2 (δH 5.82, s) with H-15 (δH 4.26, q, J = 6.5 Hz)
indicated that H-2 and H-15 were on the same face, while H3-27 (δH 1.28, d, J = 6.5 Hz)
were on the opposite face (Figure 8). The relative configurations of C-2 and C-15 were
assigned as 2S and 15S. However, owing to a lack of sufficient ROESY correlations, neither
the orientation of C-3 nor C-12 could be determined.

Figure 8. Key HMBC and NOESY correlations of compound 17.

Similar to compound 4, the NMR shifts of four relative configuration isomers (2S,
3S, 12R, 15S; 2S, 3R, 12S, 15S; 2S, 3R, 12R, 15S; 2S, 3S, 12S, 15S) were calculated and the
DP4+ probability, based on a theoretical NMR calculation, was applied. The 100% DP4+
probability for 17a revealed that the relative configuration of 17 was 2S*, 3S*, 12R* and 15S*
(Tables S3 and S4).

The absolute configurations of 17 were deduced by the comparison of the experimental
and simulated ECD spectra generated by TDDFT at B3LYP/6-311+G(2d,p) level with the
PCM model in methanol and corrected -5 nm according to the UV data. A comparison
of the observed ECD spectra for 17, with the calculated ECD spectra for the (2S, 3S, 12R,
15S)-17 and (2R, 3R, 12S, 15R)-17 enantiomers, is shown in Figure 9. The overall ECD
spectra for (2S, 3S, 12R, 15S)-17 are in good accordance with the experimental ECD for 17.
Thus, compound 17 was determined to be 2S, 3S, 12R, and 15S. The differences between 17

and tryptoquivaline F are the configuration of C-2. Therefore, compound 17 was identified
as 2-epi-tryptoquivaline F.

Figure 9. Experimental ECD spectra of compound 17 and the calculated ECD spectra of (2S, 3S, 12R,
15S)-17 and (2R, 3R, 12S, 15R)-17.

Compound 37 was isolated as a yellowish powder. Its molecular formula was deter-
mined as C17H16O7 based on the HRESIMS (Figure S42), implying ten degrees of unsatu-
ration. The 1H NMR spectrum (Figure S38) of 37 showed one hydrogen-bonded phenol
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moiety at δH 13.55 (s, 6′-OH), four aromatic methine protons at δH 7.19 (br. s, H-5), 6.88
(br. s, H-3), 5.90 (d, J = 2.2 Hz, H-5′) and 5.80 (d, J = 2.2 Hz, H-3′) for two sets of AB
meta-coupling, two methoxy groups at δH 3.64 (s, 8-OMe) and 3.26 (s, 2′-OMe), and a
methyl group at δH 2.30 (s, 4-Me). A comparison of its 1H NMR and 13C NMR spectra
(Table 4) with those of sulochrin (38) suggested the same benzophenone skeleton between
them [28]. The HMBC correlations from the proton of 6′-OH to C-6′, C-1′ and C-5′ indicate
that 6′-OH was located at C-6′. The HMBC correlations from 2′-OCH3 to C-2′, 4-CH3 to
C-3, C-4, C-5, and 8-CH3 to C-7 indicate that the two methoxy groups and one methyl
group were located at C-2′, C-7 and C-4, respectively. In addition, the HMBC correlations
from H-3 to C-1, C-2, C-5, from H-3′ to C-1′, C-2′, C-4′, C-5′, from H-5 to C-1, C-3, C-6 and
C-7, and from H-5′ to C-1′, C-3′ and C-6′ confirmed the proposed structure (Figure 10).
Therefore, compound 37 was determined as penibenzophenone E.

Table 4. 1H (500 MHz) and 13C NMR (125 MHz) data of compound 37 in DMSO-d6.

Positions δC δH, Mult., (J in Hz) Positions δC δH, Mult., (J in Hz)

1 127.2 1′ 105.9
2 153.1 2′ 163.0
3 120.1 6.88 s 3′ 91.4 5.80 d (2.2)
4 138.1 4′ 165.2
5 120.2 7.19 s 5′ 95.5 5.90 d (2.2)
6 130.3 6′ 166.0
7 166.0 4-CH3 20.8 2.30 s
8 51.9 3.64 s 2′-OCH3 55.7 3.26 s
9 198.1 6′-OH 13.55 s

 
Figure 10. Key HMBC correlations of compound 37.

Other known compounds were identified as asperfumigatin (5) [29], demethoxyfu-
mitremorgin C (6) [30], fumitremorgin C (7) [30], 12,13-dihydroxyfumitremorgin C (8) [31],
12α-hydroxy-13-oxofumitremorgin C (9) [32], fumitremorgin B (10) [33], 13-oxofumitremorgin
B (11) [34], cyclotryprostatin B (12) [35], verruculogen (13) [36], 6-methoxyspirotryprostatin
B (14) [37], (−)-spirotryprostatin A (15) [38], spirotryprostatin C (16) [39], fumiquinazoline C
(18) [40], (+)-alantrypinone (19) [41,42], oxoglyantrypine (20) [43], (−)-chaetominine (21) [44],
11-epi-chaetominine (22) [29], fumigaclavine C (23) [45,46], bisdethiobis(methylthio)gliotoxin
(24) [47], pyripyropene A (25) [48], pseurotin F1 (26) [49], pseurotin F2 (27) [49], pseurotin
A (28) [50], 11-O-methylpseurotin A (29) [51], azaspirofuran B (30) [52], azaspirofuran A
(31) [52], fumagiringillin (32) [53], fumagillin (33) [54], helvolic acid (34) [55], 6-O-propionyl-
16-O-deacetylhelvolic acid (35) [55], 16-O-propionyl-6-O-deacetylhelvolic acid (36) [55], su-
lochrin (38) [28], monomethylsulochrin (39) [56], 8′-O-methylasterric acid (40) [29], dimethyl
2,3′-dimethylosoate (41) [56], questin (42) [57], (+)-2′S-isorhodoptilometrin (43) [58], 6-
hydroxy-8-methoxy-3-methylisocoumarin (44) [59], and trypacidin (45) [60], based on the
spectroscopic analyses and in comparison with the literature data.

The antibacterial activities of the isolated compounds were determined against methicillin-
resistant Staphylococcus aureus (MRSA) (clinical isolate strain), vancomycin-resistant entero-
cocci E. faecalis (VRE), Candida albicans SC5314, Mycobacterium bovis ATCC35743 constitutive
GFP expression (pUV3583c-GFP), and Escherichia coli O57:H7, within 100 μM. The results
showed that nearly half of the compounds exhibit antibacterial activity (Table 5), especially
compounds 5, 8, 10, 11, 16, 21, 23, 29–38, and 41 exhibited antimicrobial activities against
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MRSA, with minimum inhibitory concentration (MIC) values ranging from 1.25 to 25 μM.
Furthermore, compound 8 also exhibited strong activity against M. bovis with a MIC of
25 μM, compound 10 showed moderate activity against C. albicans with a MIC of 50 μM.
Moreover, compound 13 inhibited the egg hatching of Caenorhabditis elegans with a IC50 of
2.5 μM.

Table 5. Antibacterial assay results of monomeric compounds.

MIC (μM)

Compound MRSA a Compound MRSA a

5 5.00 31 5.00
8 2.50 32 25.0
10 20.0 33 2.50
11 1.25 34 1.25
16 10.00 35 1.25
21 25.00 36 1.25
23 12.50 37 1.25
29 10.00 38 1.25
30 5.00 41 5.00

Positive control Vancomycin (1.00)
a MRSA: methicillin-resistant Staphylococcus aureus.

3. Discussion

The marine environmental stress conditions induce many faunae and symbiont mi-
croorganisms to synthesize and release secondary metabolites of unique structures and
interesting biological activities [61]. These bioactive compounds can serve as an important
source for drug discovery. Marine-derived fungi are important sources for the discovery
of new antibacterial natural products. Wang et al. isolated the Chaetomium sp. strain
NA-S01-R1 from a deep-sea (4050 m) fungus that produced novel chlorinated azaphilone
polyketides with antibacterial activity against MRSA [62]. The Emericellopsis minima strain
A11, isolated from Talcahuano Bay (Chile), produced an antibiotic called emerimicin IV,
with moderate activity against clinical isolates of MDR vancomycin-resistant strains of
E. faecalis and MRSA with MIC of 12.5 μg/mL and 100 μg/mL, respectively [63].

A. fumigatus belongs to the filamentous fungi family that is widely distributed in all
environments and can cause many diseases and life-threatening conditions in immunocom-
promised patients [64]. A. fumigatus can produce a wide array of secondary metabolites due
to its remarkable adaptability to different environmental conditions, such as fumitremor-
gins, fumagillins, pseurotins, fumigaclavines, gliotoxins, and helvolic acid derivatives.

Inspired by chemical ecology, we found a marine fungus A. fumigatus H22 with strong
antibacterial activities from the marine fungi library. Through in-depth chemical mining,
we found 45 compounds, including 6 new compounds, from the culture of this fungus.
A evaluation of biological activity showed that nearly half of the compounds exhibit
antimicrobial activity. Fumitremorgins derivatives (4-11) have very similar structures, but
only a few have strong anti-MRSA activity. Compounds 5, 8 and 11 with strong anti-MRSA
activity contain hydroxyl group at C-13, while compounds 6 and 7 without anti-MRSA
activity have no hydroxyl group at C-13. In addition, compounds 4 and 5 have the same
planar structure, but the 13-OH of compound 4 without anti MRSA activity was α-oriented,
while compound 5 and other strongly active compounds were β-oriented. Therefore, it
is preliminarily speculated that there is a certain correlation between the substituents
and stereoconfiguration in C-12 and C-13 and their anti MRSA activity. Fumitremorgin
B (10) was reported with antifungal activity against a variety of phytopathogenic fungi,
but it showed weak activity against vancomycin-resistant E. faecalis (VRE), M. bovis, and
E. coli in our in vitro assay, which could be involved in fighting against invasion by other
pathogens [65].

Pseurotins, with a unique heterospirocyclic furanone-lactam structure, exhibit a broad
range of biological activities. In addition to antifungal and antibiotic activities [66,67],

85



Mar. Drugs 2022, 20, 302

pseurotins were also shown to regulate enzymes of cellular metabolism [68], to possess
anti-angiogenic activity, to modulate cell differentiation [69], and to inhibit endothelial cell
migration [70–72]. Fumagillin (33) have been demonstrated to have antitumor, antibacterial
and antiparasitic effects [73]. Previous studies revealed that helvolic acid (34) exhibited
in vitro antimalarial activity against multidrug resistant Plasmodium falciparum [74], an-
titrypanosomal activity against Trypanosoma brucei [75], and antimycobacterial activity
against M. tuberculosis H37Ra [76]. Our current research showed the strong activities of
oxofumitremorgin B (11), helvolic acid (34), 6-O-propionyl-16-O-deacetylhelvolic acid (35),
16-O-propionyl-6-O-deacetylhelvolic acid (36), sulochrin (38) and 8′-O-methylasterric acid
(40) against MRSA, with a MIC of 1.25 μM.

From our current findings, it can be found that A. fumigatus from marine sources can
produce rich bioactive secondary metabolites, especially in anti-MRSA.

4. Materials and Methods

4.1. General

UV data, optical rotation, and IR data were recorded on Genesys-10S UV–Vis spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA), MCP 200 automatic po-
larimeter (Anton Paar, Graz, Austria), and IS5 FT-IR spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), respectively. NMR spectral data were obtained with a
Bruker AVANCE-500 spectrometer (Bruker, Bremen, Germany) (DMSO-d6, δH 2.50/δC
39.52, and CDCl3, δH 7.26/δC 77.16). High-resolution electrospray ionization mass spec-
trometry (HRESIMS) data were obtained on an Agilent Accurate-Mass-Q-TOF LC/MS 6520
instrument (Agilent Technologies, Santa Clara, CA, USA). The CD spectra were measured
by JASCO J-815 spectropolarimeter (JASCO, Tsukuba, Japan). Silica gel (Qingdao Haiyang
Chemical Co., Ltd., Qingdao, China, 200–300 mesh), ODS (octadecylsilyl, 50 μM, YMC Co.,
Ltd., Kyoto, Japan), and Sephadex LH-20 (GE Healthcare, Uppsala, Sweden) were used for
column chromatography. Semi-preparative HPLC was performed on an Agilent 1200 HPLC
system equipped with an Agilent DAD UV–vis spectrometric detector (Agilent Technolo-
gies Inc., CA, USA), using a reversed-phase Eclipse XDB-C18 column (5 μM, 9.4 × 250 mm;
Agilent, MA, USA), with a flow rate of 2.0 mL/min. The biological reagents, chemicals and
media were purchased from standard commercial sources, unless stated.

4.2. Fungal Material

The fungus H22 was isolated from middle seawater from the Western Pacific. The
sample (1 mL) was diluted with sterile H2O, 100 μL of which was deposited on a PDA
(200 g of potato, 20 g of glucose, 20 g of agar per liter of seawater collected in the Western
Pacific) plate containing chloramphenicol (100 μg/mL) and streptomycin (100 μg/mL) as
a bacterial inhibitor. A single colony was transferred onto another PDA plate and was
identified according to its morphological characteristics and 18S rRNA gene sequences.
The phylogenetic tree (Figure S1), constructed from the ITS gene sequence, indicated
that H22 belonged to the genus of Aspergillus, with the highest similarity to A. fumigatus
(99.86%, accession number NRRL 163 s). In consideration of the morphological features
and phylogeny (Figure S2), this fungus was identified as A. fumigatus. A reference culture
of A. fumigatus H22 maintained at −80 ◦C was deposited in our laboratory.

4.3. Fermentation and Extraction

The isolate was grown for 7 days at 28 ◦C, on slants of a PDA medium. The spores of
the strain on the plate were collected using 0.01% sterile Tween 80 (BTL, Warsaw, Poland)
and adjusted to 1 × 106 CFU/mL to make inoculum. A large-scale fermentation was carried
out in 50 × 500 mL Fernbach culture flasks, holding 100 g of rice in 110 mL of distilled
water (each with 0.5 mL of spore suspension) and incubated for 4 weeks at 28 ◦C. With
the help of ultrasonication, the fermented rice substrates were extracted with ethyl acetate
(3 × 5 L), and the organic solvent was filtered and evaporated to dryness under a vacuum
to obtain the crude extract (78.0 g).
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4.4. Isolation and Characterization Data

The ethyl acetate (EtOAc) fraction was subjected to silica gel column chromatography
(CC), eluted with dichloromethane/acetone (D/A, v/v, 100:0, 100:1, 50:1, 30:1, 25:1, 20:1,
10:1, 5:1) and dichloromethane/methanol (D/M, v/v, 5:1, 2:1, 0:100) to give 10 fractions
(HS.1–HS.10).

HS.3 (4.94 g eluted with D/A, v/v, 50:1) was purified by RP-HPLC, using 37% ace-
tonitrile in acidic water (0.01% TFA) to obtain compounds 45 (9.0 mg, tR = 37.5 min), 42

(103.0 mg, tR = 44.5 min) and 39 (19.2 mg, tR = 47.6 min).
Fraction HS.4 (5.98 g from D/A, v/v, 30:1) was separated by ODS, using a gradient

from 20% to 100% methanol in water to afford 12 subfractions (HS.4-1–HS.4-12). HS.4-3
(203.0 mg) was further purified using C8-RP-HPLC on a Agilent Eclipse XDB-C8 (5 μM,
250 × 9.4 mm), with a gradient elution from 30% to 40% acetonitrile in 60 min to give com-
pounds 21 (102.1 mg, tR = 22.5 min), 18 (12.0 mg, tR = 30.6 min), 17 (7.0 mg, tR = 39.6 min)
and 41 (2.0 mg, tR = 50.2 min). HS.4-4 (77 mg) was further purified using C8-RP-HPLC with
35% acetonitrile to give compounds 8 (3.5 mg, tR = 33.6 min), 7 (3.5 mg, tR = 41.5 min) and
31 (3.0 mg, tR = 66.2 min). Compounds 13 (79.0 mg, tR = 17.4 min), 10 (7.0 mg, tR = 23.6 min)
and 33 (5.0 mg, tR = 25.8 min) were obtained from HS.4-9 (252 mg) by RP-HPLC, using 55%
acetonitrile in acidic water.

Fraction HS.5 (5.43 g, from D/A, v/v, 25:1) was first separated by ODS, using a gradient
from 30% to 100% methanol in water to afford HS.5-1–HS.5-11. Subfraction HS.5-4 (30 mg)
was purified using RP-HPLC on a Agilent Eclipse XDB-C8 column (5 μM, 250 × 9.4 mm)
with 40% acetonitrile in 20 min to give compounds 23 (5.0 mg, tR = 4.1 min) and 39 (4.2 mg,
tR = 7.5 min). Compound 24 (5.0 mg, tR = 24.8 min) was obtained from subfraction HS.5-4-5
(32 mg) by RP-HPLC, using 28% acetonitrile in acidic water (0.01% TFA). Compounds 22

(2.2 mg, tR = 28.1 min) and 21 (3.0 mg, tR = 29.7 min) were obtained from HS.5-4-8 (144 mg)
by RP-HPLC, using 29% acetonitrile in acidic water (0.01% TFA).

Fraction HS.6 (6.72 g, from D/A, v/v, 20:1) was first separated by ODS, using a gradient
from 20% to 100% methanol in water to afford HS.6-1–HS.6-17. HS.6-2 (289 mg) was puri-
fied using C8-RP-HPLC eluting with 50% to provide compound 44 (2.0 mg, tR = 16.3 min).
Compounds 37 (3.0 mg, tR = 19.1 min) and 38 (1.5 mg, tR = 20.2 min) were obtained from
HS.6-4 (326.0 mg) by RP-HPLC, using 45% acetonitrile in acidic water. HS.6-5 (522 mg)
was purified using RP-HPLC eluting with 50% acetonitrile to give compounds 15 (9.0 mg,
tR = 10.2 min), 9 (15.0 mg, tR = 13.2 min), and 12 (100.0 mg, tR = 14.6 min). Compound
16 (3.0 mg, tR = 25.2 min) was obtained from subfraction HS.6-9 (17.5mg) by RP-HPLC,
using 60% acetonitrile in acidic water. Compounds 33 (19.8 mg, tR = 10.7 min), 34 (2.0 mg,
tR = 12.3 min) and 35 (2.0 mg, tR = 13.2 min) were obtained from HS.6-17 (365 mg) by
RP-HPLC, using 70% acetonitrile in acidic water.

Fraction HS.7 (10.63 g, D/A, v/v, 10:1) was first separated by ODS, using a gradient
from 35% to 100% methanol in water to afford HS.7-1–HS.7-13. Compounds 40 (6.0 mg)
and 29 (2.0 mg) were obtained from HS.7-2 and HS.7-3 by recrystallization in methanol,
respectively. Compounds 30 (2.0 mg, tR = 9.1 min), 20 (2.0 mg, tR = 11.1 min) and 6 (2.1 mg,
tR = 11.9 min) were obtained from HS.7-4 (11.2 mg) by RP-HPLC, using 65% acetonitrile
in acidic water. Compounds 4 (3.2 mg, tR = 14.9 min) and 5 (2.8 mg, tR = 16.1 min) were
purified from HS.7-7, using RP-HPLC with 50% acetonitrile. HS.7-9 (420.0 mg) was purified
using C8-RP-HPLC with 65% methanol to give compounds 43 (2.0 mg, tR = 12.5 min), 32

(20.2 mg, tR = 16.2 min) and 19 (37.3 mg, tR = 18.1 min).
Fraction HS.8 (8.82 g, D/A, v/v, 5:1) was first separated by ODS, using a gradient

from 20% to 100% methanol in water to afford 22 subfractions (HS.8-1–HS.8-22). HS.8-3
(100.0 mg) was further purified on C8-RP-HPLC eluting with 35% acetonitrile in acidic
water to give compounds 28 (11.8 mg, tR = 19.3 min), 27 (3.1 mg, tR = 22.4 min), and
26 (2.8 mg, tR = 24.3 min). HS.8-18 (124.0 mg) was purified on a C8-RP-HPLC eluting
with a gradient elution from 70% methanol to give compounds 3 (15.0 mg, tR = 12.5 min),
2 (5.0 mg, tR = 15.2 min), 11 (20.0 mg, tR = 18.4 min), 1 (5.0 mg, tR = 19.2 min) and 25 (8.0 mg,
tR = 22.5 min).
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Fumindoline A (1). UV (MeOH) λmax (log ε) 286 (1.62), 345 (0.48). 1H NMR and 13C
NMR, see Table 1, 2D NMR spectra, see Supplementary Figures S3–S7. Positive HRESIMS:
m/z 382.1768 [M + H]+ (calcd for C21H24N3O4, 382.1761, Figure S8).

Fumindoline B (2). Chartreuse powder; (α)25
D −34.99 (c 0.1, MeOH); UV (MeOH)

λmax (log ε) 282 (2.82), 343 (0.82); 1H NMR and 13C NMR, see Table 1, 2D NMR spectra,
see Supplementary Figures S9–S14; Positive HRESIMS: m/z 394.1765 [M + H]+ (calcd for
C22H24N3O4, 394.1761, Figure S15).

Fumindoline C (3). Chartreuse powder; (α)25
D −21.00 (c 0.1, MeOH); UV (MeOH)

λmax (log ε) 286 (1.62), 345 (0.50); 1H NMR and 13C NMR, see Table 1, 2D NMR spectra,
see Supplementary Figures S16–S24; Positive HRESIMS: m/z 408.1916 [M + H]+ (calcd for
C23H26N3O4, 408.1918, Figure S22).

12β,13β-hydroxy-asperfumigatin (4). White amorphous solid; (α)25
D +26.00 (c 0.1,

MeOH); UV (MeOH) λmax (log ε) 222 (1.51), 270 (0.60); 1H NMR and 13C NMR, see Table 2,
2D NMR spectra, see Supplementary Figures S25–S30; Positive HRESIMS: m/z 494.2720
[M + H − H2O]+ (calcd for C27H32N3O6, 494.2726, Figure S31).

2-epi-tryptoquivaline F (17). White amorphous solid; (α)25
D +221.96 (c 0.1, CH2Cl2); UV

(CH2Cl2) λmax (log ε) 212 (2.21), 233 (1.69); 1H NMR and 13C NMR, see Table 3, 2D NMR
spectra, see Supplementary Figures S32–S36; Positive HRESIMS: m/z 403.1399 [M + H]+

(calcd for C22H19N4O4, 403.1401, Figure S37).
Penibenzophenone E (37). Yellowish powder; UV (MeOH) λmax (log ε) 205 (3.28), 303

(1.63); 1H NMR and 13C NMR, see Table 4, 2D NMR spectra, see Supplementary Figures
S38–S41; Positive HRESIMS: m/z 355.0789 [M + Na]+ (calcd for C17H16O7Na, 355.0788,
Figure S42).

4.5. Marfey’s Analysis of Compound 2

Compound 2 (2.0 mg) was dissolved in 6 N HCl (2.0 mL) and heated at 100 ◦C for
24 h. The solutions were then evaporated to dryness and placed in a 4 mL reaction vial and
treated with a 10 mg/mL solution of FDAA (200 μL) in acetone, followed by 1 M NaHCO3
(40 μL). The reaction mixtures were heated at 45 ◦C for 90 min, and the reactions were
quenched by the addition of HCl (1 N, 40 μL). In a similar fashion, the standard L-proline
and D-proline were derivatized separately. The derivatives of the acid hydrolysate and the
standard amino acids were subjected to RP HPLC analysis (Kromasil C18 column; 5 μM,
4.6 × 250 mm; 1.0 mL/min; UV detection at 340 nm), with a linear gradient of acetonitrile
(30–40%) in water (TFA, 0.01%) over 30 min. The retention times for the authentic standards
were as follows: L-proline derivative (8.91 min) and D-proline derivative (9.88 min). The
absolute configuration of the chiral amino acid in 2 was determined by comparing the
retention times.

4.6. Computational Details for NMR and ECD

The GMMX software tool was used to undertake the systematic conformational evalu-
ations for 4 and 17, utilizing the MMFF94 molecular mechanics force field. Gaussian 16
software was used to further improve the MMFF94 conformers, utilizing the M062X/6-
31G(d) basis set level in gas for NMR calculations and B3LYP/6-31+G(d,p) basis set level in
methanol, with a PCM model for ECD calculations. The shielding constants were calcu-
lated using the GIAO technique in chloroform, using the SMD solvent model and Gaussian
function at mPW1PW91/6-31+G(d,p). A previously documented approach was used to
calculate the 1H and 13C chemical shifts for the DP4+ probability analysis [77]. ECD spectra
were stimulated in methanol with a Gaussian function at the B3LYP/6-311+G(2d,p) level
using the PCM model, and 60 NStates were calculated. Boltzmann statistics were used
to compute the equilibrium populations of the conformers at 298.15 K, based on their
respective free energies (ΔG). The Boltzmann weighting of the key conformers was then
used to construct the overall ECD spectra. UV correlation was used to correct the systematic
mistakes in predicting the wavelength and excited-state energy [78].
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4.7. Antimicrobial Assay

An antimicrobial assay was performed according to the Antimicrobial Susceptibility
Testing Standards, outlined by the Clinical and Laboratory Standards Institute against
MRSA (clinical strain from Chaoyang Hospital, Beijing, China), Pseudomonas aeruginosa
(ATCC 15692), Escherichia coli (O57:H7), Mycobacterium bovis (ATCC35743), vancomycin-
resistant Enterococci faecalis (VRE) (clinical strain from 309 Hospital, Beijing, China), and
pathogen fungi Candida albicans SC5314. The protocol was performed as previously re-
ported [58,59]. The positive controls were vancomycin against MRSA, E. faecalis, ciprofloxacin
against P. aeruginosa and E. coli, amphotericin B for C. albicans, and rifampicin for M. bovis.
All the experiments were performed in triplicate.

5. Conclusions

In summary, we isolated forty-five compounds from A. fumigatus H22, including six
new compounds 1–4, 17, and 37. The stereochemistry of the new compounds was deter-
mined by quantum calculations of NMR, ECD calculations and chemical derivatizations.
Bioactivity screening indicated that compounds 5, 8, 10, 11, 16, 21, 23, 29–38, and 41 exhib-
ited antimicrobial activities against MRSA, with MIC values ranging from 1.25 to 25 μM.
Compound 8 also exhibited strong activity against M. bovis, with a MIC of 25 μM. To the
best of our knowledge, this is the first report for the antimicrobial activities of compounds
5, 10, 11, 16, 30, 31, and 37. The strains of A. fumigatus from ocean environments are a good
source of antibacterial natural products, deserving further exploitation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20050302/s1. Table S1: NMR calculation of 4; Table S2:
sDP4+, uDP4+ and DP4+ probabilities (%) for 4; Table S3: NMR calculation of 17; Table S4: sDP4+,
uDP4+ and DP4+ probabilities (%) for 17; Figures S1 and S2: phylogenetic tree and morphology of
A. fumigatus H22; Figures S3–S8: 1D, 2D NMR, and HRESIMS of 1; Figures S9–S15: 1D, 2D NMR,
and HRESIMS of 2; Figures S16–S24: 1D, 2D NMR, and HRESIMS of 3; Figures S25–S31: 1D, 2D
NMR, and HRESIMS of 4; Figures S32–S37: 1D, 2D NMR, and HRESIMS of 17; Figures S38–S42:
1D, 2D NMR, and HRESIMS of 37; Figure S43: eight possible stereoisomers of 4 (4a–4h); Figure S44:
four possible stereoisomers of 17 (17a–17d).
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Abstract: A new compound, exophilone (1), together with nine known compounds (2–10), were iso-
lated from a deep-sea-derived fungus, Exophiala oligosperma. Their chemical structures, including the
absolute configuration of 1, were elucidated using nuclear magnetic resonance (NMR) spectroscopy,
high-resolution electrospray ionization mass spectroscopy (HRESIMS), and electronic circular dichro-
ism (ECD) calculation. Compounds were preliminarily screened for their ability to inhibit collagen
accumulation. Compounds 1, 4, and 7 showed weaker inhibition of TGF-β1-induced total collagen
accumulation in compared with pirfenidone (73.14% inhibition rate). However, pirfenidone exhibited
cytotoxicity (77.57% survival rate), while compounds 1, 4, and 7 showed low cytotoxicity against
the HFL1 cell line. Particularly, exophilone (1) showed moderate collagen deposition inhibition
effect (60.44% inhibition rate) and low toxicity in HFL1 cells (98.14% survival rate) at a concentration
of 10 μM. A molecular docking study suggests that exophilone (1) binds to both TGF-β1 and its
receptor through hydrogen bonding interactions. Thus, exophilone (1) was identified as a promis-
ing anti-pulmonary fibrosis agent. It has the potential to be developed as a drug candidate for
pulmonary fibrosis.

Keywords: Exophiala oligosperma; marine fungus; pulmonary fibrosis (PF); molecular docking

1. Introduction

Deep-sea is one of the extreme ecological environments on earth, with high salinity,
high pressure, low temperature, low oxygen concentration, darkness, and other charac-
teristics [1]. Therefore, organisms, including microbes, that live in deep-sea are normally
equipped with certain physical and biochemical traits that help them survive that extreme
environment [2]. In addition, many of them have the ability to produce specialized metabo-
lites which are different from those produced by terrestrial organisms. Recent studies have
shown that fungi from extreme environments have great potential as a source of clinically
important compounds [1,3].

Tetrahydro carbazole derivatives have been isolated from microorganisms of terres-
trial and marine origin and exhibit a variety of activities, including anti-Candida albicans
activity [4], anti-Bacillus subtilis activity, and anti-Micrococcus luteus activity [5], etc. In
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particular, sorazolons D2, E, and E2 from Sorangium cellulosum strain Soce375 exhibited
anti-fibrosis activity [5]. Pulmonary fibrosis (PF) is a lung disease in which scarring of the
lungs increases over time [6]. The progression of PF is related to environmental pollution,
certain drug use, connective tissue diseases, infections (including COVID-19 and the related
SARS virus), and/or interstitial lung disease [7]. To date, only two drugs, nintedanib and
pirfenidone, have been approved by the FDA for the treatment of idiopathic pulmonary
fibrosis (IPF). Nintedanib can significantly slow disease progression compared to placebo
in IPF patients [8,9]. However, its clinical applications are somewhat limited due to poor
oral bioavailability, metabolic instability, and off-target side effects [10]. Clinical trials have
shown that pirfenidone alleviates the decline in lung function in patients with IPF, but
24.3% of patients stopped pirfenidone treatment due to adverse drug reactions in Japan [11].
Although lung transplantation is considered the most effective treatment for PF, it is limited
by the lack of suitable donor organs [12]. Therefore, there is still an urgent need to identify
and discover new agents to treat PF. PF is characterized by excessive collagen deposition in
the lung; therefore, an in vitro cell screening assay that is based on deposition of collagen
in cells has been established [13].

As part of an effort to discover anti-PF compounds from extremophilic fungi, we
investigated the metabolites of the fungus Exophiala oligosperma MCCC 3A01264, a “black-
yeast” isolated from seawater collected at a depth of 3300 m in the northern basin of the
South China Sea. While E. oligosperma has been reported to cause infections in humans,
particularly in immunocompromised patients [3], little is known about its secondary
metabolism or production of natural products. In this study, we focused our effort on
bioactive compounds that have potential to be developed as drugs for the treatment of
pulmonary fibrosis (PF). Here, we report the isolation, structure characterization, and
collagen accumulation inhibitory activity of a new compound, exophilone (1), together
with eleven known compounds (2–10) from E. oligosperma (Figure 1).
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Figure 1. Chemical structures of compounds 1–10.
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2. Results and Discussion

2.1. Structural Elucidation

Exophilone (1) was isolated as a pale yellow solid, and its molecular formula was
established to be C13H13NO3 by HRESIMS (m/z 232.0967 [M + H]+, calcd. 232.0968)
(Supplementary Figure S1), suggesting eight degrees of unsaturation. Analyses of its 1H,
13C, and HMQC NMR spectra (Table 1 and Supplementary Figures S2–S5) revealed the
presence of one carbonyl (C-1), two aromatic quaternary (C-4a, C-5a), two tertiary amines
(C-8a, C-1a), and four aromatic methines (C-5 to C-8), as well as one tertiary alcohol (C-2),
one secondary alcohol (C-3), one methylene (C-4), and one methyl (C-10). The carbonyl
and four double bonds accounted for five out of the eight degrees of unsaturation required
by the molecular formula, and the remaining three suggested a structure with three rings
in 1. Based on the COSY correlations between H-5 (δH 7.66, d, J = 7.8 Hz) and H-6 (δH 7.08,
ddd, J = 7.8, 7.2, 1.2 Hz), between H-6 and H-7 (δH 7.30, ddd, J = 7.8, 7.2, 1.2 Hz), between
H-7 and H-8 (δH 7.38, d, J = 7.8 Hz), as well as HMBC correlations between H-5 and C-5a
(δC 125.3), C-8a (δC 138.9), and C-4a (δC 123.6), between H-8 and C-5a (δC 125.3) and C-8a
(δC 138.9), between H-9 (δH 11.59, s) and C-4a (δC 123.6), C-5a (δC 125.3), C-8a (δC 138.9),
and C-1a (δC 129.5), the presence of 2,3-substituted indole moiety was confirmed (Figure 2
and Supplementary Figure S6–S7). The third ring was confirmed by C-1 (δC 192.4) to C-4
(δC 27.5), where C-1 attaches to C-1a and C-4 attaches to C-4a. This was supported by the
HMBC correlation between C-4 methylene protons and C-4a, C-1a, C-2, and C-3, between
the methylene protons and the carbonyl C-1, between the methyl protons CH3-10 (δH 1.24,
s) and C-2, C-1, and between H-3 (δH 4.03, m) and C-4a suggested that C-1 is connected
to C-2 and C-2 is connected to C-3 and C-10. Further, the HMBC spectrum allowed the
assignment of the position of the OH groups (δH 5.25 and 5.16 ppm) to C-11 and C-12 from
their correlations with C-1 and C-10 as well as C-2 and C-4, respectively (Figure 2 and
Supplementary Figure S7). Hence, the structure of 1 was elucidated as shown (Figure 1).

Table 1. 1H (400 Hz) and 13C (100 Hz) NMR data for compound 1 in DMSO-d6.

Position δC, Type δH, Mult. (J in Hz)

1 192.4, CO
2 77.3, C
3 74.2, CH 4.03, m

4 27.5, CH2
2.76, m
3.28, m

4a 123.6, C
5a 125.3, C
5 121.2, CH 7.66, d (7.8)
6 119.7, CH 7.08, ddd (7.8, 7.2, 1.2)
7 126.2, CH 7.30, ddd (7.8, 7.2, 1.2)
8 112.8, CH 7.38, d (7.8)
8a 138.9, C
9 NH 11.59, brs
1a 129.5, C
10 18.6, CH3 1.24, s
11 OH 5.25, brs
12 OH 5.16, d (3.6)

Since the NOESY spectrum of 1 (Supplementary Figure S8) did not provide enough
information to determine its configuration, the absolute configuration of 1 was elucidated
to be 2S, 3R by comparisons of the experimental and calculated electronic circular dichroism
(ECD) spectra (Figure 3). Since the structure of 1 has not been reported previously, it is
named exophilone (1).
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Figure 2. 1H-1H COSY and key HMBC correlations of compound 1.

Figure 3. Comparisons of the experimental and calculated ECD spectra of 1.

The other eleven compounds were determined to be flazine (2) [14], perlolyrine
(3) [15], (1H-indol-3-yl) oxoacetamide (4) [16], N-acetyl tryptamine (5) [17], indole-3-
methylethanoate (6) [18], 3-(hydroxyacetyl)-indole (7) [19], indole-3-acetic acid (8) [20],
N-acetyl-tyramine (9) [21], and uracil (10) [22] by comparing their NMR data (Supplemen-
tary Figures S9–S26) with those reported in the literature.

2.2. Effect of Compounds 1–10 on HFL1 Cell Viability

To assess the cytotoxicity of compounds 1–10, we performed cell viability assay with
the HFL1 cell line. The cells were treated with compounds 1–10 as well as with pirfenidone
as a positive control for 48 h, and the cell viability was measured and compared with the
untreated control group (control) (Figure 4A and Table 2). Among the compounds tested,
compound 8 and pirfenidone are somewhat toxic to HFL1 cells at 10 μM, with cell survival
rates of 78.49% and 77.57%, respectively. On the other hand, compounds 1, 2–7, 9, and 10

did not significantly affect cell viability at the same concentration. Particularly, compounds
1, 4, and 7 had no cytotoxicity at 10 μM, with the cell survival rates of above 98%.

96



Mar. Drugs 2022, 20, 448

Figure 4. Effects of compounds 1–10 on cell viability and collagen accumulation. (A) Cell viability
was calculated by CCK8 assay at a concentration of 10 μM; (B) Inhibitory activity against TGF-β1-
induced total collagen accumulation in HFL1 cells at a concentration of 10 μM. The results are the
means ± SD of at least three independent experiments. *** p < 0.001 compared with the TGF-β1
group. ns: no statistical difference.

Table 2. Collagen accumulation inhibition rate (IR) and cell survival rate (SR) of 1-10.

Compound Inhibition (%) Survival Rate (%)

1 60.44 ± 1.54 98.14 ± 6.20
2 26.28 ± 2.53 98.28 ± 11.15
3 2.19 ± 1.34 81.69 ± 3.36
4 57.37 ± 7.65 91.56 ± 10.17
5 40.88 ± 10.52 96.11 ± 1.80
6 1.46 ± 1.16 87.01 ± 1.13
7 44.96 ± 2.82 99.25 ± 12.96
8 20.15 ± 4.49 78.49 ± 8.92
9 25.11 ± 4.97 84.93 ± 7.86
10 35.62 ± 8.39 86.96 ± 9.81

pirfenidone 73.14 ± 4.72 77.57 ± 0.52
Inhibitory effect against TGF-β1 induced total collagen accumulation in HFL1 cells at a concentration of 10 μM. Cell
survival rate is calculated by CCK8 assay. The results are the mean ± SD of at least three independent experiments.

2.3. Effect of Compounds 1–10 on HFL1 Cell Collagen Accumulation

To evaluate the compounds’ inhibitory activity on TGF-β1-induced total collagen
accumulation, the Sirius red dye staining, which has been accepted to be an effective
and convenient method for the anti-fibrotic screening model in vitro [13,23], was used.
Among the compounds tested, compounds 1, 4, and 7 showed good inhibition of collagen
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accumulation (60.44%, 57.37%, and 44.96%) in HFL1 cells (Table 2 and Figure 4B). While they
are somewhat less active than pirfenidone, their toxicity profiles are less than pirfenidone
(77.57% survival rate) toward HFL1 cells. More significantly, exophilone (1) showed a
respectable collagen deposition inhibition effect (60.44% inhibition rate) and low toxicity
toward HFL1 cells (98.14% survival rate) at a concentration of 10 μM. The cells were
observed with Picro-Sirius Red staining and visualized (Figure 5).

Figure 5. Picro-Sirius Red (PSR) staining for the total collagen accumulation induced by TGF-β1 in
HFL1 cells. The representative images are the cells induced by TGF-β1 and treated with 10 μM of
compounds 1, 4, 7, pirfenidone, and the control group (untreated normal cells). Scale bar: 200 μM.

2.4. Molecular Docking Study

The inhibitory effect of compound 1 on TGF-β1-induced total collagen accumulation
in HFL1 cells might be due to its competitive binding with TGF-β1 (PDBID: 1KLS) or with
its receptors (PDBID: 3KFD). In order to investigate the binding mode of compound 1,

molecular docking experiments were performed using Autodock software 1.56 [24]. The
results are shown in Figure 6.

  

(A) (B) 

Figure 6. Molecular docking studies of compound 1. (A) Docking mode of compound 1 to 1KLS;
(B) Docking mode of compound 1 to 3KFD (Yellow dotted lines represent hydrogen bonds, and
numbers represent bond distances).
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The docking study showed three hydrogen bonds between compound 1 and the active
site residues of TGF-β1 (1KLS) (Figure 6A); a strong hydrogen bond (distance: 1.7 Å)
between the indole nitrogen atom and the Cys-78 residue of TGF-β1, and two hydrogen
bonds (distance: 2.2, 1.8 Å) between the two hydroxyl groups and Cys-78 and Gly-46,
respectively. The data suggest that compound 1 may inhibit TGF-β1-induced total collagen
accumulation in HFL1 cells by directly binding to TGF-β1. However, the study also showed
three hydrogen bonds between compound 1 and the TGF-β1 receptor (3KFD) (Figure 6B);
one hydrogen bond (distance: 1.7 Å) between the indole nitrogen atom and Cys-76, a
hydrogen bond (distance: 2.9 Å) between the C-1 ketone and Cys-76, and another hydrogen
bond between the C-3 hydroxyl group and Cys-62 (distance: 1.9 Å). The results suggest
that compound 1 may bind to the active site of the TGF-β1 as well as to its receptor by
hydrogen bonding interactions. These may preliminarily explain why compound 1 inhibits
the accumulation of collagen induced by TGF-β1 similar to pirfenidone in HFL1 cells.
The interactions of compound 1 with TGF-β1 and its receptor will be a subject of our
future investigations.

3. Discussion

Exophilone (1) is a tetrahydro carbazole derivative that is structurally very simi-
lar to Sorazolon A [5], which was previously found in soil-derived Sorangium cellulosum
strain soce375 and thus presumably has a similar biosynthetic pathway. The main differ-
ences between exophilone (1) and Sorazolon A are the carbonyl C-1 and the secondary
alcohol C-3 replacing the tertiary alcohol and carbonyl. Natural tetrahydro carbazole
derivatives, including 3-hydroxy-1,2-dimethyl-1,2,3,9-tetrahydrocarbazol-4-one isolated
from Streptomyces ehimensis strain JB201 [4] and carbazomycin dimers and 3-hydroxy-1,2-
dimethyl-2,3-dihydro-1H-carbazol-4-one isolated from Streptomyces sp. BCC26924 [25],
showed antifungal activity and antituberculosis activity. Furthermore, synthetic tetrahydro
carbazole protects DNA against oxidative stress [26]. Natural products are a rich source
of lead molecules for anti-fibrosis drug discovery. Current pulmonary fibrosis treatment
drugs (e.g., colchicine, cyclophosphamide, cyclosporine A, pirfenidone, and nitinol) have
therapeutic effects but also significant side effects. Therefore, it is crucial to screen drugs
with progressive therapeutic effects to treat pulmonary fibrosis [27].

In this study, a new compound, exophilone (1), together with nine known compounds
(2–10), were isolated from a deep-sea-derived fungus, Exophiala oligosperma. Among them,
exophilone (1) showed the best anti-pulmonary fibrosis activity, with low toxicity in HFL1
cells (98.14% survival rate) at a concentration of 10 μM. Exophilone (1) has the potential of
anti-pulmonary fibrosis and may bind to both TGF-β1 and its receptor through hydrogen
bonding interactions.

4. Materials and Methods

4.1. General Procedures

The PerkinElmer Spectrum Two spectrometer (PerkinElmer, Waltham, MA, USA) was
used for IR spectra measurement. ECD spectra were measured on a Chirascan circular
dichroism spectrometer (Applied Photophysics Ltd., Leatherhead, UK). UV spectra were
obtained on a Shimadzu UV-vis-NIR spectrophotometer (Shimadzu Corporation, Nakagyo-
ku, Kyoto, Japan). 1D and 2D NMR spectra were recorded in CDCl3 or DMSO-d6 on Bruker
Avance II 400, Bruker Avance IIIT 500HD, Bruker Avance IIIT 600AV spectrometers (Bruker
Bio Spin AG, Industriestrasse 26, Fällanden, Switzerland). The chemical shifts are relative to
the residual solvent signals (CDCl3: δH 7.260 and δC 77.160; DMSO-d6: δH 2.500, δC 39.520).
The high-resolution ESI-MS spectra were obtained on a Thermo Fisher LTQ Orbitrap Elite
High-Resolution liquid chromatography-mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Preparative HPLC was performed using a Shimadzu LC-15C HPLC
pump (Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan) supplied with an SPD-15C
dual λ absorbance detector (Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan), and a
Shim-pack PRC-ODS HPLC column I (250 × 20 mm i.d., 5 μm, Shimadzu Corporation,

99



Mar. Drugs 2022, 20, 448

Nakagyo-ku, Kyoto, Japan). Silica gel (SiO2, 200–300 mesh, Qingdao Puke parting Materials
Co., Ltd. Qingdao, China) and Sephadex LH-20 (green herbs, Beijing, China) were used for
column chromatography.

4.2. Fungal Strain and Culture Method

The marine fugus Exophiala oligosperma MCCC 3A01264 was obtained from Marine
Culture Collection of China (MCCC). It was originally isolated from seawater collected
at a depth of 3300 m in northern basin of the South China Sea. A voucher specimen was
stored in the School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou, P.R.
China. Analysis of the internal transcribed spacer (ITS) rDNA by BLAST database screening
provided a 99.9% match to Exophiala oligosperma.

The fermentation medium contained glucose (15 g/L), peptone (10 g/L), yeast extract
(2 g/L), L-tryptophan (2 g/L), L-phenylalanine (2 g/L), L-methionine (2 g/L), L-threonine
(2 g/L), sea salt (25 g/L), and H2O (1 L), and was adjusted to pH 7.5. Fungal mycelia were
cut uniformly and transferred aseptically to 1 L Erlenmeyer flasks with each containing
600 mL liquid medium sterilized at 120 ◦C for 30 min. The flasks were incubated at 28 ◦C
for 60 days.

4.3. Extraction and Isolation

Two hundred liters of culture broth were filtered through the cheesecloth. The culture
broth was extracted three times using EtOAc and then concentrated under reduced pressure
to afford an EtOAc extract (31.68 g).

The EtOAc extract was chromatographed on a silica gel column (diameter: 80 mm,
length: 610 mm, silica gel: 400 g) with a gradient of petroleum ether–EtOAc (10:0–0:10,
v/v) followed by EtOAc–MeOH (10:0–0:10, v/v) to afford 10 fractions (coded Fr.1–Fr.10).
Compound 8 (320 mg) was crystallized from Fr.6 severally. Fr.7 (1.2 g) was subjected to a
silica gel column (7 g) eluted with petroleum ether-EtOAc (100:0−0:100) (total volume 2 L)
with increasing polarity to obtain ten subfractions (Fr.7-1−Fr.7-10) after pooling the similar
fractions as monitored by TLC (petroleum ether−EtOAc = 4:1). Compound 6 (4.2 mg)
was obtained from Fr.7-4 directly. Fraction 8 (143 mg) was chromatographed on Sephadex
LH-20 (10 g) and eluted with MeOH (total volume 500 mL) to give five subfractions (Fr.8-
1−Fr.8-5). Fr.8-4 was further fractionated by preparative HPLC (MeOH–H2O, 55:45, v/v,
column I) to yield compound 1 (2.1 mg, TR = 22 min), compound 7 (3.0 mg, TR = 16.5 min),
and compound 4 (4.2 mg, TR = 25 min). Compound 2 was filtered from Fr.10 directly.
The rest of Fr.10 was separated by silica gel column using a step gradient elution with
petroleum ether–EtOAc (10:0–0:10) to get 5 subfractions (Fr.10-1–Fr.10-5). Compound 5

(RT = 40.2 min, 3 mg), compound 3 (RT = 23 min, 8 mg), and compound 9 (RT = 36 min,
6 mg) were obtained from Fr.10-2 by preparative HPLC (MeOH–H2O, 80:20, v/v, column I).
Compound 10 (RT = 15 min, 2 mg) was isolated by preparative HPLC (MeOH–H2O, 80:20,
v/v, column I).

Exophilone (1). UV (MeOH) λmax (logε) 307 (1.20), 233 (1.29), 206 (2.02). ECD (0.3 mM,
MeOH) λmax (Δε) 211 (+3.05) nm. IR υmax 3287, 2922, 2852, 1716, 1651, 1456, 1374, 1330,
1237, 1152, 1097, 1070, 1044, 998, 920, 744, 554 cm−1. 1H and 13C NMR data, shown in
Table 1; HR-ESI-MS m/z 232.0967 [M + H]+ (calcd. for C13H13NO3, 232.0968).

4.4. Cell Culture and Cytotoxicity Assay

The human fetal lung fibroblasts (HFL1) were purchased from Procell Life Science &
Technology Co., Ltd. (Cat. No.: CL-0106 Wuhan, China). Cells were cultured in Ham’s
F-12K medium (PM150910, Procell Life Science & Technology, Wuhan, China) supple-
mented with 10% fetal bovine serum (FBS) (#10270-106, GIBCO, Invitrogen, Carlsbad,
CA, USA) and 1% penicillin-streptomycin in an incubator at 37 ◦C with 5% CO2. The
cell viability was assayed using the Cell Counting Kit-8 (CCK8) according to the manu-
facturer’s protocol. The cells were treated with 10 μM compounds 1-10, or pirfenidone
(TargetMol, Wellesley Hills, MA, USA) for 48 h. The absorbance of the solution was
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then measured at 450 nm using a microplate reader (Thermo Fisher, Waltham, MA, USA).
Survival rate = (Administration A value − Blank A value)/(Control A value − Blank A
value) × 100%. All assays were repeated in triplicate.

4.5. Collagen Accumulation Inhibition In Vitro

The anti-fibrosis activities of the compounds were tested in HFL1 cells. The cells were
treated with medium containing TGF-β1 (5 ng/mL) and 10 μM compounds 1-10, and pir-
fenidone for 48 h. Subsequently, the supernatant was removed, and 4% paraformaldehyde
was added to fix for 30 min at room temperature. Next, the cells were washed with PBS
twice and then were added the 0.1% Sirius red dye with saturated picric acid. After 4 h
of staining protected from light, the collagenous fiber was dyed red. Then, the cells were
washed three times with 0.1% acetic acid and visualized under a cell imaging system (EVOS
FL Auto, Life Technologies, Carlsbad, CA, USA). For the quantitative determinations of the
accumulated collagen, the stained cells were destained with 0.1 M NaOH (100 μL/well) for
10 min. Then, the absorbance was measured at 540 nm with a spectrophotometer. Total
collagen accumulation inhibition = 1 − (Administration A value − control A value)/(model
A value − control A value) × 100%. All assays were repeated in triplicate.

4.6. Molecular Docking

Protein structure was obtained from the Protein Data Bank (https://www.pdbus.org/,
accessed on 29 May 2022). The X-ray crystal structure of TGF-β1 (PDB ID: 1LKS) and its
receptor (PDB ID: 3KFD) were chosen for the molecular docking analysis in this study.
Compound 1 was prepared with Avogadro 1.1.1, with a 5000 steps Steepest Descent as
well as 1000 steps Conjugate Gradients geometry optimization using MMFF94 force field.
Docking experiments were performed using AutoDock 1.56 Vina and Pymol 2.4.

4.7. Statistical Analysis

The data are represented as the mean ± SD. Statistical analysis was performed using
the GraphPad Prism 8.0 software (San Diego, CA, USA). The significant differences be-
tween groups were statistically analyzed using the one-way analysis of variance (ANOVA)
followed by a post hoc test (LSD). All differences were considered statistically significant at
p < 0.05.

5. Conclusions

A new tetrahydrocarbazol-1-one analogue, exophilone (1), together with nine known
compounds (2–10), were isolated from a deep-see-derived fungus Exophiala oligosperma.
Among all compounds, exophilone (1) showed the most significant inhibition of collagen
accumulation with low toxicity in HFL1 cells. Further molecular docking experiments
showed that exophilone (1) may act through hydrogen bonding to the stimulation site of
TGF-β1 and its receptor. Given the limitations of the available anti-pulmonary fibrosis
drugs, exophilone (1) and its analogs could be developed as candidates for the treatment of
pulmonary fibrosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20070448/s1. Figures S1–S26: The HR-(+)ESI-MS and NMR spectra of compounds 1–10;
Figures S27–S30: NMR spectra of Compounds 11 and 12.
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Abstract: Three new polyketides, eutyketides A and B (1 and 2) and cytosporin X (3), along with
four known compounds (4–7), were obtained from the marine-derived fungus Eutypella scoparia. The
planar structures of 1 and 2 were elucidated by extensive HRMS and 1D and 2D NMR analyses. Their
relative configurations of C-13 and C-14 were determined with chemical conversions by introducing
an acetonylidene group. The absolute configurations of 1–3 were determined by comparing their
experimental electronic circular dichroism (ECD) data with their computed ECD results. All of
the isolated compounds were tested for their anti-inflammatory activities on lipopolysaccharide-
induced nitric oxide production in RAW 264.7 macrophages. Compounds 5 and 6 showed stronger
anti-inflammatory activities than the other compounds, with the inhibition of 49.0% and 54.9% at a
concentration of 50.0 μg/mL, respectively.

Keywords: marine-derived fungus; Eutypella scoparia; polyketide; absolute configuration; anti-
inflammatory activity

1. Introduction

Eutypella species, which are one genus of the ubiquitous fungi, are widely distributed
in many extreme environments, including Antarctica, tropical forests, and marine organ-
isms [1–3]. Chemical investigations of Eutypella species have resulted in diverse metabolites,
including γ-lactones, benzopyrans, cysporins, terpenoids, and nitrogen-containing com-
pounds [4,5]. Among them, many bioactive secondary metabolites were obtained, such as
antibacterial scoparasin B [5], cytotoxic phenochalasin B [6], and antitumor diaporthein
B [7]. The Eutypella genus has become an attractive target for discovering leading com-
pounds due to its remarkable biological activity and novel complex structures. In recent
years, a lot of work has been carried out on the isolation, total synthesis, pharmacological
research, and drug development for the genus Eutypella [8–10].

As part of our ongoing investigation of bioactive natural products from marine-derived
fungi [11–16], the strain Eutypella scoparia HBU-91 attracted our attention because the EtOAc
extract of the culture showed anti-inflammatory activity. As a result, the new eutyketides A
and B (1 and 2) and cytosporin X (3), together with four known compounds (4–7) (Figure 1),
were obtained by using silica gel and LH-20 column chromatography and semipreparative
HPLC. Structurally, compounds 1 and 2 were a pair of epimers with vic-diol unit on
their side chain, while 3 exhibited a skeleton characterized by a polyketide moiety and
a terpenoid part. All of the isolated compounds were tested for their anti-inflammatory
activities. Herein, we report their isolation, structure elucidation, and biological activities.

Mar. Drugs 2022, 20, 486. https://doi.org/10.3390/md20080486 https://www.mdpi.com/journal/marinedrugs
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Figure 1. Chemical structures of compounds 1−7.

2. Results and Discussion

2.1. Structural Elucidation

Eutyketide A (1) was obtained as a pale yellow oil. The molecular formula of 1

was determined to be C18H26O5 based on the HRESIMS of the pseudomolecular ion (m/z
345.1669 [M + Na]+, calcd for C18H26O5Na, 345.1672), indicating six degrees of unsaturation.
The IR spectrum suggested the presence of hydroxy (3385 cm−1), double bond (1558 cm−1),
and ester carbonyl (1683 cm−1) functionalities. The 1H NMR spectrum (Table 1) showed
resonances for five olefinic protons [δH 7.13 (dd, J = 15.0, 11.5 Hz), 6.42 (dd, J = 15.0, 11.5 Hz),
6.08 (d, J = 15.0 Hz), 6.07 (s), and 6.05 (dd, J = 15.0, 6.0 Hz)], two oxymethines [δH 4.23
(dd, J = 6.0, 4.2 Hz) and 3.72 (m)], a methoxy [δH 3.87 (s)], and two methyls [δH 1.93 (s)
and 0.88 (t, J = 6.6 Hz)]. 13C NMR combined with HSQC spectra (Table 1) of 1 displayed
18 carbon resonances that could be assignable to 9 sp2 deshielded carbons, including a
α,β-unsaturated carbonyl [δC 165.0, (C-1)] and 8 olefinic carbons [δC 157.3 (C-3), 96.1 (C-4),
165.8 (C-5), 103.2 (C-6), 122.8 (C-9), 134.8 (C-10), 130.8 (C-11), and 137.5 (C-12)], and 9 sp3

deshielded carbons, including a methoxy [δC 56.4, (C-7)], 2 oxymethines [δC 75.2 (C-13)
and 74.6 (C-14)], 4 methylenes [δC 32.2 (C-15), 31.9 (C-17), 25.7 (C-16), and 22.7 (C-18)],
and 2 methyls [δC 8.9 (C-8) and 14.1 (C-19)]. The 1H and 13C NMR data revealed that 1

shares the same carbon framework as graphostrin I, a polyketide obtained from the Atlantic
hydrothermal fungus Graphostroma sp. MCCC 3A00421 [17]. The main differences between
them were the presence of a methyl at C-6 and a vic-diol [−OHCH−CHOH−] substructure
at C-13/14 in 1 instead of the group [−CH2−CH2−] and the absence of the hydroxy group
at C-18 in graphostrin I. The above differences were confirmed by the COSY cross-peaks of
H-12/H-13/H-14/H2-15 and H2-17/H2-18/H3-19 and the HMBC correlations from H-8 to
C-1, C-5, and C-6, from H-13 to C-11 and C-15, and from H-14 to C-12 and C-16, respectively
(Figure 2). In addition, trans geometries at C-9−C-10 and C-11−C-12 double bonds were
assigned by the large coupling constants (J9,10 = 15.0 Hz and J11,12 = 15.0 Hz) [17]. By
detailed analysis of its 2D NMR spectra, the planar structure of 1 was assigned.

Eutyketide B (2) was also obtained as a pale yellow oil. It exhibited the same molecular
formula as 1, C18H26O5, according to the pseudomolecular ion at m/z 345.1669 [M + Na]+

in the HRESIMS spectrum. Detailed analysis of the 1H and 13C NMR spectra of 2 (Table 1)
revealed that its 1D NMR data were similar to those of 1. The differences were attributable
to the signals [δH 4.05 (m, H-13) and 3.51 (m, H-14); δC 138.7 (C-12), 74.4 (C-13), and
33.2 (C-15) in 2 vs. δH 4.23 (dd, J = 6.0, 4.2 Hz, H-13) and 3.72 (m, H-14); δC 137.5 (C-12),
75.2 (C-13), and 32.2 (C-15) in 1], indicating that the structural differences between them
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should be located in this part of the structure (C-13 and C-14). Thus, it was deduced that 1

and 2 were either C-13 or C-14 epimers.

Table 1. 1H (600 MHz) and 13C (150 MHz) NMR Data of 1 and 2 in CDCl3.

No.
1 2

δC, Type δH (J in Hz) δC, Type δH (J in Hz)

1 165.0, C - 165.0, C -
3 157.3, C - 157.2, C -
4 96.1, CH 6.07, s 96.2, CH 6.06, s
5 165.8, C - 165.8, C -
6 103.2, C - 103.3, C -
7 56.4, CH3 3.87, s 56.4, CH3 3.87, s
8 8.9, CH3 1.93, s 9.0, CH3 1.93, s
9 122.8, CH 6.08, d (15.0) 123.0, CH 6.07, d (15.2)

10 134.8, CH 7.13, dd (15.0, 11.5) 134.7, CH 7.13, dd (15.2, 11.1)
11 130.8, CH 6.42, dd (15.0, 11.5) 130.7, CH 6.44, dd (15.2, 11.1)
12 137.5, CH 6.05, dd (15.0, 6.0) 138.7, CH 6.01, dd (15.2, 6.2)
13 75.2, CH 4.23, dd (6.0, 4.2) 74.4, CH 4.05, m
14 74.6, CH 3.72, m 74.7, CH 3.51, m
15 32.2, CH2 1.42, m 33.2, CH2 1.47, m
16 25.7, CH2 1.31, m; 1.50, m 25.4, CH2 1.48, m
17 31.9, CH2 1.29, m 31.9, CH2 1.30, m
18 22.7, CH2 1.30, m 22.7, CH2 1.29, m
19 14.1, CH3 0.88, t (6.6) 14.1, CH3 0.88, t (6.6)

Figure 2. COSY and key HMBC correlations of compounds 1 and 2.

The structural differences between 1 and 2 and their relative configurations were
elucidated on the basis of chemical conversions and 1D NOE experiments. Treatment of
1 and 2 with 2,2-dimethoxypropane in the presence of TsOH afforded 1a and 2a as the
acetonide products. In the selective NOE of 1a (Figure 3), irradiation of H-13 at δH 4.59
and H-14 at δH 4.17 resulted in the enhancement of H3-21, indicating that H-13 and H-14
should be placed on the same face of 1. In the selective NOE of 2a (Figure 3), irradiation
of H-13 at δH 4.09 led to the enhancement of H3-21, while irradiation of H-14 at δH 3.70
caused the enhancement of H3-22, suggesting that H-13 and H-14 should be placed on the
opposite side of 2.

Figure 3. Structures and 1D NOE correlations of the acetonide products of 1a and 2a.
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The calculation of the solution conformers is the most time-demanding part of the ECD
calculation in conformationally flexible molecules and may be aided by simplifying the
input geometry to reduce the number of conformers and save computational time [18]. For
example, alkyl side chains and unsaturated side chains with isolated chromophores in an
achiral environment could be simplified by truncation [18]. The absolute configuration of
the hydroxyl group at C-13 was affected by the conjugate system, which can be determined
by ECD calculation [19]. For 1 and 2, the absolute configurations of C-13 and C-14 were
determined by comparing their experimental electronic circular dichroism (ECD) results
with the computed results of their simplified model compounds. The group of C-15 to C-19
was a saturated alkyl side chain with no chromophore and had a negligible effect on the
ECD spectrum. Thus, the C-15 to C-19 alkyl substituent was truncated to a methyl group
as model compound 1b (Figure 4). Molecules of (13S,14S)-1b, (13R,14R)-1b, (13R,14S)-
1b, and (13S,14R)-1b were chosen for ECD calculations, which were carried out at the
B3LYP/6-311+G(d,p) level in MeOH using the PCM model. The predicted ECD spectrum
of (13R,14R)-1b matched well with the experimental ECD curve of 1, and the predicted
ECD spectrum of (13R,14S)-1b was in good agreement with the experimental ECD data of
2 (Figure 4). Therefore, the absolute configurations of 1 and 2 could be defined as 13R,14R
and 13R,14S, respectively.

Figure 4. Calculated ECD spectra of (13R,14R)-1b, (13S,14S)-1b, (13R,14S)-1b, and (13S,14R)-1b and
the experimental ECD spectra of 1 and 2.

To the best of our knowledge, compounds 1 and 2 are very similar to prosolanapyrones
and their congeners [20]. They share the same pyranone framework with long alkyl side
chains. In addition to the conjugate double bonds, compounds 1 and 2 also contain a
vic-diol unit on their side chains, while prosolanapyrones just possess double bonds on
their side chains.

Cytosporin X (3) was obtained as a colorless oil. The molecular formula C19H32O5
was determined for 3 from the pseudomolecular ion peak at m/z 363.2132 [M + Na]+ (calcd
363.2142 for C19H32O5Na), which is consistent with four degrees of unsaturation. The IR
spectrum of 3 at 3402 and 1652 cm-1 suggested the presence of hydroxyl and double bond
groups. The 1H NMR spectrum of 3 displayed resonances for four oxygenated methine
protons [δH 4.40 (s), 4.26 (d, J = 3.6 Hz), 3.67 (d, J = 12.0 Hz), and 3.24 (d, J = 3.6 Hz)],
an oxygenated methylene proton [δH 4.24 (d, J = 12.0 Hz) and 4.04 (d, J = 12.0 Hz)], two
singlet methyl protons [δH 1.32 (s) and 1.30 (s)], a terminal methyl proton [δH 0.87 (t,
J = 6.6 Hz)], and a series of multiplet signals (Table 2). The 13C NMR spectrum of 3 revealed
19 resonances, including 2 olefinic carbons [δC 128.3 (C-8) and 138.1 (C-9)], 2 oxygenated
quaternary carbons [δC 56.1 (C-5) and 77.2 (C-2)], 4 oxygenated methine carbons [δC 60.1
(C-6), 67.2 (C-7), 68.6 (C-10), and 73.5 (C-3)], an oxygenated methylene carbon [δC 62.2
(C-13)], 7 methylene carbons [δC 22.7 (C-19), 29.0 (C-15), 29.2 (C-17), 29.8 (C-16), 30.6 (C-14),
31.9 (C-18), and 35.6 (C-4)], and 3 methy carbons [δC 28.0 (C-12), 16.3 (C-11), and 14.2 (C-20)]
(Table 2). The NMR data revealed that 3 belongs to the family of hexahydrobenzopyrane
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skeletons and is characterized by a polyketide moiety and a terpenoid part (the red part
in Figure 5) with a tricyclic structure containing a hexahydrobenzopyrane moiety fused
with an oxirane ring [1]. Careful comparison of the NMR data of 3 with those of the known
hexahydrobenzopyrane cytosporin D (4) indicated that the structure of 3 is closely related
to 4. The notable difference between them lay in the presence of two methylene signals
[δH 2.27 and 2.16 (H-14), 1.33 and 1.42 (H-15); δC 30.6 (C-14) and 29.0 (C-15) in 3] and the
absence of two olefinic methine signals [δH 6.48 (H-14), 6.15 (H-15); δC 124.8 (C-14) and
135.9 (C-15) in 4]. The COSY cross-peaks of H-14/15/16 and the key HMBC correlations
from H-14 to C-7/C-9 and from H-15 to C-8/C-17 (Figure 5) confirmed the above difference.
Therefore, the planar structure of 3 was established.

Table 2. 1H (600 MHz) and 13C (150 MHz) NMR Data of 3 in CDCl3.

No. δC, Type δH (J in Hz)

2 77.2, C -
3 73.5, CH 3.67, d (12.0)
4 35.6, CH2 2.23, dd (13.2, 5.4); 1.67, dd (13.2, 5.4)
5 56.1, C -
6 60.1, CH 3.24, d (3.6)
7 67.2, CH 4.26, d (3.6)
8 128.3, C -
9 138.1, C -

10 68.6, CH 4.40, s
11 16.3, CH3 1.32, s
12 28.0, CH3 1.30, s
13 62.2, CH2 4.24, d (12.0); 4.04, d (12.0)
14 30.6, CH2 2.27, m; 2.16, m
15 29.0, CH2 1.33, m; 1.42, m
16 29.8, CH2 1.25, m
17 29.2, CH2 1.26, m
18 31.9, CH2 1.24, m
19 22.7, CH2 1.27, m
20 14.2, CH3 0.87, t (6.6)

Figure 5. COSY and key HMBC correlations of 3.

The relative configuration of 3 was determined by analysis of the NOESY data
(Figure 6). The NOESY correlations of H-3/H3-12, H3-11/H-10, H-10/H-7, H-10/H-4β,
and H-4α/H-6 indicated that H-3 and H-6 were situated on the same side of the molecule
with an α-orientation, while C-5, C-6, H-7, and H-10 were accordingly assigned to be
β-configured. In addition, the observed NOEs are consistent with the structure and relative
configuration of 4.
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Figure 6. Key NOESY correlations of 3.

The absolute configuration of 3 was determined on the basis of ECD calculations.
Compound 3 had a long flexible side chain with no chromophore. Thus, the side chain
was truncated to two methyl groups attached at C-8, and model compound 3a was used
for ECD calculations. The calculations were carried out for (3S,5R,6S,7R,10S)-3a and
(3R,5S,6R,7S,10R)-3a at the B3LYP/6-311+G(d,p) level using the PCM model (MeOH). The
calculated ECD curve of (3S,5R,6S,7R,10S)-3a matched well with the experimental ECD data
of 3 (Figure 7). Therefore, the absolute configuration of 3 was defined as 3S,5R,6S,7R,10S.

Figure 7. Calculated ECD spectra of (3S,5R,6S,7R,10S)-3a and (3R,5S,6R,7S,10R)-3a and the experi-
mental ECD spectrum of 3.

The known compounds 4−7 were identified as cytosporin D (4) [1], 4,8-dihydroxy-
6-methoxy-4,5-dimethyl-3-methyleneisochroman-1-one (5) [21], banksialactone A (6) [22],
and 4,8-dihydroxy-3-(hydr-oxymethyl)-6-methoxy-4,5-dimethylisochroman-1-one (7) [23],
respectively, by comparing their NMR and MS data with reported values.

2.2. Anti-Inflammatory Activity

The anti-inflammatory activities of 1−7 were tested by evaluating their influence
on nitric oxide (NO) production in RAW264.7 cells induced by lipopolysaccharide (LPS).
Compounds 5 and 6 showed stronger anti-inflammatory activities than other compounds,
with inhibition rates of 49.0%, 32.1%, and 27.4% for 5 and 54.9%, 35.9%, and 21.1% for 6 at
concentrations of 50.0, 25.0, and 12.5 μg/mL, respectively. Moreover, 5 was also active at
6.25 μg/mL with 24.1% inhibition. In addition, 1 exhibited 20.3% inhibition when tested at
6.25 μg/mL (Table S2).
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3. Materials and Methods

3.1. General Experimental Procedures

The OR data were recorded on a JASCO P-2000 spectrometer (Jasco Corp., Tokyo,
Japan) in MeOH. ECD and UV spectra were measured by MOS450-SFM300 (Biologic,
Grenoble, France) and a Perkin-Elmer model 241 spectrophotometers (Perkin-Elmer Corp.,
Waltham, MA, USA), respectively, with samples dissolved in MeOH. IR spectra were
acquired on an FTIR-8400 spectrometer (Shimadzu, Kyoto, Japan) using KBr pellets. NMR
data were recorded on a Bruker AV-600 spectrometer (Bruker Corp., Rheinstetten, Germany)
with TMS as the internal standard. HRESIMS spectra were obtained from a Bruker apex-
ultra 7.0T spectrometer (Bruker Corp., Rheinstetten, Germany). HPLC separation was
performed on the Shimadzu LC-20AT system (Shimadzu, Kyoto, Japan) using an RP-18
HPLC column (Waters, Worcester, MA, USA, 10 × 250 mm, 5 μm).

3.2. Isolation of Fungal Material
3.2.1. Fungal Material

The fungal strain Eutypella scoparia HBU-91 (GenBank, OM892669) was collected from
the Bohai Sea (Huanghua, China, Apr. 2017). The strain was deposited in the College of
Pharmaceutical Sciences, Hebei University, Baoding, China.

3.2.2. Fermentation and Purification

Fermentation was carried out for the fungus E. scoparia using rice medium (170 mL
water and 200 g rice in 1 L Erlenmeyer flasks, 200 flasks) at 28 ◦C for 40 days. After
cultivation, the fermented rice substrate was extracted with a mixture of CH2Cl2/MeOH
(1:1, 500 mL for each flask) five times and EtOAc five times successively to produce a
residue (40.0 g), which was further subjected to silica gel column chromatography (CC),
eluting with EtOAc−petroleum ether (PE) stepped gradient elution (0%–100%), to afford
six fractions, Fr.1−Fr.6. Fr.2 was separated by Sephadex LH-20 CC (PE−CH2Cl2−MeOH
(v/v, 2:1:1)) to afford four subfractions, Fr.2-1−Fr.2-4. Then, Fr.2-2 was fractionated by silica
gel CC (PE−EtOAc, 5:1) and further purified by semipreparative HPLC (MeOH−H2O,
70:30, 2.0 mL/min) to afford 6 (2.3 mg) and 5 (3.9 mg). Fr.4 was separated by Sephadex
LH-20 CC (MeOH−CH2Cl2 (v/v, 1:1)) to give subfractions Fr.4-1−Fr.4-3. Fr.4-1 was frac-
tionated by silica gel CC (PE−Acetone, 3:1) and further purified by semipreparative HPLC
(MeOH−H2O, 70:30, 2.0 mL/min) to give 4 (15.9 mg). Compound 3 (15.5 mg) was obtained
from Fr.4-2 under the same conditions as 4. Fr.4-3 was fractionated by semipreparative
HPLC (MeOH−H2O, 60:40, 2 mL/min) to provide 1 (4.0 mg) and 2 (3.2 mg). Fr.5 was
separated by Sephadex LH-20 CC (MeOH−CH2Cl2 (v/v, 1:1)) to give subfractions Fr.5-1
and Fr.5-2. Fr.5-2 was fractionated by silica gel CC (CH2Cl2/MeOH, 80:1) and further
purified by semipreparative HPLC (MeOH−H2O, 50:50, 2.0 mL/min) to afford 7 (4.8 mg).

Eutylactone A (1): pale yellow oil; [α]D20 +105.8 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
225 (2.85), 396 (2.36) nm; ECD (1.04 mM, MeOH) λmax (Δε) 221 (−3.5), 251 (+0.9) nm; IR
(KBr) vmax 3385, 2932, 2341, 1683, 1558, 1027 cm−1; 1H and 13C NMR data see Table 1;
HRESIMS m/z 345.1669 [M + Na]+ (calcd for C18H26O5Na, 345.1672 [M + Na]+).

Eutylactone B (2); pale yellow oil; [α]D20 +9.5 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
223 (2.85), 392 (2.39) nm; ECD (1.04 mM, MeOH) λmax (Δε) 221 (−1.3), 319 (+0.4) nm; IR
(KBr) vmax 3300, 2929, 2359,1679, 1556, 1027 cm−1; 1H and 13C NMR data see Table 1;
HRESIMS m/z 345.1669 [M + Na]+ (calcd for C18H26O5Na, 345.1672 [M + Na]+).

Cytosporin X (3); pale yellow oil; [α]D20 −314.5 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
254 (2.64), 335 (2.04) nm; ECD (0.98 mM, MeOH) λmax (Δε) 199 (−2.15) nm; IR (KBr) vmax
3402, 2918, 2351, 1652, 1018 cm−1; 1H and 13C NMR data see Table 2; HRESIMS m/z
363.2132 [M + Na]+ (calcd for C19H32O5Na, 363.2142 [M + Na]+); 379.1871 [M + K]+ (calcd
for C19H32O5K, 379.1881 [M + K]+).
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3.2.3. Acetonide Formation of 1 and 2

A mixture of 1 (1.0 mg), 2,2-dimethoxypropane (2.0 mL), and p-TsOH (0.2 mg) was
stirred at room temperature for 0.5 h. Saturated aqueous NaHCO3 (6.0 mL) was then added,
and the reaction mixture was extracted with EtOAc (24 mL × 3). The organic solvents were
removed with a high-vacuum pump, and the crude mixture was subjected to preparative
HPLC to obtain acetonide product 1a (0.96 mg). Acetonide product 2a (0.91 mg) was
obtained from 2 under the same conditions as 1a.

Compound 1a: 1H NMR (600 MHz, CDCl3) δ 7.17 (1H, dd, J = 15.1, 10.9 Hz, H-10),
6.74 (1H, dd, J = 15.0, 5.6 Hz, H-11), 6.37 (1H, dd, J = 15.0, 10.9 Hz, H-9), 6.06 (1H, s, H-4),
5.96 (1H, dd, J = 15.0, 7.2 Hz, H-12), 4.59 (1H, m, H-13), 4.35 (1H, s, H-14), 3.88 (3H, m, H-7),
1.94 (3H, s, H-8), 1.38 (3H, s, H-21), 1.34 (3H, s, H-22), 1.30-1.50 (8H, m, H-15/16/17/18),
0.88 (3H, t, J = 6.6 Hz, H-19).

Compound 2a: 1H NMR (600 MHz, CDCl3) δ 7.15 (1H, dd, J = 15.0, 11.1 Hz, H-10),
6.43 (1H, dd, J = 15.0, 11.1 Hz, H-11), 6.09 (1H, d, J = 15.0 Hz, H-9), 6.06 (1H, s, H-4), 5.94
(1H, dd, J = 15.0, 7.2 Hz, H-12), 4.09 (1H, m, H-13), 3.88 (3H, s, H-8), 3.70 (1H, m, H-14), 1.95
(3H, s, H-8), 1.26 (3H, s, H-21), 1.25 (3H, s, H-22), 1.30-1.50 (8H, m, H-15/16/17/18), 0.89
(3H, t, J = 6.6 Hz, H-19).

3.3. Computational Section

A conformational search for the molecules was carried out using the MMFF94S force
field and Compute VOA software, with relative energies ranging from 0−10.0 kcal/mol
energy, respectively. The conformers were optimized at the B3LYP/6-31G(d)//B3LYP/6-
311+G(d) levels with Gaussian 09 software [24]. Then, stable conformers with relative
energy within a 2.5 kcal/mol energy window were chosen for ECD calculations at the
B3LYP/6-311+G(d,p) level in methanol using the PCM model, with a total of 60 excited
states. A standard deviation of 0.3 eV was used for ECD simulations. Boltzmann statistics
were applied for the final simulations of the ECD spectra by the software SpecDis 1.64 [25].

3.4. Cell Culture and Viability Assay

Compounds 1−7 were first tested for their cytotoxic effects on RAW264.7 cells at 3.13,
6.25, 12.5, 25.0, and 50.0 μg/mL. Murine monocytic RAW264.7 macrophages were cultivated
at 37 ◦C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM), which was added
with 10% (v/v) fetal bovine serum (FBS) as well as 1% (v/v) penicillin/streptomycin.
RAW264.7 cells were grown in 96-well plates and then incubated with the tested compounds
for 24 h. A solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
at a concentration of 5.0 mg/mL was substituted for the culture medium. After incubation
at 37 ◦C for 4 h, the MTT solution was removed, and DMSO was chosen for the dissolution
of the formazan crystals. The absorbance was measured at 540 nm with a microplate
reader [26]. Compounds 3−7 exhibited no toxicity at a concentration of 50.0 μg/mL, 1

showed no toxicity at a concentration of 25.0 μg/mL, and 2 displayed no toxicity at a
concentration of 6.25 μg/mL.

3.5. Inhibition of NO Production Assay

The Griess assay was applied to evaluate the production of NO through the level
of nitrite (NO2) in the medium [27]. RAW264.7 cells were inoculated into 96-well plates,
and then LPS at a concentration of 1.0 μg/mL was added to induce inflammation. The
tested compounds at different concentrations were added to the above mixture. The
Griess reaction was used for the quantification of NO production in the supernatant. The
absorbance was measured at 540 nm with a microplate reader. All of the experiments were
carried out in triplicate.

4. Conclusions

In summary, three new polyketides (1−3), together with four known compounds
(4−7), were isolated from the marine-derived fungus Eutypella scoparia. Chemical conver-
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sions and TDDFT ECD calculations were used to determine the absolute configurations of
1−3. Compounds 1, 5, and 6 exhibited certain anti-inflammatory activities on nitric oxide
(NO) production in RAW264.7 cells induced by lipopolysaccharide (LPS). Our findings will
contribute to the diversity of these fungal metabolites.
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data of compounds 1−7; Table S2: Anti-inflammatory activity data of compounds 1−7; Tables S3−S8:
The coordinates for the lowest-energy conformers of 1b and 3a in ECD calculations.
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Abstract: An unreported isocoumarin, (3S,4R)-4-hydroxy-6-methoxymellein (2), an undescribed
propylpyridinium anthraquinone (4), and an unreported C-glucosyl resorcinol derivative, acetyl
carnemycin E (5c), were isolated, together with eight previously reported metabolites including
p-hydroxybenzaldehyde (1), 1,3-dimethoxy-8-hydroxy-6-methylanthraquinone (3a), 1,3-dimethoxy-
2,8-dihydroxy-6-methylanthraquinone (3b), emodin (3c), 5[(3E,5E)-nona-3,5-dien-1-yl]benzene (5a),
carnemycin E (5b), tajixanthone hydrate (6a) and 15-acetyl tajixanthone hydrate (6b), from the ethyl
acetate extract of the culture of a marine sponge-derived fungus, Aspergillus stellatus KUFA 2017. The
structures of the undescribed compounds were elucidated by 1D and 2D NMR and high resolution
mass spectral analyses. In the case of 2, the absolute configurations of the stereogenic carbons were
determined by comparison of their calculated and experimental electronic circular dichroism (ECD)
spectra. The absolute configurations of the stereogenic carbons in 6a and 6b were also determined, for
the first time, by X-ray crystallographic analysis. Compounds 2, 3a, 3b, 4, 5a, 5b, 5c, 6a, and 6b were
assayed for antibacterial activity against four reference strains, viz. two Gram-positive (Staphylococcus
aureus ATCC 29213, Enterococcus faecalis ATCC 29212) and two Gram-negative (Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853), as well as three multidrug-resistant strains. However,
only 5a exhibited significant antibacterial activity against both reference and multidrug-resistant
strains. Compound 5a also showed antibiofilm activity against both reference strains of Gram-
positive bacteria.

Keywords: Aspergillus stellatus; Trichocomaceae; marine sponge-associated fungus; anthraquinones;
isocoumarin; C-glucosyl resorcinols; antibacterial activity; antibiofilm activity

1. Introduction

The genus Aspergillus (family Aspergillaceae) is one of the most extensively studied
genera of filamentous fungi, mainly due to the medical relevance, food spoilage, and
industrial application of some of its species. Aspergilli can grow in a wide range of niches,
mainly in soils and on dead matter, but some are also capable of colonizing living animal
or plant hosts. However, the increasing numbers of Aspergillus species have been found in
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different niches in the marine environment, from tropical waters [1] to the Arctic [2], and
from shallow waters [3] to the deep-sea [4]. In total, approximately 350 Aspergillus species
have been identified [5].

In the last two decades, marine-derived Aspergillus species have attracted tremendous
attention from researchers working on marine natural products since they were responsible
for a production of the highest numbers of marine fungal metabolites as demonstrated by
two review articles, one covering the period of January 1992 to December 2014, reporting
512 metabolites, and another covering the period of 2015 to December 2020, which reported
361 compounds, isolated from marine-derived Aspergillus species [6]. It is also worth
mentioning that the specialized metabolites produced by marine-derived Aspergillus species
possess not only structural diversity such as indole alkaloids, diketopiperazine derivatives,
meroterpenoids, anthraquinones, isocoumarins, xanthones, p-terphenyl derivatives, and
peptides, but also a myriad of biological activities [6].

In our pursuit of antibiotic and antibiofilm compounds from marine-derived fungi
from tropical seas, we focused our attention on the marine sponge-associated Aspergillus stel-
latus since this fungus has not been extensively investigated. A literature search revealed
that a mycotoxin, asteltoxin, was isolated from toxic maize meal cultures of A. stellatus
Curzi (MRC 277) [7]. In another work, Kamal et al. reported the isolation of tajixanthone,
shamixanthone, ajamxanthone, shahenxanthone, najamxanthone, radixanthone, and man-
nitol from the mycelium of A. stellatus Curzi [8]. For this reason, we investigated secondary
metabolites from the culture of A. stellatus KUFA 2017, isolated from a marine sponge,
Mycale sp., which was collected from the coral reef at the Samaesan Island, in the Gulf
of Thailand.

Fractionation of the ethyl acetate (EtOAc) extract of the culture A. stellatus KUFA 2017
by column chromatography of silica gel, followed by purification by preparative TLC,
Sephadex LH-20 column and crystallization, led to the isolation of undescribed (3S,4R)-4-
hydroxy-6-methoxymellein (2), stellatanthraquinone (4), and acetyl carnemycin E (5c), as
well as the previously reported p-hydroxybenzaldehyde (1) [9], 1,3-dimethoxy-8-hydroxy-
6-methylanthraquinone (3a) [10], 1,3-dimethoxy-2,8-dihydroxy-6-methylanthraquinone
(3b) [11], emodin (3c) [12] and 5[(3E,5E)-nona-3,5-dien-1-yl]benzene (5a) [13], carnemycin
E (5b) [13], tajixanthone hydrate (6a) [14,15], and 15-acetyl tajixanthone hydrate (6b) [16].
(Figure 1). The structures of the undescribed compounds were established on the basis of
an extensive analysis of their 1D and 2D NMR as well as HRMS spectra. In the case of 2,
the absolute configurations of their stereogenic carbons were established by comparison of
their experimental and calculated electronic circular dichroism (ECD) spectra. Additionally,
the absolute structures of tajixanthone hydrate (6a), and 15-acetyl tajixanthone hydrate (6b)
were also unambiguously determined by X-ray analysis for the first time.
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Figure 1. Structures of p-hydroxybenzaldehyde (1), (3S,4R)-4-hydroxy-6-methoxymellein (2), 1,3-dimethoxy-
8-hydroxy-6-methylanthraquinone (3a), 1,3-dimethoxy-2,8-dihydroxy-6-methylanthraquinone (3b),
emodin (3c), stellatanthraquinone (4), 5[(3E,5E)-nona-3,5-dien-1-yl]benzene-1,3-diol (5a), carnemycin E (5b),
acetyl carnemycin E (5c), tajixanthone hydrate (6a), 15-acetyl tajixanthone hydrate (6b).

2. Results and Discussion

The structures of p-hydroxybenzaldehyde (1) [9], 1,3-dimethoxy-8-hydroxy-6-methylan-
thraquinone (3a) [10], 1,3-dimethoxy-2,8-dihydroxy-6-methylanthraquinone (3b) [11],
emodin (3c) [12], 5[(3E,5E)-nona-3,5-dien-1-yl]benzene-1,3-diol (5a) [13], carnemycin E (5b) [13],
tajixanthone hydrate (6a) [14,15], and 15-acetyl tajixanthone hydrate (6b) [16] were eluci-
dated by the analysis of their 1D and 2D NMR spectra as well as HRMS data (Figures S1,
S2, S9–23, S29–S38, S47–S56, S59 and S60, Tables S1–S3) and by the comparison of their
NMR spectral data with those reported in the literature.

Compound 2 was isolated as white crystals (mp 116–118 ◦C), and its molecular formula
C11H12O5 was established based on the (+)-HRESIMS m/z 225.0765 [M + H]+ (calculated
for C11H13O5, 225.0763) (Figure S57), requiring six degrees of unsaturation. The 13C NMR
spectrum (Table 1, Figure S4), exhibited eleven carbon signals, which in combination
with DEPT and HSQC spectra (Figure S6), can be categorized as one conjugated ester
carbonyl (δC 169.1), two oxygen-bearing non-protonated sp2 (δC 166.2 and 164.5), two
non-protonated sp2 (δC 142.1 and 100.0), two protonated sp2 (δC 106.8 and 101.3), two
oxymethine sp3 (δC 77.8 and 67.5), one methoxy (δC 55.8) and one methyl (δC 15.9) carbon,
respectively. The 1H NMR spectrum (Table 1, Figure S3), in combination with the HSQC
spectrum (Figure S6), displayed a singlet of the hydrogen-bonded hydroxyl proton at δH
11.20 (OH-8), a multiplet of a hydroxyl proton at δH 2.28 (OH-4), two doublets of meta-
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coupled aromatic protons at δH 6.48 (J = 2.3 Hz, H-5/δC 106.8) and δH 6.45 (J = 2.3 Hz,
H-7/δC 101.3), a double quartet at δH 4.63 (J = 6.6, 2 Hz, H-3/δC 77.8), which was coupled
with a double doublet at δH 4.50 (J = 5.6, 1.5 Hz, H-4/δC 67.5), a methoxy singlet at δH 3.85
(δC 55.8) and a methyl doublet at δH 1.55 (J = 6.6 Hz, Me-9/δC 15.9). The HMBC spectrum
(Table 1, Figure S7) exhibited correlations from OH-8 to the carbons at δC 164.5 (C-8), 101.3
(C-7) and 100.0 (C-8a), H-5 to the carbons at δC 166.2 (C-6), C-7, C-8a, C-4, H-7 to C-5, C-6,
C-8a, H-3 to Me-9, H-4 to C-4a (δC 142.1), C-5, C-8a, OMe-6 to C-6, Me-9 to C-3, C-4, and a
weak correlation from OH-4 to C-3 and C-4.

Table 1. 1H and 13C NMR data (CDCl3, 300 and 75 MHz), COSY, HMBC, and NOESY for 2.

Position δC, Type δH, (J in Hz) COSY HMBC NOESY

1 169.1, CO -

3 77.8, CH 4.63, dq (6.6, 2.0) CH3-9 CH3-9 CH3-9

4 67.5, CH 4.50, dd (5.6, 1.5) OH-4 C-4a, 5, 8a H-5, CH3-9

4a 142.1, C - -

5 106.8, CH 6.48, d (2.3) H-7 C-4, 6, 7, 8a H-4, OCH3-6

6 166.2, C -

7 101.3, CH 6.45, d (2.3) H-5, C-5, 6, 8a OCH3-6

8 164.5, C -

8a 100.0, C -

9 15.9, CH3 1.55, d (1.6) H-3 C-3, 4 H-3, 4

OCH3-6 55.8, CH3 3.85, s C-6

OH-4 - 2.28, m C-3, 4

OH-8 - 11.20, s C-7, 8, 8a

The 1H and 13C NMR chemical shift values, together with COSY and HMBC correla-
tions, revealed that the planar structure of 2 is the same as that of the enantiomeric mixture
of (3R,4R)- and (3S,4S)-4-hydroxy-6-methoxymellein, previously isolated from the culture
extract of the mycobionts of Graphis sp. Since the mixture showed a negative sign of Cotton
effect at 267 nm, the authors proposed that the (3R,4R)-enantiomer was predominant [17].
Surprisingly, the NOESY spectrum (Table 1, Figure S8) of 2 exhibited a strong correlation
from H-4 to Me-9, but not from H-3 to H-4, suggesting that H-4 and Me-9 are on the same
face, which is contrary to (3R,4R)- and (3S,4S)-4-hydroxy-6-methoxymellein where H-3 and
H-4 are on the same face.

The absolute configurations of C-3 and C-4 were thus determined by comparison
of the experimental ECD spectrum with a quantum-mechanically simulated spectrum
derived from the most significant conformations of the computational models of (3S,4R)-2
and (3R,4S)-2 (Figure 2). Figure 3 shows a very good match between the experimental
ECD spectrum and the calculated ECD spectrum for (3S,4R)-2, thus confirming that 2 is
(3S,4R)-4-hydroxy-6-methoxymellein. Compound 2 is, therefore, a diastereomer of (3R,4R)-
and (3S,4S)-4-hydroxy-6-methoxymellein [17] and has never been previously reported.
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Figure 2. Model of the most abundant conformation of 2 (lowest APFD/6-311+G(2d,p)/acetonitrile en-
ergy conformer), accounting for 25% of conformer population, in its ECD-assigned (3S,4R) configuration.

 
Figure 3. Experimental acetonitrile ECD spectrum of 2 (solid black line) and theoretical ECD spectra
of its (3R,4S) (dot-dashed blue line) and (3S,4R) (dashed red line) computational models. Of the
two theoretical spectra, the (3R,4S) was the one actually simulated and the (3S4,R) was obtained by
changing the sign of every point of the (3R,4S) spectrum.

Compound 4 was isolated as a red solid (mp. 228–229 ◦C), and its molecular formula
C23H19NO5 was established on the basis of (+)-HRESIMS m/z 390.1340 [M + H]+ (calculated
for C23H20NO5, 390.1341) (Figure S58), requiring fifteen degrees of unsaturation. The 13C
NMR spectrum (Table 2, Figure S25) displayed 23 carbon signals which, in combination with
DEPT and HSQC spectra (Figure S27), can be classified as two conjugated ketone carbonyls
(δC 184.5 and 183.3), three oxygen-bearing non-protonated sp2 (δC 171.9, 161.2, 159.5), seven
non-protonated sp2 (δC 146.7, 142.8, 134.4, 133.2, 123.2, 114.6, 100.0), seven protonated sp2

(δC 147.2, 146.2, 145.6, 127.5, 124.4, 120.4, and 118.6), two methylene sp3 (δC 33.8 and 23.7),
and two methyl (δC 21.9 and 13.7) carbons. The 1H NMR spectrum (Table 2, Figure S24)
showed two singlets of hydrogen-bonded phenolic hydroxyls at δH 12.50 and 13.44, seven
aromatic protons appearing as a broad singlet at δH 8.91, two singlets at δH 7.11 and 6.80,
three doublets at δH 8.57 (J = 8.0 Hz), 8.85 (J = 6.1 Hz), 7.46 (J = 1.0 Hz), one double doublet
at δH 8.16 (J = 8.0, 6.1 Hz), one methylene triplet at δH 2.83 (J = 7.4 Hz), one methylene
sextet at δH 1.70 (J = 7.4 Hz), one methyl singlet at δH 2.40, and one methyl triplet at δH
0.94 (J = 7.3 Hz). The presence of the 1,8-dihydroxy-6-methyl-1,2,3,6,8-pentasubstitututed
anthraquinone scaffold was supported by COSY correlations (Table 2, Figures 4 and S26)
from H-7 (δH 7.11, s/δC 124.4) to H-5 (7.46, d, J = 1.0 Hz)/δC 120.4) and Me-11 (2.40, s/δC
21.9), as well as by HMBC correlations (Table 2, Figures 4 and S28) from OH-1 (δH 13.44, s)
to C-1 (δC 159.5), C-2 (δC 123.2), C-9a (δC 100.0), OH-8 (δH 12.50, s) to C-7 (δC 124.4), C-8
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(δC 161.2), C-8a (δC 114.6), H-5 (δH 7.46, d, J = 1.0 Hz) to C-10 (δC 183.3), C-7, C-8a, Me-11
(δC 21.9), H-7 (δH 7.11, s) to C-8, C-5 (δC 120.4), C-8a, Me-11, H-4 (δH 6.80,s) to C-10, C-2
(δC 123.2), and C-9a. That another portion of the molecule is 3-propylpyridinium was
corroborated by COSY correlations (Table 2, Figures 4 and S26) from H-4’ (δH 8.57, d,
J = 8.0 Hz) to H-5’ (δH 8.16, dd, J = 8.0, 6.1 Hz) and H-2’ (δH 8.91, brs), H-5’ to H-4’ and H-6’
(8.85, d, J = 6.1 Hz), which was confirmed by HMBC correlations (Table 2, Figures 4 and S28)
from H-2’ to C-3’ (δC 142.8), C-4’ (δC 146.2) and C-1” (δC 33.8), H-4’ to C-2’ (δC 147.2), C-6’
(δC 145.6) and C-1”, H-5’ to C-3’, and C-6’ and H-6’ to C-4’ and C-5’ [18]. That the propyl
group was on C-3’ of the pyridinium ring was supported by the spin system from H2-1”
(δH 2.83, t, J = 7.4 Hz/δC 33.8) through H2-2” (δH 1.70, sex, J = 7.4 Hz/δC 23.7) to H3-3” (δH
0.94, t, J = 7.4 Hz/δC 13.7) as well as by HMBC correlations from H-3” to C-1” and C-2”,
H-2” to C-1”, and C-3” and C-2’. Since H-2’ and H-6’ showed strong and weak cross peaks,
respectively, to C-2 (Table 2, Figures 4 and S28), the 3-propylpyridinium moiety is linked to
the anthraquinone scaffold through the nitrogen atom for the former and C-2 of the latter.

Table 2. 1H and 13C NMR data (DMSO-d6, 500 and 125 MHz), COSY and HMBC assignment for 4.

Position δC, Type δH, (J in Hz) COSY HMBC

1 159.5, C

2 123.2, C

3 171.9, C

4 118.6, CH 6.80, s C-2, 9a, 10

4a 133.2, C

5 120.4, CH 7.46, d (1.0) H-7 C-7, 8a, 10, CH3-11

6 146.7, C

7 124.4, CH 7.11, s H-5, CH3-11 C-5, 8, 8a, CH3-11

8 161.2, C

8a 114.6, C

9 184.5, CO

9a 100.0, C

10 183.3, CO

10a 134.4, C

11 21.9, CH3 2.40, s H-7 C-5, 6,7

2’ 147.2, CH 8.91, brs H-4’ C-2, 3’, 4’, 1”

3’ 142.8, C

4’ 146.2, CH 8.57, d (8.0) H-2’,5’ C-2’, 6’, 1”

5’ 127.5, CH 8.16, dd (8.0, 6.1) H-4’, 6’ C-3’, 6’

6’ 145.6, CH 8.85, d (6.1) H-5’ C-2, 4’, 5’

1” 33.8, CH2 2.83, t (7.4) H-2” C-2’, 2”, 3’, 3”

2” 23.7, CH2 1.70, sex (7.4) H-1”, 3” C-1”, 3’, 3”

3” 13.7, CH3 0.94, t (7.3) H-2” C-1”, 3”

OH-1 13.44, s C-1, 2, 9a

OH-8 12.50, s C-7, 8, 8a
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Figure 4. Key COSY ( ) and HMBC ( ) correlations in 4.

Since 1,8-dihydroxy-6-methyl anthraquinone and the 3-propylpyridinium moiety
account for C23H19NO4, the only oxygen atom left must be on C-3 of the anthraquinone
nucleus to produce a molecular formula C23H19NO5. Therefore, the oxygen atom on
C-3 should bear a negative charge (4). This was supported by a high chemical shift
value of C-3 (δC 171.9). This phenoxide ion can establish an ionic interaction with the
positive-charged nitrogen of the pyridinium ring. Interestingly, although alkyl pyridinium-
containing compounds have never been reported from marine-derived fungi, cyclic 3-
alkylpyridinium alkaloids are common secondary metabolites from sponges of the order
Haplosclerida [19,20]. Therefore, 4 is the first 3-alkylpyridinium anthraquinone reported
from nature, and it was named stellatanthraquinone.

Compound 5b was isolated as a pale-yellow viscous mass, and its molecular formula
C21H30O7 was established on the basis of the (+)-HRESIMS m/z 395.2076 [M + H]+ (calcu-
lated for C21H31O7, 395.2070 (Figure S60), requiring seven degrees of unsaturation. Analysis
of its 1H, 13C NMR, DEPT, COSY, HSQC, and HMBC spectra (Table 3, Figures S34–S38) re-
vealed the presence of a 5 [(3E,5E)-nona-3,5-dien-1-yl]benzene-1,3-diol moiety, identical to
5a, with a substitution on C-2. The presence of five oxymethine sp3 (δC 81.5, 79.1, 75.0, 72.1,
70.3), one oxymethylene sp3 (δC 61.2) carbons, two hydroxyl groups at δH 4.90 dd (J = 10.7,
2.9 Hz) and 4.59 d (J = 5.5 Hz), and the molecular formula C6H11O5 of the substituent on
C-2 revealed the presence of a pyranosyl moiety. However, since four oxymethine protons
of the sugar moiety appeared as complex multiplets at δH 3.20–3.22 and 3.74, it was not
possible to identify the sugar moiety of 5b. Although Wen et al. [13] identified the sugar
moiety in carnemycin E as glucopyranosyl, it was not possible to compare its 1H and
13C chemical shift values with those of the sugar moiety 5b since the 1H and 13C NMR
spectra of carnemycin E were obtained in pyridine-d5, while those of 5b were obtained in
DMSO-d6. Moreover, carnemycin E was obtained as an amorphous reddish gum, while
5b was obtained as a pale-yellow viscous mass. In order to unravel the identity of the
sugar moiety in 5b, we tried to compare its carbon chemical shift values with those of the
C-glycosides from the 13C NMR spectra obtained in DMSO-d6. The chemical shift values
of C-1’, C-2’, C-3’, C-4’, C-5’ and C-6’ of the sugar moiety of 5b (Table 3, Figure S36) were
nearly identical to those of C-glucosyl moiety of tricetin 6,8-di-C-glucoside [21]. Moreover,
the chemical shift value and coupling constant of H-1’ were also identical with those of the
corresponding proton in tricetin 6,8-di-C-glucoside [21]. The value of the coupling constant
of H-1’ (J = 9.6 Hz) confirmed the presence of a β-D-glucopyranosyl moiety. Therefore, 5a

was elucidated as carnemycin E, previously isolated from the culture extract of Aspergillus
sp., which was isolated from superficial mycobiota of the brown alga, Saccharina cichorioides
f. sachalinensis, collected from the South China Sea [13].
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Table 3. 1H and 13C NMR data (DMSO-d6, 300 and 75 MHz), COSY, and HMBC assignment for 5b.

Position δC, Type δH, (J in Hz) COSY HMBC

1 157.1, C

2 110.2, C

3 157.1, C

4 107.6, CH 6.11, s C-1’, 3, 6, 7

5 142.5, C

6 107.6, CH 6.11, s C-1’, 2, 4, 7

7 35.5, CH2 2.45, t (6.8) H-8 C-4, 5, 6, 8, 9

8 34.0, CH2 2.27, dd (14.3, 6.6) H-7, H-9 C-5, 7, 9, 10

9 131.8, CH 5.62, m H-8, 10 C-10, 11

10 130.9, CH 5.91, m H-9, 11 C-8, 9, 12

11 131.1, CH 6.04, m H-10, 12 C-9, 13

12 132.6, CH 5.55, m H-11, 13 C-10, 13, 14

13 34.5, CH2 2.00, dd (14.3, 7.2) H-12, 14 C-11, 12, 14, 15

14 22.5, CH2 1.36, sext (7.2) H-13, 15 C-12, 13, 15

15 14.0, CH3 0.87, t (7.2) H-14 C-13, 14

1’ 75.0, CH 4.62, d (9.6) H-2’ C-1, 2, 2’, 3, 3’

2’ 72.1, CH 3.74, m

3’ 79.1, CH 3.22, m

4’ 70.3, CH 3.22, m OH-4’

5’ 81.5, CH 3.20, m

6’a
b 61.2, CH2

3.50, dd (11.0, 5.5)
3.65, dd (11.0, 5.2)

H-5’, 6’b, OH-6’
H-5’, 6’a, OH-6’

OH-3 8.67, s C-2, 3, 4

OH-4’ 4.90, dd (10.7, 2.9) H-4’ C-4’, 5’

OH-6’ 4.59, d (5.5) H2-6’ C-6’

Compound 5c was also isolated as a pale-yellow viscous mass and its molecular
formula C23H32O8 was established on the basis of the (+)-HRESIMS m/z at 437.2175
[M + H]+ (calculated for C23H33O8, 437.2175), and m/z 459.1989 [M + Na]+ (calculated
for C23H32O8Na, 459.1995) (Figure S61).The 1H and 13C NMR spectra of 5c (Table 4;
Figures S39 and S40) resembled those of 5b (Table S2 and Figures S34 and S35) except
for CH2-6’, which appeared at higher frequencies (δH 4.32 d, J = 11.6 Hz, and 3.98 dd,
J = 11.6, 3.9 Hz/δC 64.8) than those of 5b (δH 3.50, dd, J = 11.0, 5.5 Hz, and 3.65, dd, J = 11.0,
5.2 Hz)/δC 61.2) as well as the appearance of an acetyl group (δH 2.00, s/δC 21.2, CH3; δC
170.9, CO), suggesting that 5c is a C-21 acetate of 5b.

Contrary to other proton signals, the signals of OH-3, OH-3’, and OH-4’ appeared as
broad signals in the 1H NMR spectrum at 500 MHz (Figure S39). Moreover, they did not
show any COSY and HMBC correlations with any protons (Table 4, Figures S41 and S43),
which made it impossible to assign them. Interestingly, in the 1H NMR spectrum at
300 MHz (Figure S44), the signal of OH-3 appeared as a sharp singlet at δH 8.70, whereas
those of OH-3’ and OH-4’ appeared as two well-resolved doublets at δH 4.59, d (J = 6.5 Hz)
and 5.15, d (J = 4.4 Hz), respectively. Furthermore, in the 300 MHz spectra, OH-3 displayed
HMBC correlations to C-2 (δC 109.9) and C-3 (δC 157.2) (Figure S46), while OH-3’ and OH-4’
showed COSY correlations to H-3’ (δH 3.20) and H-4’ (δH 3.18) (Figure S45), respectively.

122



Mar. Drugs 2022, 20, 672

The coupling constant of H-1’ (J = 9.8 Hz) confirmed the β-anomer of the glucosyl moiety.
Since 5c has never been previously reported, it was named acetyl carnemycin E.

Table 4. 1H and 13C NMR data (DMSO-d6, 500 and 125 MHz), COSY, and HMBC assignment for 5c.

Position δC, Type δH, (J in Hz) COSY HMBC

1 157.3, C

2 109.9, C

3 157.3, C

4 107.5, CH 6.11, s C-1’, 2, 3, 6, 7

5 142.5, C

6 107.5, CH 6.11, s C-1’, 2, 3, 4, 7

7 35.5, CH2 2.44, t (7.2) H-8 C-4, 5, 6, 8, 9

8 34.0, CH2 2.26, dd (14.7, 7.2) H-7, 9 C-7, 9, 10

9 131.8, CH 5.59, ddd (14.6, 7.2, 7.2) H-8, 10 C-11

10 130.9, CH 5.97, m H-9, 11

11 131.1, CH 6.04, m H-10, 12 C-9 (w), 13

12 132.6, CH 5.57, ddd (14.5, 7.7, 7.1) H-11, 13 C-10, 13, 14

13 34.5, CH2 2.01, m H-12, 14 C-11, 12, 14, 15

14 22.5, CH2 1.36, sex (7.4) H-13, 15 12, 13, 15

15 14.0, CH3 0.86, t (7.4) H-14 C-13, 14

1’ 74.9, CH 4.60, d (9.8) H-2’ C-1, 2, 2’ 3, 3’

2’ 71.5, CH 3.83, t (9.2) H-1’, 3’ C-1’, 3’

3’ 79.0, CH 3.21, t (8.7) H-4’ C-4’

4’ 70.6, CH 3.18, t (8.7) H-3’ C-3’

5’ 78.4, CH 3.36 (under water peak) H-6’b C-4’ (w)

6’a
b 64.8, CH2

4.32, d (11.6)
3.98, dd (11.6, 3.9)

H-6’b
H-5’, 6’a

C-4’, CO (OAc)
C-5’, 6’

OAc 170.9, CO -

OAc 21.2, CH3 2.00, s C-6’

OH-3 8.74, brs

OH-3’ 4.95, br

OH-4’ 5.15, br

The 1H and 13C NMR spectra of 6a and 6b (Table S3. Figures S47, S48, S52 and S53) are
in agreement with those reported for tajixanthone hydrate [14] and 15-acetyl tajixanthone
hydrate [16]. However, Pornpakakul et al. [14] assigned the configurations of C-15, C-20
and C-25 of tajixanthone hydrate, based on the coupling constant between H-14 and H-15
and NOESY correlations of the protons in tajixanthone methanoate, and also referred its
stereochemistry to the previous study by Chexal et al. [22], who elegantly determined
the absolute configurations of C-15 and C-25 of tajixanthone as 15S and 25R by chemical
transformation (the method of Boar and Damps) while the relative configuration of C-20
was suggested by the preferred axial conformation of the isopropyl substituent in the
hydrogenated derivatives [22]. Later on, the same group [23], described the isolation of
tajixanthone hydrate which they obtained in a small quantity. The structure and stereo-
chemistry of tajixanthone hydrate were identified on the basis of the same optical rotation
of the acid-catalyzed hydrolysis product of tajixanthone and of the natural product. On the
other hand, the absolute stereochemistry of 15-acetyl tajixanthone hydrate was concluded
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to be the same as that of tajixanthone hydrate, which was obtained by hydrolysis of 15-
acetyl tajixanthone hydrate. However, neither optical rotation nor absolute configurations
of their stereogenic carbons were provided [16].

Literature search revealed that the absolute configurations of C-15, C-20, and C-25 of
both tajixanthone hydrate and 15-acetyl tajixanthone hydrate have never been established
by either X-ray crystallographic or chiroptical methods. Fortunately, we were able to obtain
suitable crystals of both 6a and 6b for X-ray analysis using an X-ray diffractometer equipped
with CuKα radiation. The Ortep views of 6a and 6b are shown in Figures 5A and 5B,
respectively, revealing that the absolute configurations of C-15, C-20, and C-25 in both
compounds are 15S, 20S, and 25R. Moreover, both compounds are levorotatory.

(A) 

(B) 

 
Figure 5. Ortep views of 6a (A) and 6b (B).

The antimicrobial activity of 2, 3a, 3b, 4, 5a, 5b, 5c, 6a, and 6b was evaluated against
four reference bacterial species and three multidrug-resistant strains. However, only 5a

exhibited antibacterial activity against all Gram-positive strains, viz. E. faecalis ATCC 29212,
vancomycin-resistant E. faecalis B3/101, and methicillin-resistant S. aureus 74/24, with a
MIC value of 16 μg/mL, and S. aureus ATCC 29213, with a MIC value of 32 μg/mL (Table 5).
The minimal bactericidal concentration (MBC) for 5a was equal to or one-fold higher than
the MIC, indicating its bactericidal effect towards E. faecalis ATCC 29212, S. aureus 74/24,
and S. aureus ATCC 29213. For E. faecalis B3/101, its MBC was more than two-fold higher
than the MIC, suggesting its bacteriostatic effect.
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Table 5. Antibacterial activity of 2, 3a, 3b, 4, 5a, 5b, 5c, 6a, and 6b against Gram-positive reference
and multidrug-resistant strains. MIC and MBC are expressed in μg/mL.

Compound
E. faecalis ATCC 29212 E. faecalis B3/101 (VRE) S. aureus ATCC 29213 S. aureus 74/24 (MRSA)

MIC MBC MIC MBC MIC MBC MIC MBC

2 >64 >64 >64 >64 >64 >64 >64 >64

3a >32 >32 >32 >32 >32 >32 >32 >32

3b >64 >64 >64 >64 >64 >64 >64 >64

4 >32 >32 >32 >32 >32 >32 >32 >32

5a 16 32 16 64 32 32 16 32

5b >64 >64 >64 >64 >64 >64 >64 >64

5c >64 >64 >64 >64 >64 >64 >64 >64

6a >64 >64 >64 >64 >64 >64 >64 >64

6b >32 >32 >32 >32 >32 >32 >32 >32

VAN 4 - - - - - - -

OXA - - - - 0.2 - - -

MIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration; VAN, vancomycin;
OXA, oxacillin.

Although 5a was found to significantly inhibit NO production in lipopolysaccha-
ride (LPS)-induced murine macrophage RAW264.7 cells [13], this compound has never
been tested for antibacterial acivity. Interestingly, some alkenylresorcinols, such as 9-(3,5-
dihydroxy-4-methylphenyl)nona-3(Z)-enoic acid, isolated from the methanolic extract of
fruits of Hakea sericea, significantly inhibited the growth of E. faecalis, Listeria monocytogenes
and Bacillus cereus, and showed good MIC values against S. aureus strains, including the
clinical isolates and MRSA strains [24]. Intriguingly, 5b and 5c, analogs of 5a which possess
a β-glucosyl moiety on C-2 of the benzene ring, were void of antibacterial activity in our
assays. We speculate that the polar and bulky glucosyl moiety might have negatively
affected the antibacterial activity, possibly by preventing the compounds from penetrating
the bacterial cell wall.

Another interesting aspect is that even though there were several reports on the
antibaterial activity of anthraquinones from marine-derived fungi [25], neither of the
three anthraquinones tested, i.e., 3a, 3b, and 4, showed antibacterial activity in our assays.
This is not surprising since we also found in our previous report that the anthraquinone
purnipurdin A, isolated from the culture extract of the marine sponge-associated fungus,
Neosartorya spinosa KUFA 1047, did not exhibit any antibacterial activity against the same
bacterial strains tested [26].

Compounds 2, 3a, 3b, 4, 5a, 5b, 5c, 6a, and 6b were also investigated for their potential
synergy with clinically relevant antibiotics on multidrug-resistant strains, by both disk
diffusion method and checkerboard assay; however, no interactions were found with
cefotaxime (ESBL E. coli), methicillin (MRSA S. aureus), and vancomycin (VRE E. faecalis).

The inhibitory effect of 2, 3a, 3b, 4, 5a, 5b, 5c, 6a, and 6b on biofilm production was
also evaluated in all reference strains. However, only 5a showed an extensive ability to
significantly inhibit biofilm formation in two of the four reference strains used in this study
(Table 6). Indeed, 5a was able to completely inhibit biofilm formation in S. aureus ATCC
29213 and E. faecalis ATCC 29212, at both MIC and 2xMIC concentrations.
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Table 6. Percentage of biofilm formation in the presence of 5a after 24 h incubation.

Compound Concentration
Biofilm Biomass (% of Control)

E. faecalis ATCC 29212 S. aureus ATCC 29213

5a

64 μg/mL - 0.00 ± 0.06 ***

32 μg/mL 0.01 ± 0.01 *** 0.04 ± 0.12 ***

16 μg/mL 0.02 ± 0.01 *** -

DMSO 1% (v/v) 1.00 ± 0.03 *** 1.00 ± 0.01 ***
Data are shown as mean ± SD of three independent experiments. One-sample t-test: * p < 0.05, ** p < 0.01,
*** p < 0.001 significantly different from 100%.

3. Experimental Sections

3.1. General Experimental Procedures

The melting points were determined on a Stuart Melting Point Apparatus SMP3 (Bibby
Sterilin, Stone, Staffordshire, UK) and are uncorrected. Optical rotations were measured on
an ADP410 Polarimeter (Bellingham + Stanley Ltd., Tunbridge Wells, Kent, UK). 1H and 13C
NMR spectra were recorded at ambient temperature on a Bruker AMC instrument (Bruker
Biosciences Corporation, Billerica, MA, USA) operating at 300 or 500 and 75 or 125 MHz,
respectively. High resolution mass spectra were measured with a Waters Xevo QToF mass
spectrometer (Waters Corporations, Milford, MA, USA) coupled to a Waters Aquity UPLC
system. A Merck (Darmstadt, Germany) silica gel GF254 was used for preparative TLC, and
a Merck Si gel 60 (0.2–0.5 mm) was used for column chromatography. LiChroprep silica gel
and Sephadex LH 20 were used for column chromatography.

3.2. Fungal Material

The fungus was isolated from the marine sponge Mycale sp., which was collected by
scuba diving at a depth of 5–10 m, from the coral reef at Samaesan Island (12◦34′36.64′′ N
100◦56′59.69′′ E), in the Gulf of Thailand, Chonburi province, in May 2015. The sponge was
washed with 0.01% sodium hypochlorite solution for 1 min, followed by sterilized seawater
three times, and then dried on a sterile filter paper under a sterile aseptic condition. The
sponge was cut into small pieces (ca. 5 × 5 mm) and placed on Petri dish plates containing
15 mL potato dextrose agar (PDA) medium mixed with 300 mg/L of streptomycin sulfate
and incubated at 28 ◦C for 7 days. The hyphal tips emerging from sponge pieces were
individually transferred onto a PDA slant and maintained as pure cultures at Kasetsart
University Fungal Collection, Department of Plant Pathology, Faculty of Agriculture,
Kasetsart University, Bangkok, Thailand. The fungal strain KUFA 2017 was identified as
Aspergillus stellatus, based on morphological characteristics such as colony growth rate and
growth pattern on standard media, namely Czapek′s agar, Czapek yeast autolysate agar,
and malt extract agar. Microscopic characteristics including size, shape, and ornamentation
of conidiophores and spores were examined under light microscope. This identification
was confirmed by molecular techniques using internal transcribed spacer (ITS) primers.
DNA was extracted from young mycelia following a modified Murray and Thompson
method [27]. Primer pairs ITS1 and ITS4 were used for ITS gene amplification [28]. PCR
reactions were conducted on Thermal Cycler and the amplification process consisted of
initial denaturation at 95 ◦C for 5 min, 34 cycles at 95 ◦C for 1 min (denaturation), at 55 ◦C
for 1 min (annealing), and at 72 ◦C for 1.5 min (extension), followed by final extension
at 72 ◦C for 10 min. PCR products were examined by Agarose gel electrophoresis (1%
agarose with 1× Tris-Borate-EDTA (TBE) buffer) and visualized under UV light after
staining with ethidium bromide. DNA sequencing analyses were performed using the
dideoxyribonucleotide chain termination method [29] by Macrogen Inc. (Seoul, South
Korea). The DNA sequences were edited using FinchTV software and submitted to the
BLAST program for alignment and compared with that of fungal species in the NCBI
database (http://www.ncbi.nlm.nih.gov/, accessed on 18 May 2021). Its gene sequences
were deposited in GenBank with the accession number MZ331807.
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3.3. Extraction and Isolation

The fungus was cultured in five Petri dishes (i.d. 90 mm) containing 20 mL of PDA
per dish at 28 ◦C for one week. The mycelial plugs (5 mm in diameter) were transferred
to two 500 mL Erlenmeyer flasks containing 200 mL of potato dextrose broth (PDB), and
incubated on a rotary shaker at 120 rpm at 28 ◦C for one week. Thirty 1000 mL Erlenmeyer
flasks, each containing 300 g of cooked rice, were autoclaved at 121 ◦C for 15 min. After
cooling to room temperature, 20 mL of mycelial suspension of the fungus was inoculated
per flask and incubated at 28 ◦C for 30 days, after which 500 mL of EtOAc was added to
each flask of the moldy rice and macerated for 7 days, and then filtered with Whatman
No. 1 filter paper.

The EtOAc solutions were combined and concentrated under reduced pressure to yield
280.4 g of a crude EtOAc extract, which was dissolved in 300 mL of CHCl3, washed with
H2O (3 × 500 mL) and dried with anhydrous Na2SO4, and filtered and evaporated under
reduced pressure to obtain 134.9 g of a crude CHCl3 extract. The crude CHCl3 extract
(57.1 g) was applied on a silica gel column (385 g) and eluted with mixtures of petrol-
CHCl3 and CHCl3-Me2CO, wherein 250 mL fractions (frs) were collected as follows: frs
1–61 (petrol-CHCl3, 1:1), 62–129 (petrol-CHCl3, 3:7), 130–231 (petrol-CHCl3, 1:9), 232–397
(CHCl3-Me2CO, 9:1), 398–524 (CHCl3-Me2CO, 7:3). Frs 40–45 were combined (241.9 mg)
and applied over a Sephadex LH-20 column (15 g), and eluted with MeOH, wherein
37 subfractions (sfrs) of 2 mL were collected. Sfrs 30–35 were combined (102.9 mg) and
precipitated in MeOH to produce 13.6 mg of 3a. Frs 74–77 were combined (851.6 mg) and
precipitated in Me2CO to produce 20.3 mg of 3b. Frs 78–89 were combined (396.5 mg) and
applied over a Sephadex LH-20 column (15 g), and eluted with MeOH, wherein 28 sfrs of
2 mL were collected. Sfrs 21–25 were combined to produce 11.4 mg of 3c. Frs 95–118 were
combined (535.5 mg) and applied over a Sephadex LH-20 column (15 g), and eluted with
MeOH, wherein 47 sfrs of 2 mL were collected. Sfrs 16–33 were combined (231.4 mg)
and applied over another Sephadex LH-20 column (5 g), and eluted with CHCl3, wherein
22 sub-subfractions (ssfrs) of 1 mL were collected. Ssfrs 9–10 were combined to produce
69.4 mg of 2, while ssfrs 20–22 were combined to produce 45.0 mg of 1. Frs 126–140 were
combined (274.9 mg) and applied over a Sephadex LH-20 column (15 g), and eluted with
MeOH, wherein 31 sfrs of 2 mL were collected. Sfrs 4–15 were combined (108.4 mg) and
precipitated in Me2CO to produce 26.7 mg of 6b. Frs 149-173 were combined (1.02 g) and
applied over a Sephadex LH-20 column (15 g), and eluted with MeOH, wherein 49 sfrs
of 1 mL were collected. Sfrs 20–28 were combined (305.2 mg) and applied over another
Sephadex LH-20 column (5 g), and eluted with CHCl3, wherein 20 ssfrs of 0.5 mL were
collected. Ssfrs 15–19 were combined to produce 153.0 mg of 5a. Frs 178–206 were combined
(509.4 mg) and precipitated in MeOH to produce 46.8 mg of 6a. Frs 237–238 were combined
(209.3 mg) and applied over a Sephadex LH-20 column (15 g), and eluted with MeOH,
wherein 20 sfrs of 2 mL were collected. Sfrs14-20 were combined (182.4 g) and applied
over another Sephadex LH-20 column (5 g), and eluted with CHCl3, wherein 13 ssfrs of
1 mL were collected. Ssfrs 8–9 were combined to produce 7.3 mg of 5c. Frs 437-455 were
combined (323.3 mg) and applied over a Sephadex LH-20 column (15 g), and eluted with
MeOH, wherein 24 sfrs of 2 mL were collected. Sfrs 11–15 were combined (211.9 mg) and
applied over another Sephadex LH-20 column (5 g), and eluted with CHCl3, wherein 18
ssfrs of 0.5 mL were collected. Ssfrs 17–18 were combined to produce 141.7 mg of 5b. Frs
460–513 were combined (297.3 mg) and applied over a Sephadex LH-20 column (15g), and
eluted with MeOH, wherein 25 sfrs of 2 mL were collected. Sfrs 15–18 were combined
(20.9 mg) and applied over another Sephadex LH-20 column (5 g), and eluted with CHCl3,
wherein 13 ssfrs of 0.5 mL were collected. Ssfrs 4–7 were combined to produce 5.6 mg of 4.

3.3.1. (3S,4R)-4-Hydroxy-6-Methoxymellein (2)

White crystal. Mp 116–118 ◦C. [α]23
D −200 (c 0.05, MeOH); For 1H and 13C spectroscopic

data (CDCl3, 300 and 75 MHz), see Table 1; (+)-HRESIMS m/z 225.0765 [M + H]+ (calculated
for C11H13O5, 225.0763).
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3.3.2. Stellatanthraquinone (4)

Red solid. Mp. 228–229 ◦C. For 1H and 13C spectroscopic data (DMSO-d6, 500 and 125 MHz),
see Table 2; (+)-HRESIMS m/z 390.1340 [M + H]+ (calculated for C23H20NO5, 390.1341).

3.3.3. Carnemycin E (5b)

Pale-yellow viscous mass. [α]20
D +60 (c 0.05, MeOH). 1H and 13C spectroscopic data

(DMSO-d6, 300 and 75 MHz), see Table 3; (+)-HRESIMS m/z 395.2076 [M + H]+ (calculated
for C21H331O7, 395.2070).

3.3.4. Acetyl Carnemycin E (5c)

Pale-yellow viscous mass. [α]20
D +260 (c 0.05, MeOH). 1H and 13C spectroscopic data

(DMSO-d6, 500 and 125 MHz), see Table 4; (+)-HRESIMS m/z 437.2175 [M + H]+, (calculated
for C23H33O8, 437.2175); m/z 459.1989 [M + Na]+ (calculated for C23H32O8Na, 459.1995).

3.4. X-ray Crystal Structures

Single crystals were mounted on cryoloops using paratone. X-ray diffraction data were
collected at 290 K with a Gemini PX Ultra equipped with CuKα radiation (λ = 1.54184 Å).
The structures were solved by direct methods using SHELXS-97 and refined with SHELXL-
97 [30]. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were either
placed at their idealized positions using appropriate HFIX instructions in SHELXL and
included in subsequent refinement cycles or were directly found from difference Fourier
maps and were refined freely with isotropic displacement parameters.

3.4.1. X-ray Crystal Structure of 6a

Crystal was orthorhombic, space group P212121, cell volume 2178.1(4) Å3 and unit
cell dimensions a = 6.2933(5) Å, b = 17.9862(18) Å and c = 19.243(3) Å (uncertainties in
parentheses). Flack x [31] was refined parameter by means of TWIN and BASF in SHELXL
to 0.0(5). The refinement converged to R (all data) = 8.88% and wR2 (all data) = 17.80%. Full
details of the data collection and refinement and tables of atomic coordinates, bond lengths
and angles, and torsion angles have been deposited with the Cambridge Crystallographic
Data Centre (CCDC 2206108).

3.4.2. X-ray Crystal Structure of 6b

The crystal was orthorhombic, space group P212121, cell volume 2454.0(4) Å3, and unit
cell dimensions a = 5.9772(6) Å, b = 13.8321(13) Å and c = 29.682(2) Å (uncertainties in paren-
theses). Calculated crystal density was 1.306 g/cm−3. The structure was solved by direct
methods using SHELXS-97 and refined with SHELXL-97 [30]. The refinement converged to
R (all data) = 8.45% and wR2 (all data) = 12.84% and Flack parameter = 0.0(3). Full details
of the data collection and refinement and tables of atomic coordinates, bond lengths and
angles, and torsion angles have been deposited with the Cambridge Crystallographic Data
Centre (CCDC 2204631).

3.5. Electronic Circular Dichroism (ECD)

The experimental ECD spectrum of 2 (ca. 2 mg/mL in acetonitrile) was obtained in
a Jasco J-815 CD spectropolarimeter (Jasco Europe S.R.L., Cremella, Italy) with a 0.1 mm
cuvette and 6 accumulations. The simulated ECD spectra were obtained by first determin-
ing all the relevant conformers of the computational model. Its conformational space was
developed by rotating all the single, non-ring, bonds for each of the two possible bends of
the non-aromatic ring. The resulting 24 molecular mechanics conformers were minimized
using the quantum mechanical DFT method B3LYP/6-31G with Gaussian 16W (Gaus-
sian Inc., Wallingford, USA). The lowest 95% of the conformer Boltzmann populations
(11 models) were subjected to a final minimization round using the method APFD/6-
311+G(2d,p)/acetonitrile method (Gaussian 16W), which was also used, coupled with a
TD method, to calculate its first 50 ECD transitions. The line spectrum for each one of the
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11 models was built by applying a Gaussian line broadening of 0.15 eV to each computed
transition with a constant UV-shift of 5 nm. The final ECD spectrum was obtained by the
Boltzmann-weighted sum of the 11 line spectra [32].

3.6. Antibacterial Activity Bioassays
3.6.1. Bacterial Strains and Testing Conditions

Four reference strains, obtained from the American Type Culture Collection (ATCC),
viz. two Gram-positive (Staphylococcus aureus ATCC 29213, Enterococcus faecalis ATCC
29212), and two Gram-negative (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853), were included in this study. Additionally, three multidrug-resistant strains includ-
ing an extended-spectrum β-lactamase (ESBL)-producing E. coli (clinical isolate SA/2), and
two environmental isolates, i.e., a methicillin-resistant isolate (MRSA) S. aureus 74/24 [33],
and a vancomycin-resistant (VRE) isolate E. faecalis B3/101 [34]. All bacterial strains were
cultured in MH agar (MH-BioKar Diagnostics, Allone, France) and incubated overnight
at 37 ◦C before each assay. Stock solutions of each compound (4 mg/mL for the less
soluble compounds, 3a and 4, and 10 mg/mL for the others) were prepared in dimethyl
sulfoxide (DMSO-Alfa Aesar, Kandel, Germany), kept at −20 ◦C, and freshly diluted in the
appropriate culture media before each assay. In all experiments, in-test concentrations of
DMSO were kept below 1%, as recommended by the Clinical and Laboratory Standards
Institute [35].

3.6.2. Antimicrobial Susceptibility Testing

The Kirby–Bauer method was performed to screen the antimicrobial activity of the
compounds according to CLSI recommendations [36]. Briefly, sterile blank paper discs
with 6 mm diameter (Oxoid/Thermo Fisher Scientific, Basingstoke, UK) were impregnated
with 15 μg of each compound and placed on MH plates, previously inoculated with a
bacterial inoculum equal to 0.5 McFarland turbidity. After 18–20 h incubation at 37 ◦C, the
diameter of the inhibition zones was measured in mm. Blank paper discs impregnated
with DMSO were used as a negative control. Minimal inhibitory concentrations (MIC)
were determined by the broth microdilution method, as recommended by the CLSI [37].
Two-fold serial dilutions of the compounds were prepared in cation-adjusted Mueller–
Hinton broth (CAMHB-Sigma-Aldrich, St. Louis, MO, USA). With the exception of 3a

and 4, the tested concentrations ranging from 1 to 64 μg/mL were used to keep in-test
concentrations of DMSO below 1% to avoid bacterial growth inhibition. For 3a and 4,
the highest concentration tested was 32 μg/mL. Colony forming unit (CFU) counts of the
inoculum were conducted to ensure that the final inoculum size closely approximated the
5 × 105 CFU/mL. The 96-well U-shaped untreated polystyrene plates were incubated for
16–20 h at 37 ◦C, and the MIC was determined as the lowest concentration of the compound
that prevented visible growth. During the essays, vancomycin (VAN-Oxoid/Thermo Fisher
Scientific, Basingstoke, UK) and oxacillin sodium salt monosulfate (OXA-Sigma-Aldrich,
St. Louis, MO, USA) were used as positive controls for E. faecalis ATCC 29212 and S. aureus
ATCC 29213, respectively. The minimal bactericidal concentration (MBC) was determined
by spreading 10 μL of the content of the wells with no visible growth on MH plates. The
MBC was defined as the lowest concentration to effectively reduce 99.9% of the bacterial
growth after overnight incubation at 37 ◦C [38]. At least three independent assays were
conducted for reference and multidrug-resistant strains.

3.6.3. Antibiotic Synergy Testing

The Kirby–Bauer method was also used to evaluate the combined effect of the tested
compounds with clinically relevant antibacterial drugs, as previously described [39]. A
set of antibiotic discs (Oxoid/Thermo Fisher Scientific, Basingstoke, UK), to which the
isolates were resistant, was selected: cefotaxime (CTX, 30 μg) for E. coli SA/2, vancomycin
(VAN, 30 μg) for E. faecalis B3/101, and oxacillin (OXA, 1 μg) for S. aureus 74/24. Antibiotic
discs impregnated with 15 μg of each compound were placed on seeded MH plates. The
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controls used included antibiotic discs alone, blank paper discs impregnated with 15 μg
of each compound alone, and blank discs impregnated with DMSO. Plates with CTX
were incubated for 18–20 h and plates with VAN and OXA were incubated for 24 h at
37 ◦C [35]. Potential synergy was considered when the inhibition halo of the antibiotic
disc impregnated with compound was greater than the inhibition halo of the antibiotic or
compound-impregnated blank disc alone.

The MIC method was also performed in order to evaluate the combined effect of the
compounds and clinically relevant antimicrobial drugs. Briefly, when it was not possible
to determine a MIC value for the tested compound, the MIC of CTX (Duchefa Biochemie,
Haarlem, The Netherlands), VAN (Oxoid, Basingstoke, England), and OXA (Sigma-Aldrich,
St. Louis, MO, USA) for the respective multidrug-resistant strains was determined in
the presence of the highest concentration of each compound tested in previous assays
(64 μg/mL or 32 μg/mL for compounds 3a and 4). The tested antibiotic was serially
diluted whereas the concentration of each compound was kept fixed. Antibiotic MICs were
determined as described above. Potential synergy was considered when the antibiotic MIC
was lower in the presence of compound [40]. Fractional inhibitory concentrations (FIC)
were calculated as follows: FIC of the compound = MIC of the compound combined with
antibiotic/MIC of the compound alone, and FIC antibiotic = MIC of antibiotic combined
with compound/MIC of antibiotic alone. The FIC index (FICI) was calculated as the sum of
each FIC and interpreted as follows: FICI ≤ 0.5, ‘synergy’; 0.5 < FICI ≤ 4, ‘no interaction’;
4 < FICI, ‘antagonism’ [41].

3.6.4. Biofilm Formation Inhibition Assay

In order to evaluate the antibiofilm activity of the compounds, the crystal violet
method was used to quantify the total biomass produced [39,42]. Briefly, the highest con-
centration of the compound tested in the MIC assay was added to bacterial suspensions of
1 × 106 CFU/mL prepared in unsupplemented Tryptone Soy broth (TSB-Biokar Diagnos-
tics, Allone, Beauvais, France) or TSB supplemented with 1% (w/v) glucose (D-(+)-glucose
anhydrous for molecular biology, PanReac AppliChem, Barcelona, Spain) for Gram-positive
strains. When it was possible to determine the MIC, concentrations between 2× MIC and
1/4 MIC were tested, while keeping in-test concentrations of DMSO below 1%. When it
was not possible to determine the MIC value, the concentration tested was 64 μg/mL (or
32 μg/mL for compounds 3a and 4). Controls with appropriate concentration of DMSO, as
well as a negative control (TSB or TSB + 1% glucose alone) were included. Sterile 96-well
flat-bottomed untreated polystyrene microtiter plates were used. After a 24 h incubation
at 37 ◦C, the biofilms were heat-fixed for 1 h at 60 ◦C and stained with 0.5% (v/v) crystal
violet (Química Clínica Aplicada, Amposta, Spain) for 5 min. The stain was resolubilized
with 33% (v/v) acetic acid (Acetic acid 100%, AppliChem, Darmstadt, Germany) and the
biofilm biomass was quantified by measuring the absorbance of each sample at 570 nm in a
microplate reader (Thermo Scientific Multiskan® FC, Thermo Fisher Scientific, Waltham,
MA, USA). The background absorbance (TSB or TSB + 1% glucose without inoculum) was
subtracted from the absorbance of each sample and the data are presented as percentage of
control. Three independent assays were performed for reference strains, with triplicates for
each experimental condition.

4. Conclusions

The EtOAc extract of the culture of a marine-derived fungus, Aspergillus stellatus
KUFA 2017, isolated from a marine sponge Mycale sp., which was collected in the Gulf
of Thailand, furnished three previously unreported secondary metabolites viz. (3S,4R)-4-
hydroxy-6-methoxymellein (2), a structurally unique propylpyridinium anthraquinone,
stellatanthraquinone (4), and acetyl carnemycin E (5c), in addition to eight previously
reported compounds, including p-hydroxybenzaldehyde (1), 1,3-dimethoxy-8-hydroxy-
6-methylanthraquinone (3a), 1,3-dimethoxy-2,8-dihydroxy-6-methylanthraquinone (3b),
emodin (3c), 5[(3E,5E)-nona-3,5-dien-1-yl]benzene (5a), carnemycin E (5b), tajixanthone
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hydrate (6a), and 15-acetyl tajixanthone hydrate (6b). While the absolute configurations
of the stereogenic carbons in 2 were established unambiguously by a combination of
NOESY correlations and a comparison of experimental and calculated ECD spectra, the
stereostructures of 6a and 6b were established by X-ray analysis for the first time.

All the compounds, except 1 and 3c, were evaluated for their antibacterial activ-
ity against four reference strains: two Gram-positive (Staphylococcus aureus ATCC 29213,
Enterococcus faecalis ATCC 29212) and two Gram-negative (Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853), as well as three multidrug-resistant strains includ-
ing an extended-spectrum β-lactamase (ESBL)-producing E. coli (clinical isolate SA/2),
a methicillin-resistant isolate (MRSA) S. aureus 74/24 and a vancomycin-resistant (VRE)
isolate E. faecalis B3/101. However, only 5c exhibited antibacterial activity against all
Gram-positive strains with a MIC value of 16 μg/mL toward E. faecalis ATCC 29212,
vancomycin-resistant E. faecalis B3/101, and methicillin-resistant S. aureus 74/24, but with
a higher MIC value (32 μg/mL) toward S. aureus ATCC 29213. Since 5a displayed the
minimal bactericidal concentration (MBC) equal to or one-fold higher than the MIC, it was
suggested that 5a exerted a bactericidal effect towards E. faecalis ATCC 29212, S. aureus
74/24, and S. aureus ATCC 29213. On the contrary, the MBC of 5a was more than two-fold
higher than the MIC toward E. faecalis B3/101; therefore, this compound was suggested
to have a bacteriostatic effect against this multidrug-resistant species. Interestingly, 5b

and 5c, which are C-glucosylated 5a, were void of antibacterial activity against all the
tested organisms. These results lead to a conclusion that the polar and bulky glucosyl
substituent on the benzene ring can negatively affect the antibacterial activity of this series
of compounds. Finally, 5a was also able to completely inhibit biofilm formation in S. aureus
ATCC 29213 and E. faecalis ATCC 29212 at both MIC and 2× MIC concentrations. Since 5a

possesses interesting antibacterial and potent antibiofilm activities, this compound can be
considered as an interesting model for the development of a new type of antibiotics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20110672/s1. Figures S1–S56: 1D and 2D NMR spectra of compounds 1, 2, 3a, 3b, 3c, 4, 5a,
5b, 5c, 6a, 6b. Figures S57–S61: HRMS data for compounds 2, 4, 5a, 5b, and 5c. Table S1: 1H and 13C
NMR data (CDCl3, 300 and 75 MHz) of compounds 3a and 3b. Table S2: 1H and 13C NMR data of
5b (DMSO-d6, 300 and 75 MHz), 5c (DMSO-d6, 500 and 125 MHz), and 5a (CDCl3, 300 and 75 MHz).
Table S3: 1H and 13C NMR data of 6a and 6b (CDCl3, 300 and 75 MHz).
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Abstract: Analytical scale chemical/cultivation profiling prioritized the Australian marine-derived
fungus Aspergillus noonimiae CMB-M0339. Subsequent investigation permitted isolation of noonin-
doles A–F (5–10) and detection of eight minor analogues (i–viii) as new examples of a rare class of
indole diterpene (IDT) amino acid conjugate, indicative of an acyl amino acid transferase capable of
incorporating a diverse range of amino acid residues. Structures for 5–10 were assigned by detailed
spectroscopic and X-ray crystallographic analysis. The metabolites 5–14 exhibited no antibacterial
properties against G-ve and G+ve bacteria or the fungus Candida albicans, with the exception of 5

which exhibited moderate antifungal activity.

Keywords: indole diterpene; noonindole; marine-derived fungus; Aspergillus noonimiae; antifungal;
Australia; microbial biodiscovery; molecular network chemical profiling; MATRIX cultivation profiling

1. Introduction

Since the indole diterpene (IDT) paxilline (1) (Figure 1) was first described in 1975 as a
tremorgenic agent of Penicillium paxilli [1], a number of fungal natural products sharing this
fused hexacyclic skeleton have been reported (i.e., paxillines, paspalines, paspalinines, pas-
palicine, paspalitrems, penijanthine A, penitrems, aflatrem, penerpenes, sulpinines, and ter-
pendoles) from a wide range of genera, including from terrestrially sourced Acremonium [2],
Albophoma [3–5], Aspergillus [6–10], Chaunopycnis [11], Claviceps [12], Emericella [13,14], Eu-
penicillium [15], Neotyphodium [16], Penicillium [2,17–21], Phomopsis [22], and marine-derived
Penicillium [23–27]. In addition to tremorgenic properties [1,2,6,7,13,14,17,22,28], members
of this IDT family have been reported to exhibit anticancer [23,29], anti-insectan [8,9,15] and
anti-H1N1 [24] activity, with Merck researchers reporting potent and selective potassium
ion channel antagonist properties [28] prompting patent protection for the treatment of
neurodegenerative diseases (i.e., Alzheimer’s disease) [30] and glaucoma [31]. Paxilline (1)
has been noted as one of the most potent and selective nonpeptidergic inhibitors of large-
conductance, voltage, and Ca2+ dependent BK-type potassium channels [32], stimulating in-
terest in chemical synthesis [33–35] and biosynthesis [36–42] across this structure class. For
example, a 2022 report [43] described two genes encoding monomodular nonribosomal pep-
tide synthetase (NRPS)-like enzymes that catalyse the acylation of 14-hydroxypaspalinine
(2) (Figure 1) to the only two known natural product examples of amino acid conjugated
IDTs: 14-(N,N-dimethyl-L-valyloxy)paspalinine (3) (Figure 1) reported [9] in 1993 from
Aspergillus nominus NRRL 13,137 and patented in 1993 as an anti-insectan for controlling
Coleopteran and Lepidopteran insects [44], and in 2003 for the treatment of glaucoma [31];
and 14-(N,N-dimethyl-l-leucyloxy)paspalinine (4) patented in 2003 for the treatment of
glaucoma [31] and subsequently optimised for production from Aspergillus alliaceus [10].

Mar. Drugs 2022, 20, 698. https://doi.org/10.3390/md20110698 https://www.mdpi.com/journal/marinedrugs
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Figure 1. Known fungal IDTs highlighting the paxilline scaffold (blue) and rare amino acid acyl
functionality (tan).

This current report describes our discovery of new IDT amino acid conjugates pro-
duced by the Australian marine-derived fungus Aspergillus noonimiae CMB-M0339. Using
an integrated strategy of chemical and cultivation profiling to both prioritize and facilitate
production, we successfully detected, isolated, characterised, and identified five new IDT
amino acid conjugates and a key hydroxy precursor, noonindoles A–F (5–10), together
with the four known analogues paspaline (11) [12], paspaline B (12) [18], the carboxylic
acid (13) [24], and emindole SB (14) [13]. Structures for 5–14 were assigned by detailed
spectroscopic and X-ray analysis as summarised below, along with a plausible biogenetic
relationship. We also made use of biosynthetic considerations and diagnostic MS/MS
fragmentations to tentatively assign structures to a series of eight minor IDT amino acid
co-metabolites (i–viii).

2. Results

An EtOAc extract was prepared from a 3.3% saline M1 agar plate cultivation of the
marine-derived fungus Aspergillus noonimiae CMB-M0339. UPLC-DAD (Figure S6) was
subjected to a global natural product social (GNPS) [45] molecular network (Figure 2)
analysis to reveal peaks/nodes for three prominent and structurally related metabolites: 5

(m/z 579 (M+H), C34H46N2O6); 6 (m/z 565 (M+H), C33H44N2O6); and 7 (m/z 593 (M+H),
C35H48N2O6). Online database searching suggested these metabolites were unprecedented
in the natural products literature. Subsequent cultivation profiling using a miniaturized
24-well plate microbioreactor methodology (MATRIX) [46] employing ×11 different media
under solid agar (2 mL), as well as static and shaken broth (1.5 mL) conditions (Figure S7)
supported by UPLC-DAD and GNPS chemical profiling (Figures 3 and S8) confirmed D400
solid phase agar as the optimal culture condition. The EtOAc extract of a ×300 plate D400
solid phase 12 day cultivation was subjected to solvent trituration and reversed-phase
HPLC (Figure S9) to yield 5–14 (Figure 4). Detailed spectroscopic analysis successfully
identified the known natural products paspaline (11) [12], paspaline B (12) [18], the car-
boxylic acid 13 [24], and emindole SB (14) [13] (Tables S8–S11, Figures S50–S68). Further
spectroscopic analysis identified the new noonindoles A–F (5–10) as summarised below.

HRESIMS analysis of 5 revealed a molecular formula (C34H46N2O6, Δmmu +2.7)
requiring thirteen double bond equivalents (DBE). The NMR (methanol-d4) data for 5

(Tables 1 and S2, and Figures S10–S15) disclosed resonances for ten sp2 olefinic carbons
and two sp2 ester/lactone carbonyls, accounting for seven DBE and requiring that 5 be
hexacyclic, while diagnostic 2D NMR correlations (Figure 5) established a carbon/hetero
skeleton in common with 1 further annotated by an N,N-dimethyl-valinyloxy ester pendant
to C-14. The structure and absolute configuration for noonindole A (5) were confirmed by
a single crystal X-ray analysis (Figure 6 and Table S13).
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Figure 2. GNPS molecular network of an inhouse fungal extract library, revealing a unique cluster of
metabolites (expansion) associated exclusively with strain CMB-M0339.

Figure 3. GNPS molecular network of a set of MATRIX extracts of CMB-M0339 showing production
of noonindoles A–E (5–9) and related minor metabolites under selected culture conditions.

HRESIMS analysis of 6–8 revealed molecular formulae (C33H44N2O6, Δmmu +2.0;
C35H48N2O6, Δmmu +2.6; C33H44N2O6, Δmmu +1.5) consistent with lower/higher ho-
mologues of 5. Comparison of the NMR (methanol-d4) data for 6 (Tables 1 and S3,
Figures S17–S22) with 5 allowed the principle differences to be attributed to replacement
of the N,N-dimethyl-valinyloxy side chain in 5 (δH 2.90, s; δC 43.1) with an N-methyl-
valinyloxy side chain in 6 (δH 2.72, s, NH(CH3); δC 33.8, NH(CH3)). Likewise, compar-
ison of the NMR (methanol-d4) data for 7 (Tables 1 and S4, and Figures S24–S29) and 8

(Tables 2 and S5, and Figures S31–S35) with 5 allowed the principle differences to be at-
tributed to replacement of the N,N-dimethyl-valinyloxy moiety in 5 with an N,N-dimethyl-
leucinyloxy moiety in 7 and an N,N-dimethyl-homoalaninyloxy in 8. These conclusions
were reinforced by diagnostic 2D NMR correlations (Figure 5) which, together with bio-
genetic considerations, allowed assignment of structures to noonindoles B–D (6–8).
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Figure 4. New noonindoles A–F (5–10) and known 11–14.

Table 1. 1D NMR (methanol-d4) data for noonindoles A–C (5–7) #.

Pos.
(5)
δH, mult. (J in Hz) δC

(6)
δH, mult. (J in Hz) δC

(7)
δH, mult. (J in Hz) δC

2 - 152.4 - 152.3 - 152.2
3 - 52.0 - 51.9 - 51.8
4 - 46.4 - 46.2 - 46.2
5 a 2.87, ddd (13.6, 13.6, 5.2)

b 1.81, br dd (13.6, 5.2)
28.1 a 2.88, ddd (13.5, 13.5, 5.1)

b 1.83, br dd (13.5, 5.1)
28.0 a 2.87, ddd (13.8, 13.8, 5.4)

b 1.84, br dd (13.8, 5.4)
27.9

6 a 2.38, m
b 1.91, m

30.6 a 2.39, m
b 1.93, m

30.5 a 2.39, m
b 1.93, m

30.5

7 4.91, m 74.6 4.90, m 74.8 4.92, br t (8.5) 74.8
9 3.68, d (1.9) 84.0 3.72, d (1.5) 83.9 3.71, br s 84.0
10 - 198.5 - 198.1 - 197.9
11 5.62, d (1.9) 122.4 5.57, d (1.5) 122.0 5.57, d (1.9) 121.8
12 - 165.9 - 165.8 - 165.0
13 - 80.0 - 80.0 - 80.1
14 5.53, dd (10.2, 5.3) 77.9 5.50, dd (10.4, 5.0) 77.3 5.51, dd (10.4, 5.1) 77.5
15 a 2.24, dd (11.1, 10.2)

b 2.21, m
28.5 a 2.25, dd (13.0, 10.4)

b 2.17, m
28.3 a 2.25, dd (13.2, 10.4)

b 2.20, m
28.1

16 2.92, m 47.4 2.98, m 47.5 2.97, m 47.5
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Table 1. Cont.

Pos.
(5)
δH, mult. (J in Hz) δC

(6)
δH, mult. (J in Hz) δC

(7)
δH, mult. (J in Hz) δC

17 a 2.73, dd (13.0, 6.2)
b 2.47 a, m

27.6 a 2.74, dd (13.1, 6.3)
b 2.47, dd (13.1, 11.1)

27.6 a 2.74, dd (13.0, 6.3)
b 2.47, dd (13.0, 10.8)

27.6

18 - 117.4 - 117.3 - 117.2
19 - 126.2 - 126.0 - 126.1
20 7.31, d (7.5) 119.0 7.30, d (7.9) 118.8 7.30, d (7.8) 118.9
21 6.94, ddd (7.5, 7.5, 1.1) 120.1 6.93, br dd (7.9, 7.7) 119.9 6.93, ddd (7.8, 7.8, 1.1) 119.9
22 6.98, ddd (7.5, 7.5, 1.1) 121.1 6.97, ddd (7.9, 7.9, 0.9) 121.1 6.98, ddd (7.8, 7.8, 1.1) 121.1
23 7.27, d (7.5) 112.7 7.28, d (7.9) 112.7 7.28, d (7.8) 112.7
24 - 141.8 - 141.9 - 141.9
25 - 73.3 - 73.0 - 73.0
26 1.28, s 25.4 1.28, s 25.3 1.30, s 25.5
27 1.26, s 26.2 1.26, s 26.4 1.27, s 25.8
1′ - 167.4 - 168.9 - 168.9
2′ 3.86, d (5.5) 74.8 3.90, br s 68.7 4.02, m 67.5

3′ 2.47 a, m
-

28.4
-

2.31, m
-

30.7
-

a 1.90, m
b 1.69, m

37.4
37.4

4′ 1.05 b 19.4 1.09, br d (5.3) 18.7 1.56, m 26.2
5′ 1.03, d (7.1) 17.0 0.99, d (7.0) 17.7 0.97, d (6.4) 23.4
6′ - - - - 0.91, d (6.4) 21.4

3-Me 1.37, s 16.7 1.37, s 16.6 1.38, s 16.6
4-Me 1.04 b 19.4 1.10, s 19.5 1.09, br s 19.4

NHMe - - 2.72, s 33.8 - -
NMe2 2.90, s 43.0 - - 2.93, s 42.1

# Data acquired on the TFA salts. a,b Resonances with the same superscript overlap and assignments can be
interchanged.

Figure 5. 2D NMR (methanol-d4) correlations for 5–10.
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Figure 6. X-ray crystal structure of noonindole A (5).

Table 2. 1D NMR (methanol-d4) data for noonindoles D–F (8–10).

Pos.
(8)
δH, mult. (J in Hz) δC

(9)
δH, mult. (J in Hz) δC

(10)
δH, mult. (J in Hz) δC

2 - 151.1 - 152.5 - 152.9
3 - 50.5 - 51.9 - 51.8
4 - 44.6 - 46.2 - 44.7
5 a 2.87 a, m

b 1.80, m
28.0 a 3.28 *

b 2.36, d (6.3)
33.0 a 2.80, ddd (13.5, 13.5, 5.1)

b 1.79, dd (13.5, 5.1)
28.1

6 a 2.37, m
b 1.91, m

30.4 5.74, m 113.5 a 2.33, m
b 1.90, m

30.2

7 4.90, m 74.6 - 146.4 4.88, m 74.7
9 3.71, d (1.9) 83.7 4.09, s 87.6 3.78, d (1.5) 84.0

10 - nd - 196.8 - 200.0
11 5.58, d (1.9) 121.7 5.71, br s 119.5 6.01, br s 122.9
12 - nd - nd - 167.5
13 - 78.9 - 77.8 - 80.8
14 5.37, dd (10.6, 5.1) 74.4 5.41, dd (9.8, 5.8) 75.5 4.16, dd (10.5, 4.9) 70.3
15 a 2.16, m

b 2.04, ddd (7.1, 5.1, 2.3)
28.4 2.18, m 30.0 a 2.08, dd (13.3, 10.5)

b 1.93, m
31.7

16 2.95, m 47.0 2.90, m 47.5 2.90, m 48.0
17 a 2.72, dd (13.1, 6.4)

b 2.45, dd (13.1, 10.7)
27.5 a 2.72, dd (13.0, 6.5)

b 2.44, dd (13.0, 10.8)
28.0 a 2.68, dd (13.0, 6.1)

b 2.42, dd (13.0, 10.0)
27.8

18 - 116.8 - 117.4 - 117.4
19 - 124.7 - 126.2 - 126.2
20 7.30, d (7.7) 118.6 7.30, d (7.2) 119.1 7.29, d (7.6) 118.8
21 6.92, ddd (7.7, 7.3, 0.9) 119.6 6.93, m 120.0 6.92, br dd (7.6, 7.2) 119.8
22 6.97, ddd (8.1, 7.3, 0.9) 120.7 6.97, m 121.2 6.95, br dd (7.4, 7.2) 120.9
23 7.27, d (8.1) 112.4 7.27, d (7.5) 112.8 7.26, d (7.4) 112.7
24 - 140.4 - 142.1 - 141.8
25 - 71.6 - 75.6 - 73.2
26 1.28, s 25.1 1.33, s 27.1 a 1.29, s 25.2
27 1.26, s 25.9 1.26, s 27.1 a 1.27, s 26.2
1′ - nd - nd - -
2′ 2.87 a, m 72.9 2.86, d (9.4) 76.0 - -
3′ a 1.77, m

b 1.69, m
23.8 2.11, m 28.7 -

-
-
-

4′ 0.91, t (7.4) 10.1 0.97, t (7.4) 19.9 - -
5′ - - 0.97, t (7.4) 19.9 - -

3-Me 1.37, s 16.3 1.40, s 16.9 1.32, s 16.5
4-Me 1.08, s 19.4 1.14, s 21.0 1.04, s 19.6
NMe2 2.26, s 43.4 2.34, s 42.4 - -

nd: Not detected. a Resonances with the same superscript within a column are overlapping. * Obscured by
residual solvent resonance. # Data for 8–9 acquired on the free bases (not TFA salts).

HRESIMS analysis of 9 revealed a molecular formula (C34H44N2O6, Δmmu +1.2)
consistent with an oxidised analogue of 5. Comparison of the NMR (methanol-d4) data
for 9 (Tables 2 and S6, and Figures S37–S41) with 5 allowed the principle differences to be
attributed to replacement of the sp3 H-7/C- 7 methine in 5 (δH 4.91, H-7; δC 74.6, C-7) with
an sp2 quaternary C-7 and sp2 H-6/C-6 methine in 9 (δH 5.74, m, H-6; δC 113.5, C-6; δC
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146.4, C-7), consistent with incorporation of a Δ6,7. These conclusions were reinforced by
2D NMR correlations (Figure 5) which, together with biogenetic considerations, allowed
assignment of the structure for noonindole E (9).

HRESIMS analysis of 10 revealed a molecular formula (C27H33NO5, Δmmu +1.1)
consistent with a hydrolysed analogue of 5 lacking the N,N-dimethyl-valinyloxy ester side
chain. This hypothesis was confirmed on comparison of the NMR (methanol-d4) data for 10

(Tables 2 and S7, and Figures S43–S48) with 5 which revealed the absence of resonances for
the N,N-dimethyl-valinyloxy moiety and a significant shielding of the resonance for H-14
in 10 (δH 4.16) compared with 5 (δH 5.53). These conclusions were reinforced by 2D NMR
correlations (Figure 5) which, together with biogenetic considerations, allowed assignment
of a structure for noonindole F (10).

Co-isolation of noonindoles A–F (5–10) and the known IDTs 11–14 together with an
X-ray crystal analysis of 5 supported a common absolute configuration across the hexacyclic
indole terpene core, and established the configuration of the N,N-dimethyl-L-valinyloxy
moiety in 5. Although low yields combined with N-alkylation precluded hydrolysis and
independent assignment of the amino acid residue absolute configuration in 6–9 (i.e.,
Marfey’s analysis), an amino acid L configuration across 6–9 was proposed based on
the likelihood of a common NRPS-like aminoacyl modifying enzyme in the noonindole
biosynthetic gene cluster (BGC) (see below).

The metabolites 5–14 did not inhibit the growth of human colon (SW620) or lung
(NCI-H460) carcinoma cells (IC50 > 30 μM) (Figure S81), or the fungus Candida albicans
ATCC10231, the Gram-negative bacterium Escherichia coli ATCC11775, or the Gram-positive
bacteria Staphylococcus aureus ATCC25923 or Bacillus subtilis ATCC6633 (IC50 > 30 μM), with
the exception of noonindole A (5) which displayed modest antifungal activity (IC50~5 μM)
(Figure S80). This lack of cellular toxicity bodes well for future (ongoing) evaluation of
noonindole ion channel inhibitory pharmacology.

GNPS analysis of the EtOAc extract of the analytical scale D400 (MATRIX) culture
of CMB-M0339 detected 5–9 along with associated nodes for a selection of putative
minor analogues (Figure 7). The MS/MS spectra for 5–9 (Figures S72–S75) revealed three
common fragmentations attributed to loss of water (Figure 8A), retro-Aldol loss of acetone
(Figure 8B), and loss of the amino acid residue (Figure 8C). While low yields precluded
isolation of the minor analogues i–viii, diagnostic MS/MS fragmentations and high-
resolution mass measurements (i.e., molecular formulae) permitted tentative assignments
for i–v (Figures S74, S76–S79, Table S12) and on the basis of GNPS co-clustering and
biosynthetic considerations to vi–viii, albeit with some allowance isomeric alternatives
(Tables 3 and S12). The diversity of IDT amino acid conjugates produced by CMB-
M0339 is in stark contrast to existing knowledge, which is limited to 3 from Aspergillus
nomius [9] and 4 from A. alliaceus [10]. Unlike these earlier published accounts, it appears
CMB-M0339 employs an NRPS-like aminoacylation enzyme with an adenylation domain
tolerant of different amino acid substrates (i.e., Val, Leu, Ile, Pro, Ser, Thr, and homo-Ala).

A preliminary assessment of the noonindole biosynthetic gene cluster (BGC) suggests
a biogenetic relationship linking 5–14 and inclusive of the minor co-metabolites i–viii

starting with emindole SB (14) undergoing stereospecific epoxidation and ring closure to
paspaline (11) followed by sequential oxidation to paspaline B (12) and the carboxylic acid
13, followed by decarboxylation and oxidation to paxilline (1) (Figure 9). Oxidation of 1

could then yield noonindole F (10) with further oxidation and/or amino acid acylation
returning noonindoles A–E (5–9) and co-clustering minor analogues (i–viii). Consistent
with this hypothesis, close examination of the CMB-M0339 D400 extract GNPS and UPLC-
DAD-MS data using single ion extraction (SIE) detected an ion with a molecular formula
attributable to 1 (Figure S71).

141



Mar. Drugs 2022, 20, 698

Figure 7. GNPS cluster of the EtOAc extract of a D400 (MATRIX) culture of CMB-M0339 revealing
5–9 along with closely associated nodes for the minor analogues i–viii.

Figure 8. MS/MS fragmentations common to 1–5 and minor co-metabolites i–viii; (A) loss of water,
(B) retro-Aldol loss of acetone and, (C) loss of the amino acid residue.

Table 3. Comparison of 5–9 and minor co-metabolites i–viii.

X (ester) (a) (b) (c)
N,N-dimethyl-valine (5) (9) (viii)
N-methyl-valine (6) - -
N,N-dimethyl-leucine (7) (vii) (vi)
N,N-dimethyl-
homoalanine (8) - -

N,N-dimethyl-alanine A (i) - -
N,N-dimethyl-serine B (ii) - -
N,N-dimethyl-threonine (iii) - -
N-methyl-proline C (iv) - -
N,N-dimethyl-isoleucine D (v) - -

(a,b,c) Proposed hexacyclic scaffolds. Possible alternate isomers: A N-methyl-homoalanine, valine; B N-methyl-
threonine; C pipecolic acid; D N,N-dimethyl-allo-isoleucine.
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Figure 9. Plausible biogenetic relationship linking 5–14 (and 1) and inclusive of the minor co-
metabolites i–viii.

Our investigation into the marine-derived Aspergillus noonimiae CMB-M0339 led to the
discovery of noonindoles A–F (5–10) and related minor analogues (i–viii) as new examples
of a rare class of fungal indole diterpene amino acid conjugate. This discovery highlights
the continued capacity of fungi to provide access to new chemical space and validates
molecular networking (GNPS) as an effective platform to detect, dereplicate, and prioritize
new over known chemistry, and cultivation profiling (MATRIX) as a means to optimise
the production. Our discovery of the noonindoles suggests the CMB-M0339 features an
NRPS-like aminoacyl modifying enzyme in the noonindole biosynthetic gene cluster (BGC)
capable of accommodating and incorporating multiple lipophilic amino acids. Further
studies into the structure, biosynthesis, and biology of these and other CMB-M0339 indole
diterpenes are ongoing, and will be reported elsewhere.

3. Materials and Methods

3.1. General Experimental Procedures

Chemicals were purchased from Sigma-Aldrich or Merck unless otherwise speci-
fied. Solvent extractions were performed using analytical-grade solvents, while HPLC,
UPLC, and HPLC-MS analyses employed HPLC-grade solvents supplied by Labscan or
Sigma-Aldrich and filtered/degassed through 0.45 μm polytetrafluoroethylene (PTFE)
membrane prior to use. Deuterated solvents were purchased from Cambridge Isotopes
(Tewksbury, MA, USA). Microorganisms were manipulated under sterile conditions in a
Laftech class II biological safety cabinet and incubated in either an MMM Friocell incubator
(Lomb Scientific, NSW, Australia) or an Innova 42R incubator shaker (John Morris, NSW,
Australia) at 26.5 ◦C. Semi-preparative and preparative HPLCs were performed using
Agilent 1100 series HPLC instruments with corresponding detectors, fraction collectors,
and software. Analytical UPLC chromatograms were obtained on an Agilent 1290 infinity
UPLC instrument equipped with a diode array multiple wavelength detector (Zorbax C8
RRHD 1.8 μm, 50 × 2.1 mm column, gradient elution at 0.417 mL/min over 2.50 min from
90% H2O/MeCN to 100% MeCN with isocratic 0.01% TFA/MeCN modifier). UPLC-QTOF
analyses were performed on an Agilent 6545 Q-TOF instrument incorporating an Agilent
1290 Infinity II UHPLC (Zorbax C8 RRHD 1.8 μm, 50 × 2.1 mm column, gradient elution
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at 0.417 mL/min over 2.5 min from 90% H2O/MeCN to 100% MeCN with isocratic 0.1%
formic acid/MeCN modifier). Chiroptical measurements ([α]D) were obtained on a JASCO
P-1010 polarimeter in a 100 × 2 mm cell at specified temperatures. Nuclear magnetic
resonance (NMR) spectra were acquired on a Bruker Avance 600 MHz spectrometer with
either a 5 mm PASEL 1H/D-13C Z-Gradient probe or 5 mm CPTCI 1H/19F-13C/15N/DZ-
Gradient cryoprobe, controlled by TopSpin 2.1 software, at 25 ◦C in either methanol-d4,
CDCl3, or DMSO-d6, with referencing to residual 1H or 13C solvent resonances (methanol-
d4: δH 3.31 and δC 49.15; CDCl3: δH 7.24 and δC 77.23; DMSO-d6: δH 2.50 and δC 39.50).
High-resolution ESIMS spectra were obtained on a Bruker micrOTOF mass spectrometer
by direct injection in MeOH at 3 μL/min using sodium formate clusters as an internal
calibrant. Structural assignments were made with additional information from gCOSY,
gHSQC, and gHMBC experiments.

3.2. Fungal Isolation and DNA Taxonomic Analysis

A marine sediment collected in 2008 from a location off Perth, Western Australia,
was used to inoculate an M1 agar plate (inclusive of 3.3% artificial sea salt) which was
incubated at 27 ◦C for 10–14 days, after which colony selection yielded an array of iso-
lates including fungus CMB-M0339. Genomic DNA was extracted from the mycelia of
CMB-M0339 using the DNeasy Plant Mini Kit (Qiagen) as per the manufacturers proto-
col, and the 18s rRNA genes were amplified by PCR using the universal primers ITS-1
(5′-TCCGTAGGTGAACCTGCGG-3′) and ITS-4 (5′-TCCTCCGCTTATTGATATGC-3′) pur-
chased from Sigma-Aldrich. The PCR mixture (50 μL) containing 1 μL of genomic DNA
(20–40 ng), 200 μM of each deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 0.3 μM
of each primer, 1 U of Taq DNA polymerase (Fisher Biotec), and 5 μL of PCR buffer was
amplified using the following conditions: initial denaturation at 95 ◦C for 3 min, 30 cycles
in series of 94 ◦C for 30 s (denaturation), 55 ◦C for 60 s (annealing), and 72 ◦C for 60 s
(extension), followed by one cycle at 72 ◦C for 6 min. PCR products were purified with PCR
purification kit (Qiagen, Victoria, Australia) and examined by agarose gel electrophoresis,
with DNA sequencing performed by the Australian Genome Research Facility (AGRF)
at The University of Queensland. A BLAST analysis (NCBI database) on the resulting
CMB-M0339 ITS gene sequence (Figures S1–S3, GenBank accession no. OP132523) revealed
92.5% identity with the fungal strain Aspergillus noonimiae.

3.3. Global Natural Product Social (GNPS) Molecular Networking

Aliquots (1 μL) of CMB-M0339 cultivation extract (100 μg/mL in MeOH) were anal-
ysed on an Agilent 6545 Q-TOF LC/MS equipped with an Agilent 1290 Infinity II UPLC
system (Zorbax C8, 0.21 μm, 1.8 × 50 mm column, gradient elution at 0.417 mL/min
over 2.5 min from 90% H2O/MeCN to MeCN with an isocratic 0.1% formic acid/MeCN
modifier). UPLC-QTOF-(+) MS/MS data acquired for all samples at a collision energy
of 35 eV were converted from Agilent MassHunter data files (d) to mzXML file format
using MSConvert software, and transferred to the GNPS server (gnps.ucsd.edu). Molecular
networking was performed using the GNPS data analysis workflow [45] employing the
spectral clustering algorithm with a cosine score of 0.5 and a minimum of 6 matched peaks.
The resulting spectral network was imported into Cytoscape version 3.7.1 [47] and visu-
alized using a ball-and-stick layout where nodes represent parent mass and cosine score
was reflected by edge thickness. Moreover, group abundances were set as pie charts, which
reflected the intensity of MS signals. MS/MS fragmentation analysis was performed on the
same machine for ion detected in the full scan range at an intensity above 1000 counts at
ten scans/s, with an isolation width of 4~m/z using fixed collision energy and a maximum
of 3 selected precursors per cycle. General instrument parameters including gas temper-
ature at 325 ◦C, drying gas 10 L/min, nebulizer 20 psig, sheath gas temperature 400 ◦C,
fragmentation Volta 180eV, and skimmer 45 eV.
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3.4. MATRIX Cultivation Profiling

The fungus CMB-M0339 was cultured in a 24-well plate microbioreactor under ×11
different media for 10–14 days in solid phase (27 ◦C), as well as in static (30 ◦C) and shaken
broths (30 ◦C, 190 rpm) [46], with regular monitoring of growth (Figure S7). At this point,
wells were individually extracted with EtOAc (2 mL), and the organic phase was centrifuged
(13,000 rpm, 3 min) and dried under N2 at 40 ◦C to yield ×33 extracts. Individual extracts
were redissolved in MeOH (30 μL) containing calibrant (2,4-dinitrophenoldecane ether,
50 μg/mL), and aliquots (1 μL) were subjected to: (i) UPLC-DAD analysis (Zorbax C8
1.8 μm, 2.1 × 50 mm column, gradient elution at 0.417 mL/min over 2.52 min from 90%
H2O/MeCN to 100% MeCN followed by 0.83 min isocratic elution with MeCN, inclusive
of an isocratic 0.01% TFA/MeCN modifier) (Figure S8); and (ii) GNPS analysis (Figure 3).
This process identified solid phase D400 as the optimal culture conditions for producing
targeted CMB-M0339 natural products.

3.5. Scale Up Cultivation and Fractionation

The fungus CMB-M0339 was cultivated on D400 agar (×300 plates) at 27 ◦C for
10–14 days after which the agar and fungal mycelia were harvested and extracted with
EtOAc (2 × 5 L), and the combined organic phase was filtered and concentrated in vacuo
at 40 ◦C to yield an extract (2.9 g). This extract was sequentially triturated with n-hexane
(20 mL), CH2Cl2 (20 mL), MeOH (20 mL), and concentrated in vacuo to afford n-hexane
(961.8 mg), CH2Cl2 (1783.8 mg), and MeOH (80.3 mg) soluble fractions. A portion of the
CH2Cl2 soluble fraction (1363 mg) was subjected to preparative reversed-phase HPLC (Phe-
nomenex Luna-C8 10 μm, 21.2 × 250 mm column, with gradient elution at 20 mL/min over
20 min from 90% H2O/MeCN to 100% MeCN with constant 0.1% TFA/MeCN modifier)
to yield noonindole A (5) (Rf 15.7 min, 83.5 mg, 4.3%). The remaining mixed fractions
were subjected to semi-preparative reversed-phase HPLC to yield noonindole B (6) (Rf
18.3 min, 2.0 mg, 0.1%) (semi-preparative HPLC (Zorbax C8 5mm column, 9.4 × 250 mm,
3 mL/min isocratic elution of 37% MeCN/H2O over 20 min with constant 0.1% TFA mod-
ifier)); noonindole F (10) (Rf 19.9 min, 0.7 mg, 0.03%) (semi-preparative HPLC (Agilent
C8-Ep 5mm column, 9.4 × 250 mm, 3 mL/min isocratic elution of 50% MeCN/H2O over
25 min with constant 0.1% TFA modifier)); noonindole D (8) (Rf 28.6 min, 0.4 mg, 0.02%)
(semi-preparative HPLC (Zorbax C18 5mm column, 9.4 × 250 mm, 3 mL/min isocratic
elution of 40% MeCN/H2O over 30 min with constant 0.1% TFA modifier)); noonindole
E (9) (Rf 20.9 min, 0.8 mg, 0.04%) (semi-preparative HPLC (Zorbax C18 5mm column,
9.4 × 250 mm, 3 mL/min isocratic elution of 40% MeCN/H2O over 30 min with constant
0.1% TFA modifier)); 12-demethylpaspaline-12-carboxylic acid (13) (Rf 9.8 min, 1.6 mg,
0.08%) (semi-preparative HPLC (Zorbax C18 5mm column, 9.4 × 250 mm, 3 mL/min iso-
cratic elution of 85% MeCN/H2O over 15 min with constant 0.1% TFA modifier)); paspaline
B (12) (Rf 26.1 min, 0.3 mg, 0.01%) (semi-preparative HPLC (Agilent C8-Ep 5mm column,
9.4 × 250 mm, 3 mL/min isocratic elution of 60% MeCN/H2O over 25 min with constant
0.1% TFA modifier)); paspaline (11) (Rf 17.8 min, 1.2 mg, 0.06%) (Semi-preparative HPLC
(Agilent CN 5mm column, 9.4 × 250 mm, 3 mL/min isocratic elution of 60% MeCN/H2O
over 20 min with constant 0.1% TFA modifier)); emindole SB (14) (Rf 19.7 min, 1.2 mg, 0.06%)
(semi-preparative HPLC (Agilent CN 5mm column, 9.4 × 250 mm, 3 mL/min isocratic
elution of 60% MeCN/H2O over 20 min with constant 0.1% TFA modifier)); and solid-
phase extraction (Sep-Pak (Agilent Bond Elut C18 cartridge, 5 g) gradient elution from 90%
H2O/MeCN to 100% MeCN) and semi-preparative reversed-phase HPLC (Zorbax C8 5mm
column, 9.4 × 250 mm, 3 mL/min isocratic elution of 40% MeCN/H2O over 20 min with
constant 0.1% TFA modifier) to yield noonindole C (7) (Rf 21.9 min, 2.0 mg, 0.1%) (Figure S9).
(Note: All % yields are weight to weight estimates based on unfractionated EtOAc extract).
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3.6. Characterization of Metabolites 5–14

noonindole A (5); pale yellow solid; [α]D21–18 (c 0.02, MeOH); NMR (600 MHz, methanol-
d4), see Table S2 and Figures S10–S15; HRMS (ESI) m/z: [M+H]+ calcd for C34H47N2O6
579.3429; found 579.3456.
noonindole B (6); white solid; [α]D21–13 (c 0.08, MeOH); NMR (600 MHz, methanol-d4), see
Table S3 and Figures S17–S22; HRMS (ESI) m/z: [M+H]+ calcd for C33H45N2O6, 565.3272;
found 565.3292.
noonindole C (7); white solid; [α]D21–9 (c 0.06, MeOH); NMR (600 MHz, methanol-d4), see
Table S4 and Figures S24–S29; HRMS (ESI) m/z [M+H]+ calcd for C35H49N2O6, 593.3585;
found 593.3611.
noonindole D (8); white solid; [α]D23–30 (c 0.03, MeOH); NMR (600 MHz, methanol-d4), see
Table S5 and Figures S31–S35; HRMS (ESI) m/z [M+H]+ calcd for C33H45N2O6, 565.3272;
found 565.3287.
noonindole E (9); white solid; [α]D23–13 (c 0.06, MeOH); NMR (600 MHz, methanol-d4), see
Table S6 and Figures S37–S41; HRMS (ESI) m/z [M+H]+ calcd for C34H45N2O6, 577.3272;
found 577.3284.
noonindole F (10); white solid; [α]D21–18 (c 0.02, MeOH); NMR (600 MHz, methanol-d4), see
Table S7 and Figures S43–S48; HRMS (ESI) m/z [M+Na]+ calcd for C27H33NO5Na, 474.2251;
found 474.2262.
paspaline (11); white solid; [α]D22–21 (c 0.09, CHCl3); [24] NMR (600 MHz, DMSO-d6), see
Table S8 and Figures S50–S53; [24] HRMS (ESI) m/z [M+H]+ calcd for C28H40NO2, 422.3054;
found 422.3071.
paspaline B (12) white solid; [α]D22–24 (c 0.02, CHCl3); [18] NMR (600 MHz, CDCl3), see
Table S9 and Figures S55–S58; [18] HRMS (ESI) m/z [M+Na]+ calcd for C28H37NO3Na,
458.2666; found 458.2680.
12-demethylpaspaline-12-carboxylic acid (13); white solid; [α]D22 + 37 (c 0.01, CHCl3); [24]
NMR (600 MHz, DMSO-d6), see Table S10 and Figures S60–S63; [24] HRMS (ESI) m/z
[M+H]+ calcd for C28H38NO4,452.2795; found 452.2807.
emindole SB (14); white solid; [α]D21–18 (c 0.05, CHCl3); [24] NMR (600 MHz, DMSO-d6),
see Table S11 and Figures S65–S68; [24] HRMS (ESI) m/z [M+H]+ calcd for C28H40NO,
406.3104; found 406.3126.

3.7. Phylogenetic Comparison of CMB-M0339 with Fungi Reported to Produce Biosynthetically
Related Indole Terpenes

Phylogenetic tree obtained by PhyML Maximum Likelihood analysis was constructed
using the top similar 18S rRNA sequences displayed after BLAST on Refseq RNA NCBI
database using CMB-M0339 18S rRNA as queries (Figure S4). The JC69 model was used to
infer phylogeny sequences [48]. Sequence alignments were produced with the MUSCLE
program [49]. Phylogenetic tree was constructed using the UGENE program using the
aforementioned models and visualized using Ugene’s tree view [50].

3.8. UPLC-QTOF-SIE Detection of 5–14 in CMB-M0339 Extract

The EtOAc extract of a CMB-M0339 D400 agar culture was dissolved in MeOH and
subjected to UPLC-QTOF analysis with single ion extraction (SIE) analysis (Figure S70).

3.9. X-ray Crystallography

Crystals of 5 were obtained by slow evaporation from 50% DCM/Hexane in the
cold room (−4 ◦C). Crystallographic data (Cu Kα, 2θmax = 125◦) for 5 were collected
on an Oxford Diffraction Gemini S Ultra CCD diffractometer with the crystal cooled
to 190 K with an Oxford Cryosystems Desktop Cooler. Data reduction and empirical
absorption corrections were carried out with the CrysAlisPro program. The structure was
solved with SHELXT and refined with SHELXL [51]. The thermal ellipsoid diagrams were
generated with Mercury [52]. All calculations were carried out within the WinGX graphical
user interface [53]. The disordered water molecules in the structure were modelled with
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SQUEEZE implemented in PLATON [54]. The crystal data for 5 in CIF format were
deposited in the CCDC database (2206901) (Table S13).

3.10. Antifungal Assay

The fungus Candida albicans ATCC 10231 was streaked onto a LB (Luria–Bertani) agar
plate and was incubated at 37 ◦C for 48 h, after which a colony was transferred to fresh LB
broth (15 mL) and the cell density was adjusted to 104–105 CFU/mL. Test compounds were
dissolved in DMSO and diluted with H2O to prepare 600 μM stock solutions (20% DMSO),
which were serially diluted with 20% DMSO to provide concentrations from 600 μM to
0.2 μM in 20% DMSO. An aliquot (10 μL) of each dilution was transferred to a 96-well
microtiter plate and freshly prepared fungal broth (190 μL) was added to prepare final
concentrations of 30–0.01 μM in 1% DMSO. The plates were incubated at 27 ◦C for 48 h
and the optical density of each well was measured spectrophotometrically at 600 nm using
POLARstar Omega plate (BMG LABTECH, Offenburg, Germany). Amphotericin B was
used as the positive control (40 μg/mL in 10% DMSO). The IC50 value was calculated as
the concentration of the compound or antibiotic required for 50% inhibition of the bacterial
cells using Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). See Figure S80.

3.11. Antibacterial Assay

The bacterium to be tested was streaked onto an LB agar plate and was incubated
at 37 ◦C for 24 h, after which a colony was transferred to fresh LB broth (15 mL) and
the cell density was adjusted to 104–105 CFU/mL. Test compounds were dissolved in
DMSO and diluted with H2O to give 600 μM stock solutions (20% DMSO), which were
serially diluted with 20% DMSO to prepare concentrations from 600 μM to 0.2 μM in 20%
DMSO. An aliquot (10 μL) of each dilution was transferred to a 96-well microtiter plate
and freshly prepared microbial broth (190 μL) was added to provide final concentrations
of 30–0.01 μM in 1% DMSO. The plates were incubated at 37 ◦C for 24 h and the optical
density of each well was measured spectrophotometrically at 600 nm using POLARstar
Omega plate (BMG LABTECH, Offenburg, Germany). Each test compound was screened
against the Gram-negative bacterium Escherichia coli ATCC 11775 and the Gram-positive
bacteria Staphylococcus aureus ATCC 25923 and Bacillus subtilis ATCC 6633. Rifampicin was
used as the positive control (40 μg/mL in 10% DMSO) for Gram-positive bacteria and a
mixture of rifampicin and ampicillin was used as the positive control for Gram-negative
bacteria. The IC50 value was calculated as the concentration of the compound or antibiotic
required for 50% inhibition of the bacterial cells using Prism 7.0 (GraphPad Software Inc.,
La Jolla, CA, USA). See Figure S80.

3.12. Cytotoxicity Assays

Human colorectal (SW620) and lung carcinoma (NCI-H460) cells were seeded evenly
in a 96-well micro-plate (2000 cells/well in 180 μL of RPMI 1640 medium (Roswell Park
Memorial Institute medium) supplemented with 10% FBS (Fetal Bovine Serum)) and the
plate was incubated for 18 h (37 ◦C; 5% CO2) to allow cells to attach. Test compounds were
dissolved in 5% DMSO (v/v) and dilutions were generated from 300 μM to 300 nM. Aliquots
(20 μL) of each dilution (or 5% aqueous DMSO for negative control and 5% aqueous SDS for
positive control) were added to the plate in duplicate. After 68 h of incubation (37 ◦C; 5%
CO2), a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma,
USA) in PBS (Phosphate Buffered Saline) was added to each well to a final concentration
of 0.4 mg/mL and plates were incubated for a further 4 h (37 ◦C; 5% CO2) after which the
medium was carefully aspirated and precipitated formazan crystals were dissolved in DMSO
(100 μL/well). The absorbance of each well at 580 nm was measured with a PowerWave
XS Microplate Reader from Bio-Tek Instruments Inc. (Vinooski, VT) and IC50 values were
calculated as the concentration of the compound required for 50% inhibition of the cancer
cells using Prism 5.0 from GraphPad Software Inc. (La Jolla, CA, USA). See Figure S81.
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Abstract: The fungal genus Meira was first reported in 2003 and has mostly been found on land. This
is the first report of second metabolites from the marine-derived yeast-like fungus Meira sp. One new
thiolactone (1), along with one revised thiolactone (2), two new Δ8,9-steroids (4, 5), and one known
Δ8,9-steroid (3), were isolated from the Meira sp. 1210CH-42. Their structures were elucidated based
on the comprehensive spectroscopic data analysis of 1D, 2D NMR, HR-ESIMS, ECD calculations,
and the pyridine-induced deshielding effect. The structure of 5 was confirmed by oxidation of 4

to semisynthetic 5. In the α-glucosidase inhibition assay, compounds 2–4 showed potent in vitro
inhibitory activity with IC50 values of 148.4, 279.7, and 86.0 μM, respectively. Compounds 2–4

exhibited superior activity as compared to acarbose (IC50 = 418.9 μM).

Keywords: marine fungus; natural product; Meira sp.; thiolactone; pregnene steroid; epimer;
stereochemistry; α-glucosidase inhibitor

1. Introduction

Fungi constitute one of the largest groups of organisms. Fungal-derived natural
products (NPs) are pharmaceutically abundant, with several important biological appli-
cations ranging from highly potent toxins to approved drugs [1]. In particular, secondary
metabolites obtained from marine fungi have garnered significant interest due to their
unique chemical structures and potential biomedical applications [1,2]. While the num-
ber of cultivable marine fungi is extremely low (1% or less) compared to their global
biodiversity [1,3], more than 1000 molecules have been reported and characterized from
marine fungi, including alkaloids, lipids, peptides, polyketides, prenylated polyketides,
and terpenoids [4–7]. Most research on secondary metabolites produced by marine fungi
has primarily focused on a few genera, including Penicillium, Aspergillus, Fusarium, and
Cladosporium [8,9]. Research into natural products derived from marine fungi is continually
expanding, and as a result, a broader range of genera is now being investigated, with a
particular focus on those associated with unique substrates and previously unexplored
habitats [10–12].

In 2003, the genus Meira was first reported, namely M. geulakonigii and M. argovae,
as a novel basidiomycetous [13]. M. geulakonigii was isolated from the citrus rust mite on
pummelo (Citrus grandis), and M. argovae originated from a carmine spider mite on the
leaves of castor bean (Ricinus communis) [8]. These Meira species have a similar morphology
to yeast-like fungi. Nonetheless, the phylogenetic analysis of rDNA sequence data has iden-
tified Meira as a member of the Brachybasidiaceae family within the Exobasidiales, which
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is classified under the Ustilaginomycetes (Basidiomycota) in the Exobasidiomycetidae
group [14]. M. geulakonigii has been used successfully as a biological control agent against
citrus and other phytophagous mites, as well as powdery mildew fungi [13,15–17]. A po-
tential biocontrol agent against five mite species has been demonstrated for M. argovae [18].
Recently, M. nicotianae came from the rhizosphere of tobacco root, and that strain has the
capability to promote plant growth possible in similar ways as plant growth-promoting
fungi and arbuscular mycorrhizal fungi [19].

In this study, we isolated a yeast-like fungal species from a seawater sample. Phyloge-
netic analysis of ITS rDNA indicated that strain 1210CH-42 is closely related to other Meira
species: Meira sp. M40, M. nashicola CY-1, and M. miltonrushii NIOSN-SK46-S121. So far,
there are only a few reports on the isolation of Meira strains, but natural products from the
genus Meira have not been investigated. This is the first report on the secondary metabolites
from the marine-derived yeast-like fungus Meira. Herein, we report the isolation, structure
elucidation, α-glucosidase inhibitory activity of 1–5, and the structure revision of 2 isolated
from the Meira strain 1210CH-42 (Figure 1).

Figure 1. Structures of 1–5 from the marine fungus strain Meira sp. 1210CH-42.

2. Results and Discussion

2.1. Structure Elucidation of New Compounds

Compound 1 was obtained as a white amorphous powder, and its molecular formula
was determined to be C7H11NO2S by HR-ESIMS, with three degrees of unsaturation. The
1H and 13C NMR data of 1 are summarized in Table 1. The 1H NMR spectrum of 1 in
CD3OD revealed two methine protons (δH 4.79 and 2.86), one methylene proton (δH 3.64
and 3.10), and two methyl protons (δH 2.03 and 1.04). The 13C NMR and HSQC spectra
showed the presence of seven signals, including two carbonyl carbons (δC 206.5 and 173.8),
two methines (δC 63.9 and 36.0), one methylene (δC 35.9) and two methyl carbons (δC 22.4
and 13.0). The planar structure of 1 was elucidated by analysis of 1H-1H COSY and HMBC
correlations (Figure 2). The COSY correlations from H-2 (δH 4.79)/H-3 (δH 2.86), H-3 (δH
2.86)/H-4 (δH 3.64), and H-3 (δH 2.86)/H-5 (δH 1.04) were observed. In addition, the HMBC
correlations from H-2 (δH 4.79) to C-1 (δC 206.5)/C-3 (δC 36.0)/C-5 (δC 13.0)/C-7 (δC 173.8),
H-4 (δH 3.10 and 3.64) to C-1 (δC 206.5)/C-2 (δC 63.9)/C-5 (δC 13.0) and H-8 (δH 2.03) to C-7
(δC 206.5) suggested that 1 has a ring system, and confirmed the planar structure of 1.

Detailed analysis of 3JH,H coupling constants and 1D NOESY data determined the
relative configuration of 1. The relative stereochemistry of C-2 could be established by
the observation of strong selective 1D NOESY correlations between H-2 and H-3/H-4b,
between H-4b and H-2/H-3, and between H-5 and H-4a (Figure 2). These correlations
suggested that the relative configurations of C-2 and C-3 must be cis rather than trans-
configuration in 1. Thus, the relative configuration of 1 could be assigned as 2S*, 3R*.
To determine the absolute configuration of 1, the theoretical electronic circular dichroism
(ECD) spectra of 1 and its enantiomer were calculated. The experimental ECD spectrum of 1
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showed a good agreement with the calculated ECD spectrum of the 2S, 3R-isomer (Figure 3).
Therefore, the structure of 1 was elucidated to be a 2S-acetamide-3R-methyl-thiolactone.

Table 1. 1H and 13C NMR data of 1 and 2 (600 MHz for 1H and 150 MHz for 13C, in CD3OD).

Position
1 2

δC, Type δH, Mult. (J in Hz) δC, Type δH, Mult. (J in Hz)

1 206.5, C 206.5, C
2 63.9, CH 4.79, d (6.6) 65.7, CH 4.29, d (12.5)
3 36.0, CH 2.86, m 40.2, CH 2.37, m
4a 35.9, CH2

3.10, dd (11.4, 2.2) 34.7, CH2
3.08, t (11.2)

4b 3.64, dd (11.4, 5.4) 3.34, d (11.2)
5 13.0, CH3 1.04, d (6.9) 17.5, CH3 1.20, d (6.5)

6-NH
7 173.8, C 174.0, C
8 22.4, CH3 2.03, s 22.6, CH3 2.02, s

Figure 2. 1H-1H COSY and key 2D NMR correlations of 1 and 2.

Figure 3. Experimental CD spectra and the calculated ECD spectra of 1 and 2.

Compound 2 was isolated as a white amorphous powder. The molecular formula
of 2 was the same as that of 1 (C7H11NO2S) based on the HR-ESIMS data. Furthermore,
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the 1D NMR data of 2 were also similar but not identical to those of 1 (Table 1). The
planar structure of 2 was determined to be the same as 1 by analysis of 1H-1H COSY and
HMBC data (Figure 2). However, the 1H and 13C chemical shifts of 2 were different from
1, especially those for the chiral centers, suggesting that the stereochemistry of 2 might
be different from 1. The relative configuration of 2 was also determined by analysis of
3JH,H coupling constants and selective 1D NOESY data. The relative stereochemistry of
C-2 could be established through the observation of strong NOESY contacts between H-2
and H-4a/H-5, between H-4a and H-2/H-5, and between H-4b and H-3. A relatively
large coupling constant was observed between H-2 and H-3 (3JH,H = 12.5 Hz). Thus, the
relative configurations of H-2 and H-3 had a trans-configuration in 2 (Figure 2). The J-based
configurational analysis and NOESY measurements could not discriminate the possible
relative configurations for (2S*, 3S*) or (2R*, 3R*). To solve this issue and to determine
the absolute configuration of 2, the ECD spectra of 2 and its enantiomer were calculated.
The experimental ECD spectrum of 2 showed a good agreement with the calculated ECD
spectrum of the 2R, 3R-isomer (Figure 3). Therefore, the structure of 2 was elucidated as an
epimer of 1 and to be a 2R-acetamide-3R-methyl-thiolactone.

Notably, the 1H and 13C NMR data in CDCl3 of 2 were almost the same as those
of the previously reported thiolactone with 2R, 3S-configuration isolated from a
Penicillium chrysogenum (Table S1 and Figure S15) [20]. The reported compound with
2R, 3S-configuration possesses the same planar structure as 2 in this study. In the original
paper for the compound with 2R, 3S-configuration, by the NOE correlation between H-3
(δH 2.24) and H-2 (δH 4.45), the authors insisted that the two protons were oriented on the
same side of the ring system. However, its 1D NOE spectrum for the reported compound
showed signals from H-3 (δH 2.24) to H-2/H-4/H-5/H-6 and NH, making it unclear to
determine the orientation of H-3 to the same side of H-2 or not (Figures S15 and S16).
Moreover, if the reported configuration is correct, H-2 and H-3 are in syn relation, and
they should have a small scalar coupling constant, but H-2 in the reported thiolactone had
a large coupling constant (12.5 Hz) as in the revised structure (Table S1). In this study,
we carefully compared and checked the selective 1D NOESY data of 2 with those for the
reported compound. As noted above, 2 exhibited strong NOE correlations from H-2 to H-5/
H-4a and from H-4b to H-3 but not from H-4b to H-2, suggesting that H-2 and H-5 are on
the same face. Furthermore, the reported compound with 2R, 3S-configuration and 1 (2S,
3R-configuration) are enantiomers and should have the same but opposite-in-sign specific
rotation values. However, the optical rotation values of the reported thiolactone and 1 were
[α]25

D +1.5 (c 0.1, MeOH) and [α]25
D +60.0 (c 0.1, MeOH), respectively. Considering all these

results, the structure of the reported compound (2R, 3S-configuration) should be revised to
2R-acetamide-3R-methyl-thiolactone (Figure 4).

Figure 4. Reported and revised structures of 2.

Compound 3 was isolated as a white amorphous powder, and its molecular formula
was determined to be C21H32O2. By the comparison of the 1H and 13C NMR (Table 2), HR-
ESIMS, and optical rotation data of 3 with those reported previously in the literature, 3 was
identified as a known compound, (+)-03219A, Δ8,9-3β-hydroxy-5α-17-acetyl steroid [21–23].
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Table 2. 1H and 13C NMR data of 3–5 (600 MHz for 1H and 150 MHz for 13C, in CD3OD).

Position
3 4 5

δC, Type δH, Mult. (J in Hz) δC, Type δH, Mult. (J in Hz) δC, Type δH, Mult. (J in Hz)

1a 36.6, CH2 1.22, td (16.2, 5.2) 32.0, CH2 1.55, m 38.0, CH2 1.55, m
1b 1.80, o.l 1

2a 32.4, CH2 1.42, o.l 37.1, CH2 1.48, o.l 39.1, CH2 2.31, o.l
2b 1.80, o.l 1.54, o.l 2.53, m
3 71.8, CH 3.53, m 67.2, CH 3.97, t (2.8) 214.6, C

4a 39.2, CH2 1.31, o.l 30.0, CH2 1.68, m 45.7, CH2 2.11, o.l
4b 1.61, m 2.40, t (14.6)
5 42.3, CH 1.40, o.l 36.4, CH 1.86, m 44.4, CH 1.80, m

6a 26.8, CH2 1.39, o.l 26.7, CH2 1.32, m 26.7, CH2 1.47, o.l
6b 1.52, m 1.46, o.l 1.60, m
7 28.5, CH2 2.02, m 28.4, CH2 2.02, m 28.4, CH2 2.04, m
8 129.2, C 129.0, C 130.1, C
9 136.3, C 137.2, C 135.6, C

10 37.1, CH 37.6, CH 37.3, CH
11a 24.0, CH2 2.15, m 23.6, CH2 2.13, o.l 24.1, CH2 2.20, m
11b 2.27, o.l 2.28, o.l 2.25, o.l
12a 37.3, CH2 1.69, m 37.3, CH2 1.70, o.l 37.2, CH2 1.70, o.l
12b 2.07, m 2.07, o.l 2.08, o.l
13 45.0, C 45.1, C 45.0, C
14 53.3, CH 2.27, o.l 53.4, CH 2.30, o.l 53.2, CH 2.29, m
15a 25.3, CH2 1.42, o.l 25.3, CH2 1.42, o.l 25.3, CH2 1.45, o.l
15b 1.72, m 1.72, o.l
16a 24.3, CH2 1.72, o.l 24.2, CH2 1.72, o.l 24.3, CH2 1.72, o.l
16b 2.21, m 2.21, m 2.21, m
17 63.5, CH 2.69, t (8.7) 63.5, CH 2.70, t (8.6) 63.5, CH 2.70, t (8.7)
18 13.2, CH3 0.57, s 13.2, CH3 0.57, s 13.2, CH3 0.60, s
19 18.3, CH3 0.97, s 17.3, CH3 0.94, s 17.3, CH3 1.18, s
20 212.4, C 212.5, C 212.3, C
21 31.7, CH3 2.13, s 31.7, CH3 2.13, s 31.7, CH3 2.14, s

1 Signals were overlapped with other signals.

Compound 4 was purified as a white amorphous powder, and its molecular for-
mula was determined to be C21H32O2 by HR-ESIMS, which is identical to that of 3, with
6 degrees of unsaturation. The 1H and 13C NMR data of 4 are summarized in Table 2. The
1H NMR data for 4 revealed the signals of three methyl groups (δH 0.57, 0.94, and 2.13), one
oxymethine (δH 3.97), nine methylenes, and three sp3 methines. The 13C NMR and HSQC
data of 4 exhibited 21 carbon signals containing three methyls (δC 13.2, 17.3, and 31.7),
one oxymethine (δC 67.2), nine methylenes, two olefinic quaternary carbons (δC 129.0 and
137.2), two sp3 quarternary carbons (δC 37.6 and 45.1), and one ketone carbonyl carbon (δC
212.5). The planar structure of 4 was elucidated by 1H-1H COSY and HMBC data (Figure 5).
The 1H-1H COSY correlations suggested the presence of four 1H-1H spin systems: from H-1
to H-4, from H-5 to H-7, from H-11 to H-12, and from H-14 to H-17. The HMBC correlations
from H-6/H-7/H-11/H-14/H-15 to C-8 (δC 129.0) and from H-11/H-12/H-14/H-19 to C-9
(δC 137.2) indicated a double bond was located at C-8 and C-9. Additionally, the HMBC
correlations from H-21 to C-17 (δC 63.5)/C-20 (δC 212.5) supported the assignment of an
acetyl moiety connected to C-17 of the five-membered ring. The planar structure of 4

was the same as that of 3, (+)-03219A [23], except for the difference in the chemical shifts
around the oxymethine (δH 3.97 and δC 67.2) at C-3, suggesting that the stereochemistry
of C-3 might be different from 3 (Figure 1 and Table 2). The stereochemistry of 4 was
determined by analysis of the ROESY spectrum, 1D NOESY data, coupling constants, and
the pyridine-induced deshielding effect. The relative configuration of 4 was confirmed by
the ROESY correlations from H-3 to H-2a/H-2b/H-4, from H-19 to H-2b/H-4/H-11/H-18,
and from H-18 to H-15/H-21 (Figure 5). The selective 1D NOE correlations were observed
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from H-3 to H-2a/H-2b/H-4/H-19 (Figure S27). Furthermore, the small coupling constant
of H-3 at δH 3.97 (t, J = 2.8) was indicative of the C-3 hydroxyl group being axial from an
examination of the Dreiding model (Table 2 and Figure 5) [24]. The significant deshielded
chemical shifts of Heq-3 (ΔδH = +0.32) and Hax-5 (ΔδH = +0.48) in pyridine-d5 compared
with those in CD3OD indicated that OH-3 and H-5 adopted α-orientation, supporting the
identified orientation (Figure 6 and Figure S29) [25–28]. Consequently, the structure of 4

was determined as a new epimer of 3, Δ8,9-3α-hydroxy-5α-17-acetyl steroid.

Figure 5. 1H-1H COSY and key 2D NMR correlations of 4.

Figure 6. Pyridine-induced deshielding effects of 4 (Δδ = δH in C5D5N-δH in CD3OD).

Compound 5 was obtained as a white amorphous powder. The NMR data of 5 were
similar to those of 4, except for the absence of signals for the oxymethine at C-3 (δH 3.97 and
δC 67.2) in 4 and the appearance of a ketone signal at C-3 (δC 214.6) in 5 (Table 2), revealing
that 5 would be an oxidized form of 4. The 1H and 13C NMR spectra, compared to those of 3

and 4, showed the significantly deshielded chemical shifts of C-2 (δH 2.31/2.53 and δC 39.1)
and C-4 (δH 2.11/2.40 and δC 45.7). Additionally, the HMBC correlations between H-2b (δH
2.53)/H-4 (δH 2.11/2.40) and C-3 (δC 214.6) determined the position of the ketone at C-3
(Figure 7). To clearly confirm the structure of 5, 4 was oxidized to obtain the semisynthetic
5. Both 5 and semisynthetic 5 exhibited identical 1H NMR, HSQC, and HMBC spectra
(Figures S35, S36 and S37). The molecular formula of semisynthetic 5 was determined to
be C21H30O2 by HR-ESIMS (m/z 337.2134 [M + Na]+, calcd. for C21H30O2Na, 337.2138).
Based on these results, the structure of 5 was determined as a 3-keto derivative of 4, with
7 degrees of unsaturation. Therefore, the structures of 5 and semisynthetic 5 were desig-
nated as Δ8,9-5α-3,20-dione-17-acetyl steroids.

2.2. α-Glucosidase Inhibitory Activities of Compounds

Compounds 1–4 were evaluated for α-glucosidase inhibitory activities (Table 3). Com-
pound 4 exhibited the most significant inhibitory effect with an IC50 value of 86.0 μM, while
2 and 3 showed moderate activities with IC50 values of 148.4 and 279.7 μM, respectively.
Further, 1 exhibited weak inhibitory activity at a concentration of 400 μM. The change in
the stereochemistry of the compounds remarkably altered the α-glucosidase inhibitory
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activities. Compounds 1 and 2, as well as 3 and 4, are stereoisomers of each other. Com-
pounds 2 and 4 showed stronger α-glucosidase inhibitory effects than 1 and 3. It could be
noted herein that the stereochemistry was important for α-glucosidase inhibitory activity.

 
Figure 7. 1H-1H COSY and key HMBC correlations of 5.

Table 3. α-Glucosidase inhibitory activities of 1–4.

Compounds IC50 (μM) 1

1 >400
2 148.4
3 279.7
4 86.0

Acarbose 2 418.9
1 The 50% inhibitory concentration (μM). 2 Acarbose is used as a positive control.

3. Materials and Methods

3.1. General Experimental Procedures and Reagents

NMR spectra were acquired with a Bruker AVANCE III 600 spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany) with a 3 mm probe operating at 600 MHz (1H) and
150 MHz (13C). Chemical shifts were expressed in ppm with reference to the solvent peaks
(δH 3.31 and δC 49.15 ppm for CD3OD, δH 7.26 and δC 77.26 ppm for CDCl3). UV spectra
were recorded with a Shimadzu UV-1650PC spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). IR spectra were obtained on a JASCO FT/IR-4100 spectrophotometer
(JASCO Corporation, Tokyo, Japan). Optical rotations were measured with a Rudolph
analytical Autopol III S2 polarimeter (Rudolph Research Analytical, Hackettstown, NJ,
USA). LR-ESIMS data were obtained with an ISQ EM mass spectrometer (Thermo Fisher
Scientific Korea Ltd., Seoul, Republic of Korea). HR-ESIMS data were obtained with a
Waters SYNPT G2 Q-TOF mass spectrometer (Waters Corporation, Milford, CT, USA) at
Korea Basic Science Institute (KBSI) in Cheongju, Republic of Korea and a Sciex X500R
Q-TOF spectrometer (Framingham, MA, USA). ECD spectra were recorded with a JASCO
J-1500 polarimeter at the Center for Research Facilities, Changwon National University,
Changwon, Republic of Korea. HPLC was performed using a BLS-Class pump (Teledyne
SSI, Inc., State College, PA 16803, USA) with Shodex RI-201H refractive index detector
(Shoko Scientific Co., Ltd., Yokohama, Japan). Columns for HPLC were YMC-ODS-A
(250 mm × 10 mm, 5 μm; and 250 mm × 10 mm, 5 μm) and YMC-Triart (250 mm × 10 mm,
5 μm; and 250 mm × 10 mm 5 μm). C18-reversed-phase silica gel (YMC-Gel ODS-A, 12 nm,
S-75 μm) was used for open-column chromatography. Organic solvents were purchased as
HPLC grade, and ultrapure waters were obtained from the Milipore Mili-Q Direct 8 system
(Milipore S.A.S. Molsheim, France). The reagents used in the bioassay were purchased
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from Sigma-Aldrich (Merck Korea, Seoul, Republic of Korea) and Tokyo Chemical Industry
(TCI Co., Ltd., Tokyo, Japan).

3.2. Fungal Strain and Fermentation

The strain 1210CH-42 was isolated from a seawater sample collected at Chuuk Islands,
Federated States of Micronesia, in 2010. The seawater sample was filtered, concentrated,
and diluted (10−1 and 10−2) with sterile seawater under aseptic conditions. Then the
diluted sample was spread on Bennett’s agar plates (1% D-glucose, 0.2% tryptone, 0.1%
yeast extract, 0.1% beef extract, 0.5% glycerol, 1.7% agar, sea salt 32 g/L, pH 7.0). The plates
were incubated for 7 days at 28 ◦C, and the single colony of the strain 1210CH-42 was
collected. The fungus was identified as Meira sp. (GenBank accession number OQ693946) by
DNA amplification and sequencing of the ITS region of the rRNA gene. The used primers
were ITS4 (TCCTCCGCTTATTGATATGC) and ITS5 (GGAAGTAAAAGTCGTAACAAG G).
The cultures of the strain 1210CH-42 were performed in modified Bennett’s broth medium
(1% D-glucose, 0.2% tryptone, 0.1% yeast extract, 0.1% beef extract, 0.5% glycerol, sea salt
10 g/L, pH 7.0). A seed culture was prepared from a spore suspension of the strain 1210CH-
42 by inoculating into 1 L flasks and incubating it at 28 ◦C for 5 days on a rotary shaker
at 120 rpm. The seed culture was inoculated aseptically into 2 L flasks (total 32 flasks)
containing 1.0 L of medium and a 20 L fermenter containing 18 L of sterilized culture
medium (0.1% v/v), respectively. The large-scale fermentation was done under the same
conditions as the seed culture for 8 days and then harvested.

3.3. Extraction and Isolation of Compounds 1–5

The culture broth (total 50 L) of the strain 1210CH-42 was harvested by high-speed
centrifugation (60,000 rpm), and then the supernatant was extracted two times with ethyl
acetate (100 L). The EtOAc extract was evaporated to afford a crude extract (3.05 g). The
crude extract was subjected to ODS open column chromatography (YMC Gel ODS-A,
12 nm, S75 μm) followed by stepwise gradient elution with MeOH/H2O (v/v) (20:80, 40:60,
60:40, 80:20, and 100:0) as eluent. The 20% MeOH fraction was purified by a reversed-
phase HPLC (YMC ODS-A column, 250 × 10 mm i.d., 5 μm; 10% MeOH in H2O; flow
rate: 1.5 mL/min; detector: RI) to yield 1 (2.9 mg, tR 44.0 min). Peak 10 from the 20%
MeOH fraction was further purified by a reversed-phase HPLC (YMC ODS-A column,
250 × 10 mm i.d., 5 μm; 5% MeOH in H2O; flow rate: 1.5 mL/min; detector: RI) to yield 2

(0.6 mg, tR 64.0 min). The 80% MeOH fraction was purified by a reversed-phase HPLC (YMC
ODS-A column, 250 × 10 mm i.d., 5 μm; 70% MeOH in H2O; flow rate: 1.5 mL/min; detector:
RI) to yield 3 (0.6 mg, tR 84.0 min), 4 (2.1 mg, tR 95.5 min), and 5 (0.3 mg, tR 79.0 min).

Compound 1: White amorphous powder; [α]25
D +60.0 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 204 (3.64), 235 (3.33) nm; IR (MeOH) νmax 3296, 2940, 1667, 1548, 1448, 1021 cm−1;
1H and 13C NMR data (CD3OD), see Table 1; HR-ESIMS m/z 196.0408 [M + Na]+, calcd. for
C7H11NO2NaS, 196.0408.

Compound 2: White amorphous powder; [α]25
D +10.0 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 206 (3.88), 234 (3.69) nm; IR (MeOH) νmax 3275, 2933, 1700, 1650, 1548, 1448, 1021
cm−1; 1H and 13C NMR data (CD3OD), see Table 1; HR-ESIMS m/z 196.0406 [M + Na]+,
calcd. for C7H11NO2NaS, 196.0408.

Compound 3: White crystalline needles; [α]25
D +86.0 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 202 (4.10) nm; IR (MeOH) νmax 3371, 2925, 2855, 1703, 1452, 1357, 1032 cm−1; 1H
and 13C NMR data (CD3OD), see Table 2; HR-ESIMS m/z 339.2297 [M + Na]+, calcd. for
C21H32O2Na, 339.2300.

Compound 4: White crystalline needles; [α]25
D +97.3 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 202 (3.96) nm; IR (MeOH) νmax 3286, 2925, 2870, 1703, 1452, 1353, 1025 cm−1; 1H
and 13C NMR data (CD3OD), see Table 2; HR-ESIMS m/z 339.2301 [M + Na]+, calcd. for
C21H32O2Na, 339.2300.
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Compound 5: White amorphous; [α]25
D +63.3 (c 0.1, MeOH); UV (MeOH) λmax (log ε)

204 (3.86) nm; IR (MeOH) νmax 3378, 2933, 2866, 1707, 1456, 1367, 1036 cm−1; 1H and 13C
NMR data (CD3OD), see Table 2.

Oxidation of 4. To a compound 4 (2.0 mg, 6.32 μmol) in anhydrous CH2Cl2 (0.5 mL)
was added Dess-Martin reagent (8.04 mg, 18.96 μmol) at 0 ◦C. The mixture was stirred
at r.t. for 24 h under N2 gas. The solution was washed with 5% NaHCO3 and brine
and concentrated under reduced pressure [29,30]. Then the reactant was partitioned with
EtOAc and H2O. The EtOAc layer was concentrated, and subjected to a reversed-phase
HPLC (YMC-Triart C18 column, 250 × 10 mm i.d., 5 μm; 70% MeOH in H2O; flow rate:
2.0 mL/min; detector: RI) to yield semisynthetic 5 (0.5 mg): white amorphous solid; 1H
NMR (600 MHz, CD3OD, representative signals) δH 2.71 (t, J = 8.7 Hz, 1H), 2.53–2.31 (m,
2H), 2.40–2.08 (t, J = 14.6, o. l, 2H), 2.30 (o. l, H), 2.23 (o. l, 2H), 2.14 (s, 3H), 2.21–1.71 (o. l,
2H), 2.07 (o. l, 2H), 1.81 (m, 2H), 1.70–1.47 (o. l, 2H), 1.56 (o. l, 2H), 1.45 (o. l, 2H), 1.18 (s,
3H), 0.60 (s, 3H); 13C NMR data from HMBC spectrum (CD3OD, representative signals) δC
214.5, 212.3, 135.6, 130.4, 63.5, 53.2, 45.7, 45.0, 44.4, 39.1, 38.1, 37.2, 31.7, 28.4, 26.7, 25.3, 24.3,
24.1, 23.7, 17.5, 13.1; HR-ESIMS m/z 327.2134 [M + Na]+, calcd. for C21H30O2Na, 327.2138.

3.4. Computational Analysis

The initial geometry optimization and conformational searches were generated using
the Conflex 8 (Rev. B, Conflex Corp., Tokyo, Japan). The optimization and calculation
for ECD were carried out using the Gaussian 16 program (rev. B.01, Gaussian Corp.,
Wallingford, C.T., USA). Conformational searches were performed using MMFF94s force
field calculations with a 10 kcal/mol search limit. The conformers were optimized using
the ground state method at the B3LYP/6-311+G (d, p) level in MeOH with a default model
for ECD. The theoretical calculations of ECD spectra were performed using TD-SCF at the
B3LYP /6-311+G (d, p) level in the gas phase. The ECD spectra were simulated by SpecDis
(v. 1.71) using σ = 0.30–0.50 eV. All calculated curves were shifted to +10 nm to simulate
experimental spectra better.

3.5. Measurement of α-Glucosidase Inhibitory Activity

The evaluation of α-glucosidase inhibitory activity was performed with reference to
previously reported literature [31,32]. All the assays were carried out under 0.1 M PBS
buffer (pH 7.4, Sigma). The samples (10 mM) were dissolved with DMSO (Sigma) and
diluted into gradient concentrations with PBS buffer. The pre-reaction mixture consisted of
the 130 μL sample with 30 μL α-glucosidase solution (0.2 U/mL, Sigma) and shaken well,
then added to a 96-well plate and placed at 37 ◦C for 10 min in an incubator. Subsequently,
40 μL of 5 mM p-nitrophenyl-α-D-glucopyranoside (pNPG, TCI) was added and further
incubated at 37 ◦C for 20 min. Finally, the α-glucosidase inhibitory activity was determined
by measuring the release of pNPG at 405 nm of the microplate reader. The negative control
was prepared by adding PBS buffer instead of the sample in the same way as the test.
The blank was prepared by adding PBS buffer instead of pNPG using the same method.
Acarbose was used as the positive control, and experiments were carried out in triplicate.

4. Conclusions

In summary, one new thiolactone (1), along with one revised thiolactone (2),
two new Δ8,9-steroids (4, 5), and one known Δ8,9-steroid (3), were isolated from the marine-
derived fungus Meira sp. 1210CH-42. The absolute configurations of 1 and 2 were deter-
mined by analysis of the selective 1D NOESY and ECD data. Compounds 1 and 2 were
identified as a pair of acetamide epimers at C-2. While compounds 3 and 4 were identified
as epimers for the hydroxyl group at C-3, which was confirmed by analysis of 1H NMR,
ROESY, 1D NOESY, coupling constants, and the pyridine-induced deshielding effect. In
addition, the structure of 5 was obtained as the 3-keto derivative of 3. Compounds 1–4 were
screened for their α-glucosidase inhibitory activity preliminarily. Compound 4 exhibited
intense activity with an IC50 value of 86.0 μM. Furthermore, compounds 2 (IC50 = 148.4 μM)
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and 3 (IC50 = 279.7 μM) demonstrated superior activity as compared to acarbose
(IC50 = 418.9 μM). To the best of our knowledge, this is the first report of new bioac-
tive metabolites with potent α-glucosidase inhibitory activity from the yeast-like fungus
Meira. These results show that Meira sp. 1210CH-42 produces unique and diverse metabo-
lites which have the potential for an anti-diabetic agent. The genus Meira is mostly found on
land, and secondary metabolites from the marine-derived genus have not yet been reported.
Therefore, further research is needed for the marine-derived fungus Meira sp. 1210CH-42
to discover novel secondary metabolites and investigate their biological properties.
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Abstract: Two new quinazolinone diketopiperazine alkaloids, including versicomide E (2) and cotto-
quinazoline H (4), together with ten known compounds (1, 3, and 5–12) were isolated and identified
from Aspergillus versicolor AS-212, an endozoic fungus associated with the deep-sea coral Hemico-
rallium cf. imperiale, which was collected from the Magellan Seamounts. Their chemical structures
were determined by an extensive interpretation of the spectroscopic and X-ray crystallographic data
as well as specific rotation calculation, ECD calculation, and comparison of their ECD spectra. The
absolute configurations of (−)-isoversicomide A (1) and cottoquinazoline A (3) were not assigned in
the literature reports and were solved in the present work by single-crystal X-ray diffraction analysis.
In the antibacterial assays, compound 3 exhibited antibacterial activity against aquatic pathogenic
bacteria Aeromonas hydrophilia with an MIC value of 18.6 μM, while compounds 4 and 8 exhibited
inhibitory effects against Vibrio harveyi and V. parahaemolyticus with MIC values ranging from 9.0 to
18.1 μM.

Keywords: diketopiperazine; Aspergillus versicolor; deep-sea coral; endophytic fungus; antimicro-
bial activity

1. Introduction

Marine-derived fungi living under extreme survival conditions are considered as abun-
dant sources of structurally diverse and biologically active compounds [1,2]. In the deep-sea
habitats, seamounts are regarded locations for a wide variety of current-topography interac-
tions and biophysical coupling which have large biomass and higher biodiversity than their
surrounding deep-sea floors [3,4]. Endozoic fungi surviving in deep-sea seamounts are a
promising new source to mining bioactive secondary metabolites owing to their unique
habitats. To date, only three papers investigating bioactive secondary metabolites of fungi
derived from deep-sea seamounts have been published [5–7]. Therefore, a study on the
chemical diversity of deep-sea seamount-derived endozoic fungi is warranted.

The species in the fungal genus Aspergillus, especially A. versicolor, is widely dis-
tributed in various habitats (marine, terrestrial, and symbiotic sources) and possesses the
ability to produce diversified bioactive secondary metabolites such as diketopiperazine
alkaloids [8,9], peptides [10], xanthones [9,11], and sesquiterpenes [12]. Most of these
metabolites are described to exhibit a variety of bioactivities, including antifungal [9],
antitumor [10,11], and neuroprotective activities [12].
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In our continuous efforts to explore bioactive metabolites from deep-sea seamount-
derived fungi [5–7], chemical investigation of the endozoic fungus Aspergillus versicolor
AS-212 associated with the deep-sea coral, Hemicorallium cf. imperiale, which was collected
from the Magellan Seamounts in the Western Pacific Ocean was carried out due to its
unique HPLC profiles. As a result, two new quinazolinone diketopiperazine alkaloids,
namely, versicomide E (2) and cottoquinazoline H (4), together with five known related
analogs (1, 3, 5–7) as well as four known bisabolene derivatives (8–11) and a bisabolene
dimer (12), have been isolated and identified. Herein, we report the isolation and structure
elucidation as well as the antimicrobial activities of compounds 1–12 (Figure 1).

 

Figure 1. Structures of compounds 1–12, versicomides A and B, and (−)-isoversicomide A.

2. Results and Discussion

2.1. Structure Elucidation of the Isolated Compounds

Compound 1 was isolated as colorless crystals, and the molecular formula was es-
tablished as C19H25N3O3 by analysis of the HRESIMS data. The 1H and 13C NMR of 1

(DMSO-d6, Table 1) extremely resembled those of versicomide A, a quinazoline-containing
compound isolated from the crab-derived fungus Aspergillus versicolor XZ-4 which was
collected from hydrothermal vent [8]. Further analysis of the 2D NMR spectra (Figure 2)
indicated the same planar structure of 1 as that of versicomide A (Figure 1). However,
a strong NOE cross-peak of H-3/H-20 was in favor of the structure with the 3S*- and
14R*-relative configuration rather than a 3S* and 14S* configuration (Figure 3). Single-
crystal X-ray diffraction analysis with Cu Kα radiation further demonstrated its structure
and absolute configurations (Figure 4). A Flack parameter of 0.0(2) enabled the definition
of its absolute configuration as 3S, 14R, and 15S, indicating that 1 was the 14-epimer of
versicomide A.
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Table 1. 1H (500 MHz) and 13C (125 MHz) NMR Spectroscopic Data for Compounds 1 and 2.

Compound 1 a Compound 2 b

No. δC, Type δH (Mult, J in Hz)
HMBC

(From H to C)
δC, Type δH (Mult, J in Hz)

HMBC
(From H to C)

1 168.0, C 167.1, C
2 8.40, br s 1, 3, 4, 14 8.02, br s 4
3 58.1, CH 4.70, d (1.7) 4, 15, 16, 18 121.3, C
4 149.3, C 144.3, C
6 141.4, C 141.7, C
7 129.5, CH 7.61, d (8.9) 9, 11 129.3, CH 7.62, d (8.9) 9, 11
8 124.9, CH 7.45, dd (8.9, 2.9) 6, 7, 10 125.1, CH 7.35, dd (8.9, 2.9) 6
9 158.5, C 159.0, C

10 106.8, CH 7.52, d (2.9) 6, 8, 12 106.4, CH 7.65, d (2.9) 6, 8
11 120.9, C 120.8, C
12 160.7, C 160.9, C
14 60.9, CH 4.93, d (8.7) 1, 4, 12, 20 61.2, CH 5.33, dd (8.3, 1.5) 1, 4, 20
15 36.1, CH 2.62, m 135.0, C
16 23.5, CH2 1.34, m 15, 17 27.8, CH2 2.29, m 3, 15
17 12.9, CH3 0.86, overlap 15, 16 11.6, CH3 1.15, t (7.6) 15, 16
18 15.5, CH3 1.13, d (7.2) 3, 15, 16 19.5, CH3 2.35, s 3, 15, 16
19 56.2, CH3 3.88, s 9 56.0, CH3 3.92, s 9
20 30.8, CH 2.26, m 32.2, CH 2.17, m
21 20.2, CH3 0.86, overlap 14, 20, 22 19.8, CH3 1.01, d (6.8) 14, 20, 22
22 19.5, CH3 1.04, d (6.6) 14, 20, 21 19.0, CH3 1.09, d (6.8) 14, 20, 21

a Recorded in DMSO-d6. b Recorded in CDCl3.

Figure 2. Key COSY (bold lines) and HMBC (blue arrows) correlations for compounds 1, 2, and 4.

Figure 3. Key NOE correlations for compounds 1, 2, and 4 (red lines: β-orientation; blue lines:
α-orientation).

Figure 4. X-ray crystal structures of compounds 1 and 3.
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Compound 1 was initially treated as a new quinazoline alkaloid during the preparation
of this manuscript, while Tasdemir and co-workers recently reported a new quinazoline-
containing diketopiperazine (−)-isoversicomide A from the deep-sea sediment-derived
fungus Aspergillus versicolor PS108-62 [13]. Notably, compound 1 shared the same planar
structure and virtually similar optical rotation value ([α]25

D −30 vs. [α]20
D −25) as that of

(−)-isoversicomide A, in which the stereogenic centers at C-3 and C-14 showed the same
relative configurations with that of compound 1. However, the configuration at C-18 on the
short flexible aliphatic chain and the absolute configuration of (−)-isoversicomide A were
not assigned due to the limited sample available [13]. Considering their similar rotation
values and same relative configuration at C-3 and C-14, we assumed that compound 1 and
(−)-isoversicomide A are the same compound. As the reported evidence to determine the
absolute configuration of versicomide A does not seem entirely solid and in view of the
highly similar NMR data of those isomers with multi-chiral centers, it is necessary to clarify
the absolute configuration of 1. The results from the X-ray diffraction analysis of compound
1 unambiguously determined its absolute configuration as 3S, 14R, and 15S. This is likely
the first time the configuration of isoleucine in a quinazoline-containing diketopiperazine
skeleton with a Val-Ile cyclic dipeptide moiety was unambiguously defined by X-ray
crystallography analysis.

Versicomide E (2) was obtained as a colorless amorphous solid with the molecular
formula C19H23N3O3 based on the HRESIMS data. Its NMR data (CDCl3, Table 1) were
similar to those of 1, which indicated that 2 possessed the same quinazoline backbone
as 1. The obvious difference was the absence of signals for two methines at δC 58.1/δH
4.70 (CH-3) and δC 36.1/δH 2.62 (CH-15) in the NMR spectra of 1, whereas additional
resonances corresponding to a tetra-substituted double bond at δC 121.3 (C-3) and δC
135.0 (C-15) were found in that of 2 (CDCl3, Table 1), which were further confirmed by
COSY and HMBC correlations (Figure 2). The geometry of the double bond between
C-3 and C-15 was determined as Z-configuration by key NOE correlations from NH-2 (δH
8.02) to H-16 (δH 2.29) and H3-17 (δH 1.15) (Figure 3). Compound 2 has the same planar
structure as that of versicomide B (Figure 1), which was also isolated from hydrothermal
vent crab-derived fungus Aspergillus versicolor XZ-4 by Wu and co-workers in 2017 [8], with
the exception of the geometry of the double bond at C3(15) (Z in 2 vs. E in versicomide B)
and the absolute configuration of C-14 (R in 2 vs. S in versicomide B) as well. To clarify the
stereochemistry of compound 2, calculations of specific rotation (SR) were carried out for
14R-2 and 14S-2, and the calculated SR value for 14R-2 (+59.8) at CAM-B3LYP/TZVP level
was compatible with the experimental SR value [α]25

D +112.0 (c 0.08, MeOH), contrary to that
of versicomide B ([α]20

D −23.4) [8], which allowed the assignment of absolute configuration
of C-14 in 2 as 14R (Table S2). To further verify the absolute configuration of C-14 in 2, the
time-dependent density functional (TDDFT)-ECD calculation was performed on 14R-2 and
14S-2 at the CAM-B3LYP/TZVP level in Gaussian 09. The experimental curve matched
that of the calculated ECD spectrum for 14R-2 and also assigned the absolute configuration
of C-14 in 2 as 14R (Figure S27).

Compound 3 was obtained as colorless prisms and was identified as cottoquinazoline
A by comparing its NMR data (measured in DMSO-d6, Table S3) with those previously
reported in the literature [10]. Cottoquinazoline A is a 16-nor analog of the known fu-
miquinazoline D and was first isolated from a marine-derived fungal strain of A. versicolor
(MST-MF495) by Capon and co-workers in 2009, with a partial stereostructure assigned [10].
Considering the complexity of the structure of 3 and the presence of many stereoisomers,
it is important to clarify the assignment of the absolute configurations of 3 [10,14]. For-
tunately, a suitable crystal of 3 was picked out from DMSO–MeOH (1:1) and subjected
to X-ray crystallographic analysis to assign its absolute configurations of the stereogenic
centers in 3 as 3S, 14S, 16R, 17S, and 19S (Figure 4).

Cottoquinazoline H (4) was obtained as a colorless amorphous solid. Its molecular
formula was established as C24H21N5O4 by HRESIMS, with one CH2 unit more than that
of 3. Discreet comparisons of the NMR data (DMSO-d6, Table 2) and UV absorptions with
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3 suggested that they shared the same core scaffold. However, the methyl substitution at C-
20 in 3 was replaced by an ethyl group in 4, as evidenced by the appearance of an additional
methylene group resonating at δC 21.0 and δH 1.90/1.99 (CH2-29) in the NMR spectra of
4 (DMSO-d6, Table 2). Additionally, the chemical shift of C-20 was deshielded downfield
from δC 63.2 in 3 to δC 68.1 in 4. The COSY and HMBC correlations verified the above
deduction (Figure 2). The relative configuration of 4 was also deduced from the analysis
of NOESY experiments. The NOE cross-peaks from H-20 and H-15α to H-18 revealed the
cofacial orientation of these groups (Figure 3). Given that the stereochemistry of co-isolated
compound 3 was determined by X-ray diffraction analysis as well as their similar NMR
chemical shifts and virtually identical experimental ECD curves (Figure 5), the absolute
configurations of all chiral carbons in 4 were established as 3S, 14S, 17R, 18S, and 20S.

Table 2. 1H (500 MHz) and 13C (125 MHz) NMR data for compound 4 (in DMSO-d6).

Compound 4

No. δC, Type δH (Mult, J in Hz)
HMBC

(From H to C)

1 167.8, C
2 9.10, d, (5.1) 4, 14
3 65.4, CH 5.22, d, (5.1) 1, 4, 18, 20
4 147.4, C
6 146.7, C
7 127.2, CH 7.74, dd, (8.4,1.0) 9, 11
8 134.4, CH 7.84, ddd, (8.4, 7.1, 1.5) 6, 10
9 127.1, CH 7.55, ddd, (8.1, 7.1, 1.0) 7, 11
10 126,1, CH 8.13, dd, (8.0, 1.5) 6, 8, 12
11 120.7, C
12 159.3, C
14 53.8, CH 5.27, dd, (5.3, 2.4) 1, 15, 17

15 36.3, CH2
3.08, dd, (14.9, 5.3)
2.42, dd, (14.9, 2.4)

17, 18
1, 14

17 73.9, C
18 79.6, CH 4.87, d (1.8) 3, 17
20 68.1, CH 4.06, m
21 164.6, C
23 135.9, C
24 113.6, CH 7.29, overlap 26, 28
25 129.3, CH 7.29, overlap 23, 27
26 124.3, CH 7.09, ddd (7.6, 4.2, 3.4) 24, 25, 28
27 124.4, CH 7.42, d, (7.6) 17, 25
28 139.6, C -

29 21.0, CH2
1.90, m
1.99, m 21, 30

30 8.9, CH3 1.06, t, (7.4) 20, 29
17-OH 5.35, s 15, 17, 18

In addition to compounds 1–4, three related quinazolinone diketopiperazine alka-
loids, namely, versicoloids A and B (5 and 6) [9], and chrysopiperazine A (7) [15], as well
as five known bisabolene derivatives (8–12) including sydonic acid (8) [16], (S)-(+)-11-
dehydrosydonic acid (9) [17], (−)-10-hydroxysydonic acid (10) [18], hydroxysydonic acid
(11) [16], and peniciaculin B (12) [18] were also identified and isolated from the fungus
A. versicolor AS-212, which were determined by the comparison of their NMR data and
those previously described in the literature. Structurally, (−)-isoversicomide A (1) might
be a plausible biosynthetic precursor that undergoes the transformation of the benzene
ring to the oxepine ring to generate versicoloid A (5) [19], which provides the basis for the
biosynthetic origins of versicoloid A.
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Figure 5. Comparison of the experimental ECD spectra of compounds 3 (in red) and 4 (in blue) in
CH3OH.

2.2. Antimicrobial Assays

The antimicrobial activity evaluation of all the isolated compounds was performed
against human pathogenic bacterium (Escherichia coli), marine-derived aquatic pathogenetic
bacteria (Aeromonas hydrophila, Edwardsiella ictarda, Micrococcus luteus, Pseudomonas aerug-
inosa, Vibrio harveyi, V. parahemolyticus, V. vulnificus), and plant-pathogenic fungi (Col-
letotrichum gloeosporioides, Curvularia spicifera, Epicoccum sorghinum, Fusarium oxysporum, F.
proliferatum, and Penicillium digitatum) (Table 3). In the antimicrobial screening, compounds
4 and 8 exhibited potent inhibitory activity against the aquatic pathogenic bacterium V.
parahaemolyticus with MIC values of 9.0 and 15.0 μM, while compounds 8 and 9 showed
inhibitory activity against the aquatic pathogenic bacterium V. harveyi with the MIC values
of 15.0 and 15.2 μM. In addition, compounds 3 and 4 displayed a broad spectrum of an-
timicrobial activity against most of the tested strains, with the MIC values ranging from
9.0 to 74.6 μM. The bisabolene derivatives (8–12) mainly exhibited activities against M.
luteus, V. harveyi, and V. parahaemolyticus, with MIC values ranging from 15.0 to 121.2 μM.
However, neither the quinazoline-containing diketopiperazine derivatives (1 and 2) nor
the oxepine-containing diketopiperazine analogs (5–7) showed any activity against all the
tested pathogenic bacteria. These data suggested that the 16-nor-methyl fumiquinazoline al-
kaloids generally showed higher antimicrobial activity than that of quinazolinone alkaloids
(3 and 4 vs. 1 and 2) and the oxepine congeners (5–7). A comparison of the antimicrobial
results of 3 and 4 revealed that different substituent groups at C-20 could influence the
inhibitory potency against the pathogenic bacteria. Concerning bisabolene derivatives, the
antimicrobial results revealed that compound 12, a dimeric bisabolene analog, showed
weaker antimicrobial activities than that of the monomeric bisabolenes (8–11) against M.
luteus and V. harveyi. In addition, hydroxylation at C-10 or C-11 likely decreased the activity
against V. harveyi, V. parahaemolyticus, and C. gloeosporioides (8 vs. 10 and 11).

Table 3. The antimicrobial activities of compounds 1–12 (MIC, μM) a.

Strains 1 2 3 4 5 6 7 8 9 10 11 12
Positive
Control

A. hydrophila - - 18.6 - - - - - - - - - 6.2 b

E. coli - - - 72.2 - - - - - - - - 6.2 b

M. luteus - - 74.6 36.1 - - - - - - - - 3.1 b

V.harveyi - - 37.3 18.1 - - - 15.0 15.2 28.4 - - 3.1 b

V. parahaemolyticus - - 37.3 9.0 - - - 15.0 121.2 113.5 113.5 64.0 3.1 b

V. vulnificus - - 74.6 72.2 - - - - - - - - 3.1 b

C. spicifera 93.3 187.7 74.6 72.2 - 170.1 - - - - - - 1.1 c

C. gloeosporioides 186.6 - 74.6 72.2 89.1 170.1 164.5 120.3 121.2 - - - 2.2 c

a (-) = MIC > 200 μM; Positive control: b Chloromycetin; c amphotericin B.
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The above results showed that compounds 4, 8, and 9 were found to be efficient in
suppressing the growth of aquatic pathogenic bacteria V. parahaemolyticus and V. harveyi. To a
great degree, the endozoic fungus A. versicolor AS-212 which is associated with the deep-sea
coral Hemicorallium cf. imperiale may provide a chemical defense to help its host to fight off the
aquatic pathogenic bacteria by producing an array of antimicrobial secondary metabolites.

3. Experimental Section

3.1. General Experimental Procedures

The general experimental procedures, apparatus, and solvents/reagents used in this
work were the same as those described in our previous reports [5–7].

3.2. Fungal Material

The endophytic fungus Aspergillus versicolor AS-212 associated with deep-sea coral,
Hemicorallium cf. imperial, was collected from the Magellan Seamounts (depth 1420 m) in
May 2018. By comparing its ITS region sequence with that of A. versicolor (accession no.
MT582751.1) in the GenBank database, the sequence data of strain AS-212 were identical
(100%) to those of A. versicolor and subsequently uploaded in GenBank with accession no.
OP009765.1. The fungus AS-212 has been conserved at the Key Laboratory of Experimental
Marine Biology, Institute of Oceanology, Chinese Academy of Sciences (IOCAS).

3.3. Fermentation, Extraction, and Isolation

The fungal strain AS-212 was cultivated on potato dextrose agar (PDA) plates at 28 ◦C
for 7 days to generate spores. The fresh mycelia were transferred into 1 L Erlenmeyer
flasks, each containing 300 mL potato-dextrose broth (PDB) medium, which was reported
in our previous publication [5], and fermented under static conditions for 30 days at room
temperature. After 30 days of incubation, a total of 33 L cultures were filtered and collected
to separate the broth and mycelia. The broth was adequately extracted three times with
EtOAc, while the mycelia were mechanically crushed and then extracted three times with
80% volume aqueous acetone. Acetone was removed in vacuo to afford an aqueous solution,
which was successively extracted with EtOAc. Based on their virtually similar TLC and
HPLC profiles (Figure S26), both EtOAc extracts from broth and mycelia were combined
and evaporated under a vacuum to render the EtOAc extract (61 g).

The EtOAc extract was subjected to vacuum liquid chromatography (VLC) eluted with
petroleum ether (PE)–EtOAc gradient (20:1 to 1:1, v/v) and then CH2Cl2–MeOH (20:1 to
1:1, v/v) to afford nine fractions (Frs. 1–9). Fr. 4 (2.3 g) was fractionated by reverse-phase
column chromatography (CC) with a MeOH–H2O gradient (from 10:90 to 100:0) to afford
nine subfractions (Frs.4.1–4.9). Fr. 4.2 was directly purified by semi-preparative HPLC
(Elite ODS-BP, 5μm; 10 × 250 mm; 80% MeOH–H2O, 2.5 mL/min) to yield compound 6

(3.0 mg, tR = 17 min). Fr. 4.4 (16 mg) was further purified by prep. TLC (plate: 20 × 20 cm,
developing solvents: PE–EtOAc, 2:1) and by Sephadex LH-20 (MeOH) column to afford
7 (3.1 mg). Fr. 4.5 was purified by CC over Sephadex LH-20 chromatography (MeOH)
and then by semi-preparative HPLC (85% MeOH–H2O, 2.5 mL/min) to give compound
1 (6.6 mg, tR = 14 min). Fr. 4.6 (75 mg) was fractionated by CC on Sephadex LH-20 column
(MeOH) to yield five subfractions Frs.4.6.1–4.6.5. Fr. 4.6.5 (20 mg) was further purified
by prep. TLC (developing solvents: DCM–MeOH, 20:1) and by Sephadex LH-20 (MeOH)
to afford compound 9 (7.7 mg). Fr. 4.7 (36 mg) was directly purified by prep. TLC
(developing solvents: CH2Cl2–EtOAc, 3:1) and by Sephadex LH-20 (MeOH) to afford
compound 8 (4.0 mg). Fr. 4.8 (67 mg) was purified by CC on silica gel eluting with
CH2Cl2–MeOH gradient (from 200:1 to 50:1) to obtain compound 12 (4.3 mg). Fr. 5 (3.4 g)
was separated by reversed-phase CC using step-gradient elution with MeOH–H2O (from
10:90 to 100:0) to yield seven subfractions (Frs. 5.1–5.7). Fr. 5.2 (241 mg) was fractionated
by CC on silica gel eluting with CH2Cl2–MeOH gradient (from 150:1 to 20:1) and then
purified on Sephadex LH-20 (MeOH) to afford compounds 10 (11.3 mg) and 11 (4.3 mg). Fr.
5.4 (126 mg) was fractionated by CC on Sephadex LH-20 (MeOH) and further purified by
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semi-preparative HPLC (70% MeOH–H2O, 2.5 mL/min) to afford compound 5 (6.3 mg,
tR = 22 min). Fr. 5.6 was chromatographed via a Sephadex LH-20 column (MeOH) and
then by semi-preparative HPLC (78% MeOH-H2O, 2.5 mL/min) to afford compound 2

(6.7 mg, tR = 20 min). Fr. 7 (5.8 g) was fractionated by reverse-phase CC with a MeOH–H2O
gradient (from 10:90 to 100:0) to yield five subfractions (Frs. 7.1–7.5). Fr. 7.5 (328 mg)
was applied to silica gel CC eluted with CH2Cl2/MeOH to give nine subfractions (Frs.
7.5.1–7.5.9). Fr.7.5.7 (36 mg) was purified by semi-preparative HPLC (45% MeCN–H2O,
2.5 mL/min) to provide compounds 3 (4.3 mg, tR = 9 min) and 4 (3.2 mg, tR = 12 min).

(−)-Isoversicomide A (1): colorless crystals; mp 197−199 ◦C; [α]25
D −30 (c 0.10, MeOH);

UV (MeOH) λmax (log ε) 227 (3.47), 277 (3.00), 326 (2.58) nm; ECD (0.52 mM, MeOH) λmax
(Δε) 210 (−4.87), 233 (−15.03), 277 (+1.88), 328 (−1.02) nm; for 1H and 13C NMR data, see
Table 1; HRESIMS m/z 344.1960 [M + H]+ (calcd for C19H26N3O3, 344.1969).

Versicomide E (2): colorless amorphous solid; [α]25
D +112 (c 0.08, MeOH); UV (MeOH)

λmax (log ε) 221 (3.26), 309 (2.88) nm; ECD (0.59 mM, MeOH) λmax (Δε) 207 (+6.69), 233
(−3.87), 255 (+6.18), 300 (+1.41), 343 (−1.15) nm; for 1H and 13C NMR data, see Table 1;
HRESIMS m/z 340.1663 [M − H]− (calcd for C19H22N3O3, 340.1667).

Cottoquinazoline A (3): colorless prisms (MeOH-DMSO 1:1); mp 215−217 ◦C; [α]25
D

+160 (c 0.10, MeOH); UV (MeOH) λmax (log ε) 205 (3.39), 227 (3.17), 256 (2.81), 268 (2.74),
280 (2.68), 305 (2.26), 315 (2.14) nm; ECD (0.58 mM, MeOH) λmax (Δε) 211 (−13.16), 230
(+12.22), 308 (+3.60) nm; for 1H and 13C NMR data, see Table S2.

Cottoquinazoline H (4): colorless amorphous solid; [α]25
D +150 (c 0.10, MeOH); UV (MeOH)

λmax (log ε) 205 (3.60), 227 (3.43), 257 (3.11), 270 (3.03), 279 (2.96), 304 (2.52), 317 (2.40) nm; ECD
(0.56 mM, MeOH) λmax (Δε) 212 (−22.91), 231 (+21.65), 308 (+7.16) nm; for 1H and 13C NMR
data, see Table 2; HRESIMS m/z 444.1663 [M + H]+ (calcd for C24H22N5O4, 444.1666).

3.4. X-ray Crystallographic Analysis of Compounds 1 and 3

Suitable crystals were picked out to obtain crystallographic data using a Bruker Smart-
1000 or Bruker D8 VENTURE CCD diffractometer with Cu Kα radiation (λ = 1.54178 Å).
Absorption correction was applied using the program SADABS [20]. The structures were
solved by direct methods with the SHELXTL software package [21,22]. All non-hydrogen
atoms were refined anisotropically. The absolute structures were determined by refinement
of the Flack parameter [23]. The structures were optimized by full-matrix least-squares tech-
niques. Crystallographic data have been deposited with the Cambridge Crystallographic
Data Centre with deposition numbers CCDCs 2192654 and 2192653 for 1 and 3, respectively.
Crystal data and structure refinements for 1 and 3 are listed in Table S1.

Crystal data for compound 1: C19H25N3O3, F.W. = 343.2, space group P2(1)2(1)2(1), unit
cell dimensions a = 13.2384(3) Å, b = 19.9347(4) Å, c = 6.8103(2) Å, V = 1797.26(8) Å3,
α = β = γ = 90◦, Z = 4, dcalcd = 1.269 g/cm3, crystal dimensions 0.350 × 0.330 × 0.300 mm,
μ = 0.702 mm–1, F(000) = 736. The 4007 measurements yielded 2826 independent reflections
after equivalent data were averaged. The final refinement gave R1 = 0.0379 and wR2 = 0.0989
[I > 2σ(I)]. Flack parameter = 0.0(2).

Crystal data for compound 3: 2(C23H18N5O4)·C2OS2, F.W. = 960.99, orthorhombic space
group C2221, unit cell dimensions a = 9.4022(11) Å, b = 25.878(4) Å, c = 19.112(2) Å,
V = 4650.2(11) Å3, α = β = γ = 90◦, Z = 4, dcalcd = 1.373 g/cm3, crystal dimensions
0.200 × 0.180 × 0.150 mm, μ = 1.612 mm–1, F(000) = 1992. The 21,138 measurements
yielded 4267 independent reflections after equivalent data were averaged. The final refine-
ment gave R1 = 0.0951 and wR2 = 0.2851 [I > 2σ(I)]. Flack parameter = 0.145(12).

3.5. Antimicrobial Assay

A two-fold serial dilution method using 96-well microtiter plates was applied to eval-
uating the antimicrobial activities against a panel of aquatic pathogenic bacteria (Aeromonas
hydrophilia QDIO-1, Edwardsiella ictarda QDIO-9, Micrococcus luteus QDIO-3, Pseudomonas
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aeruginosa QDIO-4, Vibrio harveyi QDIO-7, V. parahaemolyticus QDIO-8, and V. vulnificus
QDIO-10), one human pathogenic bacterium (Escherichia coli EMBLC-1), and six plant-
pathogenic fungi (Penicillium digitatum QDAU-3, Colletotrichum gloeosporioides QA-29, Fusar-
ium oxysporum QDAU-8, Curvularia spicifera QA-26, Epicoccum sorghinum QA-20, and F.
proliferatum QA-28) [24]. The aquatic pathogenic strains and human pathogenic bacterium
were provided by IOCAS, while the plant-pathogenic fungi were provided by IOCAS and
Qingdao Agricultural University. To assay the antimicrobial activities, DMSO was added to
dissolve all isolated compounds and positive control (chloramphenicol and amphotericin
B) to prepare a stock solution with a specific concentration.

3.6. Specific Rotation and ECD Calculations

General computational procedures were consistent with our previous reports [5,25].

4. Conclusions

In conclusion, two new quinazolinone derivatives, versicomide E (2) and cottoquina-
zoline H (4), along with ten known compounds (1, 3, and 5–12), were isolated and identified
from the deep-sea coral-derived Aspergillus versicolor AS-212. This marks the first time that
the absolute configurations of all the stereogenic centers in (−)-isoversicomide A (1) and
cottoquinazoline A (3), which were not assigned in the previous literature, were accurately
solved in the present work by X-ray crystallographic analysis. Compound 3 exhibited
activity against aquatic pathogenic bacteria A. hydrophilia with an MIC value of 18.6 μM,
while compounds 4 and 8–10 exhibited inhibitory effects against V. harveyi with MIC values
ranging from 15.0 to 28.4 μM. In addition, compounds 4 and 8 exhibited potent inhibitory
effects against V. parahaemolyticus with MIC values of 9.0 and 15.0 μM, which might have
the potential to be developed as leading compounds in discovering aquatic antibiotics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21050293/s1, Figures S1–S27: The analyzed data of MS, 1D
and 2D NMR spectra of compounds 1–4, crystal packing of compounds 1 and 3, HPLC analysis of
mycelia extract, broth extract, and compounds 1–12 of Aspergillus versicolor AS-212, and experimental
and calculated ECD spectra of compound 2 at the CAM-B3LYP/TZVP level. Table S1: Crystal data
and structure refinement for compounds 1 and 3. Table S2: Calculated specific rotation values at
589.44 nm for the enantiomers 14R-2 and 14S-2 at the CAM-B3LYP/TZVP level. Table S3: 1H and 13C
NMR spectroscopic data for compound 3.
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Abstract: New anthraquinone derivatives acruciquinones A–C (1–3), together with ten known
metabolites, were isolated from the obligate marine fungus Asteromyces cruciatus KMM 4696. Acru-
ciquinone C is the first member of anthraquinone derivatives with a 6/6/5 backbone. The structures
of isolated compounds were established based on NMR and MS data. The absolute stereoconfigura-
tions of new acruciquinones A–C were determined using ECD and quantum chemical calculations
(TDDFT approach). A plausible biosynthetic pathway of the novel acruciquinone C was proposed.
Compounds 1–4 and 6–13 showed a significant antimicrobial effects against Staphylococcus aureus
growth, and acruciquinone A (1), dendryol B (4), coniothyrinone B (7), and ω-hydroxypachybasin (9)
reduced the activity of a key staphylococcal enzyme, sortase A. Moreover, the compounds, excluding
4, inhibited urease activity. We studied the effects of anthraquinones 1, 4, 7, and 9 and coniothyrinone
D (6) in an in vitro model of skin infection when HaCaT keratinocytes were cocultivated with S.
aureus. Anthraquinones significantly reduce the negative impact of S. aureus on the viability, migra-
tion, and proliferation of infected HaCaT keratinocytes, and acruciquinone A (1) revealed the most
pronounced effect.

Keywords: marine-derived fungus; secondary metabolites; anthraquinones; antibiotics; skin
infection; HaCaT; sortase A; urease; migration

1. Introduction

Anthraquinones are usual metabolites for marine fungi. A recent review by Hafez Gho-
ran and coauthors described 296 specialized metabolites belonging to the anthraquinone
class, which were isolated from 28 marine fungal strains from 2000 to 2021 [1]. They are
acetate-derivative metabolites originating from a polyketide containing eight C2 units,
which generates, in turn, with three aldol condensations, the carbon skeleton of an-
thraquinones, except for the two carbonyl oxygens of the central ring. The presence
in their structure of many different functional groups makes them very active in interaction
with various molecular targets and exhibit wide spectrum of biological activities, including
anticancer and antibacterial effects [2].

One of the five main causative agents of nosocomial infections, which are united
by the abbreviation ESKAPE, is Staphylococcus aureus [3]. A decrease in the protective
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properties of the skin and the body in hospital patients leads to damage to keratinocytes
under the influence of S. aureus lytic toxins, the destruction of the protective barrier, and
the penetration of S. aureus into the bloodstream [4]. The global prevalence of bacterial
skin diseases in 2019, according to the Global Burden of Disease project, was 14,684.3 cases
per 100,000 population [5]. These diseases have rarely been fatal (0.9 cases per 100,000),
but the slightest infection can lead to sepsis if the course is unfavorable. There were an
estimated 48.9 million cases of sepsis and 11.0 million sepsis-related deaths worldwide in
2017, accounting for 19.7% of all deaths worldwide [6], and the Gram-positive bacterium S.
aureus is one of the main reasons for this.

Recently, chlorine-containing compounds acrucipentyns A–F were isolated by us from
Asteromyces cruciatus KMM4696 fungus associated with brown alga Sargassum pallidum, and
these compounds showed significant antibacterial activity against Staphylococcus aureus [7].
The detailed separation of the non-polar part of this fungal extract resulted in the isolation
of a number of new and known anthraquinone derivatives. Thus, in this work, we describe
the isolation and determination of the structure of these compounds, as well as the study of
their antimicrobial properties, including their effects against Staphylococcus aureus-infected
human HaCaT keratinocytes.

2. Results

2.1. Isolated Compounds from Asteromyces cruciatus

As a result of chromatographic separation of the ethyl acetate extract of the culture
of the fungus Asteromyces cruciatus KMM 4696, new acruciquinones A–C (1–3), as well
as known dendryol B (4) [8], pleosporone (5) [9], coniothyrinone D (6) [10], coniothyri-
none B (7) [10], rubrumol (8) [11], ω-hydroxypachybasin (9) [12,13], trans-3,4-dihydroxy-
3,4-dihydroanofinic acid (10) [14], quadricinctapyran A (11) [15], 7-hydroxymethyl-1,2-
naphthalenediol (12) [16], and gliovictin (13) [17] (Figure 1), were isolated. The known
compounds (4–13) were characterized by 1H, 13C NMR, and HR ESI MS data and identified
by comparison with literature data.

Figure 1. Isolated compounds from Asteromyces cruciatus.
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2.2. Structural Characterization of New Compounds

The molecular formula of 1 was determined as C15H16O5 based on the analysis of
the (+)-HRESIMS spectrum (Figure S87) containing the peak of the cationized molecule
[M + Na]+ (m/z 299.0887) and was confirmed by the 13C NMR data. In the 1H and 13C NMR
spectra of compound 1 (Table 1, Figures S7–S12) there were signals of a tetrasubstituted
benzene ring; an olefinic proton; a methyl; a methylene, and four methine groups, three
of which were oxygenated; five sp2-hybridized quaternary carbons; and one unsaturated
keto group.

Table 1. 1H NMR spectroscopic data (acetone-d6, δ in ppm, J in Hz) for 1 and 2.

Position 1 2

δC, mult δH (J in Hz) a δC, mult δH (J in Hz) b

1 78.9, CH 3.99, t (9.0) 77.9, CH 4.09, t (9.5)
2 70.1, CH 3.81, m 77.8, CH 3.61, dd (9.6, 8.4)
3 34.7, CH2 α: 2.76, m β: 2.30, m 72.8, CH 4.30, m
4 137.1, CH 6.98, m 139.6, CH 6.85, t (2.7)
5 120.1, CH 7.35, d (1.3) 120.1, CH 7.36, d (1.2)
6 140.0, C - 140.1, C -
7 123.3, CH 6.87, d (1.3) 123.6, CH 6.89, d (1.2)
8 157.4, C 157.6, C
9 75.0, CH 5.37, d (9.8) 74.9, CH 5.39, d (9.9)
10 184.1, C - 184.3, C -
11 132.9, C - 132.8, C -
12 125.5, C - 125.5, C -
13 48.5, CH 2.96, m 48.6, CH 3.02, m
14 132.2, C - 130.9, C -
15 21.0, CH3 2.30, s 21.0, CH3 2.31, s

a Chemical shifts were measured at 500.13 MHz. b Chemical shifts were measured at 700.13 MHz.

The HMBC correlations from H-5 to C-7, C-10, C-12, and C-15; from H-7 to C-5, C-8,
and C-12; from H3-15 to C-5, C-6, and C-7; and from H-9 to C-8, C-11, C-12, and C-13
(Figures 2a and S11) established the structure of rings A and B and determined the position
of the methyl and hydroxyl groups in the tetrasubstituted benzene ring and the hydroxyl
and keto groups in ring B. Observed 1H-1H-COSY interactions (H-9/H-13/H-1/H-2/H2-3/
H-4) and HMBC correlations from H-1 to C-2, C-3, C-9, and C-13; from H-3α to C-1, C-2,
C-4, and C-14; and from H-4 to C-10 determined the structure of ring C, its fusion with ring
B at C-13/C-14, the position of hydroxyl groups at C-1 and C-2, and the Δ4,14 position of
the trisubstituted double bond.

 
 

(a) (b) 

Figure 2. Key 1H–13C HMBC and 1H-1H-COSY correlations (a) and ROESY correlations (b) of 1.

The vicinal coupling constant values (Table 1), as well as the ROESY correlations
(Figures 2b and S12) of the H-1/H-3β, H-9, and H-2/H-13 correlations, show that the first
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three protons in 1 are on the same side of the molecule, while H-2 and H-13 are oriented in
the opposite direction.

The molecular formula of compound 2 was determined as C15H16O6 based on the
analysis of the (+)-HRESIMS spectrum data containing the peak of the cationized molecule
[M + Na]+ (m/z 315.0830) and was confirmed by the 13C NMR data. The 1H and 13C NMR
spectra of compound 2 (Table 1, Figures S14–S18) were very similar to those for 1, with the
exception of proton and carbon signals at C-1, C-2, C-3, C-4, and C-14 of the cyclohexene
ring. Downfield chemical shifts at C-3 and the presence of an additional methine group in
2 instead of a methylene group in 1 suggested the structure of 2 as a 3-hydroxy derivative
of 1. Observed 1H-1H COSY interactions (H-13/H-1/H-2/H-3/H-4) proved the position of
the hydroxyl groups in compound 2 at C-1, C-2, and C-3 (Figure S17).

The coupling constant values (Table 1), as well as the ROESY correlations (Figure 3)
between H-1, H-3, and H-9 and between H-2 and H-13 showed that the relative structure
of 2 was the same as that of 1.

 
Figure 3. Key ROESY correlations in 2.

An analysis of the literature data showed that the NMR spectra of compounds 1 and 2

were close to those for the known anthraquinones, dendryols A and D [8]. However, the
values of chemical shifts and coupling constants of vicinal protons at C-1 and C-2 in the
spectra of 1 and 2 significantly differed from those for known dendryols. Thus, compounds
1 and 2 are new stereoisomers of known dendryols A and D, respectively, and were named
acruciquinones A (1) and B (2), respectively.

The molecular formula of compound 3 was determined as C15H18O5 based on the
analysis of the (+)-HRESIMS spectrum data containing the peak of the cationized molecule
[M + Na]+ (m/z 301.1042) and was confirmed by the 13C NMR data. The 1H and 13C NMR
spectra of 3 (Table 2, Figures S19–S24) contain signals of a tetrasubstituted benzene ring;
a methyl ring; two methylene groups, one of which is oxygenated; five methine groups,
two of which are bonded to oxygen; four quaternary sp2-carbons; and one unsaturated
ketone group.

HMBC correlations from H-5 (δH 7.25) to C-6 (δC 139.7), C-7 (δC 122.7), C-10 (δC 197.8),
C-12 (δC 127.8), and C-15 (δC 21.0); from H-7 (δH 6.86) to C-5 (δC 118.9), C-8 (δC 158.3), C-12,
and C-15; from H3-15 (δH 2.31) to C-5, C-6, and C-7; and from H-9 (δH 5.07) to C-8, C-11
(δC 134.7), C-12, C-13 (δC 54.7), and C-14 (δC 51.4) (Figures 4a and S23) establish that the
structure of rings A and B are the same as those for compounds 1 and 2.
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Table 2. 1H and 13C NMR spectroscopic data (δ in ppm, 700.13 /125.75 MHz, acetone-d6) for 3.

Pos. δC, Mult δH (J in Hz)

1 54.4, CH 2.14, m

2 62.9, CH2
3.76, t (10.3)

4.13, dd (10.7, 2.8)
3 73.1, CH 4.47, brs

4 35.0, CH2
α: 1.98, ddd (14.3, 9.5, 2.9)

β: 2.35, m
5 118.9, CH 7.25, s
6 139.7, C -
7 122.7, CH 6.86, s
8 158.3, C -
9 74.5, CH 5.07, d (9.4)
10 197.8, C -
11 134.7, C -
12 127.8, C -
13 54.7, CH 2.37, m
14 51.4, CH 2.69, dt (13.6, 9.2)
15 21.0, CH3 2.31, s

2-OH - 5.31, brs
3-OH - 3.82, d (4.7)
8-OH - 9.36, brs
9-OH - 7.31, brs

 

 
(a) (b) 

Figure 4. Key 1H–13C HMBC and 1H–1H COSY correlations (a) and ROESY correlations (b) of 3.

The observed 1H-1H COSY correlations (H-9/H-13/H-1(H2-2)/H-3/H2-4/H-14) and
HMBC correlations from H-1 (δH 2.14) to C-2 (δC 62.9), C-3 (δC 73.1), C-9 (δC 74.5), and
C-13; from H-4α (δH 1.98) to C-1, C-3, C-10, and C-14; and from H-14 to C-4, C-10, and C-13
revealed the structure of ring C, its fusion with ring B, and the position of hydroxymethyl
and hydroxyl groups at C-1 and C-3, respectively (Figure 4a).

The relative configurations of 3 were established based on the ROESY correlations
(Figures 4b and S24): H-1/H-9, H-14, and H-13/H-2a, H-3.

Thus, the structure of compound 3 was determined and named acruciquinone C. It
should be noted that acruciquinone C is the first and only representative of anthraquinone
derivatives with a 6/6/5 framework.

The absolute configurations of 1–3 were determined using an approach based on a
comparison of the ECD spectra recorded for these compounds (Figures S2, S4, and S6) with
the theoretical spectra calculated for them using the B3LYP exchange–correlation functional
and cc-pvTz basis set implemented in GAUSSIAN 16 software (Figure 5) [18].
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Figure 5. Calculated (red) and experimental (black) CD spectra for compounds 1 (a), 2 (b), and 3 (c).
The green color ECD curves were calculated for enantiomers of compounds 1–3.

The best agreement between Δεexp and Δεcalc is achieved for 1–3 in the case of config-
urations 1S,2S,9R,13S, 1S,2S,3R,9R,13S, and 1R,3S,9R,13S,14S, respectively.

2.3. Bioactivity of Isolated Compounds

The effects of isolated anthraquinones on Staphylococcus aureus growth and the ac-
tivity of its some enzymes were experimentally investigated. Moreover, the influence
of antibacterial compounds on viability, migration, and proliferation of S. aureus-treated
HaCaT keratinocytes was investigated. Compound 5 was isolated in an insufficient amount
(1.0 mg) and was not investigated in any bioactivity tests. Compounds 2, 3, and 11 were
isolated in very small amounts (0.9 mg, 1.5 mg, and 1.1 mg, respectively), so, only their
influence on S. aureus growth was investigated.

2.3.1. Antimicrobial Activity

The antimicrobial activity of compounds 1–4 and 6–13 against Staphylococcus aureus is
presented in Figure 6.
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Figure 6. Antimicrobial activity against Staphylococcus aureus of compounds 1–4 and 6–13. All
experiments were carried out in triplicate. The data are presented as a mean ± standard error of
mean (SEM).

Acruciquinone B (2) did not show any influence on S. aureus growth up to a concen-
tration of 100 μM. Acruciquinone A (1) inhibited S. aureus growth by 38.4 ± 1.5% and
40.5 ± 3.3% at concentrations of 50 and 100 μM, respectively. Compounds 4, 6, 7, and 11

showed inhibition of S. aureus growth near 30% at concentrations up to 100 μM.
The half-maximal concentration (IC50) of antistaphylococcal action was calculated for

compounds 3, 8–10, 12, and 13 (Table 3).

Table 3. The calculated half-maximal (IC50) effect of compounds on S. aureus growth.

Compound 3 8 9 10 12 13

IC50, μM ≥100 35.4 ± 1.5 45.3 ± 3.1 49.7 ± 2.4 52.1 ± 1.3 58.2 ± 1.7

Compounds 8-10 showed the best effect on S. aureus growth, with calculated IC50
values of 35.4, 45.3, and 49.7 μM, respectively. Compounds 12 and 13 were less effective,
with IC50 values of 52.1 and 58.2 μM, respectively. Acruciquinone C (3) had an IC50 near
100 μM.

Antimicrobial compounds can influence various aspects of bacterial life, including
modification of environmental conditions via urease enzymes [19] or sortase A processing
of the bacterial cell wall [20].

We investigated the effect of compounds 1, 4, 6–10, 12, and 13 on the activity of urease
and sortase A from S. aureus in cell-free assays.

2.3.2. Influence of Some Isolated Compounds on Urease Activity

Compounds 1, 4, 6–10, 12, and 13 were investigated as urease inhibitors, and only
dendryol B (4) did not inhibit urease activity (Figure 7). The most significant effect was
observed for compounds 8, 10, and 13, which, at 100 μM, decreased the urease activity by
39.2%, 38.5%, and 38.3%, respectively, and, at a concentration of 50 μM, inhibited urease
activity by 15.3%, 21.9%, and 21.2%, respectively. Compounds 12 and 9, at 50 μM, decreased
the urease activity by 20.3% and 13.5% and, at 100 μM, decreased urease activity by 31.6%
and 21.8%, respectively. New acruciquinone A (1) decreased the urease activity by 10.7%
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and 14.6% at concentrations of 50 μM and 100 μM, respectively, and compounds 6 and 7

showed similar effects.

μ
μ

Figure 7. Effects of compounds 1, 4, 6–10, and 12–13 on urease activity. Thiourea was used as a
control. All experiments were carried out in triplicate. The data are presented as a mean ± standard
error of mean (SEM). * Indicates significant differences between the control (DMSO) and compounds
(p value ≤ 0.05).

2.3.3. Influence of Some Isolated Compounds on Sortase A Activity

The effects of the investigated compounds on sortase A activity are presented in
Figure 8a. Dendryol B (4) showed the most significant inhibitory effect on sortase A activity.
It inhibited sortase A activity at concentrations of 50 μM and 80 μM by 27.6% and 32.1%,
respectively, and its effect was stable during all periods of observation (Figure 8b).

 

μ
μ

(a) (b) 

Figure 8. The effects of compounds 1, 4, 6–10, and 12–13 on sortase A activity after 10 min of incubation
(a) and time-dependent graph of inhibitory effect of dendryol B (4) (b). 4-(Hydroxymercuri)benzoic acid
(PCMB) was used as a control. All experiments were carried out in triplicate. The data are presented as
a mean ± standard error of mean (SEM). * Indicates significant differences between the control (DMSO
0.8%) and compounds (p value ≤ 0.05).

Compounds 1, 7, and 9 had similar effects on sortase A activity, with significant
inhibition of 14.7%, 6.3%, and 14.7%, respectively, at a concentration of 80 μM. The minimal
effects of 10 and 13, as well as those of 6 and 8, were not statistically significant.
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To detect the key structural moieties of anthraquinone derivatives for their inhibitory
effect on sortase A, the molecular docking of compounds 1, 4, 5, and 7–9 with sortase A
was evaluated using fast online service SwissDock.

In the apo structure of sortase A (PDB ID 1T2P), a V-shaped pocket is formed by
the β4, β7, and β8 strands on one side of the β barrel, together with three surrounding
loops. The left side of the pocket is a hydrophobic tunnel formed by Ala92, Ala104, Ala118,
Val161, Pro163, Val166, Val 168, Ile182, Val193, Trp194, Ile199, and Val201, along with two
putative catalytic residues: Cys184 and Arg197 [21]. The right side of the pocket consists
of several polar residues: Glu105, Asn114, Ser116, and Thr180. Earlier, the anthraquinone
dimer skyrin N1287 was found as a sortase A inhibitor, and its complex with sortase
A (PDB ID 1T2P) was investigated by molecular docking features. It was reported that
skyrin, similar to curcumin, forms a hydrogen-bonding interaction or salt bridge with the
guanidinium moiety of Arg197. N1287 and curcumin form extensive interactions with
residues in the hydrophobic tunnel. In particular, the aromatic moiety from N1287 forms a
cation-π interaction with Arg197. N1287 also forms hydrogen-bonding interactions with
polar residues on the right side of the pocket, such as Asn114 and Ser116 [22].

In our calculations, the most active sortase A inhibitor, dendryol B (4), can form a pose
(ΔG −6.8640547 kkal/mol) with the hydrogen-bonding interactions between Arg197 and
its 9-OH, Glu105 and 3-OH, Asn114 and keto-group C-10, and Gly167 and 8-OH. Moreover,
hydrophobic interactions between 4 and Val168, Ile199, and Leu169 were detected. In the
other side, the stable pose (ΔG −6.800687) forms the hydrogen-binding interaction between
Glu105 and 1-OH and the hydrophobic interactions between Cys184 and Me-15; Ala92 and
C-7, H-7, Trp194, and Me-15; Ile182 and keto group C-10; and Ala118 and C-15 of 4.

Acruciquinone A (1) can form complex ΔG −6.5611596 with hydrogen-bonding
interactions between Arg197 and 2-OH of 1 and Ala92 and 1-OH, as well as with the
hydrophobic interactions with Ala92, Gly192 (C-2, H-2), Ala104 (keto-group C-10),
Ile182 (C-7 and H-7), Thr93 (1-OH), and Trp194 (H-1). Another pose was calculated
(ΔG −6.747401) with the hydrogen-bonding interactions with Arg197 (keto-group C-10)
and the hydrophobic interactions with Cys184 (Me-15), Trp194 (Me-15), Ala104 (C-5
and C-6), and Leu169 (2-OH).

Therefore, we can assume that the main differences in the structures of compounds 4

and 1 that influence their complexes with sortase A are the stereochemistry of the 9-OH
group: the β orientation of 9-OH provides the opportunity to form a maximum number of
interactions if both 9-OH and C(=O)-10 with sortase A (Figure 9).

Coniothyrinone B (7) can form complex ΔG −7.046784 with the hydrogen-bonding
interactions with Arg197 and Gly192 and the hydrophobic interactions with Ile182, Trp194,
Tyr187, Ala104, Gly192, and Thr93. Another complex (ΔG −6.411958) has hydrogen-
bonding interactions with Glu105 and hydrophobic interactions with Cys184, Trp194,
Ala92, Leu97, and Ile182.

ω-Hydroxypachybasin (9) can form complex ΔG −6.769604 with the hydrogen-bonding
interactions with Arg197, Asn114, and Gly167 and the hydrophobic interactions with Val168,
Thr180, Ile199, Val166, Val201, and Gly167. The complex consists of hydrophobic interac-
tions with Cys184 (as well as Ala92, Trp194, Thr93, and Ala104), whereas ΔG -6.2245307
does not have hydrogen-bonding interactions.

Rubrumol (8), which did not inhibit sortase A activity, can form complex ΔG −6.9308696
with the hydrogen-bonding interactions with Ala92 and the hydrophobic interactions with
Cys184, Ala92, Trp194, and Ile182. Another complex (ΔG −6.237157) has hydrogen-bonding in-
teractions with Glu105 and Ala92 and hydrophobic interactions with Cys184, Ala92,
and Ile182.

Therefore, compounds 1, 4, 7, and 9, which inhibited the activity of sortase A in
a SensoLyte 520 Sortase A Activity Assay, may form the interactions with Arg197. No
poses with the interactions with Arg197 were predicted for compound 8. This observation
confirms the conclusion about the significance of building with Arg197 for inhibition of
sortase A’ activity by anthraquinones.
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Pleosporone (5), which was not investigated in a SensoLyte 520 Sortase A Activity
Assay, can form complex ΔG −6.9511595 with the hydrogen-bonding interactions with
Arg197 (keto-group C-9), Asn114 (keto-group C-10), and Gly167 (8-OH) and the hydropho-
bic interactions with Val 166 (H-7), Val168 (aromatic ring A, C-9, C-10), Val201 (Me-15),
Ile199 (C-6, C-7), Thr180 (C-5, C-10, C-11), and Gly167 (8-OH). Another calculated com-
plex (ΔG −6.2182164) has hydrogen-bonding interactions with Ala92 (1-OH, 2-OH) and
hydrophobic interactions with Cys184 (3-OH), Ile182 (3-OH, H-4b, C-4), Ala92 (1-OH), and
Trp194 (2-OH).

A comparison of these poses with complexes of 4 allows us to assume that pleosporone
(5) may also act as an inhibitor of sortase A activity.

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 9. Figure 9. The molecular docking poses of some anthraquinones with sortase A (PDB ID
1T2P): 1 (a), 4 (b), 5 (c), 7 (d), 8 (e), and 9 (f).

2.3.4. Effects of Compounds on HaCaT Keratinocytes Infected with Staphylococcus aureus

Thus, the investigated secondary metabolites of Asteromyces cruciatus KMM4696 fun-
gus can inhibit sortase A, especially urease enzyme activities, and affect S. aureus growth.
However, it is advisable to study the effects of these anthraquinone derivatives in a co-
culture of S. aureus with human cells before confidently talking about their real antibacterial
potential. Therefore, the protective influence of compounds 1, 4, 7, and 9 at a concentration
of 10 μM on human HaCaT keratinocyte cells infected with S. aureus was experimentally
investigated. Compound 6 did not show a significant effect on sortase A activity and had
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a small influence on urease activity and S. aureus growth; therefore, it was selected for
in vitro investigation for comparison of its effect with that of 7.

S. aureus produces a number of lysing molecules causing the disruption of mammalian
cells, so the release of lactate dehydrogenase (LDH) is used for detection of infected cell
viability [23]. The effect of compounds 1, 4, 6–10, 12, and 13 on the LDH release from S.
aureus-infected HaCaT cells is presented in Figure 10.

Figure 10. The effects of compounds 1, 4, 6, 7, and 9 on LDH release from HaCaT cells after infection
with S. aureus (Sa) for 48 h. All compounds were used at a concentration of 10 μM. The experiments
were carried out in triplicate. * Indicates statistically significant differences between S. aureus-infected
cells and S. aureus-infected cells treated with compounds (p < 0.05).

The incubation of HaCaT cells with S. aureus induced an increase in LDH release
of 64.4%. All compounds investigated at a concentration of 10 μM showed significant
effects on LDH release from staphylococci-infected HaCaT cells. After 48 h of coincubation,
compounds 1, 4, 6, 7, and 9 caused statistically significant diminishments in LDH release
from these cells of 29.4%, 23.8%, 18.3%, 18.4%, and 12.3%, respectively.

The effects of compounds 1, 4, 6, 7, and 9 on the proliferation of S. aureus-infected
HaCaT cells were investigated using CFDA SE vital fluorescent dye and the flow cytometry
technique described in [24]. The CFDA SE covalent builds with intracellular cytoplasm com-
ponents, and its quantity (and intensity of fluorescence, respectively) in the cell decreases
equivalent to the number of past divisions.

The analysis of obtained flow cytometry data resulted in the detection of four HaCaT
cell subpopulations (Figure 11a), and S. aureus infection significantly changed the ratio
between them (Figure 11b). The percentage of each subpopulation is presented in Table 4.
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Figure 11. The proliferative profiles of non-treated HaCaT cells (a), S. aureus-infected HaCaT cells (b),
and infected cells treated with compounds 1 (c), 4 (d), 6 (e), 7 (f), and 9 (g). All compounds were used
at a concentration of 10 μM. The experiments were carried out in triplicate. The most representative
picture for each case is presented.

The most noticeable change as a result of a staphylococcal infection was a change
in the ratio between division 1 and division 2, which indicates a slowdown in HaCaT
proliferation. Compounds 4, 6, and 7 did not show any observed changes in the picture
(Figure 11d–f). Compound 9 induced a significant decrease in the amount of the cells
in division 1 and an increase in the amount of cells in division 3. The most significant
influence on infected HaCaT cells was observed for compound 1 (Figure 11c), which greatly
increased the number of the cells in division 3 in comparison with infected and non-infected
HaCaT cells.
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Table 4. The effects of compounds on proliferation of S. aureus-infected HaCaT cells.

Sample 1
Division 0,
% of Total
Amount

Division 1,
% of Total
Amount

Division 2,
% of Total
Amount

Division 3,
% of Total
Amount

HaCaT cells 3.0 ± 0.8 37.7 ± 3.0 43.2 ± 1.4 15.5 ± 3.7

S. aureus 8.7 ± 1.2 58.2 ± 2.0 16.8 ± 6.0 14.9 ± 1.5

1 3.6 ± 0.5 34.0 ± 3.3 25.9 ± 0.4 35.5 ± 4.2

4 3.1 ± 0.4 63.2 ± 2.3 15.4 ± 1.9 17.6 ± 1.7

6 8.6 ± 4.7 60.5 ± 3.4 12.1 ± 1.2 18.1 ± 2.0

7 7.2 ± 2.1 65.5 ± 6.4 11.6 ± 1.3 15.4 ± 5.6

9 3.4 ± 1.2 46.3 ± 7.2 18.3 ± 6.5 30.2 ± 4.5
1 All compounds were used at a concentration of 10 μM. The experiments were carried out in triplicate, and the
percentage of each HaCaT cell subpopulation is presented as mean ± standard error of mean.

Finally, the effects of compounds 1, 4, 6, 7, and 9 on the migration of S. aureus-infected
HaCaT cells were investigated (Figure 12). Manufacturing devices from Ibidi®were used
for the creation of a cell-free zone in a monolayer of HaCaT cells stained with CFDA SE
fluorescent dye, after which the S. aureus suspension and compounds were added and the
cell migration to this cell-free zone was monitored by a fluorescent microscope for 24 h.

Figure 12. The effects of compounds 1, 4, 6, 7, and 9 on migration of S. aureus (Sa)-infected HaCaT
cells. All compounds were used at a concentration of 10 μM. The experiments were carried out in
triplicate. The most representative picture for each case is presented.

The first differences in cell position were detected after 8 h of observation, and full
fusion of the cell-free zone in the non-infected cell layer was observed after 24 h. S. aureus
infection inhibits fusion of this cell-free area, which was observed after 24 h. All investigated
compounds improved migration of the S. aureus-infected cells in a cell-free zone. Complete
confluence, similar to control cells, was observed for compound 1, and compounds 6, 9,
and especially 7 caused almost complete cell overgrowth of the cell-free zone. Compound 4

surprisingly showed the most incomplete fusion of the cell-free zone, but its positive effect
was noticeable.
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3. Discussion

3.1. Secondary Metabolites of Asteromyces cruciatus KMM4696

A biogenesis pathway for the framework of the novel acruciquinone C (3) has been
proposed (Figure 13). It is obvious that the first steps of acruciquinone C biosynthesis are
common to most fungal anthraquinones originating from the octaketide precursor [25].
The dehydration and tautomerization of intermediate i2 result in anthrone i3, which is a
plausible direct precursor of compounds 4, 5, and 7–9. i3 can also be sequentially oxidized
and reduced to i4, from which compounds 1, 2, and 6 are most likely formed. Moreover, i4
probably undergoes several reductions and tautomerizations, which, via diketone i5, lead
to intermediate i6 with monoene ring C [26]. Further oxidative cleavage of the double bond
and tautomerization lead to i7, which, as a result of aldol condensation, turns into a direct
precursor of acruciquinone C (3) with a 6/6/5 skeleton. Compound 3 is formed as a result
of the reduction of aldehyde in i8.

 
Figure 13. Plausible biogenetic pathway of acruciquinone C (3).

Naphthalene derivative 12 was previously reported only as a synthetic compound [16].
This compound is undoubtedly a cyclization product of the linear hexaketide precursor.
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Gliovictin (13), a diketopiperazine isolated from terrestrial fungi of the genera
Helminthosporium and Penicillium, has been isolated from culture broths of the marine
deuteromycete Asteromyces cruciatus [17].

It was previously shown that strain A. cruciatus KMM 4696 can produce the first
chlorine-contained monocyclic cyclohexanols containing a 3-methylbutenynyl unit that
obviously originated from a tetraketide precursor [7]. Benzopyranes 10 and 11 obviously
originated from the same precursor. Thus, the A. cruciatus KMM 4696 fungal strain is a
promising producer of structurally unique polyketides.

3.2. Biological Activity of Isolated Anthraquinone Derivatives

In our work, known dendryol B (4), rubrumol (8), trans-3,4-dihydroxy-3,4-dihydroanofinic
acid (10), quadricinctapyran A (11), and gliovictin (13) were found as agents against S. aureus
for the first time.

Dendryol B (4) was previously isolated from a weed pathogenic fungus, Dendryphiella
sp., and caused necrotic events on barnyardgrass leaves [8]. Rubrumol (8) was assessed
for cytotoxic activities against A549, MDA-MB-231, PANC-1, and HepG2 human cancer
cell lines but displayed no significant cytotoxic activities. However, the authors showed
the significant effect of 8 on the relaxation activity of topoisomerase I [11]. Trans-3,4-
dihydroxy-3,4-dihydroanofinic acid (10) exhibited potent acetylcholinesterase-inhibitory
activity [27]. The antimicrobial activity for quadricinctapyran A (11), which was not
previously detected up to a concentration of 256 μg/mL [15], but the inhibition of S. aureus
bacterial growth in microplates was estimated by visual observation only. The activity of
gliovictin (13) against Escherichia coli and Bacillus megaterium was not observed [28], but it
was tested in agar diffusion assays, which are subject to some limitations. In the present
work, the antistaphylococcal activity of the compounds was tested using liquid broth
titration with spectrophotometric detection, which can be crucial for detection of the effects
of compounds.

Coniothyrinone D (6) and coniothyrinone B (7) were previously isolated from the
culture of an endophytic fungus. Coniothyrium sp. They were studied as antimicrobials
by the diffusion agar method and, their effects against Gram-positive B. megaterium were
greater than their effects against Gram-negative E. coli [10]. The hydroxylated derivatives
of coniothyrinone B (7), 8-hydroxyconiothyrinone B, 8,11-dihydroxyconiothyrinone B, 4R,8-
dihydroxyconiothyrinone B, and 4S,8-dihydroxyconiothyrinone B, from marine algicolous
fungus Talaromyces islandicus EN-501 showed pronounced activity against S. aureus EMBLC-
2 growth [29]. Antistaphylococcal activity of ω-hydroxypachybasin (9) was reported when
this compound was isolated from the plant Ceratotheca triloba [30].

In our work, we not only studied the influence of coniothyrinones B (6) and D (7) and
ω-hydroxypachybasin (9) on S. aureus growth in detail but also their effects on sortase A
and urease activity, as well as their potential for skin infection treatment for the first time.

3.3. Perspectives of Isolated Anthraquinones for the Treatment of Skin Infections

HaCaT keratinocytes cocultured with S. aureus are widely used in vitro models for
antibiotic discovery, despite some limitations [23]. Our previously reported results showed
that S. aureus infection caused HaCaT keratinocyte damage and cell cycle arrest in the
G0/G1 phase [31] and resulted in inhibition of cell proliferation and migration, as observed
in this work. The studied anthraquinones protect HaCaT cells from S. aureus-caused
damage because a decrease in the LDH release from treated cells was detected. Moreover,
one of the significant anthraquinones changes the proliferation profile and migration of
S. aureus-infected HaCaT cells.

The various aspects of bacteria’s vital activity are the targets for antibiotics. Bacteri-
cidal antibiotics were targeted at a diverse set of biomolecules for inhibition to achieve
cell death, including DNA topoisomerases (quinolones ciprofloxacin, levofloxacin, and
gemifloxacin), RNA polymerase (rifamycin), penicillin-binding proteins, transglycosylases
and peptidoglycan building blocks (β-lactam penicillins, carbapenems, cephalosporins,
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glycopeptides, vancomycin, fosfomycin, and daptomycin), and ribosomes (macrolides,
lincosamides, streptogramins, and others) [32]. But these strategies have led to the emer-
gence of resistant bacterial strains, which has become one of the major global public health
problems [33].

Therefore, new strategies including inhibition of bacterial sortase A or urease ac-
tivities have led to the discovery of new drugs to which developing resistance will be
less possible. The sortase A enzyme was named an “ideal target” for the development
of new anti-infective drugs [34] because it plays a significant role in the pathogenesis of
Gram-positive bacteria. Sortase A is a bacterial cell membrane enzyme that anchors crucial
virulence factors to the cell wall surface [35], and numerous studies have aimed to find new
sortase A inhibitors [22,36]. The urease enzyme is able to do so by virtue of its ability to
catalyze the conversion of urea into ammonia, thereby allowing bacterial colonies to live
in acidic conditions. To date, according to Hameed and coauthors, only one commercial
urease inhibitor, Lithostat (acetohydroxamic acid), is available, but it has a number of
limitations [37]. Currently, urease inhibitors are considered mainly as potential leaders in
urinary tract infections. However, a number of works indicate the promise of this approach
for skin staphylococcal infections [19].

Our data point to the great importance of the structure of anthraquinones for the
inhibition of sortase A activity. β-Orientation of the 9-OH group in the structure of dendryol
B (4) makes its interaction with residues in the binding site the most effective.

In the case of urease inhibition, the differences between the action of all the studied
anthraquinones are insignificant, which does not allow us to discuss their structure–activity
relationship. The highest activity was found for an alkaloid, i.e., gliovictin (13). Re-
cently, a large number of sulfur- and nitrogen-containing compounds have been described
as urease inhibitors [38]. Obviously, it is precisely the thiodiketopiperazine moiety of
gliovictin that makes it interesting for further study against Helicobacter pylori and other
urease-producing bacteria.

However, the effect on bacterial growth or enzyme activities does not yet mean that
substances will be active in real infections, since an infection model is a more complex and
multicomponent system. In this regard, the study of the effects of promising compounds in
in vitro infection models can lead to unexpected results, as we see here. In our experiments,
dendryol B (4) exhibited the greatest inhibition of sortase A activity, with a weak effect
on S. aureus growth, but its effects in coculture experiments were not so great. In contrast,
acruciquinone A (1) showed a weak (yet noticeable) inhibition of sortase A and urease
activity and a moderate effect on S. aureus, but this new metabolite from Asteromyces
cruciatus was the most effective against S. aureus-caused HaCaT cell damage and in a skin
wound model. ω-Hydroxypachybasin (9) exhibited the most significant effect against S.
aureus growth and a weak inhibition of urease and sortase A activities but showed the least
pronounced protection against HaCaT damage, as well as coniothyrinones D (6) and B (7).

Thus, the protection of S. aureus-infected HaCaT keratinocytes by acruciciquinone A (1)
is due to both its direct antibacterial action and the effect on the keratinocytes themselves.

4. Materials and Methods

4.1. General Experimental Procedures

Optical rotations were measured on a Perkin-Elmer 343 polarimeter (Perkin Elmer,
Waltham, MA, USA). UV spectra were recorded on a Shimadzu UV-1601PC spectrometer
(Shimadzu Corporation, Kyoto, Japan) in methanol. CD spectra were measured with
a Chirascan-Plus CD spectrometer (Leatherhead, UK) in methanol. NMR spectra were
recorded in CDCl3, acetone-d6, and DMSO-d6 on a Bruker DPX-300 (Bruker BioSpin GmbH,
Rheinstetten, Germany), a Bruker Avance III-500 (Bruker BioSpin GmbH, Rheinstetten,
Germany), and a Bruker Avance III-700 (Bruker BioSpin GmbH, Rheinstetten, Germany)
spectrometer. A calibration of NMR spectra was carried out using the residual solvent
signals (7.26/77.16 for CDCl3 and 2.05/29.84 for acetone-d6 according to [39]). HRESIMS
spectra were measured on a Maxis impact mass spectrometer (Bruker Daltonics GmbH,
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Rheinstetten, Germany). Microscopic examination and photography of fungal cultures
were performed with an Olympus CX41 microscope equipped with an Olympus SC30
digital camera. Detailed examination of the ornamentation of the fungal conidia was
performed using an EVO 40 scanning electron microscope (SEM).

Low-pressure liquid column chromatography was performed using silica gel
(50/100 μm, Imid Ltd., Krasnodar, Russia) and Gel ODS-A (12 nm, S—75 um, YMC
Co., Ishikawa, Japan). Plates precoated with silica gel (5–17 μm, 4.5 cm × 6.0 cm, Imid
Ltd., Russia) and silica gel 60 RP-18 F254S (20 cm × 20 cm, Merck KGaA, Darmstadt, Ger-
many) were used for thin-layer chromatography. Preparative HPLC was carried out on
an Agilent 1100 chromatograph (Agilent Technologies, Santa Clara, CA, USA) with an
Agilent 1100 refractometer (Agilent Technologies, Santa Clara, CA, USA) and a Shimadzu
LC-20 chromatograph (Shimadzu USA Manufacturing, Canby, OR, USA) with a Shimadzu
RID-20A refractometer (Shimadzu Corporation, Kyoto, Japan) using YMC ODS-AM (YMC
Co., Ishikawa, Japan) (5 μm, 10 mm × 250 mm), YMC ODS-AM (YMC Co., Ishikawa, Japan)
(5 μm, 4.6 mm × 250 mm), and Fusion Hydro-RP (Phenomenex, Torrance, CA, USA) (4 μm,
250 mm × 10 mm) columns.

4.2. Fungal Strain

The strain of the obligate marine fungus Asteromyces cruciatus KMM 4696 was iso-
lated from the surface of the thallus of the brown alga Sargassum pallidum (Sea of Japan)
and identified using morphological and molecular genetic features [7]. The fungal
strain is stored in the Collection of Marine Microorganisms (KMM) of PIBOC FEB RAS
(Vladivostok, Russia).

4.3. Cultivation of Fungus

A. cruciatus fungus was cultured on a rice medium at 22 ◦C for three weeks in
100 Erlenmeyer flasks (500 mL), each containing 20 g of rice, 20 mg of yeast extract, 10 mg
of KH2PO4, and 40 mL of natural seawater from the Marine Experimental Station of PIBOC
FEB RAS, Troitsa (Trinity) Bay, Sea of Japan.

4.4. Extraction and Isolation

At the end of the incubation period, the mycelium of the Asteromyces cruciatus KMM
4696 fungus, together with the medium, was homogenized and extracted with EtOAc
(2 L). The obtained extract was concentrated to dryness. The dry residue (7.9 g) was
dissolved in a H2O−EtOH (4:1) system (200 mL) and extracted successively with n-hexane
(3 × 0.2 L) and EtOAc (3 × 0.2 L). The ethyl acetate extract was evaporated to dryness
(5.3 g) and chromatographed on a silica gel column (3 × 14 cm), which was first eluted
with n-hexane (200 mL), then with a stepwise gradient of 5% to 50% EtOAc in n-hexane
(total volume 20 L). Fractions of 250 ml were collected and combined based on TLC data.

The fractions eluted with n-hexane-EtOAc (95:5, 80 mg) and n-hexane-EtOAc (90:10,
200 mg) were combined and separated on a YMC ODS-A reverse-phase column (1.5 × 5.5 cm),
which was eluted with a step gradient from 40% to 80% MeOH in H2O (total volume: 1 L)
to afford subfractions I and II. Subfraction I (40% MeOH, 146 mg) was separated by reverse-
phase HPLC on a YMC ODS-A column, eluting first with MeOH–H2O (90:10) to afford two
subfractions: I-1 and I-2. Subfraction I-1 was rechromatographed on a YMC ODS-A column
eluting with MeOH–H2O (55:45) to 13 (4.8 mg). Subfraction I-2 was rechromatographed on
an Ultrasfera Si column eluting with n-hexane–ethyl acetate (60:40) to 11 (1.1 mg). Subfraction
II (60% MeOH, 110 mg) was separated by reverse-phase HPLC on a YMC ODS-AM column
eluting with MeOH–H2O (80:20), then with MeOH–H2O (55:45) to 9 (4 mg) and 12 (21.6 mg).

The fraction of n-hexane-EtOAc (80:20, 470 mg) was separated on a Gel ODS-A column
(1.5 × 5.5 cm), which was eluted with a step gradient from 40% to 80% MeOH in H2O (total
volume 1 L) to afford subfraction III. Subfraction III (40% MeOH, 250 mg) was separated
by reverse-phase HPLC on a YMC ODS-A column, eluting with MeOH–H2O (90:10), then
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with MeOH–H2O (60:40) and MeCN–H2O (60:40) to 1 (4.8 mg), 5 (1.0 mg), 8 (2.2 mg), and
10 (6.4 mg).

The n-hexane-EtOAc fraction (70:30, 580 mg) was separated on a column with a
reverse-phase sorbent YMC ODS-A (1.5 × 5.5 cm), which was eluted with a step gra-
dient from 40% to 100% MeOH in H2O (total volume 1 L) to subfractions IV and V.
Subfraction IV (40% MeOH, 390 mg) was separated by reverse-phase HPLC on a YMC
ODS-A column eluting with MeOH–H2O (95:5), then with MeOH–H2O (70:30) to afford
compounds 3 (1.5 mg), 6 (4.6 mg), and 7 (3 mg). Subfraction V (100% MeOH, 40 mg) was
separated by reverse-phase HPLC on a YMC ODS-A column eluting with MeOH-H2O
(55:45), then with CH3CN-H2O (25:75) to 2 (0.9 mg) and 4 (2.7 mg).

4.5. Spectral Data

Acruciquinone A (1): amorphous solids; [α]D
20 −92.0 (c 0.1 MeOH); UV (MeOH)

λmax (log ε) 335 (3.14), 285 (3.88), 198 (4.24) nm (see Supplementary Figure S1); CD (c
9.6 × 10−4, MeOH), λmax (Δε) 202 (−16.07), 232 (0.35), 269 (1.94), 351 (−1.30) nm (see
Supplementary Figure S2); for 1H and 13C NMR data, see Table 1 and
Supplementary Figures S7–S12; HRESIMS m/z 275.0914 [M − H]− (calcd. for C15H15O5,
275.0925), 299.0887 [M + Na]+ (calcd. for C15H16O5Na, 299.0890) (see Figure S87).

Acruciquinone B (2): amorphous solids; [α]D
20 −121.4 (c 0.07 MeOH); UV (MeOH)

λmax (log ε) 334 ( ), 283 (3.76), 198 (4.09) nm (see Supplementary Figure S3);
CD (c 9.6 × 10−4, MeOH), λmax (Δε) 203 (−10.73), 256 (−0.56), 288 (−0.21), 366 (−0.91) nm
(see Supplementary Figure S4); for 1H and 13C NMR data, see Table 1 and Supplemen-
tary Figures S13–S18; HRESIMS m/z 291.0882 [M − H]− (calcd. for C15H15O6, 291.0874),
315.0830 [M + Na]+ (calcd. for C15H16O6Na, 315.0839) (see Figure S88).

Acruciquinone C (3): amorphous solids; [α]D
20 −58.0 (c 0.10 MeOH); UV (MeOH)

λmax (log ε) 315 (3.55), 261 (3.86), 213 (4.96) nm (see Supplementary Figure S5); CD (c
9.6 × 10−4, MeOH), λmax (Δε) 215 (−10.42), 257 (−3.62), 306 (6.04), 339 (−0.95) nm (see
Supplementary Figure S6); for 1H and 13C NMR data, see Table 2 and
Supplementary Figures S19–S24; HRESIMS m/z 277.1087 [M − H]− (calcd. for C15H17O5,
277.1081), 301.1042 [M + Na]+ (calcd. for C15H18O5Na, 301.1046) (see Figure S89).

4.6. Quantum Chemical Calculations

The quantum chemical calculations for compounds 1–3 in methanol were performed
using exchange–correlation functional B3LYP, the polarization continuum model (PCM),
and the cc-pvTz basis set implemented in the Gaussian 16 package of programs [18].
Conformations with relative Gibbs free energies in the range of ΔGim ≤ 5 kcal/mol were
chosen for calculations of the UV and ECD spectra at the B3LYP/cc-pvTz_PCM//B3LYP/cc-
pvTz_PCM level of theory. The statistical weights of conformations are:

gim = e−
ΔGim

RT

/
∑i e−

ΔGim
RT

where T = 298.15 K, and the subscript “m” denotes conformation, for which G is minimal.
Each individual transition from electronic ground state to the i-th calculated excited

electronic state (1 ≤ i ≤ 55) was simulated as a Gauss-type function. The bandwidths taken
at 1/e peak heights were chosen to be σ = 0.34 eV for 1 and 3 and 0.24 eV for 2. The UV
shifts taken for simulations of spectra are Δλ = 0 nm for 1 and 2 and Δλ = −7 nm for 3.

The scaled theoretical and experimental ECD spectra were obtained according to the
following equation:

Δεscaled(λ) = Δε(λ)
/∣∣∣Δε

(
λpeak

)∣∣∣
where the denominator (|Δε(λpeak)|) is a modulo of the peak value for the chosen charac-
teristic negative band in corresponding ECD spectra (200 ≤ λpeak ≤ 220 nm).
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4.7. Sortase A Activity Inhibition Assay

The enzymatic activity of sortase A from Staphylococcus aureus was determined using
a SensoLyte 520 Sortase A Activity Assay Kit * Fluorimetric * (AnaSpec AS-72229, AnaSpec,
San Jose, CA, USA) in accordance with the manufacturer’s instructions. The compounds
were dissolved in DMSO and diluted with reaction buffer to obtain a final concentration of
0.8% DMSO, which did not affect enzyme activity. DMSO at a concentration of 0.8% was
used as a control. 4-(Hydroxymercuri)benzoic acid (PCMB) was used as sortase A enzyme
activity inhibitor. Fluorescence was measured with a PHERAStar FS plate reader (BMG
Labtech, Offenburg, Germany) for 60 min, with a time interval of 5 min. The data were
processed with MARS Data Analysis v. 3.01R2 (BMG Labtech, Offenburg, Germany). The
results are presented as relative fluorescent units (RFUs) and percentage of the control data
and were calculated using STATISTICA 10.0 software.

4.8. Urease Inhibition Assay

A reaction mixture consisting of 25 μL enzyme solution (urease from Canavalia en-
siformis, Sigma, 1U final concentration) and 5 μL of test compounds dissolved in water
(10–300.0 μM final concentration) was preincubated at 37 ◦C for 60 min in 96-well plates.
Then, 55 μL of phosphate buffer solution with 100 μM urea was added to each well and
incubated at 37 ◦C for 10 min. The urease-inhibitory activity was estimated by determin-
ing ammonia production using the indophenol method. Briefly, 45 μL of phenol reagent
(1% w/v phenol and 0.005% w/v sodium nitroprusside) and 70 μL of alkali reagent (0.5%
w/v NaOH and 0.1% active chloride NaClO) were added to each well. The absorbance
was measured after 50 min at 630 nm using a MultiskanFS microplate reader (Thermo
Scientific Inc., Beverly, MA, USA). All reactions were performed in triplicate in a final
volume of 200 μL. The pH was maintained at 7.3–7.5 in all assays. DMSO 5% was used
as a positive control.

4.9. Antimicrobial Activity

The bacterial culture of Staphylococcus aureus ATCC 21027 (Collection of Marine Mi-
croorganisms PIBOC FEBRAS) was cultured in a Petri dish at 37 ◦C for 24 h on solid Mueller
Hinton broth medium with agar (16.0 g/L).

The assays were performed in 96-well microplates in appropriate Mueller Hinton
broth. Each well contained 90 μL of bacterial suspension (109 CFU/mL). Then, 10 μL of
a compound diluted at concentrations from 1.5 μM to 100.0 μM using twofold dilution
was added (DMSO concentration < 1%). Culture plates were incubated overnight at
37 ◦C, and the OD620 was measured using a MultiskanFS spectrophotometer (Thermo
Scientific Inc., Beverly, MA, USA). Gentamicin was used as a positive control at a
concentration of 1 mg/mL, and 1% DMSO solution in PBS was used as a negative
control. The results were calculated as a percentage of the control data by SigmaPlot
14.0 software.

4.10. Cell Line and Culture Conditions

The human HaCaT keratinocyte cell line was kindly provided by Prof. N. Fusenig (Cancer
Research Centre, Heidelberg, Germany). All cells had a passage number ≤ 30. The cells were
incubated in humidified 5% CO2 at 37 ◦C in DMEM medium (BioloT, St. Petersburg, Russia)
containing 10% FBS and 1% penicillin/streptomycin (BioloT, St. Petersburg, Russia).

4.11. Cocultivation of HaCaT Cells with S. aureus and Lactate Dehydrigenase Release Test

HaCaT cells at a concentration of 1.5 × 104 cells per well were seeded in 96-well plates
for 24 h. Then, a culture medium in each well was changed with S. aureus suspension
(102 CFU/mL) in full DMEM medium. Fresh DMEM medium without S. aureus suspension
was added to other wells as needed. The compounds at a concentration of 10 μM were
added to wells after 1 h, and HaCaT cells and S. aureus were cultured at 37 ◦C in a
humidified atmosphere with 5% (v/v) CO2 for 48 h.
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After incubation, the plate was centrifuged at 250× g for 10 min, and 50 μL of super-
natant from each well was transferred into the corresponding wells of an optically clear
96-well plate. An equal volume of the reaction mixture (50 μL) from an LDH Cytotoxic-
ity Assay Kit (Abcam, Cambridge, UK) was added to each well and incubated for up to
30 min at room temperature. The absorbance of all samples was measured at λ = 450 nm
using a Multiskan FC microplate photometer (Thermo Scientific, Waltham, MA, USA) and
expressed in optical units (o.u.).

4.12. Migration of HaCaT Cells Cocultivated with S. aureus

The silicon 2-well inserts (Ibidi®, Gräfelfing, Germany) were placed in the center of
wells in a 24-well plate, and HaCaT cell suspension was added to each well for 24 h. After
adhesion, the inserts were removed, and the cells were labeled with (5,6)-carboxyfluorescein
succinimidyl ester (CFDA SE) dye (LumiTrace CFDA SE kit, Lumiprobe, Moscow, Russia).
CFDA SE stock solution at 5 mM in DMSO was dissolved in PBS for preparation of a 10 μM
solution. The cell culture medium was replaced with this CFDA SE solution for 5 min at
37 ◦C. Then, the cells were washed twice with PBS, and S. aureus suspension (102 CFU/mL)
in full DMEM medium was added to each well as necessary. The medium without bacteria
was added to control wells. The compounds at a concentration of 10 μM were added
to wells after 1 h, and HaCaT cells and S. aureus were cultured at 37 ◦C in a humidified
atmosphere with 5% (v/v) CO2.

The silicon 2-well inserts from Ibidi®formed cell-free zones and migration of Ha-
CaT cells in these zones were observed using an MBF-10 fluorescent microscope (Lomo
Microsystems, St.-Peterburg, RF, Russia) during 30 h of incubation.

4.13. Proliferation of HaCaT Cells Cocultivated with S. aureus

The HaCaT cells at a concentration of 1.5 × 104 were seeded in a 12-well plate for
24 h. After adhesion, the cells were strained with (5,6)-carboxyfluorescein succinimidyl
ester (CFDA SE) dye (LumiTrace CFDA SE kit, Lumiprobe, Moscow, Russia). CFDA SE
stock solution at 5 mM in DMSO was dissolved in PBS for preparation of a 10 μM solution.
The cell culture medium was replaced with this CFDA SE solution for 5 min at 37 ◦C.
Then, the cell layer was washed with PBS twice, an S. aureus suspension (102 CFU/mL)
in full DMEM medium was added to each need well, and after 1 h, the compound at a
concentration of 10 μM was added to the wells. The medium without bacterial suspension
was added to the control well.

After 48 h of incubation, the cells were washed with PBS twice, scrabbed, and collected
in 1.5 mL tubes. The intensity of CFDA fluorescence was analyzed with a NovoCyte flow
cytometer (Agilent, Austin, TX, USA).

4.14. Molecular Docking

The pdb file of sortase A (PDB ID 1T2P) was obtained from the RCSB Protein Data
Bank (https://www.rcsb.org accessed on 25 July 2023) and prepared for docking by the
PrepDock package of UCFS Chimera 1.16 software. The chemical structures of ligands
were prepared for docking by ChemOffice and checked by the PrepDock package of UCFS
Chimera 1.16 software.

Docking was conducted on the SwissDock online server (http://www.swissdock.ch
accessed on 25 July 2023) based on EADock DSS docking software [40]. The algorithm
implies the generation of many binding modes in the vicinity of all target cavities (blind
docking) and estimation of their CHARMM energies via the Chemistry at HARvard Macro-
molecular Mechanics (CHARMM) algorithm [41] for evaluation of the binding modes
with the most favorable energies with FACTS (Fast Analytical Continuum Treatment of
Solvation) [42] and, finally, clustering of these binding modes [43].

The predicted building models for each target/ligand pair were visualized and an-
alyzed by UCFS Chimera 1.16 software. Docking parameters such as Gibb’s free energy
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(ΔG, kcal/mol), FullFitness score (FF, kcal/mol), and hydrogen-bonding (H-bond) and
hydrophobic interactions were used for analysis of target/ligand complexes.

4.15. Statistical Data Evaluation

All data were obtained in three independent replicates, and calculated values are
expressed as a mean ± standard error mean (SEM). Student’s t-test was performed using
SigmaPlot 14.0 (Systat Software Inc., San Jose, CA, USA) to determine statistical significance.
Differences were considered statistically significant at p < 0.05.

5. Conclusions

The Asteromyces cruciatus KMM4696 fungal strain is a promising producer of struc-
turally unique and antibacterial polyketides. New acruciquinone C (3) possessed an
unprecedented 6/6/5 anthraquinone-derived skeleton. The effect of new acruciquinone
A (1) and known dendryol B (4) on sortase A activity and their weak antimicrobial effects
indicate their potential antivirulence properties, with a reduced risk of antimicrobial resis-
tance, made both these compounds very interesting as antivirulence agents. Their effects
against Staphylococcus aureus in coculture with human HaCaT keratinocytes conditioned
inhibition of sortase A and urease activity but did not limit inhibition, which ensures their
positive effect on migration and proliferation of infected keratinocytes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md21080431/s1, Figures S1–S6: ECD and UV spectra of compounds 1–3; Figures S7–S90:
NMR spectra of compounds 1–13; Figures S91–S104: HR ESI MS spectra of compounds 1–3

and 6–13.

Author Contributions: Conceptualization, O.I.Z. and E.A.Y.; Data curation, N.N.K. and A.N.Y.;
Formal analysis, O.I.Z., E.A.C. and S.S.S.; Funding acquisition, E.A.C.; Investigation, O.I.Z., E.A.C.,
G.K.O., A.S.A., N.N.K., A.S.M., R.S.P., N.Y.K., D.V.B., A.R.C., A.S.K. and E.A.Y.; Methodology, E.A.C.
and I.V.G.; Resources, O.I.Z., I.V.G. and A.N.Y.; Software, D.V.B.; Supervision, I.V.G.; Validation,
A.N.Y.; Visualization, E.A.C., S.S.S., D.V.B., A.S.K. and E.A.Y.; Writing—original draft, O.I.Z., E.A.C.
and S.S.S.; Writing—review and editing, A.N.Y. and E.A.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (grant number 23-24-00471).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data presented in the study are included in the arti-
cle/Supplementary Material; further inquiries can be directed to the corresponding author.

Acknowledgments: This study was carried out using the equipment of the Collective Facilities
Center “The Far Eastern Center for Structural Molecular Research (NMR/MS) PIBOC FEB RAS” and
the Collective Facilities Center “Collection of Marine Microorganisms PIBOC FEB RAS”.

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

References

1. Ghoran, S.H.; Taktaz, F.; Ayatollahi, S.A.; Kijjoa, A. Anthraquinones and Their Analogues from Marine-Derived Fungi: Chemistry
and Biological Activities. Mar. Drugs 2022, 20, 474. [CrossRef] [PubMed]

2. Masi, M.; Evidente, A. Fungal Bioactive Anthraquinones and Analogues. Toxins 2020, 12, 714. [CrossRef] [PubMed]
3. Santajit, S.; Indrawattana, N. Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. Biomed. Res. Int. 2016,

2016, 2475067. [CrossRef] [PubMed]
4. Abril, A.G.; Villa, T.G.; Barros-Velázquez, J.; Cañas, B.; Sánchez-Pérez, A.; Calo-Mata, P.; Carrera, M. Staphylococcus aureus

Exotoxins and Their Detection in the Dairy Industry and Mastitis. Toxins 2020, 12, 537. [CrossRef] [PubMed]
5. Abbafati, C.; Machado, D.B.; Cislaghi, B.; Salman, O.M.; Karanikolos, M.; McKee, M.; Abbas, K.M.; Brady, O.J.; Larson, H.J.;

Trias-Llimós, S.; et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis
for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [CrossRef]

193



Mar. Drugs 2023, 21, 431

6. Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V.; Ikuta, K.S.; Kissoon, N.;
Finfer, S.; et al. Global, regional, and national sepsis incidence and mortality, 1990-2017: Analysis for the Global Burden of Disease
Study. Lancet 2020, 395, 200–211. [CrossRef] [PubMed]

7. Zhuravleva, O.I.; Oleinikova, G.K.; Antonov, A.S.; Kirichuk, N.N.; Pelageev, D.N.; Rasin, A.B.; Menshov, A.S.; Popov, R.S.; Kim,
N.Y.; Chingizova, E.A.; et al. New Antibacterial Chloro-Containing Polyketides from the Alga-Derived Fungus Asteromyces
cruciatus KMM 4696. J. Fungi 2022, 8, 454. [CrossRef]

8. Tanaka, M.; Ohra, J.; Tsujtno, Y.; Fujimori, T.; Ago, H.; Tsuge, H. Dendryol A, B, C, and D, Four New Compounds Produced by a
Weed Pathogenic Fungus Dendryphiella sp. Z. Naturforschung C 1995, 50, 751–756. [CrossRef]

9. Zhang, C.; Ondeyka, J.G.; Zink, D.L.; Basilio, A.; Vicente, F.; Collado, J.; Platas, G.; Huber, J.; Dorso, K.; Motyl, M.; et al. Isolation,
structure and antibacterial activity of pleosporone from a pleosporalean ascomycete discovered by using antisense strategy.
Bioorg. Med. Chem. 2009, 17, 2162–2166. [CrossRef]

10. Sun, P.; Huo, J.; Kurtan, T.; Mandi, A.; Antus, S.; Tang, H.; Draeger, S.; Schulz, B.; Hussain, H.; Krohn, K.; et al. Structural and
stereochemical studies of hydroxyanthraquinone derivatives from the endophytic fungus Coniothyrium sp. Chirality 2013, 25,
141–148. [CrossRef]

11. Zhang, Y.; Jia, A.; Chen, H.; Wang, M.; Ding, G.; Sun, L.; Li, L.; Dai, M. Anthraquinones from the saline-alkali plant endophytic
fungus Eurotium rubrum. J. Antibiot. 2017, 70, 1138–1141. [CrossRef]

12. Imre, S.; Sar, S.; Thomson, R.H. Anthraquinones in Digitalis species. Phytochemistry 1976, 15, 317. [CrossRef]
13. Arrebola, M.L.; Ringbom, T.; Verpoorte, R. Anthraquinones from Isoplexis isabelliana cell suspension cultures. Phytochemistry 1999,

52, 1283–1286. [CrossRef]
14. Abraham, W.R.; Arfmann, H.A. Hydroxy-(methylbutenynyl)-benzoic acid and derivatives from Curvularia fallax. Phytochemistry

1990, 29, 2641. [CrossRef]
15. Prompanya, C.; Dethoup, T.; Gales, L.; Lee, M.; Pereira, J.A.C.; Silva, A.M.S.; Pinto, M.M.M.; Kijjoa, A. New Polyketides and

New Benzoic Acid Derivatives from the Marine Sponge-Associated Fungus Neosartorya quadricincta KUFA 0081. Mar. Drugs 2016,
14, 134. [CrossRef] [PubMed]

16. Golyshin, P.N.; Golyshina, O.V.; Timmis, K.N.; Chernikova, T.; Waliczek, A.; Ferrer, M.; Beloqui, A.; Guazzaroni, M.E.; Vieites,
J.M.; Pazos, F.; et al. Preparation of fluorescent probe-based reactome array for detection, immobilization and isolation of enzymes.
Patent EP 2230312A1, 22 September 2010.

17. Shin, J.; Fenical, W. Isolation of gliovictin from the marine deuteromycete Asteromyces cruciatus. Phytochemistry 1987, 26, 3347.
[CrossRef]

18. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 Rev. A.03; Scientific Research Publishing: Wallingford, CT, USA, 2016.

19. Zhou, C.; Bhinderwala, F.; Lehman, M.K.; Thomas, V.C.; Chaudhari, S.S.; Yamada, K.J.; Foster, K.W.; Powers, R.; Kielian, T.; Fey,
P.D. Urease is an essential component of the acid response network of Staphylococcus aureus and is required for a persistent murine
kidney infection. PLOS Pathog. 2019, 15, e1007538. [CrossRef]

20. Sapra, R.; Rajora, A.K.; Kumar, P.; Maurya, G.P.; Pant, N.; Haridas, V. Chemical Biology of Sortase A Inhibition: A Gateway to
Anti-infective Therapeutic Agents. J. Med. Chem. 2021, 64, 13097–13130. [CrossRef]

21. Zong, Y.; Bice, T.W.; Ton-That, H.; Schneewind, O.; Narayana, S.V.L. Crystal Structures of Staphylococcus aureus Sortase A and Its
Substrate Complex. J. Biol. Chem. 2004, 279, 31383–31389. [CrossRef]

22. Thappeta, K.R.; Zhao, L.N.; Nge, C.E.; Crasta, S.; Leong, C.Y.; Ng, V.; Kanagasundaram, Y.; Fan, H.; Ng, S.B. In-Silico Identified
New Natural Sortase A Inhibitors Disrupt S. aureus Biofilm Formation. Int. J. Mol. Sci. 2020, 21, 8601. [CrossRef]

23. Wiegand, C.; Abel, M.; Ruth, P.; Hipler, U.C. HaCaT keratinocytes in co-culture with Staphylococcus aureus can be protected from
bacterial damage by polihexanide. Wound Repair Regen. 2009, 17, 730–738. [CrossRef] [PubMed]

24. Girich, E.V.; Trinh, P.T.; Nesterenko, L.E.; Popov, R.S.; Kim, N.Y.; Rasin, A.B.; Menchinskaya, E.S.; Kuzmich, A.S.; Chingizova,
E.A.; Minin, A.S.; et al. Absolute Stereochemistry and Cytotoxic Effects of Vismione E from Marine Sponge-Derived Fungus
Aspergillus sp. 1901NT-1.2.2. Int. J. Mol. Sci. 2023, 24, 8150. [CrossRef] [PubMed]

25. Sebak, M.; Molham, F.; Greco, C.; Tammam, M.A.; Sobeh, M.; El-Demerdash, A. Chemical diversity, medicinal potentialities,
biosynthesis, and pharmacokinetics of anthraquinones and their congeners derived from marine fungi: A comprehensive update.
RSC Adv. 2022, 12, 24887–24921. [CrossRef] [PubMed]

26. Griffiths, S.; Mesarich, C.H.; Saccomanno, B.; Vaisberg, A.; De Wit, P.J.; Cox, R.; Collemare, J. Elucidation of cladofulvin
biosynthesis reveals a cytochrome P450 monooxygenase required for anthraquinone dimerization. Proc. Natl. Acad. Sci. USA
2016, 113, 6851–6856. [CrossRef]

27. Chapla, V.M.; Honório, A.E.; Gubiani, J.R.; Vilela, A.F.L.; Young, M.C.M.; Cardoso, C.L.; Pavan, F.R.; Cicarelli, R.M.; Ferreira,
P.M.P.; Bolzani, V.d.S.; et al. Acetylcholinesterase inhibition and antifungal activity of cyclohexanoids from the endophytic fungus
Saccharicola sp. Phytochem. Lett. 2020, 39, 116–123. [CrossRef]

28. Gulder, T.A.M.; Hong, H.; Correa, J.; Egereva, E.; Wiese, J.; Imhoff, J.F.; Gross, H. Isolation, Structure Elucidation and Total
Synthesis of Lajollamide A from the Marine Fungus Asteromyces cruciatus. Mar. Drugs 2012, 10, 2912–2935. [CrossRef]

29. Li, H.L.; Li, X.M.; Li, X.; Wang, C.Y.; Liu, H.; Kassack, M.U.; Meng, L.H.; Wang, B.G. Antioxidant Hydroanthraquinones from the
Marine Algal-Derived Endophytic Fungus Talaromyces islandicus EN-501. J. Nat. Prod. 2017, 80, 162–168. [CrossRef]

194



Mar. Drugs 2023, 21, 431

30. Mohanlall, V.; Odhav, B. Antibacterial, anti-inflammatory and antioxidant activities of anthraquinones from Ceratotheca triloba
(Bernh) Hook F. J. Med. Plant Res. 2013, 7, 877–886.

31. Chingizova, E.A.; Menchinskaya, E.S.; Chingizov, A.R.; Pislyagin, E.A.; Girich, E.V.; Yurchenko, A.N.; Guzhova, I.V.;
Mikhailov, V.V.; Aminin, D.L.; Yurchenko, E.A. Marine Fungal Cerebroside Flavuside B Protects HaCaT Keratinocytes against
Staphylococcus aureus Induced Damage. Mar. Drugs 2021, 19, 553. [CrossRef]

32. Kohanski, M.A.; Dwyer, D.J.; Collins, J.J. How antibiotics kill bacteria: From targets to networks. Nat. Rev. Microbiol. 2010, 8,
423–435. [CrossRef]

33. WHO. Ten Threats to Global Health in 2019; World Health Organization: Geneva, Switzerland, 2019.
34. Cascioferro, S.; Totsika, M.; Schillaci, D. Sortase A: An ideal target for anti-virulence drug development. Microb. Pathog. 2014, 77,

105–112. [CrossRef]
35. Nitulescu, G.; Margina, D.; Zanfirescu, A.; Olaru, O.T.; Nitulescu, G.M. Targeting bacterial sortases in search of anti-virulence

therapies with low risk of resistance development. Pharmaceuticals 2021, 14, 415. [CrossRef] [PubMed]
36. Ha, M.W.; Yi, S.W.; Paek, S.-M. Design and Synthesis of Small Molecules as Potent Staphylococcus aureus Sortase A Inhibitors.

Antibiotics 2020, 9, 706. [CrossRef]
37. Hameed, A.; Al-Rashida, M.; Uroos, M.; Qazi, S.U.; Naz, S.; Ishtiaq, M.; Khan, K.M. A patent update on therapeutic applications

of urease inhibitors (2012–2018). Expert Opin. Ther. Pat. 2019, 29, 181–189. [CrossRef] [PubMed]
38. Kafarski, P.; Talma, M. Recent advances in design of new urease inhibitors: A review. J. Adv. Res. 2018, 13, 101–112. [CrossRef]
39. Gottlieb, H.E.; Kotlyar, V.; Nudelman, A. NMR chemical shifts of common laboratory solvents as trace impurities. J. Org. Chem.

1997, 62, 7512–7515. [CrossRef]
40. Grosdidier, A.; Zoete, V.; Michielin, O. SwissDock, a protein-small molecule docking web service based on EADock DSS. Nucleic

Acids Res. 2011, 39, W270–W277. [CrossRef] [PubMed]
41. Brooks, B.R.; Brooks, C.L., III; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,

S.; et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30, 1545–1614. [CrossRef] [PubMed]
42. Haberthür, U.; Caflisch, A. FACTS: Fast analytical continuum treatment of solvation. J. Comput. Chem. 2008, 29, 701–715.

[CrossRef]
43. Grosdidier, A.; Zoete, V.; Michielin, O. Fast docking using the CHARMM force field with EADock DSS. J. Comput. Chem. 2011, 32,

2149–2159. [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.

195





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Marine Drugs Editorial Office
E-mail: marinedrugs@mdpi.com

www.mdpi.com/journal/marinedrugs

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.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-0365-9087-5


