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Editorial

Marine Microbial Diversity as Source of Bioactive Compounds

Khaled A. Shaaban

Center for Pharmaceutical Research and Innovation, Department of Pharmaceutical Sciences,
College of Pharmacy, University of Kentucky, Lexington, KY 40536, USA; khaled_shaaban@uky.edu

Natural products continue to be a major inspiration and untapped resource for bioac-
tive drug leads/probes. Natural products (NPs) or biologically inspired NPs account
for approximately 24% of currently approved drugs [1]. Concerning the discovery and
development of anticancer and antibiotics, microbially produced candidates now account
for a very high proportion of drugs that are commonly prescribed. Compared to other
natural sources, marine microbial diversity has now become a potential source for drug lead
discovery. Oceans and seas cover more than 70% of the earth’s surface and are massively
complex, containing diverse assemblages of life forms. Marine bacteria, fungi and other
microorganisms develop unique metabolic and physiological capabilities that enable them
to survive in extreme habitats and to produce compounds that might not be produced
by their terrestrial counterparts. In the last few decades, the systematic investigation of
marine/marine-derived microorganisms as sources of novel biologically active agents has
exponentially increased. Overall, this Special Issue contains eight articles, including six
research articles on different topics related to the microbial natural products derived from
marine microbes and two comprehensive review articles. In the following sections, we
provide a brief overview of what the reader will find in this Special Issue.

Shaaban et al. reported the isolation and structural identification of three new iso-
quinolinequinone derivatives (mansouramycins E–G) in addition to the previously reported
known compounds mansouramycins A and D from the ethyl acetate extract of the marine-
derived Streptomyces sp. isolate B1848. The chemical structures of these compounds were
elucidated by NMR (1D, 2D), HRMS, comparison with related compounds and computer-
assisted methods. The cytotoxic activity of the isolated mansouramycins has been evaluated
in a panel of up to 36 tumor cell lines, indicating significant cytotoxicity and good tumor
selectivity for the new isolated compound mansouramycin F [2].

Four new cytotoxic indole-diterpenoids (penerpenes K-N), along with twelve other
known compounds, have been discovered by Dai et al. from the fermentation broth pro-
duced by adding L-tryptophan to the culture medium of Penicillium sp. KFD28. The
structures of the new compounds were elucidated extensively by NMR, HRMS data analy-
ses and ECD calculations. Penerpene N represents the second example of paxilline-type
indole diterpene bearing a 1,3-dioxepane ring. Three compounds (penerpene N, epipax-
illine, emindole SB) were found to be cytotoxic to cancer cell lines, of which the known
compound, epipaxilline, was the most active and showed cytotoxic activity against the
human liver cancer cell line BeL-7402 with an IC50 value of 5.3 μM. Moreover, six com-
pounds, namely paxilline, 7-hydroxyl-13-dehydroxypaxilline, 7-hydroxypaxilline-13-ene,
4a-demethylpaspaline-4a-carboxylic acid, PC-M6 and emindole SB, showed antibacterial
activities against Staphylococcus aureus ATCC 6538 and Bacillus subtilis ATCC 6633 [3].

Shu et al. discovered viridicatol as a lead derivative for allergic diseases treatments.
Viridicatol is a new quinoline alkaloid derivative purified from the deep-sea-derived fungus
Penicillium griseofulvum. The structure of viridicatol was established by NMR and X-ray
diffraction analysis. In the in vivo biological investigation of allergic reaction treatments
in a mouse model study, viridicatol was found to amilorate the inflammatory mediator,
stabalized the mast cell elivation of anaphylaxis and repaired the intestinal barrier in mice
by suppressing mast cell activation [4].

Mar. Drugs 2022, 20, 304. https://doi.org/10.3390/md20050304 https://www.mdpi.com/journal/marinedrugs1
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The study by Lu et al. explored an example of how new strategies could acceler-
ate the discovery of new antibiotics from highly productive natural sources. This article
focused on an integrated strategy of combining phylogenetic data and bioactivity tests
with a metabolomics-based dereplication approach to fast track the selection process of
Mangrove actinomycetia for the discovery of novel biologically active natural products.
Metabolomics technologies have been utilized to considerably aid traditional antibiotic
discovery approaches in strain prioritization, resulting in increased efficiency in the dis-
covery of new antibiotics from these highly productive and diverse ecosystems. It is a
great example of using non-traditional bioactivity and/or taxonomy-based dereplication
methods for the selection of new microbial strains for future natural product discoveries.
In this study, a total of 521 actinomycetial strains affiliated to 40 genera in 23 families were
isolated from 13 different mangrove soil samples by a culture-dependent method. A total of
179 strains affiliated to 40 different genera with unique colony morphology were selected
to evaluate antibacterial activity against 12 indicator bacteria. Out of the 179 tested isolates,
47 showed activity against at least one of the tested pathogens. An analysis of 23 out of
47 active isolates using UPLC-HRMS-PCA revealed 6 outliers. Further analysis using the
OPLS-DA model identified five compounds from two outliers contributing to bioactivi-
ties against drug-sensitive A. baumannii. Two Streptomyces strains (M22 and H37) were
rapidly prioritized for producing potentially new compounds. The scale-up fermentation
of Streptomyces sp. M22 afforded two new trioxacarcins with keto-reduced trioxacarcinose
B, gutingimycin B and trioxacarcin G, together with the known gutingimycin [5].

SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) is a novel coronavirus
strain that emerged at the end of 2019 and has resulted in millions of deaths so far. Marine
sulfated polysaccharides (MSPs) are a group of natural products that have been reported
from a variety of marine sources. They have recently gained significant attention and
are widely examined against a variety of viral diseases. Salih et al. presented a compre-
hensive report and modeling analysis on marine sulfated polysaccharides from different
marine sources as potential antiviral medicines, with an emphasis on SARS CoV-2. They
aimed to compile a thorough report on MSPs and their antiviral activities against diverse
virus species based on studies published over the last 25 years. The reported MSPs were
subjected to molecular docking and dynamic simulation experiments, and it was found
that nine of the investigated MSPs candidates exhibited promising results, taking into
consideration the newly emerged SARS CoV-2 variants, of which five were not previously
reported to exert antiviral activity against SARS CoV-2, including sulfated galactofucan,
sulfated polymannuroguluronate (SPMG), sulfated mannan, sulfated heterorhamnan and
chondroitin sulfate E (CS-E). These promising results shed light on the importance of
sulfated polysaccharides as potential SARS-CoV-2 inhibitors [6].

An original article by Ben Hlima et al. focused on the discovery of new-lipolytic
enzymes of biotechnological interest from microalgae with the aid of genomic mining by
combining bioinformatics analysis and functional screening to find novel lipases biocata-
lysts. The in silico characterization of 14 putative Chlorella vulagaris lipases with different
cellular localizations has been reported in the current study. Membrane-associated lipases
were also detected and described in the article for the first time in this species. The 14 lipases
display an acyl hydrolase motif (GXSXG) and belong to the α/β hydrolase lipase 3 family
and the GX class. These putative lipases could be potential candidates for metabolic engi-
neering to improve microalgae lipid productivity. Finally, the authors of this manuscript
have also reported, for the first time, a putative lysosomal acid lipase produced by a green
microalgae [7].

Lei Chen et al. provided a comprehensive review of natural products from microor-
ganisms associated with sea cucumbers. Sea cucumbers are a class of marine invertebrates
that are extensively used as a source of food in Asian cuisines and have reported pharma-
cological activities. Numerous microorganisms have been associated with sea cucumbers.
Seventy-eight genera of bacteria belonging to forty-seven families in four phyla and twenty-
nine genera of fungi belonging to twenty four families in the phylum Ascomycota have
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been cultured from sea cucumbers. Sea-cucumber-associated microorganisms produce
diverse secondary metabolites with various biological activities, including cytotoxic, an-
timicrobial, enzyme-inhibiting and antiangiogenic activities. In this review, the authors
have summarized the list of 145 natural products isolated from microorganisms associated
with sea cucumbers between 2000 and 2021, which include polyketides, alkaloids and
terpenoids as well as their reported biological activities [8].

Co-cultivation is one of the strategies used for drug discovery and has been known
as an effective approach for the enhancement of the production of natural products from
microorganisms. Jianwei Chen at al. provided a comprehensive review on the structural
diversity of marine microbial metabolites based on the co-culture strategy. As reported by
the authors, co-culturing of two or more marine microorganisms together in a solid or liquid
medium in a certain environment can activate silent biosynthetic genes to produce cryptic
natural products that do not exist in monocultures of the partner microbes based on either
their competition or synergetic relationship. This review article by Chen et al. focuses on the
significant and excellent examples covering sources, types, structures and the bioactivities
of secondary metabolites based on the co-cultures of marine-derived microorganisms from
2009 to 2019. They have summarized 154 phytomolecules reported to be produced by the
marine microorganism co-culture with examples of novel and bioactive natural products.
They have also provided a detailed discussion on the prospects and current challenges in
the field of co-culture approaches [9].

In summary, the research articles on the topic presented in this Special Issue reveal
the potential of marine microorganisms and microalgae as the treasure house of new drug
development in the future. The research articles illustrate the diversity of marine microbial
natural products and their biological activities and highlight the importance of developing
new methods to encourage the discovery of new compounds.
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Abstract: Marine microorganisms have drawn great attention as novel bioactive natural product
sources, particularly in the drug discovery area. Using different strategies, marine microbes have
the ability to produce a wide variety of molecules. One of these strategies is the co-culturing of
marine microbes; if two or more microorganisms are aseptically cultured together in a solid or liquid
medium in a certain environment, their competition or synergetic relationship can activate the silent
biosynthetic genes to produce cryptic natural products which do not exist in monocultures of the
partner microbes. In recent years, the co-cultivation strategy of marine microbes has made more
novel natural products with various biological activities. This review focuses on the significant and
excellent examples covering sources, types, structures and bioactivities of secondary metabolites
based on co-cultures of marine-derived microorganisms from 2009 to 2019. A detailed discussion on
future prospects and current challenges in the field of co-culture is also provided on behalf of the
authors’ own views of development tendencies.

Keywords: co-culture; marine microbes; natural products; structural diversity; biological activities

1. Introduction

Although many industrial sectors have stopped their dependence on natural product (NP) drug
discovery programs, NPs are still of great interest to many pharmaceutical communities and are
important sources of bioactive compounds [1,2]. Marine microbes, as an important source of bioactive
NPs, have elicited widespread attention [3–5]. However, the discovery of novel marine microbial NPs
is becoming more difficult and the rate of rediscovery of known NPs is being gradually increased.
On the other hand, recent genomic sequencing has revealed the presence of numerous biosynthetic
gene clusters in some microbes that may be responsible for the biosynthesis of NPs which are not found
under classical cultivation conditions [6,7]. Therefore, many alternative strategies have been explored
to activate these silent and cryptic biosynthetic genes. The co-culturing of marine microbes involves
the culturing of two or more marine microbes together on/in certain conditions; microorganisms
can communicate with each other through direct or indirect contact, thereby stimulating the silent
gene clusters to produce special NPs [2,8] (Figure 1). This strategy can promote the production of
complex and novel skeletons with numerous stereocenters [9–11]. Hence, the co-culturing of marine
microbes draws widespread attention in the scientific community as a potential source of unknown

Mar. Drugs 2020, 18, 449; doi:10.3390/md18090449 www.mdpi.com/journal/marinedrugs
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bioactive substances classified as alkaloids, polyketides, anthraquinone, flavonoids, cyclopeptides, etc.
To exploit the NPs from the co-cultures of marine microbes and understand their medicinal significance,
this review summarizes successful examples involved in NPs of marine microbes based on co-cultures
from 2009 to 2019 (Table 1).

 

Figure 1. The schematic diagram of novel and bioactive natural products (NPs) using co-cultures of
marine fungi−fungi, fungi−bacteria and bacteria−bacteria in direct or indirect contact.

Table 1. Summarized NPs identified from the co-culture of marine microbes: 2009–2019.

Classes
The Number of

NPs
Identified Date Bioactivities Co-Culture of Marine Microorganisms

Alkaloids
80 isolates

(1–80) 2010 and 2014–2019

Cytotoxicity,
enzyme

Inhibitors,
antimicrobial

activities

Fungi and fungi

A. sulphureus KMM 4640 and I. felina
KMM 4639

Aspergillus. sp. FSY-01 and FSW-02
P. citrinum SCSGAF 0052 and A.

sclerotiorum SCSGAF 0053
Phomopsis sp. K38 and Alternaria sp. E33

Fungi and bacteria

Penicillium sp. DT-F29 and Bacillus sp. B31
A. flavipes fungus and S. sp.

CGMCC4.7185
A. fumigatus MR2012 and

S. leeuwenhoekii C34
A. versicolor and B. subtilis,

Bacteria and bacteria

Streptomyces sp. CGMCC4.7185 and
B. mycoides

Saccharomonospora sp. UR22 and
Dietzia sp. UR66

Anthraquinones 13 isolates
(81–93) 2017–2019

Cytotoxicity and
antimicrobial

activities

Fungi and fungi

Asexual morph and sclerotial morph of
A. alliaceus

Fungi and bacteria

A. versicolor and B. subtilis

Bacteria and bacteria

Micromonospora sp. WMMB-235 and
Rhodococcus sp. WMMA-185

6
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Table 1. Cont.

Classes
The Number of

NPs
Identified Date Bioactivities Co-Culture of Marine Microorganisms

Cyclopeptides
6 isolates
(94–99) 2014 and 2019

Antifungal and
anti-proliferative

activities

Fungi and fungi

Phomopsis sp. K38 and Alternaria sp. E33
Aspergillus sp. BM and 05-BM-05ML

Fungi and bacteria

A. versicolor and B. subtilis

Macrolides
1 isolate

(100) 2018
Antitumor and

antibacterial
activity

Bacteria and bacteria

Saccharomonospora sp. UR22 and
Dietzia sp. UR66

Phenylpropanoids 23 isolates
(101–123)

2011, 2015 and 2019

Cytotoxic,
antifungal,

antibacterial and
anti-influenza

activities

Fungi and fungi

Phomopsis sp. K38 and Alternaria sp. E33
A. sydowii EN-534 and P. citrinum EN-535

Fungi and bacteria

A. versicolor and B. subtilis

Polyketides 12 isolates
(124–135)

2013, 2014 and 2018

Anti-proliferative,
cytotoxicity and

antifungal
activities

Fungi and fungi

Aspergillus sp. BM and 05 and BM-05ML
Penicillium sp. Ma(M3)V and Trichoderma

sp. Gc(M2)1

Fungi and bacteria

Penicillium sp. WC-29-5 and S. fradiae 007

Bacteria and bacteria

Janthinobacterium spp. ZZ145 and ZZ148

Steroids
5 isolates
(136–140)

2009, 2010 and 2014
Antiproliferative

activity

Fungi and fungi

Aspergillus sp. FSY-01 and FSW-02

Fungi and bacteria

Aspergillus sp. BM05 and an unknown
bacteria (BM05BL)

Terpenoids 2 isolates
(141–142) 2012 and 2017

Inhibition of
diatom N. annexa

and macroalga
U. pertusa

Fungi and bacteria

A. fumigatus MR2012 and
S. leeuwenhoekii C58

Bacteria and bacteria

S. cinnabarinus PK209 and Alteromonas sp.
KNS-16

Others
12 isolates
(143–154)

2013, 2016, 2017
and 2019

Antimicrobial,
toxicity,

cytotoxicity,
Hemolytic
activities

Fungi and fungi

Phomopsis sp. K38 and Alternaria sp. E33
P. citrinum SCSGAF 0052 and
A. sclerotiorum SCSGAF 0053

A. sulphureus KMM 4640 and I. felina
KMM 4639

Fungi and bacteria

A. versicolor and B. subtilis

2. Compounds Derived from the Co-Cultures of Marine Microorganisms

Co-culturing or mixed fermentation is considered an important technique of inducing secondary
metabolites hidden in the genomes of marine microbes by using appropriate physiological conditions,
chemical communication and competition of microbes. Consequently, it is considered an easy, cheap and
effective method [12,13]. This finding also explains the chemical communication and antagonism
between different marine microorganisms, such as the interactions between marine fungi−fungi,
fungi−bacteria and bacteria−bacteria, in which they act as signaling molecules, competitors or defense
agents [14]. Herein, the metabolites based on co-cultures of marine microbes were classified according to
their skeletons as alkaloids, anthraquinones, cyclopeptides, flavonoids, macrolides, phenylpropanoids,
polyketides, steroids, terpenoids and others from 2009–2019. These excellent examples were found from

7
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SciFinder, Science Direct, PubMed, Springer and other databases. Among them, the interactions between
marine fungi and bacteria were found to induce the most metabolites (Figure 2A), and the alkaloids
played a significant role in co-cultures of marine microbes (Figure 2B), no matter whether the mixed
cultivation was of marine fungi−fungi (Figure 2C), fungi−bacteria (Figure 2D) or bacteria−bacteria
(Figure 2E).

 

Fungi and fungi
38% (59)

Fungi and bacteria
51% (79)

Bacteria and bacteria
11% (18)

(A)

Alkaloids
52% (80)Anthraquinones

8% (13)

Flavonoids
8% (12)

Polyketides
8% (12)

Phenylpropanoids
7% (11)

Cyclopeptides
4% (6)

Steroids
3% (5)

Others
8% (12)

Terpenoids
1% (2)

Macrolides
1% (1)

(B) Alkaloids

Anthraquinones

Flavonoids

Polyketides

Phenylpropanoids

Cyclopeptides

Steroids

Others

Terpenoids

Macrolides

Cyclopeptides 
7%  (4)

Alkaloids 
44% (26)

Flavonoids 
2% (1)

Anthraquinones
5%  (3)

Phenylpropanoids 
19% (11)

Others 
13% (8)

Polyketides 
8% (5)

(C) Cyclopeptides
3% (2)

Terpenoids
1% (1)

Alkaloids
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Anthraquinones
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Anthraquinones
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Figure 2. Numbers and the percentage of (A) isolates from the co-cultures of different marine microbes;
(B) different classes of NPs from the co-cultures of marine microbes. The classes, numbers and
proportions of NPs isolated from the co-cultures of marine (C) fungi and fungi, (D) fungi and bacteria,
(E) bacteria and bacteria.

2.1. Alkaloids

The nitrogenous alkaloids represented the most abundant class of compounds that were produced
by the co-cultures of marine microorganisms with diverse skeletons and biological activities [15,16].
Eighty alkaloidal metabolites were isolated and identified from different microbial environments
(Figure 2B), and the co-cultures of marine fungi–bacteria represented 51% of the total isolates (Figure 3).
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Fungi and fungi
33% (26)

Fungi and bacteria
51% (41)

Bacteria and bacteria
16% (13)

Alkaloids

Fungi and fungi

Fungi and bacteria

Bacteria and bacteria

Figure 3. Alkaloids isolated from the co-cultures of marine fungi–fungi, fungi–bacteria
and bacteria–bacteria.

2.1.1. Alkaloids Derived from the Co-Cultures of Different Marine Fungi

Several studies of co-cultures of fungal–fungal interactions from different marine sources were
summarized as follows; 26 alkaloids were isolated and identified (Figures 2C and 3). The mixed
fermentation of marine-derived fungi Aspergillus sulphureus KMM 4640 from muddy sand of the
eastern Sakhalin shelf (Sea of Okhotsk, 26 m depth) and Isaria felina KMM 4639 from sediments
(South China Sea, Vietnam shores, 10 m depth), led to the production of five novel prenylated
indole alkaloids, 17-hydroxynotoamide D (1), 17-O-ethylnotoamide M (2), 10-O-acetylsclerotiamide
(3), 10-O-ethylsclerotiamide (4) and 10-O-ethylnotoamide R (5) together with known compounds
(-)-notoamide B (6), notoamide C (7), dehydronotoamide C (8), notoamide D (9), notoamide F (10),
notoamide Q (11), 17-epi-notoamide Q (12), notoamide M (13) and sclerotiamide (14) (Figure 4) [17].
Among them, compounds 1–5 were only produced in the co-culturingprocess.

Compounds 2, 6, 8, 13 and 14 inhibited the proliferation of the human prostate cancer cells
22Rv1 at 100 μM. Notably, 2 and 13 drastically reduced the viability of 22Rv1 prostate cancer cells at
10 μM by 25% and 55%, respectively. 22Rv1 cancer cell lines were resistant to hormone therapy at
conventional chemotherapy including two new 2nd generation drugs enzalutamide and abiraterone
owing to the presence of the androgen receptor splice variant-7 (AR-V7). Therefore, the active NPs
drugs in these cells might be further investigated in the treatment of different human drug-resistant
prostate cancer. 6 and 7 displayed weak cytotoxicity against HeLa and L1210 cell lines with half
maximal inhibitory concentration (IC50) in the range of 22–52 μg/mL [18]. Although 6 and 7 had
the similar structure with 9, compound 9 did not display the similar cytotoxic activity against HeLa
and L1210 cell lines. The significant difference in cytotoxicity might be attributed to the possible
existence of pyrroloindole system in 9 rather than the dihydroxypyrano-2-oxindole ring system of 6

and 7 [18,19]. In addition, compounds 1, 2, 5, 9, 13 and 14 did not exhibit any cytotoxicity against
human non-malignant (HEK 293 T and MRC-9) or malignant (PC-3, LNCaP, and 22Rv1) cell lines at
concentrations up to 100 μM for 48 h [17].

The co-fermentation of marine mangrove epiphytic fungi Aspergillus sp. FSY-01 and FSW-02
collected from a rotten fruit of mangrove Avicennia marina in Zhanjiang, Guangdong Province, China,
yielded a new alkaloid, aspergicin (15), together with two known secondary metabolites, neoaspergillic
acid (16) and aspergicine (17) (Figure 5) [20,21]. Notably, compounds 17 and 15 are chemically
isomers, and consequently aspergicine (17) may be the precursor of aspergicin (15) through a proton 1,
2-shift [22].
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1 2 3 4  

5 6 7 8  

9 10 11 12  

13 14  

Figure 4. Chemical structures of 1–14.

15 16 17  
Figure 5. Chemical structures of 15–17.

Compounds 15 and 16 showed potent inhibitory activities against three Gram-positive bacteria,
Bacillus subtilis (MIC, minimum inhibitory concentration that inhibits the growth of microbes by 80%,
15.62 and 1.95 μg/mL), Staphylococcus epidermidis (MIC 31.25 and 0.49 μg/mL) and Staphylococcus aureus
(MIC 62.50 and 0.98 μg/mL), and three Gram-negative bacteria, Escherichia coli (MIC 31.25 and
15.62 μg/mL), Bacillus proteus (MIC 62.50 and 7.80 μg/mL) and Bacillus dysenteriae (MIC 15.62 and
7.80 μg/mL), respectively [22].

Marine fungi Aspergillus sclerotiorum SCSGAF 0053 and Penicillium citrinum SCSGAF 0052 were
isolated from the gorgonian corals Muricella flexuosa collected from South China Sea, Sanya (18◦11′ N,
109◦25′ E), Hainan Province, China [23]. Due to the mixed fermentation of marine fungi, a red
pigment appeared in the mixed fermentation broth could not be observed in any strain cultured
separately. This special phenomenon suggested that a novel biosynthesis route was activated.
Four novel alkaloids were obtained, including one oxadiazin derivative sclerotiorumin C (18),
a pyrrole derivative 1-(4-benzyl-1H-pyrrol-3-yl) ethanone (19), aluminumneohydroxyaspergillin
(20) and ferrineohydroxyaspergillin (21), together with one known compound ferrineoaspergillin (22)
(Figure 6) [23]. Compounds 18–21 were only produced in the co-culture process.
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18 19 20 21 22  
Figure 6. Chemical structures of 18–22.

Compound 20 exhibited potent toxicity towards brine shrimp with medium lethal concentration
(LC50) value of 6.1 μM and high selective cytotoxicity towards histiocytic lymphoma U937 cell line
with an IC50 value of 4.2 μM. 19, 21, and 22 showed moderate toxicity against brine shrimp with LC50

values of 46.2, 11.5 and 27.8 μM, respectively. 21 and 22 possessed mild cytotoxicity against U937 with
IC50 values of 42.0 and 48.0 μM, respectively. These results suggested that the aluminum complex
skeletons of compounds showed more potent toxicity and cytotoxicity than ferricomplex structures of
compounds [23–26]. Moreover, aspergillic acid and 16 also showed more potent inhibitory activities
than neohydroxyaspergillic acid and hydroxyaspergillic acid against B. subtilis, E. coli, S. aureus and
Candida albicans [27].

The co-culture of mangrove fungi Phomopsis sp. K38 and Alternaria sp. E33 led to the identification
of one new diimide derivative, (-)-byssochlamic acid bisdiimide (23) and a novel nonadride derivative,
(-)-byssochlamic acid imide (24) (Figure 7) [28,29]. Ebada et al. (2014) investigated the mycelial extract
of a co-cultivation of marine fungal strains Aspergillus. BM-05 and BM-05ML, and identified two
alkaloids, protuboxepin A (25) and oxepinamide E (26) (Figure 7) [30]. 23–24 were only found in the
co-culture process.

23  24  25  
26

 

Figure 7. Chemical structures of 23–26.

Compound 23 exhibited moderate inhibitory activity against HepG2 and Hep-2 with IC50 values of
51 μg/mL and 45 μg/mL, respectively. 24 had moderate antifungal activities against Fusarium oxysporum
and Fusarium graminearum with MIC values of 60 μg/mL and 50 μg/mL, respectively [28,29,31].
25 possessed anti-proliferative activity against human breast cancer adenocarcinoma MDA-MB-231,
human acute promyelocytic leukemia HL-60, hepatocellular carcinoma Hep3B, chronic myelogenous
leukemia K562 and rat fibroblast 3Y1 cell lines with IC50 values of 130, 75, 150, 250 and 180 μM,
respectively [32,33]. 26 showed transcriptional activation on liver X receptor α (LXRα) with a half
maximal effective concentration (EC50) value of 12.8 μM. It was known that LXR was an important
target in drug discovery; LXR agonists had been proven to exhibit remarkable therapeutic effects on
diabetes, atherosclerosis, Alzheimer’s disease and anti-inflammation. Therefore, 26 was worthy of
consideration as a potential lead compound for drug discovery [34].

2.1.2. Alkaloids Derived from the Co-Cultures of Marine Fungi and Bacteria

The alkaloids derived from the co-culture of marine fungi and bacteria were tallied to be 41 isolates
(Figures 2D and 3) and can be described as follows; prenylated 2,5-diketopiperazines (2,5-DKPs) were
isolated from the co-culture of marine Penicillium sp. DT-F29 isolated from marine sediments of Dongtou
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country, China, and Bacillus sp. B31 collected from marine sediments of Changzhi Island, China [35],
including ten novel metabolites, 12-β-hydroxy-13-butoxyethoxyfumitremorgin B (27), diprostatin A
(28), 12-hydroxy-13α-ethoxyverruculogen TR-2 (29), hydrocycloprostatin A (30), 12-β-hydroxy-13α-
butoxyethoxyverruculogen TR-2 (31), hydrocycloprostatin B (32), 26-α-hydroxyfumitremorgin A (33),
25-hydroxyfumitremorgin B (34), 12-β-hydroxy-13α-methoxyverruculogen (35), 25-hydroxyfumitremorgin
A (36) and thirteen known isolates, verruculogen TR-2 (37), 12-α-hydroxy-13-α-prenylverruculogen
TR-2 (38), 12-hydroxyverruculogen TR-2 (39), 13-prenyl fumitremorgin B (40), 12-β-hydroxy-13-α-
methoxyverruculogen TR-2 (41), cycloprostatin C (42), cyclotryprostatin B (43), spirotryprostatin C (44),
12,13-dihydroxyfumitremorgin C (45), neofipiperzine C (46), prenylcycloprostatin B (47), fumitremorgin
B (48) and fumitremorgin A (49) (Figure 8)

27: R1=α-OC2H4OC4H9, R2=β-OH, R3=H 
34: R1=α-OH, R2=α-OH, R3=OH
40: R1=α-O-prenyl, R2=α-OH, R3=H
47: R1=α-OCH3, R2=β-OH, R3=H
48: R1=α-OH, R2=α-OH, R3=H 28

29: R1=α-OC2H5, R2=β-OH 
31: R1=α-OC2H4OC4H9, R2=β-OH  
37: R1=α-OH, R2=α-OH 
38: R1=α-O-prenyl, R2=α-OH 
39: R1=α-OH, R2=β-OH  
41: R1=α-OCH3, R2=β-OH

30: R1=H, R2=H
32: R1=OCH3, R2=α-OH  

33: R1=α-O-prenyl, R2=α-OH, R3=H, R4=OH
35: R1=α-OCH 3, R2=β-OH, R3=H, R4=H
36: R1=α-O-prenyl , R2=α-OH, R3=OH, R4=H
49: R1=α-O-prenyl , R2=α-OH, R3=H, R4=H

42: R1=H, R2=α-OH, R3=α-OH
43: R1=OCH3, R2=α-OCH 3, R3=β-OH
45: R1=OCH3, R2=α-OH, R3=α-OH 44 46  

Figure 8. Chemical structures of 27–49.

The secondary metabolites profile of the co-culture of Streptomyces sp. and Aspergillus flavipes,
obtained from marine sediments of the Nanji Islands of the same habitat, showed an induced
biosynthesis of a series of known cytochalasans, including rosellichalasin (50), and five
aspochalasins (aspochalasin E 51, aspochalasin P 52, aspochalasin H 53, aspochalasin M 54 and
19,20-dihydro-aspochalasin D 55) (Figure 9) [36]. The chromatographic purification of the combination
culture extract from marine-derived Aspergillus fumigatus MR2012 and Streptomyces leeuwenhoekii C34 led
to the isolation of two novel compounds, luteoride D (56) and pseurotin G (57), along with the known
isolates, nocardamine (58), terezine D (59), 11-O-methylpseurotin A (60) and lasso peptide chaxapeptin
(61) [37]. In addition, seven known compounds, notoamide D (9), speramide B (62), notoamide E (63),
stephacidin A (64), notoamide R (65), protuboxepin B (66) and 3,10-dehydrocyclopeptine (67) (Figure 9)
were identified from the mixed-fermentation of the marine-derived fungus Aspergillus versicolor isolated
from sponge Agelas oroides and B. subtilis [38].
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50

51: R1=R3=R5=H, R2=R4=R6=OH
52: R1=R2=R3=H, R4=OH, R5=R6=O
54: R1=R2=R5=H, R3=R4=O, R6=OH
55: R1=R2=R3=R5=H, R4=R6=OH 53 56  

57
58 59 60  

61

62 63

64: R=H
65: R=OH

66 67

 

Figure 9. Chemical structures of 50–67.

Compounds 27, 28, 38–40, 44 and 46–49 displayed strong inhibitory effects on bromodomain-
containing protein 4 (BRD4) at 20 μM. Notably, 39 and 48 exhibited the most inhibitory activity
with 72.7% and 80.4%, compared with the positive control, BRD4 inhibitor (+)-JQ1 (85.7%) [35].
As reported in the previous study, BRD4 protein was a member of the bromodomain and extra-terminal
domain (BET) family that carried two bromodomains and was associated with mitotic chromosomes.
Bromodomains targeted genetic and epigenetic alterations and regulated chromatin remodeling,
which were important therapeutic targets for major diseases, such as neurological disorders, obesity,
cancer and inflammation [39,40]. Thus, these compounds further deserved development and
research for the treatment of major diseases. Li et al. (2012) reported that 41 had potent inhibitory
activities against Fusarium oxysporum f. sp. Niveum, Alternaria alternate, Fusarium oxysporum f. sp.
vasinfectum and Fusarium solani with MIC values of 6.25–25 μg/mL and moderate brine shrimp toxicity
(LC50 60.7 μg/mL) [41]. The occurrence of 41 could be involved in protecting microbes against invasion
by other competing microbes. Therefore, 41 could be considered as a promising lead compound for
developing new fungicides. Cui et al. reported 43 could completely inhibit the G2/M phase of tsFT210
cells at concentrations >29.4 μM [42]. Furthermore, Wang et al. (in 2008) showed that 44 had selective
cytotoxicity against four cancer cell lines, MOLT-4, HL-60, A-549 and BEL-7402 [43].

Cytochalasans were fungal metabolites that were structurally identified by the presence of a
reduced isoindone nucleus connected with a macrocyclic ring [44]. Six cytochalasans (50–55) showed
strong toxicity against Streptomyces sp. with 50–80% inhibition at 2–16 μg/mL, and most of them even
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exhibited 60% inhibition at 2 μg/mL, but they had no any effect on the fungus A. flavipes at the same
concentration. This indicated that cytochalasans could help A. flavipes to compete with Streptomyces sp.,
which was an important support for their potential ecological role. All cytochalasans also exhibited
obvious toxicity against human cell lines, as cytochalasans had the ability to inhibit, specifically, the
actin filament elongation by blocking the polymerization sites [45–47]. Thus, all six compounds (50–55)
exhibited powerful toxicity against Streptomyces sp. at 2–16 μg/mL with inhibition rate of 50–80%.
Notably, most of these compounds displayed strong inhibitory activity with inhibition rate of 60%
even at 2 μg/mL, whereas none of them had antimicrobial activity against the marine-derived producer
A. flavipes at the same concentration. These findings implied that the co-culture through microbial
physical contact could stimulate the expression of silent gene cluster that was responsible for the
production of cytochalasans.

The cyclic siderophore, nocardamine (58), had inhibitory effects on the proliferation of human
tumor cell lines: SK-Mel-5 with an IC50 value of 18 μM, T-47D with an IC50 value of 6 μM, PRMI-7951
with an IC50 value of 14 μM and SK-Mel-28 with an IC50 value of 12 μM [48]. Compared with the pure
cultures, some novel metabolites were observed in the mixed culture. Two fungal prenylated indole
metabolites, 56 and 59, which were not traced before in A. fumigatus, were induced. Both of them had
an oxazino [6,5-b]indole nucleus which was not previously found in nature. Additionally, the yield
of compound 61 was obviously higher than that of the monoculture of Streptomyces leeuwenhoekii
C58. It was the first time that a bi-lateral cross talk was proved, which resulted in dual induction
of both fungal and bacterial metabolites in the same culture conditions. 64 displayed cytotoxic
activities toward mouse lymphoma cell line L5178Y with an IC50 value of 16.7 μM and in vitro toward
testosterone-dependent prostate LNCaP cells with an IC50 value of 2.1 μM [49].

2.1.3. Alkaloids Derived from the Co-Cultures of Different Marine Bacteria

Thirteen alkaloids were isolated from the co-culture of different marine bacteria (Figures 2E and 3);
the structures of these isolates were listed in Figure 10. The average yields of five known tryptamine
derivatives, N-acetyltryptamine (68), N-propanoyltryptamine (69), bacillamide C (70), bacillamide B
(71) and bacillamide A (72) using the co-fermentation of marine strain Streptomyces sp. CGMCC4.7185
and Bacillus mycoides isolated from marine sediments of the Nanji Island (China, 27◦42′ N, 121◦08′ E),
were 14.9, 2.8, 9.6, 13.7 and 3.0 mg/L, respectively, which were all undetectable under simple culture
conditions [50]. This was the first report of applying a microorganism co-culture system to enhance the
yields of known compounds [50].

In 2018, El-Hawary et al. identified four indole alkaloids—a novel brominated oxindole
alkaloid saccharomonosporine A (73), a novel convolutamydine F (74) and two known compounds,
(S) 6-bromo-3-hydroxy-3-(1H-indol-3-yl) indolin-2-one (75) and vibrindole (76)—from the mixed
fermentation culture of two sponge-associated actinomycetes, Saccharomonospora sp. UR22 and
Dietzia sp. UR66 collected from the Red Sea sponge Callyspongia siphonella [51].

Two sponge-associated actinomycetes, Actinokineospora sp. EG49 isolated from the Red Sea sponge,
Spheciospongia vagabunda, and Nocardiopsis sp. RV163 derived from the Mediterranean sponge,
Dysidea avara, were co-cultivated together and yielded a novel 5a,6,11a,12-tetrahydro-5a,11a-dimethyl-
1,4-benzoxazino[3,2-b][1,4]benzoxazine (77) and three known metabolites, N-(2-hydroxyphenyl)-
acetamide (78), 1,6-dihydroxyphenazine (79) and 2,2′,3,3′-tetrahydro-2,2′-dimethyl-2,2′-bibenzoxazole
(80) [52].

Pim-1 kinase is a well-established oncoprotein in several tumor entities, such as prostate cancer,
pancreatic cancer, colorectal cancer and myeloid leukemia. Inhibition of Pim-1 kinase would prevent
the growth of tumor cells. Compounds 73 and 75 exhibited potent Pim-1 kinase inhibitors with IC50

values of 0.3 μM and 0.946 μM, respectively. Docking studies showed the binding model of 73 and
75 in the ATP pocket of Pim-1 kinase. They also exhibited obvious antiproliferative activity against
human promyelocytic leukemia HL-60 (IC50 2.8 and 4.9 μM) and human colon adenocarcinoma HT-29
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(IC50 3.6 and 3.7 μM). This indicated that 73 and 75 could act as potential Pim-1 kinase inhibitors that
mediated the inhibitory effects on the growth of tumor cells [51].

68 69 70 71 72  

73 74 75 76  

77 78 79 80  

Figure 10. Chemical structures of 68–80.

In addition, only compound 79 was documented against Trypanosoma brucei (IC50 19μM), Bacillus sp.
(11 mm inhibition zone diameter) and Actinokineospora sp. EG49 (15 mm inhibition zone diameter) [52].
The yield of 79 was very high in the co-culture process. However, it was not detected in the single
microbial culture. Co-culture strategy not only enhanced the chemical diversity of the metabolites but
also increased the production of metabolites undetected in the single microbial culture.

2.2. Anthraquinones

Thirteen different anthraquinone isolates were obtained from different marine microbial co-cultures;
the co-cultures of marine fungi–bacteria represented the majority, 69% (9/13 isolates; Figures 2B and 11).

 

Fungi and fungi
23% (3)

Fungi and bacteria
69% (9)

Bacteria and bacteria
8% (1)

Anthraquinones

Fungi and fungi

Fungi and bacteria

Bacteria and bacteria

Figure 11. Anthraquinones isolated from the co-cultures of marine fungi–fungi, fungi–bacteria
and bacteria–bacteria.
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2.2.1. Anthraquinones Derived from the Co-Cultures of Different Marine Fungi

In the recent study, the combination of cultures from two different developmental stages of marine
alga-derived Aspergillus alliaceus (teleomorph: Petromyces alliaceus) drastically changed the metabolite
profile and resulted in the production of allianthrone A (81) and two diastereomers, allianthrones B
(82) and C (83) (Figure 12) [53]. 81–83 exhibited cytotoxic activity against SK-Mel-5 melanoma cell lines
with IC50 (11.0, 12.2, and 19.7 μM) and HCT-116 colon carcinoma cells with IC50 (9.0, 10.5 and 13.7 μM),
respectively. This study presented the first example of elicitation of novel fungal chemical diversity by
a co-existing strategy of two different developmental phenotypes of Aspergillus species. For several
Aspergilli, e.g., A. alliaceus, asexual and sexual life developmental stages were known. However, rarely
did they co-cultivate at the same time. Even more surprising was the presence of novel bianthrones
when the sclerotial and asexual morphs of the same species co-existed. There were only a few examples
that showed differences in secondary metabolites in fungi based on their distinct developmental
stages or chemical profiles for the two mating types of heterothallic fungi. However, none of these
compounds displayed any activity against P. aeruginosa, E. faecium, S. aureus, E. coli, C. albicans and
B. subtilis. Furthermore, non-significant results were obtained against lung (A549), prostate (PC3) and
breast (MCF-7) human cancer cells compared with the positive control, etoposide [53].

81 82 83  
Figure 12. Chemical structures of 81–83.

2.2.2. Anthraquinones Derived from the Co-Cultures of Marine Fungi and Bacteria

Two novel anthraquinones, (z)(11S,12R)-versicolorin B (84) and 6,8-O-dimethylbipolarin (85),
along with seven known substances bipolarin (86), versiconol (87), versiconol acetate (88), versicolorin
B (89), 8-O-Methylversicolorin B (90), averufin (91) and endocrocin (92) (Figure 13) were isolated and
identified from the mixed fermentation broth of the marine fungus A. versicolor and B. subtilis [38].

84
85: R=Me
86: R=H

87: R=Me
88: R=H

89: R=H
90: R=Me

OH

 

91 92  

Figure 13. Chemical structures of 84–92.

Versiconol (87) was characterized as an inhibitor of protein tyrosine kinases against EGF-R and
v-abl protein tyrosine kinases that were responsible for catalyzing phosphorylation of tyrosine residues
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of protein substrates, and suppression of MK-cells [54]. 89 displayed inhibitory activity against the
Gram-positive S. aureus with MIC value of 50 μM and antifungal activity against Fusarium solani
with MIC values of 16–32 μg/mL [38,55]. The cytotoxic bioassay of 90 was recorded against mouse
lymphoma cell line L5178Y with an IC50 value of 21.2 μM. Moreover, 91 displayed antibacterial activity
against B. subtilis (MIC = 8–16 μg/mL) and the Gram-positive S. aureus (MIC = 25 μM) and four
Gram-positive microbes, including two E. faecalis and two E. faecium (MIC = 12.5–25 μM) [38,55].
Neither 89 nor 91 had cytotoxicity against L5178Y cell line, which implied that their antimicrobial
activities were not associated with their respective general toxicities. Besides, 90 also displayed mild
cytotoxic activity against human lung cancer cells H460 and the human prostate cancer cells PC-3
with IC50 values of 27.2 and 19.5 μM, respectively [56]. Other compounds did not exhibit distinct
cytotoxic activity against L5178Y cell line and antibacterial activity against five Gram-positive microbes,
including one S. aureus, two E. faecalis and two E. faecium.

2.2.3. Anthraquinones Derived from the Co-Cultures of Different Marine Bacteria

A new antibiotic, keyicin (93) (Figure 14), was purified and identified from a co-culture of
two marine invertebrate-associated bacteria Micromonospora sp. WMMB-235 and Rhodococcus sp.
WMMA-185 [57]. It showed selective inhibitory activity against Gram-positive bacteria and could
inhibit the growth of B. subtilis and Methicillin Sensitive Staphylococcus aureus (MSSA) with MIC values
of 9.9 μM and 2.5 μM, respectively. In contrast to many anthracyclines, 93 might modulate fatty acid
metabolism and exhibit antibacterial activity without nucleic acid damage that is explained by keyicin’s
mechanism of action (MOA) based on E. coli chemical genomics studies [57].

93

 

Figure 14. Chemical structures of 93.

2.3. Cyclopeptides

Cyclopeptides are cyclic compounds mainly formed by the amide bonds of proteinogenic or
non-proteinogenic amino acids bound together. Several fungal cyclic peptides have been developed as
pharmaceuticals, such as the echinocandins, pneumocandins and cyclosporin A [58]. Six cyclopeptides
were produced by the co-cultures of marine fungi–fungi (four isolates, 67%) and fungi–bacteria
(two isolates, 33%) from different marine sources. However, marine bacteria–bacteria did not yield
these structures in this period of investigation.

2.3.1. Cyclopeptides Derived from the Co-Cultures of Different Marine Fungi

Three new cyclic tetrapeptides, named cyclo-(L-leucyl-trans-4-hydroxy-L-prolyl-D-leucyl-trans-4-
hydroxy-L-proline) (94) [59] cyclo (D-Pro-L-Tyr-L-Pro-L-Tyr) (95) and cyclo (Gly-L-Phe-L-Pro-L-Tyr)
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(96) (Figure 15) [60] were identified from the co-culture of two mangrove fungi Phomopsis sp. K38 and
Alternaria sp. E33 isolated from the South China Sea. Meanwhile, the co-cultivation of two marine
alga-derived fungi Aspergillus sp. BM-05 and BM-05ML isolated from a brown algal species collected off
Helgoland, North Sea, Germany, yielded a new cyclotripeptide, psychrophilin E (97) (Figure 15) [30].

94 95 96 97  

Figure 15. Chemical structures of 94–97.

Compound 94 exhibited in vitro moderate to high inhibitory activity towards four crop-threatening
fungi, Helminthosporium sativum, Gaeumannomyces graminis, F. graminearum and Rhizoctonia cereals
with MIC values of 130, 220, 250 and 160 μg/mL, respectively [59]. 95 and 96 showed high in vitro
antifungal activity against human fungus (Candida albicans) with MIC values of 35 μg/mL and 25
μg/mL, respectively [60]. 97 exhibited anti-proliferative activities against four human cancer cells,
human cisplatin-resistant ovarian cancer A2780CisR, colon carcinoma HCT116, ovarian cancer A2780
and chronic myelogenous leukemia K562 with IC50 values of 49.4, 28.5, 27.3 and 67.8 μM, respectively.
The inhibition of HCT116 cells by 97 was more potent than that of the positive control, cisplatin (IC50

33.4 μM) [30].

2.3.2. Cyclopeptides Derived from the Co-Cultures of Marine Fungi and Bacteria

Recently, the chemical investigation of the mixed-fermentation of a marine fungus Aspergillus versicolor
isolated from the sponge Agelas oroides and B. subtilis yielded two cyclic pentapeptides, one new
cotteslosin C (98) and a known cotteslosin A (99) (Figure 16) [38]. Both of them did not show significant
cytotoxic activity towards mouse lymphoma cell line L5178Y, or even antibacterial activity against five
Gram-positive microbes, including one S. aureus, two E. faecalis and two E. faecium [38]. 99 displayed
weak cytotoxicity against another three human cancer cell lines, prostate DU145, melanoma MM418c5
and breast T47D, with EC50 values of 90, 66 and 94 μg/mL, respectively [61].

98: R=H
99: R=OH  

Figure 16. Chemical structures of 98–99.

2.4. Macrolide

There were no reported macrolides from the co-cultures of marine fungi–fungi and fungi–bacteria.
Only one isolate was identified from a co-culture of marine bacteria–bacteria.
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Macrolides Derived from the Co-Cultures of Different Marine Bacteria

A known compound, nonactin (100) (Figure 17) was isolated from the co-culture of two marine
bacteria, Saccharomonospora sp. UR22 and Dietzia sp. UR66 [51]. It possessed a macrotetrolide structure
integrated from nonactic acid, and exhibited antitumor and antibacterial activity, especially its inhibitory
effects on the P170 glycoprotein-mediated efflux of chemotherapeutic agents in multiple-drug-resistant
cancer cells [62–65].

100

 

Figure 17. Chemical structures of 100.

2.5. Phenylpropanoids

Phenylpropanoids are a big and structurally diverse group of secondary metabolites, which bear
a C6–C3 phenolic scaffold that play crucial roles in a wide spectrum of biological and pharmacological
activities [66]. Twenty-three phenylpropanoids were isolated from co-culture of marine fungi–fungi
(12 isolates, 52%) and fungi–bacteria (11 isolates, 48%), while there are no reported phenylpropanoids
from the co-culture of different marine bacteria.

2.5.1. Phenylpropanoids Derived from the Co-Cultures of Different Marine Fungi

A xanthone derivative known as 8-hydroxy-3-methyl-9-oxo-9H-xanthene-1-carboxylic acid methyl
ether (101) (Figure 18) was discovered from the mixed culture of two mangrove fungi, Phomopsis sp.
K38 and Alternaria sp. E33 [67] from the South China Sea coast. It showed a broad spectrum of
antifungal activities against plant pathogens, Blumeria graminearum, Gloeasporium musae, F. oxysporum,
Colletotrichum glocosporioides and Peronophthora cichoralearum.

101  
Figure 18. Chemical structures of 101.

Ten citrinin analogues were isolated and identified from the co-culture of two marine algal-derived
endophytic fungal strains, Aspergillus sydowii EN-534 and Penicillium citrinum EN-535 collected from
marine red alga Laurencia okamurai, including two novel compounds, citrinin dimer seco-penicitrinol A
(102) and citrinin monomer penicitrinol L(103), and the known penicitrinone A (104), penicitrinone
F (105), penicitrinol A (106), citrinin (107), dihydrocitrinone (108), decarboxydihydrocitrinone (109)
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phenol A acid (110) and phenol A (111) (Figure 19) [68]. In addition, one novel coumarin named
7-(γ,γ-dimethylallyloxy)-6-hydroxy-4-methylcoumarin (112) (Figure 19) was detected and characterized
from the co-culture of the two mangrove fungi, Phomopsis sp. K38 and Alternaria sp. E33 [69].

102 103: R=OH
104 R=H
105 R=Me 106  

107
108: R=COOH
109: R=H

110: R=COOH
111: R=H 112  

Figure 19. Chemical structures of 102–112.

Compounds 104, 106 and 107 exhibited inhibitory activities against two human pathogens
Micrococcus luteus and E. coli, and three aquatic bacteria Vibrio parahaemolyticus, Vibrio alginolyticus
and Edwardsiella ictaluri with MIC values of 4–64 μg/mL. 102, 103 and 105 inhibited V. alginolyticus
and E. ictaluri with MIC values of 32–64 μg/mL. 103 and 105 inhibited V. parahaemolyticus and E. coli
with MIC values of 32 and 64 μg/mL, respectively. Moreover, 102–107 were further evaluated for
anti-influenza neuraminidase (homologous protein of H5N1) activity. 104 and 105 exhibited significant
inhibitory activities with IC50 values of 12.9 and 18.5 nM, respectively [68]. Thus, these bioactive
substances could be further optimized for the development of antibacterial and anti-influenza agents.
In addition to the anti-influenza activity, the activated metabolite penicitrinone A (104) also exerted
an inhibitory effect on four human cancer cell lines, HL-60, K562, BGC-823 and HeLa cells with IC50

values of 43.2, 50.8, 54.2 and 65.6 μM, respectively [70].

2.5.2. Phenylpropanoids Derived from the Co-Cultures of Marine Fungi and Bacteria

The chemical investigation of the mixed culture of the marine fungus A. versicolor and
B. subtilis resulted in the isolation of one novel aflaquinolone, 22-epi-aflaquinolone B (113);
and ten known metabolites, aflaquinolone A, F and G (114–116), 3-O-methylviridicatin (117),
9-hydroxy-3-methoxyviridicatin (118), O-demethylsterigmatocystin (119), sterigmatocystin (120),
sterigmatin (121), AGI-B4 (122) and sydowinin B (123) (Figure 20) [38].

The metabolite 3-O-methylviridicatin (117) was reported to possess inhibitory activity against
human immunodeficiency virus (HIV) (Heguy et al., 1998). It could prevent cytokine tumor necrosis
factor α (TNF-α), induce the HIV expression with long terminal repeat in HeLa cells (IC50, 5μM)
and block the viral replication in the model of chronic infection in OM-10.1 cell lines which directed
at the induction of TNF-α [71]. 119 exhibited cytotoxic activities towards mouse lymphoma cell
line L5178Y with an IC50 value of 5.8 μM. Three xanthone derivatives (120–122) showed potent
cytotoxic activities towards the mouse lymphoma cell lines with IC50 values of 2.3, 2.2 and 2.0 μM,
respectively, compared with a positive control, kahalalide F (IC50 = 4.3 μM). Sterigmatocystin (120)
also exhibited strong cytotoxicity towards human hepatoma cells (HepG2) at 3 μM [72]. Its mechanism
suggested that it could stimulate a biotransformation process, increase the population of reactive
oxygen species and promote the imbalance in the antioxidant defense system caused by the process of
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lipid peroxidation [73]. Recently, Zingales et al. (2020) displayed the significant role of mitochondria
in sterigmatocystin-induced toxicity in SH-SY5Y cells [74]. The reduced viability of SH-SY5Y cells
displayed time- and dose-dependence with mitochondrial dysfunction when exposed to 120 in response
to the forced dependency of the cells on mitochondrial oxidative phosphorylation [74]. Thus, these
findings provided us a valuable direction for the application of neuroprotective mitochondria-target
functional peptides. Moreover, compound 122 inhibited human umbilical vein endothelial cells
(VEGF-induced proliferation of HUVECs) with an IC50 value of 1.4 μM [75]. It is considered as a novel
inhibitor of vascular endothelial cell growth factor, which is one of the main stimulants of angiogenesis.

113: R1=H, R2=OH
114: R1+R2=O  

119: R=H
120: R=Me 121 122 123  

Figure 20. Chemical structures of 113–123.

2.6. Polyketides

Twelve polyketides were isolated and characterized from the marine microbial co-cultures in
recent years (Figures 2B and 21).

Fungi and fungi
41% (5)

Fungi and bacteria
42% (5)

Bacteria and bacteria
17% (2)

Polyketides

Fungi and fungi
Fungi and bacteria
Bacteria and bacteria

Figure 21. Polyketides isolated from the co-culture of marine fungi–fungi, fungi–bacteria
and bacteria–bacteria.

2.6.1. Polyketides Derived from the Co-Cultures of Different Marine Fungi

In 2014, Ebada et al. identified three previously reported polyketide derivatives, sterigmatocystin
(124), 5-methoxysterigmatocystin (125) and aversin (126) (Figure 22) from the ethyl acetate extract of two
marine alga-derived fungi, Aspergillus sp. BM-05 and BM-05ML [30]. Kossuga et al. isolated two new
and unusual polyketides: (Z)-2-ethylhex-2-enedioic acid (127) and (E)-4-oxo-2-propylideneoct-7-enoic
acid (128) (Figure 22) from the marine-derived fungi Penicillium sp. Ma(M3)V isolated from the
marine sponge Mycale angulosa co-cultivated with Trichoderma sp. Gc(M2)1 isolated from the
marine sponge Geodia corticostylifera [76]. Two unprecedented polyketides (127–128) had a common
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feature—a conjugated carboxylic acid group that could be biogenetically generated from the methyl
group of an acetate rather than a methionine precursor in 127, and the same group could be derived
from C-1 position of an acetate or C-2 position of a propionate in 128 based on the precursor of the
ethyl group connected to a double bond. It was an excellent case of a truly novel carbon skeleton
induced by the powerful and underexplored method, marine microbial co-cultivation.

124: R=H
125: R=OCH 3 126 127 128  

Figure 22. Chemical structures of 124–128.

Compound 124 showed in vitro anti-proliferative activities towards human cisplatin-resistant
ovarian cancer A2780CisR, ovarian cancer A2780 and chronic myelogenous leukemia K562 cell lines
with IC50 values of 95.5, 30.6 and 57.0 μM, respectively. Moreover, it also displayed more significant
anti-proliferative activities against human colon carcinoma HCT116 cells with an IC50 value of 10.3 μM
(cf. to cisplatin’s IC50 33.4 μM). Compound 125 exhibited potent in vitro anti-proliferative activities
towards three human cancer cell lines, HCT116, A2780 and human chronic myelogenous leukemia
(K562) with IC50 values of 4.4, 51.0 and 13.4 μM, respectively [30].

2.6.2. Polyketides Derived from the Co-Cultures of Marine Fungi and Bacteria

A pair of enantiomers (9R,14S)-epoxy-11-deoxyfunicone (129) and (9S,14R)-epoxy-11-
deoxyfunicone (130), along with deoxyfunicone (131), alternariol (132) and vermistatin (133) (Figure 23)
were isolated from the co-culture of Penicillium sp. WC-29-5 isolated from the mangrove soil around
the roots of Aegiceras corniculatum and Streptomyces fradiae 007 isolated from a sediment sample in the
Jiaozhou Bay, Shandong Province, China [77].

129 130 131 132 133  
Figure 23. Chemical structures of 129–133.

Both 129 and 130 exhibited moderate inhibitory activity against H1975 tumor cell lines with IC50

values of 3.97 and 5.73 μM, respectively. Deoxyfunicone (131) was found to exert anti-inflammatory
activity, exhibiting the inhibition effect on overproduction of nitric oxide (NO) and the prostaglandin
E2 in both lipopolysaccharide-provoked BV2 microglial and lipopolysaccharide-stimulated RAW264.7
macrophage cells (IC50 = 10.6 and 40.1 μM, respectively) [78]. 132 was known as a cytotoxic,
genotoxic, mutagenic and fetotoxic mycotoxin [79,80]. However, in the IL-1β-stimulated Caco-2
cells, the metabolite 132 increased the transcription of TNF-α; inversely reduced the transcription of
IL-1β and IL-6; and decreased the transcription and secretion of IL-8, suggesting that 132 possessed
immunomodulatory activities on both lipopolysaccharide- and IL-1 β-related pathways in non-immune
intestinal epithelial cells [79].
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2.6.3. Polyketides Derived from the Co-Cultures of Different Marine Bacteria

Recently, two unusual polyketides, janthinopolyenemycins A (134) and B (135) (Figure 24) were
purified and identified from the co-cultivation broth of two marine bacteria Janthino bacterium spp.
ZZ145 and ZZ148 isolated from marine soil sample [81]. Both 134 and 135 displayed the same antifungal
activity against C. albicans with a minimum bactericidal concentration (MBC) value of 31.25 μg/mL and
an MIC value of 15.6 μg/mL. However, none of them could suppress the growth of methicillin-resistant
S. aureus or E. coli (MIC > 100 μg/mL) [81].

134 135

 

Figure 24. Chemical structures of 134–135.

2.7. Steroids

Steroids contain a characteristic arrangement of four cycloalkane rings that are joined together.
They represent a large family of compounds that play important roles as chemical messengers, and the
scaffold is present in many FDA-approved drugs [82–84]. A total of five steroidal metabolites were
reported; four of them were isolated from the co-culture of marine fungi–bacteria (80%); only one
isolate was identified from the co-culture of marine fungi–fungi (20%). No isolates were obtained from
the co-culture of marine bacteria–bacteria.

2.7.1. Steroids Derived from the Co-Cultures of Different Marine Fungi

To the best of our knowledge, the only one steroid, ergosterol (136), was found from the co-culture
broth of two marine mangrove epiphytic fungi, Aspergillus sp. FSY-01 and FSW-02 (Figure 25) [21,85].
It was an essential component of fungal cell membrane with strong specificity and stable structure.
Therefore, 136 was widely applied to detecting fungal containment as an indicator of fungal biomass [86].

136  
Figure 25. Chemical structures of 136.

2.7.2. Steroids Derived from the Co-Cultures of Marine Fungi and Bacteria

An unprecedented steroid, 7β-hydroxycholesterol-1β-carboxylic acid (137), together with
three known steroidal metabolites, 7β-hydroxycholesterol (138), 7α-hydroxycholesterol (139) and
ergosterol-5α,8α-peroxide (140) (Figure 26), have been confirmed from the co-culture of two marine
alga-derived microbes, Aspergillus sp. BM05, and an unidentified bacterium (BM05BL), isolated from
the brown alga of the genus Sargassum collected off Helgoland, North Sea, Germany [87].

23



Mar. Drugs 2020, 18, 449

137 138 139 140  

Figure 26. Chemical structures of 137–140.

Compounds 137–140 showed moderate activities against four human tumor cell lines, A2780,
HCT116, K562 and A2780 CisR with the IC50 values of 10.0–100.0 μM. At the same time, the total extract
of co-culture of Aspergillus sp. BM05 and BM05BL showed obvious antiproliferative activity compared
with its single steroidal compounds. This implied a synergistic role of these steroidal metabolites in
the extract. Furthermore, 140 was reported as a promising new candidate that could overcome the
drug-resistant property of malignant cancer cells through abolishing miR-378, a microRNA involved
in new tumor initiation, unlimited self-renewal and recurrence of tumor cells after chemotherapy [88].

2.8. Terpenoids

Terpenoids known as isoprenoids are structurally diverse metabolites found in many natural
sources. This class of compounds displays a wide sector of important pharmacological entities that
confirmed by several preclinical and clinical studies [89,90]. Only two terpenoidals were isolated from the
co-cultures of marine fungi–bacteria (one compound, 50%) and bacteria–bacteria (one compound, 50%).

2.8.1. Terpenoids Derived from the Co-Cultures of Marine Fungi and Bacteria

The production of the bacterial sesquiterpene pentalenic acid (141) (Figure 27) might be attributed
to the competition relationship between marine fungus A. fumigatus MR2012 isolated from a Red
Sea sediment in Hurghada, Egypt and terrestrial bacterium S. leeuwenhoekii C58 collected from the
hyper-arid soil of Laguna de Chaxa Salar de Atacama, Chile, in which S. leeuwenhoekii C58 suppressed
the production of A. fumigatus MR2012 and enhanced the production of 141 [37]. This suggested that
S. leeuwenhoekii C58 appeared to activate the cryptic biosynthetic gene clusters to construct a defense
mechanism based on the chemical signals generated by the competitive fungus, A. fumigatus MR2012.
Thus, the bacterial strain was capable of suppressing the biosynthesis of the fungus metabolites that
were present in the axenic cultures.

141  
Figure 27. Chemical structures of 141.

2.8.2. Terpenoids Derived from the Co-Cultures of Different Marine Bacteria

A diterpene lobocompactol (142) (Figure 28) was isolated from the co-culture of marine
actinomycete Streptomyces cinnabarinus PK209 collected from the seaweed rhizosphere, obtained
at a depth of 10 m along the coast of Korea and its competitor Alteromonas sp. KNS-16. Its productivity
was increased 10.4-fold higher than that of the pure culture of PK209 [91]. Moreover, its antifouling
activities were recently confirmed against primary fouling organisms, including diatoms, bacteria,
and macroalgae zoospores. In order to further determine whether 142 was a non-toxic antifoulant,
the therapeutic rate (LC50/EC50) was used to evaluate its toxicity, the LC50/EC50 of 142 was more than
that of 15, indicating that the metabolite 142 was a non-toxic antifoulant. Thus, this compound could
be valuable as an antifouling agent in both antifouling coating industry and marine ecology.
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142  
Figure 28. Chemical structures of 142.

2.9. Others

Twelve compounds with other structures were obtained by co-culture of marine fungi–bacteria
(4 compounds, 33%) and fungi–fungi (8 compounds, 67%).

2.9.1. Other Compounds Derived from the Co-Cultures of Different Marine Fungi

A novel polysubstituted benzaldehyde derivative, ethyl-5-ethoxy-2-formyl-3-hydroxy-4-
methylbenzoate (143) (Figure 29) was identified from the mixed fermentation of the two mangrove
fungi, Phomopsis sp. K38 and Alternaria sp. E33 that were collected from the South China Sea [92].
Another two novel furanone derivatives were identified as sclerotiorumins A and B (144, 145) (Figure 29)
from the co-culture of the two marine fungi, sclerotiorum SCSGAF 0053 and P. citrinum SCSGAF 0052
isolated from gorgonian Muricella flexuosa collected from the South China Sea, Sanya (18◦11′ N,
109◦25′ E), Hainan Province, China [23]. Five diorcinols, including one novel diorcinol J (146) and
four known diorcinols B-E (147–150) (Figure 29), were characterized during the co-culturing of two
marine-derived fungi, A. sulphureus KMM 4640 and I. felina KMM 4639 [93].

143 (?  144 145

146-150

148147146 149 150  

Figure 29. Chemical structures of 143–150.

Compound 143 showed in vitro inhibitory activity against G. musae, F. graminearum, P. sojae
(Kaufmann and Gerdemann) and Rhizoctonia solani Kuhn at 0.25 mM with inhibition zone diameters
of 11.57, 12.06, 8.5 and 10.21 mm, respectively. This suggested that 143 had broad inhibitory activity
against these microbes [92]. 144 and 145 exhibited weak toxicity against brine shrimp (LC50 > 100 μM)
and none of them displayed cytotoxicity against the liver hepatocellular carcinoma Huh7 and
HepG2 (LC50 > 100 μM) and obvious inhibitory activities towards three marine-derived bacteria,
Bacillus stearothermophilus, Pseudoalteromonas nigrifaciens and Bacillus amyloliquefaciens, and two common
pathogens, P. aeruginosa and S. aureus [23].

Among the five diorcinols, only 146 showed apparent cytotoxicity against murine Ehrlich
carcinoma cells and hemolytic activity against mouse erythrocytes. The significant hemolytic activity
of 146 suggested that its cytotoxic activity against murine Ehrlich carcinoma cells was due to a
membranolytic mechanism. It is well known that the heat shock protein 70 (HSP70) was frequently
overexpressed in tumor cell lines as an ATP-dependent molecular chaperone and played a significant
role in refolding misfolded proteins and promoting cell survival under stress [94]. Thus, compounds
that could inhibit HSP70 had great potential in tumor therapy. 147 could decrease the expression of
HSP70 in the Ehrlich carcinoma cells, which made it possible to develop as a new antitumor drug/lead.
Diorcinol D (149) was studied for its combined therapy against planktonic Candida albicans with a
broad-spectrum antifungal agent fluconazole [95]. The combined therapy exhibited considerable
antifungal activity against ten clinical isolates of C. albicans containing five fluconazole-resistant isolates
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and five fluconazole-sensitive isolates, whereas fluconazole alone did not display antifungal activity.
This suggested that diorcinol D (149) restored the susceptibility of fluconazole to C. albicans.

Moreover, the efficiencies of fluconazole inhibiting mature biofilms were also drastically boosted
by the addition of 149 [95]. The fractional inhibitory concentration index (FICI) model and ΔE
model unclosed that the synergistic actions indeed existed in combination of diorcinol D (149) and
fluconazole [95]. Two resistance mechanisms of azoles were overexpression of efflux pumps genes
and alterations of genes (point mutations). 149 mainly suppressed the activity of efflux pump in cells
partly by decreasing the expression of Cdr1 (one mediator of azole efflux pumps) in Candida albicans
CASA1. On the other hand, 149 also inhibited ergosterol synthesis and CYP51 (the target of fluconazole)
expression [95]. Thus, the significant synergistic interaction and drug-resistant reversion of fluconazole
combined with diorcinol D (149) were caused by the two latent mechanisms, the block of efflux pump
and ergosterol biosynthesis. Notably, 149 was still needed to further in vivo study in the combination
therapy field to settle rock-ribbed clinical fungal infection in response to the azole resistance.

2.9.2. Other Compounds Derived from the Co-Cultures of Marine Fungi and Bacteria

Five known metabolites, diorcinol D (149), penicillanone (151), diorcinol G (152), diorcinol I (153)
and radiclonic acid (154) (Figure 30) were obtained from the co-culture of the sponge-derived fungi
A. versicolor and B. subtilis [38].

151 152 153 154  

Figure 30. Chemical structures of 151–154.

Compounds 149, 152 and 153 displayed antibacterial activities against five Gram-positive microbes,
including one S. aureus, two E. faecalis and two E. faecium with the MIC values of 12.5–50 μM. In addition,
152 displayed potent inhibitory activities against all tested bacteria with an MIC value of 12.5 μM.
149 displayed inhibitory activity against E. coli with an MIC value of 8 μg/mL; and 153 showed
significant antibacterial activity against S. aureus with an MIC value of 6.25 μg/mL [96,97]. In contrast,
149, 152 and 153 did not display any obvious activity against L5178Y cell lines, which suggested
that the antimicrobial activities of these products were not associated with their respective general
toxicities [38].

3. Conclusions

Marine microorganisms have attracted more attention as natural producers of lead compounds.
Marine microbes especially are considered as a renewable and reproducible source that can be
easily cultured [98,99]. However, the speed of new lead compound discovery is slowing down.
Thus, marine microbial co-culturing represents a powerful strategy for the production of novel
bio-substances. The strategy can induce the biosynthesis of novel compounds and various NPs
coded by corresponding genomes through the activation of the silent gene clusters or previously
unexpressed biosynthetic routes.

In the last ten years, the overall statistical studies showed that 156 metabolites were discovered
from the co-culture of different marine microbes. Figure 2 and Table 1 illustrated that 59 compounds
were isolated from the co-culturing of different marine fungi; 79 compounds were isolated from marine
fungi and bacteria; and only 18 compounds were disclosed from co-culturing different marine bacteria.
The metabolites by co-culture of marine fungi and bacteria accounted for the largest proportion
(51% of all metabolites of marine microbial co-culture). Alkaloids were the largest group with ≥51.9%,
whereas macrolides were the lowest group with <0.65%. Just only one macrolide was identified from
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the co-cultures of different marine bacteria. Furthermore, co-cultures of different marine bacteria did
not produce cyclopeptides, phenylpropanoids and steroids, and co-cultures of different marine fungi
did not induce the biosynthesis of terpenoids.

Several studies suggest that Aspergillus spp. are the most common fungi that co-fermented with
other microbes and produce numerous novel skeletons. The majority of these NPs have antimicrobial
or/and antitumor activities. However, some significant restrictions obstruct the development of the
co-culture technology; e.g., cryptic and undefined biosynthesis routes and the producers of NPs from
the co-cultivation of two or more microorganisms, the particularities of strains and environmental and
nutritional requirements, the instability of the ecological relationship, the uncertainty of the interaction
relationship and the high contamination probability. Therefore, new technology and equipment need
to be created, such as metabolomics analysis and molecular network technology. The new mechanisms
of chemical communication of microbes (through direct/mediate contact) also need to be further
investigated. In conclusion, co-culture is still shrouded in mystery as a prospective experimental tool
for novel bioactive NPs. This article embodies the value and diversity of NPs from the co-cultivation
of marine-derived microorganisms and it is considered as a guided reference for studying NPs.
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Abstract: Viridicatol is a quinoline alkaloid isolated from the deep-sea-derived fungus
Penicillium griseofulvum. The structure of viridicatol was unambiguously established by X-ray diffraction
analysis. In this study, a mouse model of ovalbumin-induced food allergy and the rat basophil leukemia
(RBL)-2H3 cell model were established to explore the anti-allergic properties of viridicatol. On the
basis of the mouse model, we found viridicatol to alleviate the allergy symptoms; decrease the levels of
specific immunoglobulin E, mast cell protease-1, histamine, and tumor necrosis factor-α; and promote
the production of interleukin-10 in the serum. The treatment of viridicatol also downregulated the
population of B cells and mast cells (MCs), as well as upregulated the population of regulatory T cells
in the spleen. Moreover, viridicatol alleviated intestinal villi injury and inhibited the degranulation of
intestinal MCs to promote intestinal barrier repair in mice. Furthermore, the accumulation of Ca2+ in
RBL-2H3 cells was significantly suppressed by viridicatol, which could block the activation of MCs.
Taken together, these data indicated that deep-sea viridicatol may represent a novel therapeutic for
allergic diseases.

Keywords: food allergy; deep-sea-derived viridicatol; X-ray single crystal; intestinal barrier; mast cell;
calcium influx

1. Introduction

Food allergy is a potentially life-threatening allergic reaction that affects a substantial proportion
of the population, being defined as a breakdown of immunological tolerance and clinical symptoms
generated in response to ingested food [1]. It is estimated that approximately 8% of children and 5% of
adults suffer from food allergies around the world, and the prevalence has also been rising over the
past two decades [2]. Food allergy is more common in children than in adults, and it often begins in
childhood with the influence of genetic predisposition.

Eggs are indispensable nutrients in children’s diet pagodas. However, the prevalence of egg
allergy in children ranges from 1.2% to 2.0%. The majority allergens within eggs have been found in
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egg white, with ovalbumin (OVA) being the most abundant form (at 58%, although it is not the major
allergen), which is claimed to frequently elicit allergic reactions [3,4]. Thus, the OVA-induced mice
allergy model is often used to evaluate the anti-allergic activity of various materials [5,6].

Food allergy is characterized by a type I hypersensitivity reaction mediated by immunoglobulinE
(IgE), and is often accompanied by adverse reactions, including diarrhea, intestinal injury,
and hypothermia [7]. Moreover, it is also accompanied by increased intestinal permeability, which is
positively correlated with symptom severity, which persists even in a diet without allergens [8].
Food particles and allergens can cross the epithelial barrier and cause allergic reactions induced by
IgE production and mast cell (MC) recruitment [9]. In addition, the development of food allergy
involves a variety of immune cells, which play different roles in the process. B lymphocytes are
mainly responsible for releasing antibodies (e.g., IgE), which are associated with basophil and MC
activation [10]. Cellular immunity is primarily characterized by T lymphocytes, including T helper
cells (Th) 1 and 2, and regulatory T cells (Tregs). CD4 + Foxp3 + Tregs can secrete transforming growth
factor or interleukin (IL)-10, suppress MC activation, and modulate T and B cells, thereby promoting
immunosuppression and relieving anaphylaxis [11,12].

As crucial and rapid immune effector cells, MCs play the key role in IgE-mediated allergic
responses [13]. Several reports have indicated that targeting MCs may represent a promising strategy
for the treatment of food allergies [14]. MCs are activated when IgE binds with high affinity to the IgE
receptor (FcεRI) on the surface of MCs [15]. When re-exposed to specific allergens, MCs were activated
with a cascade of tyrosine phosphorylation, and then released a series of allergic mediators [16,17].
During the process of MC activation and degranulation, Ca2+ is an essential co-factor that regulates
the release of various mediators and granule-plasma membrane fusion [18]. It has been reported
that glycyrrhizic acid can perform a function as an “MC stabilizer” and inhibit MC degranulation by
suppressing Ca2+ influx [19]. Therefore, obtaining a stabilizer that can regulate Ca2+ influx may be
important for inhibiting MC activation and degranulation.

Novel natural compounds from marine resources have attracted increased attention in recent years
due to their potential medicinal value [20]. Due to their unique habitat, deep-sea fungi readily produce
various secondary metabolites, which have novel structure and distinctive biological properties.
Most fully researched secondary metabolites of deep-sea fungi have mainly been from a limited
number of genera, including Penicillium, Aspergillus, Fusarium, and Cladosporium [21]. Within the
facultative marine fungi, species of Penicillium and Talaromyces are particularly well known for their
ability to produce important bioactive compounds [22]. Penicillium, an important genus of the phylum
Ascomycota, is widely distributed and has a large impact on human life [23]. Moreover, as one
of the most studied fungi, Penicillium was considered to be a primary source of drug discovery,
which produces a wide range of highly active metabolites, including griseofulvin and the blockbuster
drug penicillin [24,25]. After the discovery of penicillin, isolating secondary metabolites of Penicillium
species has received a remarkable amount of interest from researchers due to the interesting structures
and possible pharmaceutical applications of the compounds. It has been shown that Penicillium
metabolites possess a wide range of biological properties such as antibacterial activities, antioxidant
properties, and cytotoxic activities against cancer lines [22]. Thus, as the second most common genus of
marine fungi, it is of good importance to investigate the properties and metabolites of Penicillium [22].
It has been reported that cyclopiane-type diterpenes from the deep sea-derived fungus Penicillium
possess antimicrobial activity [26]. However, few systematic studies have investigated the anti-food
allergy properties of Penicillium secondary metabolites, especially for deep-sea Penicillium.

In previous studies, the rat basophil leukemia (RBL)-2H3 cell model was established to explore the
anti-allergic potential metabolite from deep-sea fungi including Penicillium, Aspergillus, Actinomycete,
and so on [27,28]. The metabolites of deep-sea-derived Aspergillus and Actinomycete relieved allergy by
regulating MC function and accelerating MC apoptosis, respectively. Additionally, nine compounds
isolated from deep-sea fungus Penicillium griseofulvum were tested for their anti-allergic bioactivity
using the RBL-2H3 cell model [29]. A further study on the fungus led to the isolation of another
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potent anti-allergic compound, viridicatol. As reported, viridicatol effectively inhibited the protein
activities and expressions of Matrix matalloproteinases (MMP)-2 and -9 against cancer and tumor [30].
However, the investigation of the biological activity of viridicatol is limited at present. This study was
aimed at seeking to further validate and explore the associated mechanism of viridicatol using mouse
model, flow cytometry, and an RBL-2H3 cell model. The findings of this study are expected to provide
a foundation for the development of new marine anti-allergic drugs.

2. Results

2.1. Structural Determination of Viridicatol

The chemical structure of viridicatol (Figure 1A) was determined primarily by a detailed analysis
of its 1D and 2D nuclear magnetic resonance (NMR) spectra (Figures S1–S6).

Figure 1. The X-ray crystallography and degranulation efficiency of viridicatol. (A) Chemical structure
of viridicatol. (B) The X-ray crystallography of viridicatol. (C) Effects of viridicatol on degranulation.
Cells were incubated with 200 ng/mL of dinitrophenyl (DNP)-specific immunoglobulin E (IgE) for 16 h
in 48-well plates. The medium was replaced by Tyrode’s buffer containing the indicated concentrations
of viridicatol (2.5, 5, and 10 μg/mL) followed by stimulation with 500 ng/mL DNP-bovine serum
albumin (BSA) for 1 h. The release of β-hexosaminidase was measured. (D) Effects of viridicatol on
histamine release. The cells were sensitized and treated as described in (C), except for stimulation
with DNP-BSA for 15 min, and the level of histamine was measured using an ELISA kit. ** p < 0.01
compared with the DNP-BSA group. The data represent the mean ± SD of three repeated experiments.
Vir: viridicatol.

Viridicatol: 1H-NMR (CD3OD, 400 MHz) δH 7.33 (1H, m, H-5), 7.32 (1H, m, H-8), 7.31 (1H, d,
J = 7.6, H-5′), 7.23 (1H, d, J = 8.2, H-7), 7.11 (1H, m, H-6), 6.86 (1H, dd, J = 9.2, 2.1, H-4′), 6.81 (1H, d,
J = 8.1, H-6′), 6.80 (1H, s, H-2′); 13C-NMR (CD3OD, 100 MHz) δC 160.5 (s, C-2), 127.3 (s, C-3),
134.4 (s, C-4), 128.0 (d, C-5), 123.8 (d, C-6), 126.3 (d, C-7), 116.5 (d, C-8), 136.2 (s, C-1′), 117.9 (d, C-2′),
158.7 (s, C-3′), 116.0 (d, C-4′), 136.0 (d, C-5′), 122.2 (d, C-6′), 123.0 (s, C-4a), 143.1 (s, C-8a). HRESIMS m/z
252.0744 [M − H]−.

2.2. X-ray Crystallography of Viridicatol

The structure of viridicatol was assigned by the single X-ray (Figure 1B). It was obtained as
a colorless needle. The crystal data were recorded with an Xcalibur Eos Gemini single-crystal
diffractometer with Cu-Kα radiation (λ = 1.54184 Å). Space group P (−1), a = 6.2014 (2) Å, b = 10.2629
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(4) Å, c = 10.7415 (5) Å, α = 117.029 (4), β = 96.135 (3), γ = 100.680 (3), V = 583.98 (5) Å3, Z = 2,
Dcalcd = 1.491 g/cm3, μ = 0.888 mm−1, F (000) = 274.0. The final R indices were [I > 2σ(I)] R1 = 0.0524,
wR2 = 0.1410. Crystallographic data of viridicatol were deposited in the Cambridge Crystallographic
Data Center (deposition number: 2008745).

2.3. Viridicatol Decreased the Release of β-Hexosaminidase and Histamine in RBL-2H3 Cells

In the preliminary screening, we found that viridicatol significantly decreased the release of
β-hexosaminidase and histamine in RBL-2H3 cells in a dose-dependent manner (Figure 1C,D).
Meanwhile, we found that viridicatol had no measurable cytotoxic effects on RBL-2H3 cells (data not
shown), and the IC50 value of viridicatol was 6.67 ± 0.6 μg/mL (26.3 μM).

2.4. Viridicatol Relieved OVA-Induced Allergic Symptoms in Mice

An OVA-induced mouse model of food allergy was established to explore the anti-allergic activity of
viridicatol in vivo (Figure 2A). As expected, the mice in the OVA group exhibited diarrhea, hypothermia,
and a high anaphylactic score after five successive oral challenges [31]. Moreover, after daily treatment
with viridicatol, the hypothermia (Figure 2B), loose stool rate (Figure 2C), and anaphylactic score
(Figure 2D) were significantly attenuated. Compared with the phosphate-buffered saline (PBS) group,
the cecum in the OVA group was significantly increased, which was caused by allergic diarrhea.
Following treatments with viridicatol, the onset of diarrhea was suppressed (Figure 2E).
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Figure 2. Food allergy model and effects of viridicatol on the allergic symptoms. (A) Food allergy model.
Mice were sensitized with 100 μg ovalbumin (OVA) and 2 mg alum in 200 μL of phosphate-buffered
saline (PBS) by intraperitoneal injection, orally challenged with 50 mg OVA in 200 μL PBS, and the
viridicatol concentrates (5, 10, 20 mg/kg) were orally administered. (B) The rectal temperature was
measured 1 h after the fifth OVA challenge. (C) The rate of loose stools was measured 1 h after each
OVA challenge. (D) The anaphylactic score was measured 1 h after each OVA challenge. (E) The
representative large macroscopic view of the intestine in each group of mice. ** p < 0.01 compared with
the OVA group. The data represent the mean ± SD. Vir: viridicatol.

2.5. Effects of Viridicatol on Immunoglobulins, Anaphylactic Mediators, and Cytokines in the Mouse Serum

Severe allergic reactions are associated with the increased secretion of allergic mediators. In this
study, viridicatol significantly decreased the level of OVA-specific IgE at a concentration of 20 mg/kg
(Figure 3A). However, no effects of viridicatol on OVA-specific IgG1 and IgG2a were observed
(Figure 3B,C). As shown in Figure 3D–F, the oral administration of viridicatol significantly decreased
the levels of serum histamine, mast cell protease-1 (mMCP-1) , and tumor necrosis factor-α (TNF-α) in
a dose-dependent manner compared to that of the OVA group. As shown in Figure 3G, following an
oral administration of viridicatol, the level of interleukin (IL)-10 was increased in the serum as a slight
trend toward a dose-dependent manner.
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Figure 3. The levels of immunoglobulins, anaphylactic mediators, and cytokines in serum (n = 6).
(A) The level of OVA-specific IgE. (B) The level of anti-OVA IgG1. (C) The level of anti-OVA IgG2a.
(D) The level of histamine. (E) The level of mMCP-1. (F) The level of TNF-α. (G) The level of IL-10.
In (A,B,C,F,G), serum was from retro-orbital blood collection on day 41. In (D,E), the serum from the
mice tail veins was collected within 1 h after the last challenge. * p < 0.05, ** p < 0.01 compared with the
OVA group. The data represent the mean ± SD. Vir: viridicatol.

2.6. Viridicatol Alleviated Intestinal Injury and Inflammation of the Jejunum

While the jejunum villi were regularly arranged without fracture on the surface of the jejunum
villi in the PBS group, they were severely damaged in the OVA group. As expected, the damaged
jejunum villi were repaired to different degrees following treatments with viridicatol (Figure 4A).
In parallel with the clinical assessment, there were obvious signs of inflammation, including serious
lymphocytic infiltration using hematoxylin and eosin (H&E). These symptoms were relieved following
treatments with viridicatol (Figure 4B).
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Figure 4. Effects of viridicatol on jejunum tissue injury. (A) Injury of the jejunum villi. The scanning
electron microscopy (SEM) results shown at 500×, 1000×, and 3000×magnification. (B) Representative
hematoxylin and eosin (H&E)-stained jejunum sections (magnification: 200×). Vir: viridicatol.

2.7. Effects of Viridicatol on the Subpopulation of B Cells and Tregs in the Spleen

As previously reported, regulating the populations of immune cells involved in the allergic
responses is one of the most effective methods to treat food allergies [6,32]. To seek the target
cells of viridicatol in vivo, we isolated the splenic lymphocytes from all groups of mice on day 41,
and the lymphocyte populations were detected by flow cytometry. Compared to the PBS group
(54.04%), the population of CD19+ B cells significantly increased to 64.32% in the OVA group.
Moreover, the population of CD19+ B cells in the viridicatol group was significantly decreased at a
concentration of 20 mg/kg (Figure 5A).

Figure 5. Effects of viridicatol on the population of B cells and regulatory T cells (Tregs) in the
spleen. (A) Histograms of splenic B cells. Splenic lymphocytes were labeled with anti-CD3 and
anti-CD4. (B) Scatter diagrams of regulatory T cells (Tregs). Splenic lymphocytes were labeled with
anti-CD4 and anti-Foxp3. Spleens were isolated from each group of mice 24 h after the last challenge,
labeled with various antibodies, and underwent Fluorescence Activating Cell Sorter (FACS) analysis by
flow cytometry. * p < 0.05, ** p < 0.01 compared with the OVA group. The data represent the mean
± SD. Vir: viridicatol.
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Considering the effects of viridicatol on the level of serum IL-10 (Figure 3G), the population of Tregs
in the spleen was further investigated. Compared to the PBS group (19.60%), the population of Tregs was
significantly decreased in the OVA group (6.6%). As expected, the population of Tregs was significantly
upregulated following treatment with viridicatol (Figure 5B). In summary, viridicatol displayed a weak
and lack of a dose-dependent effect on the population of B cells and Tregs, respectively.

2.8. Effects of Viridicatol on MC Population and Degranulation

In light of the significant inhibitory effects on histamine and mMCP-1 in the serum, we determined
the various populations of FcεRI+c-KIT+ cells (MCs) by flow cytometry. Compared to the PBS
group (0.16%), the population of MCs was significantly increased in the OVA group (1.34%).
Following treatments with viridicatol, the population of MCs was significantly decreased compared to
the OVA group (Figure 6A). The population of MCs was inhibited after treatments with viridicatol
using toluidine blue staining (Figure 6B).

Figure 6. Effects of viridicatol on the mast cell (MC) population and degranulation. (A) Scatter
diagrams of MCs and FACS analysis by flow cytometry. Splenic lymphocytes were labeled with
anti-c-kit and anti-FcεR Iα. (B) Representative toluidine blue-stained jejunum sections (magnification:
400×). Jejunum tissues were isolated from each group of mice 24 h after the last challenge and fixed
in paraformaldehyde. ** p < 0.01 compared with the OVA group. The data represent the mean ± SD.
Vir: viridicatol.

2.9. Viridicatol Decreased the Level of Intracellular Calcium

The elevation of Ca2+ is a critical process for MC secretory granule translocation [33]. As a
calcium ionophore, A23187 is often used to study the status of intracellular Ca2+ influx [34].
Moreover, the elevation of intracellular Ca2+ stimulated by A23187 was found to be much stronger
than that observed in IgE antigen-stimulated cells [16]. In the A32187-induced degranulation model,
viridicatol significantly inhibited the release of β-hexosaminidase induced by A23187 in RBL-2H3 cells
(Figure 7A). To further study the effect of viridicatol on intracellular Ca2+, we used the Ca2+ probe to
detect the concentration of intracellular Ca2+. The concentration of intracellular Ca2+ was significantly
decreased by viridicatol in a dose-dependent manner compared with the A23187 group, as expected
(Figure 7B,C). These results indicated that viridicatol may inhibit MC degranulation by suppressing
the influx of intracellular Ca2+.
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Figure 7. Effects of viridicatol on the degranulation of RBL-2H3 cells induced by A23187 and the
concentration of intracellular calcium. (A) The release of β-hexosaminidase reduced by the calcium
ionophore A23187. RBL-2H3 cells were inoculated in 48-well plates for 12 h and incubated with
viridicatol in the presence of 2.5, 5, and 10 μg/mL for 1 h. The cells were then stimulated with 2.5 μM
A23187 for 15 min. The release of β-hexosaminidase was measured. (B) Effect of Vir on [Ca2+]i. (C) The
accumulation of intracellular calcium (magnification: 200×). * p < 0.05, ** p < 0.01 compared with the
A23187 group. The data represent the mean ± SD of three repeated experiments. Vir: viridicatol.

2.10. Relationship between the Chemical Structure and Inhibitory Effects on Cell Degranulation

The activity of compound is closely related to its chemical structure. Two homologues of viridicatol,
viridicatin and 3-O-methylviridicatin, were also isolated from Penicillium griseofulvum. The chemical
structures are presented in Figure 8A–C. In light of the effects of viridicatol on OVA-induced food
allergy and the RBL-2H3 cell model, we investigated the effects of viridicatol and its homologous
on RBL-2H3 cell degranulation to analyze their inhibitory activity. The effect of these compounds
on β-hexosaminidase release in antigen and A23187-induced RBL-2H3 cells was measured at a
concentration of 10 μg/mL. In the two models, viridicatol displayed an obvious inhibitory effect on
β-hexosaminidase release compared to viridicatin (Figure 8D,E), which may be attributed to the missing
conjugation of phenolic hydroxyl. Interestingly, 3-O-methylviridicatin hardly inhibited RBL-2H3 cell
degranulation, which may have been due to the absence of a phenolic hydroxyl, and the hydroxyl on
the mother ring was replaced by a methoxy group.
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Figure 8. Viridicatol and its homologs for the chemical structural, and the inhibitory effect on RBL-2H3
cells. (A) The chemical structure of viridicatol. (B) The chemical structure of viridicatin. (C) The
chemical structure of 3-O-methylviridicatin. (D) Effects of viridicatol and its homologs on IgE-induced
degranulation. Same as Figure 1C, except that viridicatol was replaced by its homologs at 10 μg/mL.
(E) Effects of viridicatol and its homologs on A23187-induced degranulation. Same as Figure 7B,
except that viridicatol was replaced by its homologs at 10 μg/mL. * p < 0.05, ** p < 0.01 compared with
the DNP-BSA or A23187 groups. The data represent the mean ± SD of three repeated experiments.
Vir: viridicatol.

3. Discussion

Due to their extreme environments, deep-sea fungi produce secondary metabolites with novel
structures and potent bioactivities [21]. Recently, some secondary metabolites from deep-sea-derived
fungi have been discovered to possess biological activities; however, they were poorly studied and
seldom utilized. We have found that butenolides, polyketides, and penigrisacids have significant
anti-allergic activities [27,29]. Unfortunately, few compounds have been evaluated in mouse models
to further elucidate the associated mechanisms in vivo. In this study, viridicatol, a type of quinolone
alkaloid, was reported as having anti-tumor activities [30]. However, the anti-allergic activity of
viridicatol has not been reported. In this study, viridicatol was found to exhibit significant inhibitory
effects on RBL-2H3 cell degranulation. In an OVA-induced mouse model, viridicatol significantly
alleviated the allergic symptoms of diarrhea and hypothermia.

Food allergy is accompanied by immune disorders, which involves a variety of immune cells
and cytokines [35]. In our study, treatments with viridicatol led to a moderate reduction in the
population of splenic B cells, and may contribute to the reduction of serum antigen-specific IgE,
which is involved in the process of MC and basophil activation [10]. To some extent, viridicatol
was able to upregulate the population of Tregs, which is consistent with increased levels of IL-10.
Tregs and the associated cytokine, IL-10, was reported to maintain immune balance and regulate MC
activation [36]. MCs are the effector cells involved in inflammation and anaphylaxis, playing a crucial
role in allergic reactions [13]. Notably, viridicatol decreased the population of MCs in a dose-dependent
manner. Meanwhile, viridicatol could significantly decrease the concentration of serum mMCP-1,
TNF-α, and histamine, which was related to a reduction of MC numbers and the inhibition of MC
degranulation. On the basis of the results of the OVA-induced model of food allergy, viridicatol was
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demonstrated to have a stronger effect on MCs than B and Treg cells. Thus, viridicatol may relieve
food allergy in mice by decreasing the number and inhibiting the degranulation of MCs.

Previous studies have demonstrated that the occurrence of food allergy is related to damage of
intestinal barrier function [37]. The intestinal barrier can be divided into mechanical and immune
barriers. Moreover, food allergy can influence intestinal barrier function, which can also enhance the
speed of food allergy developments [8]. In this study, viridicatol was found to significantly repair
the intestinal barrier by reducing the damage of jejuna tissue villi and alleviating the degree of tissue
inflammation. MCs residing in the mucosa of the gastrointestinal tract, as the center of the intestinal
immune network, are not only limited to the antigen response, but are also involved in the regulation
of the intestinal epithelial barrier and transport, changes in mucosal functionality, and production
or amplification of signals to other cells [37]. Following treatments with viridicatol, the length of
the cecum was significantly reduced. The activation of MCs resulted in diarrhea, which was likely
a part of the mucosal defense response [38]. Bischoff et al. demonstrated that histamine plays a
multifunctional role in the intestinal barrier [38]. In addition, Jacobs et al. found that MCs released
proteases and TNF-α, which resulted in tight junction protein rearrangement and increased the colic
epithelium permeability and intestinal inflammation [39]. The level of mMCP-1 in the blood reflected
the extent of degranulation by mast cells in the local tissue [40]. Viridicatol reduced the number of
MCs in the jejunum tissue, as well as inhibited MC degranulation and the release of mMCP-1, TNF-α,
and histamine, which may be important to the repair of the intestinal barrier following exposure to a
food allergen.

At the intersection of many classical signaling pathways, Ca2+ converts the received extracellular
signals into intracellular signals and regulates lymphocyte activation, differentiation, and various
transcriptional processes [41]. Ca2+ influx is considered to be a necessary condition for triggering
immune function and a key factor for MC activation [42,43]. Ca2+ promotes MC degranulation,
mediator release, and the activation of gene expression to accelerate a subsequent immune response [44].
Viridicatol was found to suppress Ca2+ influx, which was closely associated with MC degranulation.
Jacobs et al. suggested that the destruction of the intestinal barrier was accompanied by MC
degranulation and increased Ca2+ [42]. Therefore, the inhibitory effects of viridicatol on MC
degranulation and Ca2+ influx may be beneficial for intestinal barrier repair and for relief of food
allergy symptoms.

Many anti-allergic drugs have some undesirable adverse effects such as dizziness and drowsiness.
Thus, the anti-allergic activities of natural sources have attracted our attention due to their low side
effects. As reported, terpenoids, flavenoids, and alkaloids have significant anti-allergic activities and
different mechanisms of action [29,45,46]. Alkaloids are nitrogen-containing compounds that have many
biological activities, including antiviral, anti-inflammation, and anti-allergy properties. Costa pointed
that alkaloids may be associated with the inhibition of eosinophil and mast cell activities [46]. Viridicatol
is a quinoline alkaloid that may be absorbed more readily due to the small molecular weight (253.26).
Moreover, viridicatol was isolated from the deep-sea fungus Penicillium griseofulvum, which produces
a variety of anti-allergic metabolites [29]. In this study, viridicatol inhibited the degranulation of
RBL-2H3 cells and relieved the allergic reactions in mice, which may be related to its structure and thus
it is worth further exploring. The bioactivity of these compounds is closely related to their structures.
For example, the number and position of hydroxyl groups have been shown to be associated with
anti-allergic activities [45]. Moreover, both in antigen-induced and A23187-induced RBL-2H3 cell
degranulation models, the inhibitory effect of viridicatol on β-hexosaminidase were stronger than
viridicatin, which may due to the presence of an extra phenolic hydroxyl. Interestingly, no significant
effect of 3-O-methylviridicatin on the release of β-hexosaminidase were observed, which may have
resulted from the different chemical structure of 3-O-methylviridicatin compared with viridicatol:
one lost hydroxyl in ring C and one hydroxyl was replaced by a methoxy in ring B. Phenolic hydroxyl
groups have been reported to contribute to the increased efficiency of these compounds [47].
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Taken together, deep-sea-derived viridicatol could relieve OVA-induced allergic symptoms.
Treatments with viridicatol had significant effects on decreasing the level of anti-OVA-IgE, histamine,
mMCP-1, and TNF-α. Moreover, viridicatol significantly upregulated the level of IL-10 in the serum.
Viridicatol treatment was also found to downregulate the populations of B cells and MCs in the
spleen, as well as upregulate Tregs in the spleen. Additionally, viridicatol repaired the intestinal
barrier and alleviated the degree of tissue infiltration. Notably, viridicatol significantly suppressed
MC degranulation in the jejunum of mice, which may be attributable to the decreased intracellular
flow of Ca2+ in MCs. Compared to many alkaloids, viridicatol has a relatively small molecular weight,
allowing it to be absorbed more readily, and it is expected to be stabilizing for MCs, which could possess
a higher practical value. In conclusion, this research provided some insight into the prevention of food
allergy and the application of marine fungi. Marine fungi have a large impact in terms of application
in the pharmaceutical industry, since many of their metabolites have entered the clinical pipeline
and have the potential of being exploited as novel drugs. The present findings demonstrated that
viridicatol have the potential to be applied in the therapy of food allergies. Further systematic safety
assessments and optimal dosage determination are necessary for the clinical application of viridicatol.

4. Materials and Methods

4.1. Reagents an General Experimental Procedures

Fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, USA).
Roswell Park Memorial Institute (RPMI) 1640, Eagle’s minimum essential medium (EMEM),
penicillin–streptomycin solution, and trypsin 0.25% (1×) solution were purchased from HyClone
Co. (Logan, UT, USA). Imject alum was obtained from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). Evans Blue, anti-dinitrophenyl (DNP)-IgE, ovalbumin (OVA), calcium
ionophore A23187, and 4-methyl-umbelliferyl-N-acetyl-β-D-glucosaminide were obtained from
Sigma-Aldrich (St Louis, MO, USA). DNP-bovine serum albumin (BSA) was purchased from
Biosearch (Petaluma, CA, USA). Goat anti-mouse IgG1 (ab98693) and IgG2a (ab98698) antibodies
were purchased from Abcam (Cambridge, United Kingdom). Calcium kit-Fluo 3-AM was purchased
from Dojindo Laboratories (Mashiki, Japan). ELISA (enzyme-linked immunosorbent assay) kits
for histamine (EHP184), anti-OVA-IgE (500840), and IL-10 (BMS614INST) were obtained from IBL
(Hamburg, Germany), Cayman (Ann Arbor, MI, USA), and eBioscience (San Diego, CA, USA),
respectively. Antibodies for flow cytometry analysis were obtained from BioLegend (San Diego,
CA, USA) and BD (New York, NY, USA). P-phycoerythrin (PE) anti-mouse CD117(c-Kit) (105807),
Allophycocyanin (APC) anti-mouse FcεRIα (134316), PE anti-mouse CD19 (115508), Mouse Th/Treg
Phenotyping Kit (560767) were also used. All other chemicals were of analytical grade. The HRESIMS
spectrum was recorded on a Waters Xevo G2 Q-TOF mass spectrometer (Waters Corporation, Milford,
MA, USA). The NMR spectra were recorded on a Bruker 400 MHz spectrometer (Bruker, Fällanden,
Switzerland). The single X-ray crystal data were recorded with an XtaLAB AFC12 Kappa single
diffractometer using Cu Kα radiation (Rigaku, Japan). Copies of the data can be obtained, free
of charge, on application to Cambridge Crystallographic Data Center (CCDC), 12 Union Road,
Cambridge CB21EZ, United Kingdom, (fax: +44(0)-1233-336033; email: deposit@ccdc.cam.ac.uk.

4.2. Cell Culture

The RBL-2H3 cell line was purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in EMEM supplemented with 10% FBS, 1% penicillin, and 1%
streptomycin at 37 ◦C in an atmosphere containing 5% CO2.

4.3. Animals

Female BALB/c mice (aged 6–7 weeks) were purchased from Charles River Laboratories
(Beijing, China). Six mice were randomly assigned to each experimental group and all mice were
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maintained in an automatic light/dark cycle (light periods of 12 h) environment and were acclimatized
for 1 week before the experiment.

This experiment was performed in strict accordance with the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals. All protocols were approved by the Animal
Research Ethics Board of Jimei University (Xiamen, China, no. SCXK 2016-0006).

4.4. Viridicatol Extraction, Isolation, and Purification

On the basis of a previous method of fermentation, we defatted the crude extract with petroleum
ether and CH2Cl2 by column chromatography over silica gel[29]. The MeOH layer was evaporated
under reduced pressure to provide a defatted extract (55.4 g). The extract was then subjected to
column chromatography on silica gel using a CH2Cl2-MeOH gradient (0→100%, 49 mm × 460 mm)
to yield six fractions (Fr. 1−Fr.6). Fr. 5 (40.0 g) was separated by column chromatography over ODS
(H2O-MeOH, 5→80%, 49 mm × 460 mm) to obtain 15 subfractions (sfrs. 5.1–sfrs. 5.15). Sfr. 5.15 was
subjected to column chromatography on Sephadex LH-20 (MeOH) to obtain viridicatol (443.0 mg).

4.5. Determination of Histamine and β-Hexosaminidase Release in RBL-2H3 Cells

It has previously been reported that the level of β-hexosaminidase and histamine from RBL-2H3
cells activated by IgE–FcεRI complex were detected [45]. The cellular cytotoxicity of viridicatol was
measured using MTT (3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide) assay.

4.6. OVA-Induced Model of Food Allergy

Groups of mice (each group of six) were sensitized with 2 mg alum and 100 μg OVA in 200 μL of
phosphate-buffered saline (PBS) intraperitoneally (i.p.) on days 0 and 14. The mice were challenged
with 50 mg OVA in 200 μL PBS by gavage every 3 days from days 28 to 40 for a total of 5 times.
The mice in the treatment groups were treated with viridicatol by gavage every day starting on day 27.
The mice in the PBS group were sensitized with 2 mg alum in 200 μL PBS and challenged with PBS,
which served as the control group. The anti-allergic effect of viridicatol was determined on the basis of
diarrhea, anaphylaxis, and rectal temperature [31]; mice were placed alone in cages, their feces were
counted to calculate the proportion of loose stools in the total stools, and symptoms were scored from
0 to 5.

4.7. Measurement of Immunoglobulins, Anaphylactic Mediators, and Cytokines in the Mouse Serum

On day 41, the mouse eyeball sera were collected. OVA-specific IgE, IL-10, and TNF-α were
measured by commercial ELISA kits. OVA-specific IgG1 and IgG2a were measured by an indirect
ELISA, as previously reported [48]. Serum was obtained from the tail vein blood after 30 min of the
final challenge on day 40 to detect the level of histamine and mMCP-1 using a commercial ELISA kit.
All sera were stored at −80 ◦C.

4.8. Morphology and Staining Analysis of the Intestinal Tissue

On day 41, the mice were sacrificed, and the cecum tissue was collected for observation.
The jejunum tissue was fixed, dehydrated, and coated with gold-palladium, and then the jejunum villi
were observed by Phenom Pro Model desktop scanning electron microscopy (SEM, Phenom-world,
Eindhoven, The Netherlands) as previously reported [48]. The jejunum tissue was fixed in 4%
paraformaldehyde, and Servicebio was entrusted to conduct hematoxylin and eosin (H&E) staining
and toluene blue staining for the jejunal tissues.

4.9. Splenic Lymphocyte Population Analysis by Flow Cytometry

As previously reported, single-cell suspensions were obtained on day 41 by density gradient
centrifugation from the mouse spleen tissue suspension [45]. The cells were labeled with anti-CD3,
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anti-CD4, anti-CD19, anti-Foxp3, anti-FcεRI, and anti-c-KIT on the surface. Intracellular expression
markers were stained with Foxp3-PerCP-Cy5.5 after fixing and permeabilizing as described in the
protocol. The cells were gated and demonstrated by flow cytometry(Millipore, Billerica, MA, USA),
and data were analyzed with a Guava easyCyte 6-2L system using Guava Soft 3.1.1 software.

4.10. Release of β-Hexosaminidase and Ca2+ Influx of RBL-2H3 Cells Induced by A23187

To measure the release of β-hexosaminidase induced by A23187, we inoculated RBL-2H3 cells in
48-well plates for 12 h and incubated them with or without viridicatol for 1 h. The cells were then
stimulated with 2.5 μM A23187 for 15 min, after which β-hexosaminidase release was measured.
The concentration of Ca2+ was measured using a Calcium kit-Fluo 3 according to the manufacturer’s
instructions. RBL-2H3 cells (5 × 104 in 100 μL) were seeded into a black 96-well plate and cultured
for 16 h. The cells were then washed and incubated with Fluo-3 AM (10 μM) for 1 h. Next, the cells
were washed and treated with viridicatol (2.5, 5, 10 μg/mL) in HBSS for 1 h. After we stimulated
it with A23187 (2.5 μM), the fluorescent intensity was immediately monitored using the microplate
reader at an excitation wavelength of 490 nm and an emission wavelength of 530 nm every 30 s.
[Ca2+]i was calculated as follows: [Ca2+]i (nm) = Kd [(F − Fmin)/(Fmax − F)], Fmin: the background
fluorescence of 5 mM Ethylenebis(oxyethylenenitrilo) tetraacetic acid (EGTA), Fmax: the maximum
fluorescence with of 0.1% Triton X-100, Kd: the dissociation constant of Ca2+ and Fluo-3 (450 nM).
Moreover, the cells were photographed with a fluorescence microscope (Echo, San Diego, CA, USA) to
observe the variation of intracellular Ca2+.

4.11. Statistical Analysis

All experiments were repeated at least 3 times, and the data were presented as the mean± standard
deviation (SD). Statistical differences were analyzed using a one-way analysis of variance (ANOVA). A
threshold p-value of 0.05 or 0.01 indicated a significant difference.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/10/517/s1,
Figures S1–S6: 1D and 2D NMR spectra of viridicatol. Figure S7: The HR-ESI-MS spectrum of viridicatol.
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Abstract: Microalgae have been poorly investigated for new-lipolytic enzymes of biotechnological
interest. In silico study combining analysis of sequences homologies and bioinformatic tools allowed
the identification and preliminary characterization of 14 putative lipases expressed by Chlorella
vulagaris. These proteins have different molecular weights, subcellular localizations, low instability
index range and at least 40% of sequence identity with other microalgal lipases. Sequence comparison
indicated that the catalytic triad corresponded to residues Ser, Asp and His, with the nucleophilic
residue Ser positioned within the consensus GXSXG pentapeptide. 3D models were generated using
different approaches and templates and demonstrated that these putative enzymes share a similar
core with common α/β hydrolases fold belonging to family 3 lipases and class GX. Six lipases were
predicted to have a transmembrane domain and a lysosomal acid lipase was identified. A similar
mammalian enzyme plays an important role in breaking down cholesteryl esters and triglycerides
and its deficiency causes serious digestive problems in human. More structural insight would provide
important information on the enzyme characteristics.

Keywords: Chlorella; enzymes; lipases; molecular modeling

1. Introduction

The industrial enzymes market is estimated to be valued at USD 5.9 billion in 2020
and is projected to reach USD 8.7 billion by 2026, recording a Compound Annual Growth
Rate (CAGR) of 6.5%, in terms of value [1]. The majority of enzymes currently used in
industrial processes (more than 75%) are hydrolases [2]. Lipases represent the third most
commercialized enzymes, after carbohydrases and proteases [3], and their production
has constantly increased, they now account for more than one-fifth of the global enzyme
market. The global Lipase Market size is anticipated to develop at a notable CAGR of about
7% over the calculated period from the current value of USD 0.6 billion in 2020. Lipases
form an integral part of the industries ranging from biodiesels, food, nutraceuticals and
detergents with little utilization in bioremediation, agriculture, cosmetics and leather [4].

Although lipases are produced by a huge number of organisms (bacterial, plant
and animal origin), microbial lipases have attracted far more interest from researchers
and industries than lipases from other sources, due to both their specific features and
ease of production on large scale [5–7]. Notwithstanding current achievements, there
is still a quest for lipases with improved and/or novel catalytic features like stability
in harsh environments. Marine organisms can be an adequate source for such lipases
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as marine enzymes have demonstrated their useful for both process improvement and
for the development of new process or products. Relevant types of lipases from marine
organisms were identified and their novel features were discussed. They display, for
example, salt tolerance, calcium independence and thermostable activities; they can also be
stable in alkaline environment and were suggested to have antibiofilm action and higher
catalytic efficiencies at temperatures lower than those from terrestrial microbial and/or
mammal lipases [8]. However, few microalgal lipases and genes encoding lipases have been
investigated and compared to bacterial, fungal, animal and plant lipases. In 2010, Demir
and Tukel isolated and characterized for the first time a lipase from the photosynthetic
cyanobacterium Arthrospira. platensis [9]. The lipase was a monomeric protein of 45 kDa
with an isoelectric point of 5.9. It was specific for the 3-position in the ester bond. Godet
et al. [10] isolated a new gene from the microalgae Isochrysis galbana encoding a 49 kDa
lipase that shares similarities with fungal known lipase sequences. Chlorella vulgaris is a
microalga belonging to the order of the Chlorococcales, which has a green color. It contains a
significant number of intracellular proteins, carbohydrates, lipids, vitamin C, β-carotenes
and B vitamins (B1, B2, B6 and B12), which is why it is commonly used for the preparation
of food supplements. It is considered as raw materials for chemical compounds that
have been affected by its primary and secondary metabolism, such as lipids, whose main
application is for the generation of biodiesel [11]. This microalga has one of the highest
lipid accumulating abilities in microalgae (50% of its DW), very high volumetric lipid
productivity (VLP) of about 80 mg/L.day with a high growth rate in large-scale outdoor
cultivation systems. Genetic manipulation technique for this microalga has already been
established, showing great promise for improving its oleaginous phenotype by metabolic
engineering [12]. Recently, its whole genome sequence was revealed by next-generation
sequencing technologies, and the major metabolic pathways were identified [13]. Lipid
metabolism has also been analyzed in multi-omics studies, including transcriptomics and
proteomics to obtain the mechanistic insight of its lipid biosynthesis [14]. However, the
TAG lipases have not been investigated yet. It will be of great importance to estimate the
number and characteristics of its lipases, attracting knockdown targets for enhancement
of lipid productivity. Here, a bioinformatic screening of a C. vulgaris genome was done to
explore the presence of genes encoding putative lipases. The potential properties of the
candidates are discussed on the basis of their three-dimensional (3D) model structures.

2. Results

2.1. Sequence Retrieval

The results of the amino acid sequence search showed that 14 protein sequences from
nine C. vulgaris strains of the UTEX259 UTEX259 culture collection (taxid 3077)-scaffolds
met determined criteria. The accession numbers of Transcriptome Shotgun Assembly (TSA)
and Whole Genome Shotgun (WGS) sequences are given in Table 1andTable 2, respectively.
As can be seen from the Table 1, all found lipase sequences belong to AB_hydrolase
family (Interpro number IPR029058) and display Acyl hydrolase motif GXSXG. Nine
of them show high sequence identity to Lipase_3 domain-containing protein (Chlorella
variabilis) from the ESTHER database. Two sequences, namely Lip_5800 and Lip_5999,
present high identity with sn1-specific diacylglycerol lipases alpha from Auxenochlorella
protothecoides and Micractinium conductrix, respectively. In addition, 46.6% of sequence
identity with chloroplastic Phospholipase A1 from M. conductrix was also detected with
Lip_3448. Sequence homology analysis with multiple alignments revealed that these
14 sequences could be broadly clustered into two groups; 3 probable sn1-diacylglycerol
lipases and 11 other lipase_3 family. Subsequently, gene prediction experiments were
carried out with ab initio gene models (Table 2). These predictions showed different
scaffold localization of the predicted lipase sequences with an exon number varying from 8
(Lip_5800 and Lip_5462) to 23 (Lip_2999). Lip_4551 and Lip_6297 lipases genes were found
to be tandemly arrayed in the genome structure. These two genes have different sequence
and size and their adjacent organization could allow faster transcription [15].
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Table 2. Genes annotation of the putative TAG predicted lipases.

Transcriptome
Shotgun

Assembly ID

Genome
Survey

Sequences ID
Start End

Gene
Length

Strand 5′ UTR 3′ UTR StartCodon StopCodon
Exon

Number

GHLX01005462.1 VATW01000002.1 1,249,709 1,253,360 3651 + 1,249,709 1,253,181 1,249,877 1,253,178 8
GHLX01003448.1 VATW01000019.1 480,480 486,471 5991 + 480,893 485,948 480,896 485,947 15
GHLX01004364.1 VATW01000012.1 444,856 447,981 3125 − 447,981 444,884 447,869 444,885 9
GHLX01003076.1 VATW01000017.1 300,534 306,599 6065 − 306,599 300,680 306,266 300,681 16
GHLX01002999.1 VATW01000004.1 234,154 243,389 9235 − 243,389 235,621 243,213 235,622 23
GHLX01001704.1 VATW01000077.1 53,966 57,537 3571 + 54,324 57,537 54,485 57,503 12
GHLX01004551.1 VATW01000014.1 391,368 400,369 9001 + 391,465 400,369 391,466 399,488 18
GHLX01003928.1 VATW01000021.1 364,412 371,783 7371 + 364,615 371,704 364,616 371,701 17
GHLX01006297.1 VATW01000014.1 387,248 391,356 4108 + 387,638 391,356 387,830 391,200 10
GHLX01001795.1 VATW01000003.1 1,009,232 1,012,963 3731 + 1,009,437 1,012,963 1,009,559 1,012,785 9
GHLX01004575.1 VATW01000004.1 243,414 249,169 5755 − 248,807 243,564 248,803 243,565 19
GHLX01004232.1 VATW01000004.1 387,912 396,833 8921 + 388,099 393,753 388,100 393,622 16
GHLX01005999.1 VATW01000002.1 467,247 474,411 7164 − 474,331 467,332 474,153 467,333 16
GHLX01005800.1 VATW01000021.1 56,136 59,601 3465 + 56,233 59,492 56,234 59,489 8

2.2. Physicochemical Characterization of Protein Sequences

ProtParam parameters shown in Table 3 reveal protein lengths varying from 421 to
1145 amino acids corresponding to diverse molecular masses (from 44.8 to 124.3 kDa).
Various theoretical isoelectric points (Ip) were also found (4.09 to 9.34) and all proteins
were predicted to have high molar extinction coefficients (46,300 to 193,210). Predicted
repeats, motifs and localizations are given in Table 4. Among all predicted lipases, seven
proteins have transmembrane motifs, including four predicted as being localized in plasma
membrane and three in chloroplastic membrane. The seven other lipases have different
cellular localizations (cytoplasmic, mitochondrian, chloroplastic or extracellular space),
with five of them possessing a predicted signal peptide sequence. This enhances the
possibility of extracellularity prediction however the signal peptides of chloroplasts and
mitochondria are also N-terminal cleavable peptides [16]. They are less characterized than
the secretory ones, but they are both rare in negatively charged amino acids and able to
fold into amphiphilic α-helices [17].

The half-life is a prediction of the time it takes for half of the amount of protein in
a cell to disappear after its synthesis in the cell; for all predicted lipases, it was found to
be 30 h in mammalian (in vitro), more than 20 h in yeast, (in vivo) and more than 10 h in
Escherichia coli (in vivo). ProtParam classifies also all studies proteins as stable (Instability
index < 40).

Soluble predicted lipases have molecular weights between 44.8 and 102.5 kDa and
Ip between 4.09 and 8.5. Concordant results were found by Ursu et al. [18]. The authors
demonstrated, using the 2-DE profile of C. vulgaris soluble proteins, the presence of two
protein groups that have been identified considering their isoelectrical points: a main group,
having an Ip range of 4.0–5.5, and a minor group, with an Ip range of 6.0–8.0. However,
the majority of separated proteins have apparent molecular weights range between 12 and
75 kDa. The difference observed herein could be explained by the fact that some proteins
are not expressed under the culture conditions used by the authors.
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2.3. D-Structural Modeling

The programs for 3D structural modeling automatically selected template structures
mostly from fungal lipases as shown in Table S1 (PDBs: 6A0w, 6qpr, 4jei, 3o0d, 6unv,
4tgl, 3tgl). All models presented the typical α/β-hydrolase fold, with mostly parallel
β-sheets, flanked on both sides by α-helixes. The highly conserved catalytic triad (serine,
aspartic/glutamic acid and histidine) and the oxyanionic hole were well orientated in the
space. The α/β hydrolase fold is one of the most thriving architectures in proteins across
kingdoms, providing the skeleton for diverse enzymes [19] as well as an emerging class of
non-catalytic but functionally important receptors [20]. Some of the predicted structures
were very similar with the typical lipase motifs and are formed by one domain, but some
other possesses an extra-transmembrane domain which could be quite bulky (Lip_4551
displays 9 helices against 4 for Lip_3928). Few membrane-bound lipases over intracellular
or extracellular counterparts were studied. Recently the catalytic behavior of a membrane-
associated lipolytic enzyme (MBL-Enzyme) from the microalgae Nannochloropsis oceanica
was investigated by Savvidou et al. [21].

3. Discussion

TAG lipases responsible for the degradation of the lipids accumulated in oil bodies are
attractive knockdown targets for the enhancement of the lipid productivity and storage in
microalgae. Nonetheless, considering the numerous data available on bacterial, terrestrial
plant and animal lipases those from algae and more especially microalgae have been
relatively neglected. Therefore, more emphasize has to be given to the characterization
of algal lipases, and hence, further work is needed in these aspects. Future approaches
to maximize the enzymatic potential of microalgae are likely to focus on three different
strategies: (i) the use of ever-increasing amounts of available omics data to optimize
microalgal strains for the production of valuable products, through the overexpression
of one or more enzymes by the use of genome editing tools; (ii) the identification and
subsequent characterization of metabolic pathways involving the production of specific
enzymes, such as lipases which are still poorly characterized; (iii) the search for genes with
direct biotechnological applications in microalgal genomes and transcriptomes datasets.
The feasibility of employing any of the aforementioned approaches or a combination
of them will be directly influenced by progress in growth and genetic manipulation of
microalgae.

In this study, we have used computational approach to identify lipase genes and
to classify the respective lipases from a C. vulgaris strain. Lipases operate usually at the
interface between lipid and water. An important feature of many lipases that is used for
lipase classification is the presence of a mobile subdomain lid or flap located over the active
site [22]. Among the 14 putative TAG lipases identified after C. vulgaris genome analy-
sis, 10 have high identity in ESTHER database with Lipase_3 domain-containing protein.
Family 3 of lipolytic enzymes are widely distributed in animals, plants and prokaryotes
and possess the conserved consensus sequence GXSXG. Members of this family were
demonstrated to be very closely related and exhibit the canonical α/β-hydrolase fold as
well as the typical catalytic triad. Enzymes of this class exhibit also high activities at low
temperature (less than 15 ◦C) believed to originate from a conserved sequence motifs they
display [23]. Four lipases out of the 10 aforementioned were predicted to be either cyto-
plasmic, chloroplastic or extracellular. The six remaining could be anchored to a membrane
with a distinct N-terminal transmembrane domain formed by at least four transmembrane
helices (Figures 1 and 2). Lip_4551 and Lip_2999 were predicted with quite similar 3D mod-
els composed of three domains: a catalytic domain containing the catalytic triad and a one
helix lid, an N terminal transmembrane domain formed by long helices and a C terminal
domain with mainly α helices (Figure 2). It has been reported that 10 additional modules
can be attached to the core domain including lid modules, cap modules, N-terminal or
C-terminal domains. Accordingly, superfamilies could be assigned to five groups (core, lid,
cap, one additional domain or two additional domains) [24]. Predicted transmembrane

57



Mar. Drugs 2021, 19, 70

domains by bioinformatic tools were already reported for microalga lipases [25]. Some
authors characterized and used as a self-immobilized lipase for esterification reactions
membrane bound lipase from microalga [21]. The membrane localization could be in
intracellular or extracellular counterparts or even in lipid droplets (LD). In eukaryotes,
some TAG lipases and their cofactors have been demonstrated to localize to LDs [26]. For
example, Diatom Oleosome-Associated Protein 1 (DOAP1) is translocated from the ER to
LDs in Fistulifera solaris [27].

 

 

Figure 1. 3D models of seven putative lipases without transmembrane domains. Four of them (Lip_1704, Lip_1795,
Lip_4364, Lip_6297) display only the core module with a Rossman Fold architecture. Lip_3448 presents a C2 N-terminal
domain, while Lip_5800 and Lip_5999 present a C-terminal alpha helices module. Lids are shown in dark blue and active
site serine in yellow sticks.

As for Lip_3448, the N terminal module is a PLAT domain found in a variety of
lipid-associated proteins. It forms a β-sandwich composed of two β-sheets of four β-
strands each, which is known as a C2 domain in pfam classification. Interestingly, two
predicted lipases have a C terminal module only composed of α helices. These two
proteins (Lip_5800 and Lip_5999) are shown to be closely related in cladogram of sequence
similarity. Hence, the predicted lipases could be classified into a main core with Rossman
fold architecture lipases (Lip_1704, Lip_1795, Lip_4364, Lip_6297, Lip_5462, Lip_3928,
Lip_4575), two domain lipases (Lip_4232, Lip_3448, Lip_3076, Lip_5800, Lip_5999) and
three domain lipases including a transmembrane domain (Lip_2999 and Lip_4551).
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Figure 2. (a) Three predicted membrane-associated lipases with a transmembrane module shown in lilac; lids are shown
in dark blue and active site serine in yellow sticks. (b) Gene annotation and domain boundaries of Lip_4551 (left panel),
Qmeanbrane result for transmembrane localization for Lip_4551 (right panel).

Oxyanion holes are crucial for high-energy oxyanion intermediate stabilization. They
consist of two residues, which donate their backbone amide protons to stabilize the sub-
strate in the transition state. In fact, during hydrolysis, a negatively charged tetrahedral
intermediate is generated and the oxygen ion formed modulates the catalytic efficiency
of the enzyme [28]. The first residue is located in the structurally conserved nucleophilic
elbow. As a consequence, its backbone amide is positioned identically in all lipases. In con-
trast, the second oxyanion hole residue is not located in a region with conserved sequence
and structure between lipases, but in a loop between the β3-strand and the αA-helix in
the core module [29,30]. Consequently, lipases are classified into three classes according
to their oxyanion hole type: GX, GGGX and Y [31]. In all lipases, the first oxyanion hole
is a conserved glycine which contacts the nucleophilic elbow (highlighted with a star in
Figure 3). When the oxyanion hole is formed by the amide backbone of the C-terminal
neighbor X of this conserved glycine, it is termed as ‘GX type,’ with X being the second
oxyanion hole residue. In our case, the inspection of the multiple sequence alignment of
the 14 lipases demonstrates they belong all to the GX class with the conserved glycine
(G) residue followed by an alanine (A), cysteine (C) or serine (S) residue (Figure 3). The
lipases with GX oxyanion hole type are widely distributed and diverse, and they usually
prefer hydrolyzing medium and long chain substrates [32]. The type of amino acid X is
conserved inside the superfamilies; for example, it is hydrophilic in Candida antarctica like
lipases (T), filamentous fungi lipases and cutinases (S, T), and hydrophobic in Moraxella (F),
Mycoplasma (F, W) and Pseudomonas lipases (L, F, M) [29].
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Figure 3. Multiple sequence alignment of putative lipases showing the conserved lipase 3 motif
GXSXG and the conserved G residue for GX classification highlighted with orange star.

According to the shape of the binding site cavity, lipases can be divided into three
categories: (i) lipases with a funnel-like binding site (lipases from the mammalian pancreas
and cutinase), (ii) lipases with tunnel-like binding sites (lipases from Candida rugosa, and
Candida antarctica A) [33] and (iii) lipases with a crevice-like binding site (lipases from
Rhizomucor sp. and Rhizopus sp.) [34]. It should be noted that most of the template
structures used for 3D modeling are lipases from Rhizomucor miehei. In addition, the
inspection of predicted open lid models like Lip_1704 showed a crevice-like cavity shape
as shown in Figure 4.

 

Figure 4. (a) Slabbed close up view of the active site cavity for Lip_1704 showing a crevice-like shape
(b) A surface top view with DEPTH showing the shape of substrate entrance in the same protein.

The amphipathic nature of the lid is crucial for the substrate specificity. It provides
new insight into the structural basis of lipase substrate specificity and a way to tune the
substrate preference of lipases. Based on the type of lid domain, lipases were also classified
into three groups, such as lipases without lids, lipases with one loop or one helix lids and
lipases with two or more helix lids. It has been reported that high temperature lipases
contain larger lid domains with two or more helices, and that all mono- and diacylglycerol
lipases have a small lid with a form of loop or helix [22]. As shown in Figures 1 and 2,
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almost all lipases found in C. vulgaris have small lids with one loop (Lip_4364) or one helix
(Lip_1704). However, Lip_5462 displays an entire cap domain with three small helices lid
covering a deep cavity of 15.6 Å and shows, surprisingly, 40% of sequence identity with
human lysosomal acid lipase (LAL). In fact, it has been demonstrated that, in addition to
the direct association of lipases to oil bodies, macro-autophagy (referred to as lipophagy)
plays a critical roles in lipid catabolism in eukaryotes [35]. During this type of autophagy,
autophagosomes containing a portion of an oil body are merged with lysosomes containing
LAL, which could contribute to TAG degradation [36]. Transcriptomic analysis of Neochloris
oleoabundans (an oleaginous microalga) reveals up regulation of an LAL encoding gene
under nitrogen starvation condition [37]. Accordingly, the in silico prediction method
used for lipases of C. vulgaris allowed the identification of Lip_5264, which could be
transported to lysosomes. This enzyme was predicted to have a signal peptide and 40%
of sequence identity with the human LAL. It consists of a core domain belonging to the
classical α/β hydrolase-fold family with a classical catalytic triad (Ser-161, His-378, Asp-
347), an oxyanion hole and a “cap” domain, which probably regulates substrate entry to
the catalytic site (Figure 5). LAL breaks down cholesteryl esters (CEs) and TGs into free
cholesterol, glycerol and fatty acids (1–3). Defective LAL have been associated with two
autosomal recessive diseases in humans: Wolman’s disease and CE storage disease [38,39].
The gene of Lip_5264 consists of 8 exons spread over almost 4 kb, while human LAL
consists of 10 exons spread over 36 kb. Lip_5264 encodes a 445 amino acid mature protein
following the cleavage of 24 signaling peptide residues, with an expected molecular mass
of 50 kDa whereas human LAL encodes for 378 residues with a signal peptide of 21 amino
acids and a molecular mass of 43 kDa. The two compared proteins are glycosylated and
share high structure identity, as shown in Figure 5c with some differences, including
the lid helices, which contain a cluster of highly conserved Cys residues C 236 and C
243 (Lip_5264 numbering) (Figure 5d). The lysosomal proteins in microalga have not
yet been fully investigated, and it remains unclear how lipophagy contributes to lipid
degradation. These should be an attractive research topic in a future work. Microalgae
are a good source of nutrients for human nutrition. However, they are also rich in various
biomolecules, which may have a potential in promoting human health. Defective or
diminished LAL activity of human LAL has been associated with some mutations and the
molecular mechanisms of these loss-of-function mutants leading to WD and CESD have
yet to be explored. Some study demonstrated that these mutations could be located in the
signal peptide or in the lid domain [40]. A complete physicochemical characterization of
this C. vulgaris LAL combined with a deep structure–function relationship investigation of
the probable mutation effect using a structure-based molecular model speculating the loss
of function could be of interest. The current treatment options for CESD phenotypes are
limited to diets excluding cholesterol and lipid-rich food, cholesterol lowering drugs such
as statins and ultimately liver transplantation. Recombinant LAL replacement therapy has
been shown to be effective in animal models and human clinical trials and was recently
authorized in Europe and the United States [41].
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Figure 5. (a) 3D model of putative Lysosomal acid lipase Lip_5462 lid is shown in dark blue and catalytic serine in yellow
sticks. (b) Crystal structure of human Lysosomal acid lipase PDB ID: 6V7N. Lid is shown in orange and catalytic serine in
yellow sticks. (c) The overlay of the two aforementioned structures showing high structure similarities and lid differences.
(d) A close up view of the three helices lid of Lip_5462 showing conserved cysteine residues in red sticks.

4. Materials and Methods

4.1. Sequence Retrieval

BlastP search was performed using amino acid sequences of functionally character-
ized lipases from terrestrial plants (Trifolium pretense and Diplocarpon rosae), fungi (Col-
letotrichum chlorophyti), microalga (Scenedesmus sp. and Symbiodinium microadriaticum)
and bacteria (Pseudomonas fluorescens and B. subtilis) available in the NCBI database
(http://ncbi.nlm.gov/protein/). The FASTA sequences were searched using tblastn modal-
ity against Transcriptome Shotgun Assembly database (TSA) of C. vulgaris strain UTEX259
UTEX259 (taxid 3077) and every hit with an E-value < 10−5 was identified as putative
Lipase transcript. The open reading frames (ORFs) were searched using the ORF finder
program [42] and the longer ones were blasted a second time against non-redundant pro-
tein database to ensure that the respective TSA corresponds to a putative Lipase ORF.
The selected TSA sequences were submitted to a blastn search against the whole Genome
Shotgun contigs (WGS) database of the same C. vulgaris strain (taxid 3077) and single
hits with E-value < 10−100 were identified as scaffolds with putative Lipase genes. Gene
predictions from the selected WGS scaffolds were performed using ab initio gene models
through Augustus [43]. The application was trained on the gene structures of Chlamy-
domonas reinhardtii and the TSA sequences were used in cDNA uploaded option. The final
output ORF and protein sequences were saved for further in silico analysis.
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4.2. Multiple Sequence Alignment

The multiple sequence alignment and calculation of cladogram illustrating sequence
similarity relationships among the 14 putative lipase sequences was executed by MAFFT
(v7.310) with G-INS-1 strategy, unalign level 0.8, leave gappy region options for align-
ment and UPGMA as average linkage method for clustering. Rendering was done using
ESPript [44].

4.3. Physicochemical Characterization of Protein Sequences

Basic physicochemical properties such as molecular weight, extinction coefficient,
isoelectric point, aliphatic index, grand average of hydropathicity and instability index
were estimated by ProtParam tool (http://web.expasy.org/protparam/) [35]. Extinction
coefficients were calculated assuming all pairs of Cys residues form cystines or assuming
all Cys residues are reduced. Sequence analysis and lipase motifs search were performed
with InterPro [45] and the Expasy my hits search tool (https://myhits.isb-sib.ch/cgi-bin/
motif_scan), respectively. These sequences were also compared in the ESTHER database to
check higher sequence identity [19]. For predicting subcellular localization Deepmito [46],
Mitoprot v1.101 [47], HECTAR v1.3 [48] and TMHMM v2.0 [49] were performed. Putative
signal peptides in each sequence were predicted using the SignalP 4.0 server [50]. Since
N-glycosylation was widly described for lipases prediction of N-glycosylation sites were
performed using NetOGlyc 4.0 Server [51].

4.4. Tertiary Structure Prediction, Structure Validation and Quality Prediction

Three-dimensional models of the selected putative enzymes were generated using
different approaches. For sequences with acceptable homology in the template of the pro-
grams, UCSF Chimera (https://www.rbvi.ucsf.edu/chimera/) and the automated protein
homology modeling server SWISS-MODEL (http://swissmodel.expasy.org/) were used.
For sequences with low homology with the structures in the database, multiple-threading
alignments using the I-TASSER approach (zhanglab.ccmb.med.umich.edu/I-TASSER/)
was used. I-TASSER is an automated bioinformatics tool for predicting protein structures
from an amino acid sequence followed by iterative structural assembly simulations and
atomic-level structure refinement.

The predicted structures were evaluated to ensure correctness of the model stereo-
chemistry, as checked by a Ramachandran plot (http://mordred.bioc.cam.ac.uk/~rapper/
rampage.php) (Lovell et al., 2003) and Verify 3D [52]. The Ramachandran plot scores
of the predicted structures showed more than 90% of the amino acids were in favorable
regions. ProSA-web Z-score plot (https://prosa.services.came.sbg.ac.at/prosa.php) [53]
was used to check whether the Z-score of the input structures is within the range of typ-
ically found for the native proteins of a similar size. The Z-score values of all protein
structures checked in this study were highlighted as a black dot, which indicates being
in the range of native conformations. The final modeled structures were further energeti-
cally minimized and molecular dynamics simulation was performed with CABS-flex 2.0
(http://212.87.3.12/CABSflex2). The latter program is an efficient simulation engine that
allows modeling of the large-scale conformational change related to protein flexibility [54].
The models were comprehensively analyzed using PyMol (http://pymol.org/) to check
for the presence of a lid, and the existence and orientation of the catalytic triad. The depth
of the putative intramolecular tunnels was calculated with DEPTH [55] taking residues
from the oxyanion hole in each candidate as the cavity end point.

5. Conclusions

Genomic mining by combining bioinformatics analysis and functional screening
provides opportunities to find out novel biocatalysts, such as lipases. The present study
allowed the in silico characterization of 14 putative C. vulgaris lipases with different cellular
localization. Membrane associated lipases were also detected and described for the first
time in this species. The 14 lipases display an acyl hydrolase motif (GXSXG) and belong to
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the α/β hydrolase lipase 3 family and GX class. These putative lipases could be candidates
for metabolic engineering in a future study to improve this microalga lipid productivity.
In this study, we also report, for the first time, a putative lysosomal acid lipase produced
by a green microalga. Further investigation on the generated 3D models, such as docking
studies and MD simulations, will provide important information on the substrate catalytic
process and the binding characteristics and could be of interest to understand molecular
mechanisms of the loss-of-function mutants leading to WD and CESD in humans.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-339
7/19/2/70/s1, Table S1 Templates used for 3D model generation.
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Abstract: SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) is a novel coronavirus
strain that emerged at the end of 2019, causing millions of deaths so far. Despite enormous efforts
being made through various drug discovery campaigns, there is still a desperate need for treatments
with high efficacy and selectivity. Recently, marine sulfated polysaccharides (MSPs) have earned
significant attention and are widely examined against many viral infections. This article attempted to
produce a comprehensive report about MSPs from different marine sources alongside their antiviral
effects against various viral species covering the last 25 years of research articles. Additionally,
these reported MSPs were subjected to molecular docking and dynamic simulation experiments to
ascertain potential interactions with both the receptor-binding domain (RBD) of SARS CoV-2’s spike
protein (S-protein) and human angiotensin-converting enzyme-2 (ACE2). The possible binding sites
on both S-protein’s RBD and ACE2 were determined based on how they bind to heparin, which has
been reported to exhibit significant antiviral activity against SARS CoV-2 through binding to RBD,
preventing the virus from affecting ACE2. Moreover, our modeling results illustrate that heparin can
also bind to and block ACE2, acting as a competitor and protective agent against SARS CoV-2 infection.
Nine of the investigated MSPs candidates exhibited promising results, taking into consideration the
newly emerged SARS CoV-2 variants, of which five were not previously reported to exert antiviral
activity against SARS CoV-2, including sulfated galactofucan (1), sulfated polymannuroguluronate
(SPMG) (2), sulfated mannan (3), sulfated heterorhamnan (8), and chondroitin sulfate E (CS-E)
(9). These results shed light on the importance of sulfated polysaccharides as potential SARS-CoV-
2 inhibitors.

Keywords: sulfated polysaccharides; antiviral; SARS-CoV-2; docking; molecular dynamic simulations

1. Introduction

Mother Nature remains an outstanding hub for valuable natural compounds that
have been used for multiple purposes since ancient times by our ancestors, including
pharmaceutical, biomedical, nutritional, and cosmetics applications. Among the dozens
of natural product groups, polysaccharides are macromolecular polymeric carbohydrate
molecules comprised of large chains of monosaccharide units. They are widely found
in animals, plants, and microorganisms, and their functions are mainly either structure-
or storage-related. Many studies have revealed that natural polysaccharides and their
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chemically modified derivatives have significant inhibitory activities against viral diseases
such as human immunodeficiency virus (HIV) and herpes simplex virus (HSV) [1,2].

Sulfated polysaccharides (SPs) are a class of negatively charged polysaccharides
comprising natural or modified sulfate moieties in their structural carbohydrate backbone.
They possess significant biological activities such as antioxidant, anti-allergic, antiviral,
anticancer, and anticoagulant abilities; hence, the study of SPs has significant importance
for drug discovery campaigns [1,3]. SPs are mainly found in the cell walls of marine algae or
seaweeds; they are less common in some mammals, such as fish skins, and rare in mangrove
plants. The seaweed cell wall comprises about 40% of sulfated polysaccharides, which is
relatively higher than the average content in other sources. The most interesting marine
algal SPs are sourced from ulvans from green macroalgae, carrageenans and agar from red
macroalgae, and fucoidans and laminarians from brown macroalgae. These SPs have shown
antiviral activity against herpes simplex virus (HSV), human immunodeficiency virus type-
1 (HIV-1), chikungunya virus, cytomegalovirus (CMV), influenza virus, and hepatitis virus,
in addition to other enveloped and non-enveloped viruses. Moreover, the antiviral activity
of SPs against the current COVID-19 pandemic has also been reported [1,4,5].

Marine sulfated polysaccharides (MSPs) have recently received increasing attention
due to their antiviral activity. In particular, carrageenans have exhibited promising in-
hibitory effects on many viral strains, effectively preventing the internalization of virus
particles by interfering with the interactions between the virus and host cell receptors.
Carrageenan nasal spray (Boots Dual Defence® in the UK market) has been proven effective
in patients with common cold infected by human coronaviruses beta and alpha. In contrast,
the impact was attributed to the increased viral clearance and the reduced relapses of
symptoms in children and adults [6]. Another nasal spray formulation (xylometazoline
HCl) containing iota-carrageenan (4) can effectively relieve nasal congestion of the upper
respiratory tract and protect the respiratory mucosa against viral infection [7]. Coldamaris®

lozenges, comprising iota-carrageenan (4) as the active pharmaceutical ingredient, cause
denaturation of glycoproteins on the coronavirus surface, inhibiting the virucidal effects of
coronavirus [8].

It remains challenging to develop novel drugs within a limited timeframe, as drug
discovery is time- and resource-consuming; however, the process of drug discovery is
immensely enhanced by the modern era of computational technology, which has acceler-
ated drug discovery and drug repurposing. Computer-assisted or in silico design employs
computational methods in drug discovery and is being applied to streamline and speed
up hit-to-lead optimization and hit identification. Several computational techniques have
been introduced to predict and select therapeutic targets, study the interactions between
drug and receptor, characterize and determine ligand binding sites on the targets, and
determine hit compounds using ligand- and structure-based virtual screening [9,10].

Molecular docking and dynamic simulations are the most intriguing among the com-
putational tools employed for structure-based drug discovery, an approach that evaluates
the binding affinities between two candidates: small molecules and macromolecular targets
(protein). Many drugs currently in the market were developed based on in silico strate-
gies, such as zanamivir (used to treat influenza), nelfinavir, and saquinavir (used in the
treatment of HIV); therefore, computational methods have been receiving popularity in
the pharmaceutical industry as being crucial in the drug discovery process as reliable and
effective techniques [11–13].

In the present investigation, we aimed to shed light on the antiviral potential of MSPs,
illustrating their modes of interaction against different targets with the aid of several in
silico tools, highlighting the most potential candidates for further investigation against
SARS CoV-2.

2. Results and Discussion

Herein, we have summarized the findings of approximately 80 research studies pub-
lished in the last 25 years on MSPs that exhibited potential antiviral effects against a total
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of 22 different viral strains (Table 1, Figure S1). These antiviral MSPs were sourced from
various marine sources, including brown algae, red algae, green algae, blue-green algae,
microalgae, sea cucumber, and squid cartilage. According to the findings, 40% of the
antiviral MSPs were isolated from the red algae, followed by 24% from brown algae, 14%
from green algae, 10% from blue-green algae, 9% from microalgae, 2% from squid cartilage,
and 1% from sea cucumber (Figure 1). The red-algae-derived MSPs exhibited greater
efficacy against several viruses; however, the distribution was highly skewed towards
herpes simplex viruses (HSV), which received most of the research effort (Figure S1).

Figure 1. The systematic study of marine sources of MSPs that have shown antiviral activities in the
last 25 years.

2.1. MSPs from Red Algae

Red macroalgae were commercially considered more valuable than brown and green
macroalgae and are widely used in manufacturing hydrocolloids, such as carrageenan and
agar, which in turn are involved many applications, such as food, pharmaceutical, and
biotechnological industries. The principal polysaccharide components of the red algae are
sulfated galactans that are produced extracellularly; however, they are made up of a linear
backbone of alternating 3-linked β-D-galactopyranose and 4-linked α-D-galactopyranose,
with a few exceptions, such as DL-hybrid sulfated galactan. The various structural types
of sulfated galactan (7) have revealed potent antiviral activity against several types of
enveloped viruses, such as HSV-1, HSV-2, DENV-2, HIV-1, and HIV-2 (Table 1).
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Carrageenans, which are isolated from the cell walls, represent about 30–70% of the red
algal dry weight, and their structure consists of linear chains of alternating galactopyranose
units with linkages between 1 and 3 monomeric positions and other galactopyranose units
with linkages between 1 and 4 monomeric positions or 3,6-galactopyranose units. The
most important and extensively studied carrageenans are kappa (κ), iota, and lambda
(λ), which vary in the number and position of sulfate ester groups (S), in accordance
with the presence of 3,6-anhydrous-D-galactopyranose units [4]. Carrageenans are broad-
spectrum antivirals and have recently shown significant inhibitory effects by preventing
the physical binding and entry of viral particles. Carrageenans were found to be effective
against 12 different viruses (HSV, SARS-CoV-2, InfV, hRV, hCoV-OC43, HIV, DENV, hCV,
HPV, RVFV, JEV, and TMV). Additionally, carrageenans are the most investigated class in
human clinical trials against various virus diseases, such as sexually transmitted HIV, HPV,
and HSV, in addition to rhinoviruses [101]. The most successful antiviral preparations of
carrageenans were the nasal spray dosage forms that have recently been developed against
rhinoviruses and SARS-CoV-2 [6,7,18,43]. Alongside carrageenan and sulfated galactans,
other MSPs extracted from red algae and showed considerable activities against HSV, such
as sulfated xylomannans, sulfated mannan, sulfated xylogalac tans, and sulfated xylan
(Table 1, Figure 2).

Figure 2. Representative MSPs from red algae.
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2.2. MSPs from Brown Algae

Brown algae come in second place after red algae in terms of antiviral activities and
research attention (Figure 1). The main reported MSPs from this genus were fucoidans,
a group of heterogeneous sulfated polysaccharides that represent about 25–30% of the
algae dry weight and are made up of a backbone of α-(1→3)-L-fucopyranose residues or
alternating α-(1→3) and α-(1→4)-linked L-fucopyranosyls with a sulfate group mainly
substituted on C-2 or C-4 fucopyranose residues [4]. Fucoidans were found to be effective
against 7 different viruses (HSV, SARS-CoV-2, InfAV, HIV-1, DENV-2, NDV, and HCMV)
(Table 1, Figure 3 and Figure S1).

Figure 3. Representative MSPs from brown algae.

Generally, fucoidans block viral infection by preventing viral entry through competing
for the positive charge attachment site of the envelope glycoproteins. The extent of antiviral
activity is related to the number of sulfate groups present in the fucoidan structure [102].
As illustrated in Table 1, fucoidans have been tested in vivo using mice or mouse models
for their activity against InfAV and HSV-2 and showed promising results. A recent in vitro
study of two different fucoidans revealed that these compounds could be potent inhibitors
of SARS-CoV-2 [17,18].

2.3. MSPs from Green Algae

Green-algae-derived MSPs come in third place as the most-investigated algae. Most
of the examined compounds for antiviral activities belong to Ulvanes (Monostroma, Ulva,
Enteromorpha), Codium, and Caulerpa. Different green-algae-derived MSPs were studied
in vitro and in vivo against 11 viruses, including avian InfAV, HSV, HCMV, DENV-2, EV71,
MeV, NDV, MuV, hCV, HIV, and JEV (Table 1, Figure 4). Song and his colleagues examined
the antiviral activity of Ulva pertusa against avian InfAV and found that it exhibited a mild
antiviral effect (40% viral inhibition). When combined with a vaccine against the same
virus, it generated a synergistic effect, which significantly enhanced the production of
antibodies by more than two-fold (~100%) [86]. Although the antiviral activities of green
algae have received less attention than the red and brown, they possess unique antiviral
properties against diverse viruses, such as NDV [78] and JEV [85].
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Figure 4. Representative MSPs from green algae (green structures), blue-green algae, and marine-animal-derived SPs
(violet structures).

2.4. MSPs from Miscellaneous Marine Sources

Blue-green algae, microalgae, sea cucumbers, and squid cartilage (Table 1, Figure 4)
are studied much less than the former algae for their MSPs as potential antiviral agents.
Among them, the novel sulfated polysaccharide calcium spirulan (Ca-SP) was isolated
from the blue-green alga Spirulina platensis and found to be an inhibitor for several viruses,
including HSV-1, HCMV, InfAV, MeV, HIV-1, and Muv [88]. Recently, a clinical trial
confirmed the potential of Ca-SP (Spirularin® HS) against herpes viruses through inhibiting
the attachment and penetration of HSV-1 into mammalian epithelial cells and blocking
the entry of Kaposi sarcoma-associated herpesvirus HSV-8 [90]. The highly sulfated
polysaccharide p-KG03 isolated from the microalgae Gyrodinium impudium showed potent
inhibitory activity against InfAV by blocking the early stage of replication and entry [95].
Sea cucumber sulfated polysaccharide (SCSP) is one of the most recent MSPs extracted
from the sea cucumber Stichopus japonicus. Song and colleagues confirmed its activity
against SARS-CoV-2 in an in vitro study through binding to the S-glycoprotein, preventing
SARS-CoV-2 host cell entry [18].

2.5. In Silico Investigation of MSPs against SARS CoV-2

Molecular modeling of polysaccharides is not an easy task due to their high diversity,
complexity, and flexibility; however, the recent advances with in silico tools can relieve the
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complexity of the process to a greater extent. Recently, heparin (10), an example of sulfated
polysaccharide, was reported to exhibit a promising antiviral activity against SARS CoV-2
(EC50 = 36 μg/mL) through S-protein binding; hence, it suppresses the viral attachment
to ACE2 (SARS CoV-2 S-protein receptor) and subsequently its entry inside the host cell
(Figure 5) [17,103]. Similarly, most of the reported MSPs were found to mediate their
antiviral activity via the exact mechanism, particularly those reported as anti-SARS CoV-2.

Figure 5. Schematic representation of the structure of SARS CoV-2 S-protein and how it can bind to the human ACE2. (PDB
code: 6VXX) [104].

Accordingly, in this study, we shed light on MSPs as potential SARS CoV-2 antiviral
agents by speculating on their plausible mode of action at the molecular level using a series
of molecular docking and dynamic simulation experiments. Firstly, we determined the
possible binding sites on both the S-protein receptor-binding domain (S-RBD) and ACE2
for MSPs. To do so, we utilized ClusPro [105], a software specialized in the prediction
of heparin (10) (i.e., as an example of sulfated polysaccharide) binding sites in any given
protein via molecular docking. The predicted heparin-S-RBD and heparin-ACE2 complexes
were then subjected to 50 ns molecular dynamic simulation (MDS) experiments to select
the most stable binding modes with each protein (S-RBD and ACE2). As shown in Figure 6,
heparin was predicted to achieve stable binding with S-RBD at two sites (sites 1 and 2). Site
1 is located in a region that can interact with ACE2 directly and has a moderate positive
charge. In contrast, site 2 is shallower than site 1 and is located in a wide positively
charged region. Heparin-S-RBD complexes in these two sites were significantly stable
over the course of MDS with low deviations from the original poses (RMSD ~ 2.5 Å) and
minimal fluctuations (site 1 and site 2, Figure 6). This apparent stability resulted from the
networks of H-bonds and ionic interactions formed between heparin and each binding site
(Tables 2 and 3).
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Figure 6. SARS CoV-2′s S-RBD–ACE2 complex showing heparin binding sites (sites 1, 2 and 3).

Table 2. Docking scores and binding free energies of the top-scoring MSPS against S-RBD of the original and mutated SARS
CoV-2 S-protein (site 1).

No. Compound

Vina Score (kcal/mol) # ΔG * Average RMSD (Å) Reported
Activity
against

SARS CoV-2

Original
Strain

Mutated
Strain **

Original
Strain

Mutated
Strain **

Original
Strain

Mutated
Strain **

1

Sulfated
galactofucan: α- (1,3)-

and (1,4)-α-L-
(alternating)

−6.3 −6.4 −6.0 −6.3 5.1 4.5 No

2
Sulfated polyman-

nuroguluronate
(SPMG)

−7.5 −6.4 −7.3 −5.9 2.6 4.1 Yes

3 Sulfated mannan −7.6 −7.7 −7.2 −7.4 2.3 1.9 No

4 iota-carrageenan −6.0 −6.0 −0.8 −0.9 >15 *** >15 *** Yes

5 lambda-carrageenan −7.0 −7.0 −5.4 −5.8 4.6 4.3 Yes

6 kappa-carrageenan −6.6 −6.4 −1.3 −1.9 >15 *** >15 *** Yes

7 Sulfated galactan −6.2 −6.3 −0.4 −0.1 >15 *** >15 *** No

8 Sulfated
heterorhamnan −6.1 −6.2 −0.1 −0.7 >15 *** >15 *** No

9 Chondroitin sulphate
E (CS-E) −7.6 −7.5 −7.1 −6.1 1.1 2.8 No

10 Heparin −6.5 −6.4 −6.1 −6.1 3.3 3.3 Yes

Note: * ΔG was calculated using FEP method (see Materials and Methods for further information). ** N501Y-mutated strain of SARS CoV-2.
*** This compound dissociated early at the beginning of MDS experiments (at ~25 ns). # The reported scores are the averages of three
independent docking experiments (standard errors were between 0.1 and 0.3).

On the other hand, heparin was predicted to interact with a small pocket (site 3) on
ACE2 located near the S-RBD binding region (Figure 6). Similar to sites 1 and 2, heparin
achieved stable binding with site 3 during the MDS (RMSD ~ 1.9 Å) through extensive
H-bonds and ionic interactions (site 3, Table 4 and Figure 6).
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Table 3. Docking scores and binding free energies of top-scoring MSPS against RBD of SARS CoV-2 S-protein (site 2).

No. Compound
Vina Score
(kcal/mol)

ΔG *
Average RMSD

(Å)
Reported Activity

against SARS CoV-2

1 Sulfated galactofucan: α- (1,3)- and
(1,4)-α-L- (alternating) −5.3 −5.7 2.4 No

2 Sulfated polymannuroguluronate (SPMG) −5.5 −5.9 2.1 No

3 Sulfated mannan −5.4 −5.1 2.6 No

4 iota-carrageenan −5.0 −1.7 >15 ** Yes

5 lambda-carrageenan −5.5 −5.4 2.5 Yes

10 Heparin −5.0 −5.8 1.9 Yes

Note: * ΔG was calculated using the FEP method (see Materials and Methods for further information). ** This compound dissociated early
at the beginning of MDS (at ~25 ns).

Table 4. Docking scores and binding free energies of the top-scoring MSPS against ACE2 (site 3).

No. Compound
Vina Score
(kcal/mol)

ΔG *
Average RMSD

(Å)
Reported Activity

against SARS CoV-2

2 Sulfated polymannuroguluronate (SPMG) −5.9 −5.4 2.8 No

5 lambda -carrageenan −5.5 −5.0 3.1 Yes

10 Heparin −5.3 −5.0 3.0 Yes

Note: * ΔG was calculated using FEP method (see Materials and Methods for further information).

The complex stability of RDB–ACE2 was also studied upon heparin binding to each
site. As depicted in Figure 4, the distance between S-RBD and ACE2 (calculated as the
distance between GLN-493 and GLU-35, respectively) remained constant (~5.1 Å) over
30 ns of MDS, while binding of heparin to S-RBD or ACE2 via sites 1, 2, or 3 led to
significant instability of the complex and gradual dissociation (i.e., increased distance
between GLN-493 and GLU-35). Heparin binding to site 1 on S-RBD or site 3 on ACE2
showed the greatest effects as S-RBD dissociated almost completely from ACE2 after 20 ns
of simulation (Figure 7). Accordingly, it can be concluded that stable binding of SPs to sites
1, 2, or 3 destabilizes the S-RBD–ACE2 complex.

Figure 7. The calculated distance between S-RBD and ACE2 (i.e., between GLN-493 and GLU-35, respectively) during 30 ns
of MDS in the absence and presence of heparin in site 1, 2, or 3.
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It was recently reported that heparin can bind to S-RBD, preventing SARS CoV-2 from
reaching ACE2 and entering the host cell; however, according to our modeling results,
heparin can also bind to and block ACE2, acting as a protective agent against SARS CoV-2
infection. To study the mode of action of all reported MSPs against SARS CoV-2 to suggest
previously unreported candidates, we subjected all collected compounds (Table 1) to dock
against the proposed binding sites (sites 1, 2, and 3). Top-scoring hits (Figure 8) were
selected according to the following criteria: (i) Docking score < −5 kcal/mol. Scores >−5
(i.e., −4.9 to −1.2 kcal/mol) showed unstable binding with the corresponding protein
(RMSD > 20 Å at the first 20 ns); (ii) ΔG value < −5 kcal/mol, (iii) the docking pose re-
mains stable over 50 ns of MDS. Some compounds achieved docking scores <−5 kcal mol
(e.g., −6.4 kcal mol), although they were significantly unstable during the MDS exper-
iments (RMSD > 15 Å at the first 20 ns) and presented significantly higher ΔG values
(~−1.3 kcal/mol). As such, we made the binding stability at least 50 ns alongside ΔG
value < −5 kcal/mol another selection criterion to discriminate between binders from
non-binders, ensuring that all selected hits can achieve stable binding with the correspond-
ing protein.

Figure 8. Sulphated polysaccharides with docking scores <−5 kcal/mol. Red compounds were significantly unstable
during the course of MDS experiments. Black compound (compound 9) achieved stable binding with site 1 only. Blue
compounds achieved stable bindings with sites 1 and 2. Green compounds achieved stable bindings with sites 1, 2, and 3.

Additionally, we took into consideration the newly emerged SARS CoV-2 variants
during our docking experiments. Upon reviewing the recent mutations of the viral S-
protein, we found that the UK variant (i.e., B.1.1.7) has a mutation in its S-RBD (i.e., N501Y)
that was associated with its higher affinity to the ACE2 receptor [106]. This mutation was
the replacement of the amino acid ASP-501 with TYR. We applied this mutation to the
S-RBD structure to study its effect on the binding with MSPs upon docking and MDS.
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As shown in Table 2, docking against site 1 (with and without the N501Y mutation)
resulted in nine SPs with scores <−5 kcal/mol (Figure 8). Four of these hits were previously
reported to exert antiviral activity against SARS CoV-2. Further MDS and ΔG experiments
revealed that the best binding modes for iota-carrageenan (4), kappa-carrageenan (6),
sulfated galactan (7), and sulfated heterorhamnan (8) (Figure 8) with site 1 were significantly
unstable (their average RMSD values were higher than 15 Å and their ΔG values were
higher than −5 kcal/mol) and they could easily dissociate from site 1 (with and without
the N501Y mutation). Sulfated galactofucan (1), sulfated mannan (3), and chondroitin
sulphate E (CS-E) (9) were among the best-scoring hits that were significantly stable during
the MDS experiments, either with the mutated or non-mutated RBD. Additionally, they
had not been previously reported for their antiviral efficacy against SARS CoV-2; hence,
they were considered good candidates for future evaluation.

As shown in Figures 9–14, the prevalent interactions of these MSPs and RBD site 1 in
its mutated and non-mutated forms were H-bonds and water bridges, where the sulfate
esters were the main contributors in these interactions with site 1 key amino acid residues
(Table 2). Moreover, their fluctuations and deviations from the starting docking poses
were almost identical to both the mutated and non-mutated form of site 1 during the MDS,
except for chondroitin sulphate E, which achieved slightly more stability and less deviation
from the starting binding pose upon binding to the non-mutated form of site 1 (Figure 13).

Regarding site 2, only five sulfated polysaccharides presented docking scores <−5 kcal/mol,
of which iota-carrageenan (4) was unstable on MDS (got an average RMSD >15 Å) and
presented a ΔG value higher than −5 kcal/mol (i.e., 1.7 kcal/mol). Sulfated galactofucan
(1), sulfated polymannuroguluronate (SPMG) (2), and sulfated mannan (3) were among
the best MSPs that achieved stable binding with S-RBD site 2 and were not previously
reported against inhibitory effects of SARS CoV-2 (Table 3). In this site (i.e., site 2), ionic
interactions between the negatively charged sulfate moieties and the positively charged
key amino acid residues of this site were crucial, along with the other polar interactions
(e.g., H-bonding and water bridging), in maintaining stable binding with such shallow
binding site (Figures 15–17).

On the other hand, docking against the ACE2 binding site (site 3) revealed that both
(SPMG) and lambda-carrageenan were the best-performing MSPs. Additionally, they
were also stable over the course of MDS, achieving low deviations from their starting
binding poses (RMSD ~ 2.9 Å) and ΔG values <−5 kcal/mol (~−5.2 kcal/mol). Lambda-
carrageenan was previously identified to bind to SARS CoV-2 S-protein [44]; however,
there have been no reports on the ACE2 binding potential of MSPs so far. As such, focusing
on this human protein target will be of great interest in future investigations of SPs as
anti-COVID-19 therapeutics. Similarly to site 1 and 2, the dominant interactions between
these MSPs and the key amino acid residues inside site 3 were also of the polar type (e.g.,
H-bonds, water bridges, and ionic interactions) (Figures 18 and 19).

2.6. Structure–Activity Relationship

The structural complexity of SPs has made the study of their structure–activity rela-
tionship quite challenging, and until now it has not been entirely understood; however,
certain key bioactivity-related structural features could be concluded from the previously
reported studies and the present modeling study.

The first structural determinant that may affect the antiviral potential of this class of
compounds is the number of negatively charged groups (e.g., sulfates or carboxylates).
Polysaccharides with higher numbers of sulfate or carboxylate groups per monosaccharide
were more bioactive. Highly sulfated glucans (either natural or chemically synthesized
derivatives) were found to be far more bioactive as antiviral agents than those with lower de-
grees of sulfation, while non-sulfated glucans were practically inactive [107,108]. Moreover,
in our modeling study, MSPs with a single sulfate or carboxylate group per monosaccharide
did not achieve stable binding with either S-RBD or ACE2 (ΔG values > −5 kcal/mol);
hence, we could conclude that electrostatic and other polar interactions mediated by these
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negatively charged groups play a significant role in stabilizing the binding of this class of
compounds to S-RBD and ACE2.

Figure 9. Binding mode of sulphated galactofucan (compound 1) inside site 1 (A,B) and its mutated form (C,D) together
with its RMSDs during 50 ns of MDSs (E).
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Figure 10. Protein–ligand contacts of sulphated galactofucan (compound 1) inside site 1 (A) and its
mutated form (B) during the MDS.

Figure 11. Binding mode of sulfated mannan (3) inside site 1 (A,B) and its mutated form (C,D)
together with its RMSDs during 50 ns of MDSs (E).
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Figure 12. Protein–ligand contacts of sulfated mannan (3) inside site 1 (A) and its mutated form (B)
during the MDS.

Figure 13. Binding mode of chondroitin sulphate E (compound 9) inside site 1 (A,B) and its mutated
form (C,D) together with its RMSDs during 50 ns of MDSs (E).
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Figure 14. Protein–ligand contacts of chondroitin sulphate E (compound 9) inside site 1 (A) and its
mutated form (B) during the MDS.

Figure 15. Binding mode of sulfated galactofucan (1) inside site 2 (A,B) together with its RMSDs and
protein–ligand contacts during 50 ns of MDSs (C,D).
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Figure 16. Binding mode of sulfated polymannuroguluronate (SPMG) (compound 2) inside site 2 (A,B) together with its
RMSDs and protein–ligand contacts during 50 ns of MDSs (C,D).
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Figure 17. Binding mode of sulfated mannan (compound 3) inside site 2 (A,B) together with its RMSDs and protein–ligand
contacts during 50 ns of MDSs (C,D).

Secondly, the distribution of these negatively charged moieties played an essential
role in their antiviral activity. In previous studies, carrageenans with similar degrees of
sulfation (50 mol%) but isolated from different sources showed varying antiviral activi-
ties [39,109,110]. Different charge densities were proposed to explain these findings, and
accordingly to explain the antiviral activity [71]. Our modeling study found that neither
iota- nor kappa-carrageenan achieved stable binding with any proposed binding sites.
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This could be attributed to their relatively low degree of sulfation (one sulfate group per
onosaccharide); however, both were reported to be bioactive against SARS CoV-2 and other
pathogenic viruses. This could be explained by the unique distribution of these limited
sulfate groups, which might cause them to be bioactive via different modes of action. In
contrast, sulfated galactan (7) has a high degree of sulfation (Figure 8); however, it did not
achieve stable binding with the proposed binding sites (ΔG value >−5 kcal/mol). Accord-
ingly, the presence of many negatively charged moieties does not guarantee good antiviral
activity without the proper orientations and distribution over the polysaccharide backbone.

Figure 18. Binding mode of sulfated polymannuroguluronate (SPMG) (compound 2) inside site 3 (A,B) together with its
RMSDs and protein–ligand contacts during 50 ns of MDSs (C,D).
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Figure 19. Binding mode of lambda-carrageenan (compound 5) inside site 3 (A,B) together with its RMSDs and protein–
ligand contacts during 50 ns of MDSs (C,D).

Finally, the general chemical structure of the polysaccharides (e.g., the stereochemistry
of the glycosidic linkage and that of monosaccharides and the presence of branching points
in the main backbone) has a general impact on the degree of their antiviral activity [111].

3. Methodology

3.1. Databases Used

The search for MSPs in this study was conducted using SciFinder (https://www.cas.
org/solutions/cas-scifinder-discovery-platform/cas-scifinder, accessed on 15 May 2021),
Scopus (https://www.scopus.com), Web of Science (https://login.webofknowledge.com),
Google Scholar, and DNP (Dictionary of Natural Products) databases. The keywords
“antiviral”, “SARS CoV-2”, marine-derived”, and “COVID-19” were paired with “sulphated
polysaccharide” to obtain published records up until 2021.
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3.2. Molecular Modeling

We utilized the carbohydrate modeling protocol used by Sapay and his co-workers in
our in silico study of MSPs [112].

3.2.1. Molecular Docking

The docking study was carried out against both the receptor-binding domain (RBD)
of SARS CoV-2′s spike protein (S-protein) and human angiotensin-converting enzyme-2
(ACE2) (PDB codes: 6lZG and 1R42, respectively) [113,114]. An Autodock Vina docking
machine [105] was used for docking experiments. To determine the best binding site
for docking, we docked heparin (i.e., sulphated poly saccharide analogue) against both
S-protein and ACE2 using the ClusPro server [14] by uploading each crystal structure to
the website and choosing heparin as a ligand. The retrieved docking poses were then
arranged from the highest to the lowest scores. We selected the docking pose of the highest
score and subjected it to a short molecular dynamic simulation (25 ns) experiment to
study the stability of heparin in this pose. Heparin showed acceptable stability in this
orientation, where it deviated from the initial pose by an average RMSD of 2.1 Å (Figure 6);
hence, the binding site of heparin in this pose was used for docking in the subsequent
docking experiments. Heparin docking was carried out using its tetrasaccharide form (i.e.,
the default form in the ClusPro software). Accordingly, we also used the tetrasaccharide
form of each MSP for docking experiments to reduce the computational cost required for
docking and molecular dynamic simulations. All results were visualized using PyMol
software [115].

3.2.2. Molecular Dynamic Simulation

MD simulation experiments were carried out using the MDS machine in Maestro
software, Desmond v. 2. [116–118], using its default force field (i.e., OPLS-AA). Protein–
ligand systems were constructed using the System Builder function. Thereafter, these
systems were embedded in an orthorhombic box consisting of TIP3P water and 0.15 M Na+
and Cl- ions (the default dimensions were used). Subsequently, the prepared systems were
energy-minimized and equilibrated for 10 ns. Ligand parameterization was carried out
during the system building step according to the OPLS force field. For MD simulations
carried out using NAMD software, the parameters and topologies of the ligands were
computed using the Charmm36 force field. The online software Ligand Reader and Modeler
(http://www.charmm-gui.org/?doc=input/ligandrm, accessed on 15 May 2021) [119]
and the VMD plugin Force Field Toolkit (ffTK) [120] were utilized for this regard. The
generated parameters and topology files were then loaded into VMD to read the protein–
ligand complexes without errors, then the simulation step was performed. MD simulations
were run for 50 ns at 310 K in the NPT ensemble with the Nose–Hoover thermostat and
Martyna-Tobias-Klein barostat using anisotropic coupling. We selected the best binding
poses for each compound as starting co-ordinates to investigate their binding stability and
mode of interaction.

3.2.3. Binding Free Energy Calculations

Binding free energy calculations (ΔG) were performed using the free energy pertur-
bation (FEP) method [121]. Briefly, this method estimates the binding free energy (i.e.,
ΔGbinding) according to the following equation: ΔGbinding = ΔGComplex − ΔGLigand. These
estimations were derived from separate simulations (NAMD software was used for these
experiments). All input files required for simulation by NAMD were papered using the on-
line website Charmm-GUI (https://charmm-gui.org/?doc=input/afes.abinding, accessed
on 30 April 2021). Subsequently, we loaded these files into NAMD in order to produce the
required simulations. The FEP function in NAMD was used to accomplish this experiment.
The equilibration step was achieved in the NPT ensemble at 300 K and 1 atm (1.01325 bar)
with Langevin piston pressure (for ”complex” and ”ligand”) in the presence of the TIP3P
water model. Then, 10 ns FEP simulations were carried out for each ligand and the last
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5 ns of the free energy values was measured for the final free energy estimation [121]. All
resulting trajectories were visualized and analyzed by VMD software.

4. Conclusions

To challenge highly virulent SARS CoV-2 and its emerging mutations, which have
cost millions of lives, there is an urgent need to ramp up drug discovery pipelines within
a short timeframe. In order to shorten the drug development cycle, screening of existing
chemical libraries holds greater potential than starting from scratch. The levels of structural
and functional diversity of MSPs have been widely discussed for their antiviral properties;
however, the depth of these activities in terms of possible mechanisms against potential
drug targets has been poorly studied. A large number of members belong to the class of
SPs being overlooked as potential candidates to suppress the virulence of SARS CoV-2.

In the present investigation, we aimed to point out the most probable binding sites on
S-protein’s RBD and ACE2 using a well-known sulfated polysaccharide (i.e., heparin) as
a molecular probe. Interestingly, the binding of heparin to these sites led to dissociation
of the RBD–ACE2 complex. These MDS-derived results indicated and validated these
proposed binding sites as potential targets for further ligands from the same chemical class.
Accordingly, these identified binding sites were used in a series of docking experiments
using most of the collected MSPs in this report. A number of MSPs were then found to
be potential binders to these sites. Most of the identified hits have been reported to exert
antiviral activity against SARS CoV-2; however, some of them have not, meaning they
are considered very promising candidates for experimental testing. Overall, the present
investigation shed light on the huge potential of MSPs as antiviral chemical entities and
provided the scientific community hints about their potential against SARS CoV-2, with
some important structural information to be utilized in further experimental research.
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Abstract: Sea cucumbers are a class of marine invertebrates and a source of food and drug. Numerous
microorganisms are associated with sea cucumbers. Seventy-eight genera of bacteria belonging to
47 families in four phyla, and 29 genera of fungi belonging to 24 families in the phylum Ascomycota
have been cultured from sea cucumbers. Sea-cucumber-associated microorganisms produce diverse
secondary metabolites with various biological activities, including cytotoxic, antimicrobial, enzyme-
inhibiting, and antiangiogenic activities. In this review, we present the current list of the 145 natural
products from microorganisms associated with sea cucumbers, which include primarily polyketides,
as well as alkaloids and terpenoids. These results indicate the potential of the microorganisms
associated with sea cucumbers as sources of bioactive natural products.

Keywords: sea cucumber; bioactivity; diversity; microorganism; polyketides; alkaloids

1. Introduction

Sea cucumbers are marine invertebrates that belong to the class Holothuroidea of the
phylum Echinodermata. Globally, there are about 1500 species of sea cucumbers [1], which
are divided into three subclasses: Aspidochirotacea, Apodacea, and Dendrochirotacea, and
can be further divided into six orders: Aspidochirotida, Elasipodida, Apodida, Molpadida,
Dendrochirotida, and Dactylochirotida [2].

Sea cucumbers are found in benthic areas and the deep sea worldwide [3]. They
play an important role in marine ecosystems and occupy a similar niche to earthworms in
terrestrial ecosystems [4]. Sea cucumbers obtain food by ingesting marine sediments or
filtering seawater [5] and provide a unique, fertile habitat for a variety of microorganisms,
including bacteria and fungi [6]. However, since most microorganisms are unculturable
under conventional laboratory conditions [7], this review primarily focuses on culturable
sea-cucumber-associated microorganisms.

Sea cucumbers have been used in medicine in Asia for a long time [8]. For example,
an ointment derived from the sea cucumber Stichopus sp. 1 is used to treat back and
joint pain in Malaysia [9]. Compounds isolated from sea cucumbers have a variety of
biological and pharmacological activities, such as anticancer, antiangiogenic, anticoagu-
lant/antithrombotic, antioxidant, antiinflammatory, antimicrobial, antihypertension, and
radioprotective properties [10,11]. A phase II clinical trial of a sea cucumber extract, called
TBL-12, has been conducted in patients with untreated asymptomatic myeloma [12]. Many
studies have shown that the microorganisms associated with marine animals, such as
sponges and ascidians, are the true producers of marine natural products [13–16]. There-
fore, investigating sea-cucumber-associated microorganisms is essential for discovering
new compounds with potential as novel active drugs. For the past 20 years, there has
been an increasing effort made by researchers on diversity and bioactive compounds of
microorganisms associated with sea cucumber. However, previously, no comprehensive
review article as such has ever been published about this field.

Mar. Drugs 2021, 19, 461. https://doi.org/10.3390/md19080461 https://www.mdpi.com/journal/marinedrugs99
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This review discusses the biodiversity of the culturable microorganisms associated
with sea cucumbers and the chemical structure and bioactive properties of the secondary
metabolites produced by these microorganisms.

2. Microorganisms Associated with Sea Cucumbers

2.1. Geographical Distribution of Microorganisms Associated with Sea Cucumbers

Although sea cucumbers are distributed in oceans worldwide [3], most studies on
the biological and chemical diversity of sea-cucumber-associated microorganisms have
focused on species in the northern temperate areas and tropical areas of the eastern
hemisphere [17–26]. More than 80% of the sampling sites are located on the west coast
of the Pacific Ocean. However, a small number of sampling sites are also located in the
Atlantic, Indian, and Antarctic Oceans [17–26] (Figure 1 and Table S1). Sea cucumber
samples are typically collected from the coast at a depth of less than 20 m [17–21].

Figure 1. Geographical distribution of sea cucumber samples used for studies of culturable microor-
ganisms. The red circles represent sampling sites: (A) Funka Bay and Ainuma fishing port, Hokkaido,
Japan; (B) Sea of Japan, Russia; (C) Yellow Sea, China; (D) Geomun-do, Yeosu, Korea; (E) Kushima,
Omura; Koecho; Nagasaki; Japan; (F) Coast of Aka Island, Okinawa prefecture, Japan; (G) Ningde,
Fujian, China; (H) South China Sea, China; (I) Dayang Bunting Island, Yan, Kedah Darul Aman,
Malaysia; (J) Tioman Island, Pahang Darul Makmur; Peninsular Malaysia; Pangkor Island, Perak;
Malaysia; (K) Sari Ringgung, Lampung, Indonesia; (L) Larak Island, Persian Gulf, Iran; (M) Tabarka,
Tunisia; and (N) the Antarctic.

2.2. Culturable Microorganisms Associated with Sea Cucumbers

The sea cucumbers used for the isolation of culturable microorganisms belong to
five genera (Holothuria, Cucumaria, Stichopus, Apostichopus, and Eupentacta) in four fami-
lies (Holothuriidae, Stichopodidae, Cucumariidae, and Sclerodactylidae) (Table 1). The
dominant species is Apostichopus japonicus, which accounts for about 41% of the total sea
cucumber population. In second place, Holothuria leucospilota accounts for about 27% of the
total sea cucumber population (Table S1).

In studies on microorganisms associated with sea cucumbers, samples are primarily
obtained from the following body parts: the body wall [22,23], body surface [18,21,24–29],
inner body tissue [30], coelomic fluid [24,31], stomach [30], intestines [4,6,17,19,25,32–35],
brown gastrointestinal tissue [30], and feces [20,22].

Sea cucumbers harbor a rich and diverse assortment of microorganisms. A variety
of microorganisms, including bacteria and fungi, have been isolated from sea cucumbers.
Most of the isolation conditions (medium, temperature, and aeration) are common. There
are some papers on the diversity of culturable bacteria associated with sea cucumbers,
which plays a very important role in understanding the digestion and diseases of sea
cucumbers [4,6,17,25,33]. Because marine-derived fungi had shown potential to synthesize
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pharmaceutical compounds with bioactivities, researchers usually directly isolate fungi as-
sociated with sea cucumbers for the separation of active natural products [21,28,29], except
one paper about the diversity and bioactivity of fungi associated with sea cucumbers [22].

2.2.1. Bacteria

To date, 78 genera belonging to 47 families in four phyla have been cultured from sea
cucumbers (Table 2) [4,6,17–19,23–26,30–34]. The phylum Proteobacteria was represented
by 34 genera, 23 genera belong to the phylum Actinobacteria, 13 genera belong to the
phylum Firmicutes, and only eight genera were from the phylum Bacteroidetes. The
bacteria isolated from sea cucumbers are mainly the genus Bacillus, followed by Vibrio, and
Pseudoalteromona (Table S1).

Bacteria have been isolated from seven species in three genera of sea cucumbers:
Apostichopus japonicus, Holothuria atra, Holothuria edulis, Holothuria leucospilota, Stichopus
badionotus, Stichopus chloronotus, and Stichopus vastus [4,6,17–19,23–26,30–34]. A. japonicus
displayed a high bacterial diversity, and 54 bacterial genera were isolated from this species.
Thirty-six genera were isolated from H. leucospilota, and fifteen genera were isolated from
S. vastus. Two, one, six, and three genera of bacteria were isolated from H. atra, H. edulis, S.
badionotus, and S. chloronotus, respectively (Table 1 and Table S1).

2.2.2. Fungi

Sea-cucumber-associated fungi belong to 29 genera in 24 families (Table 2). All of them
are in the phylum Ascomycota [20–22,27–29,35–45]. The dominant genus was Aspergillus,
followed by Penicillium (Table S1).

Fungi were isolated from six species in five genera of sea cucumbers: A. japonicus,
Cucumaria japonica, Eupentacta fraudatrix, Holothuria nobilis, Holothuria poli, and Stichopus
japonicus [20,22,29,35–42]. Among them, the greatest number of fungal species was isolated
from H. poli, with 16 genera. Thirteen genera were isolated from E. fraudatrix, and twelve
genera were isolated from A. japonicus. Two, three, and one genera of fungi were isolated
from the sea cucumbers C. japonica, H. nobilis, and S. japonicus, respectively (Table 1 and
Table S1).

Table 1. Sea cucumbers used for the isolation of culturable microorganisms.

Sea Cucumbers Microorganism Genera
References

Family Genus Species Bacteria Fungi

Cucumariidae Cucumaria japonica 0 2 [20,36]

Holothuriidae Holothuria atra 2 0 [30]

edulis 1 0 [18]

leucospilota 36 0 [4,19,25,31]

nobilis 0 3 [35,37,38]

poli 0 16 [22]

Sclerodactylidae Eupentacta fraudatrix 0 13 [20,21]

Stichopodidae Apostichopus japonicus 54 12 [6,17,20,23,24,29,32–34,39,40]

Stichopus badionotus 6 0 [26]

chloronotus 3 0 [31]

japonicus 0 1 [41,42]

vastus 15 0 [25]
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Table 2. Culturable microorganisms associated with sea cucumbers.

Kingdom Phylum Class Family Genus References

Bacteria Actinobacteria Acidimicrobiia Iamiaceae Iamia [18]

Actinomycetia Brevibacteriaceae Brevibacterium [23,25]

Corynebacteriaceae Corynebacterium [25]

Dermabacteraceae Brachybacterium [6]

Dermacoccaceae Dermacoccus [25]

Dietziaceae Dietzia [25]

Gordoniaceae Williamsia [24]

Intrasporangiaceae Janibacter [25]

Kytococcaceae Kytococcus [25,31]

Microbacteriaceae Microbacterium [6,32]

Micrococcaceae Glutamicibacter [6,25]

Kocuria [25]

Micrococcus [4,6,24,25,31,33]

Rothia [24,25,31]

Nocardioidaceae Nocardioides [25]

Nocardiopsaceae Nocardiopsis [4,6,17]

Oerskoviaceae Paraoerskovia [4]

Ornithinimicrobiaceae Ornithinimicrobium [25]

Serinicoccus [25]

Promicromonosporaceae Cellulosimicrobium [6,25]

Isoptericola [25]

Propionibacteriaceae Pseudopropionibacterium [25]

Streptomycetaceae Streptomyces [6,17,19,25]

Bacteroidetes Cytophagia Cytophagaceae Cytophaga [24]

Flavobacteriia Flavobacteriaceae Flavobacterium [33]

Lacinutrix [24]

Maribacter [24]

Psychroserpens [24]

Ulvibacter [24]

Winogradskyella [24]

Zobellia [24]

Firmicutes Bacilli Bacillaceae Bacillus [4,6,17,24,25,30–33]

Geomicrobium [4,17]

Gracilibacillus [4,17]

Halobacillus [4,6,17]

Halolactibacillus [17]

Oceanobacillus [4,17]

Salsuginibacillus [17]

Virgibacillus [4,6,17]

Planococcaceae Lysinibacillus [17]

Planococcus [26]
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Table 2. Cont.

Kingdom Phylum Class Family Genus References

Sporosarcina [4,17]

Staphylococcaceae Staphylococcus [4,25]

Unidentified Exiguobacterium [26,31]
Proteobacteria Alphaproteobacteria Ahrensiaceae Ahrensia [24]

Erythrobacteraceae Erythrobacter [25]

Rhizobiaceae Agrobacterium [24]

Rhodobacteraceae Epibacterium [25]

Marinosulfonomonas [24]

Octadecabacter [24]

Paracoccus [25]

Roseobacter [24]

Ruegeria [4]

Sphingomonadaceae Sphingomonas [24,26]

Stappiaceae Pseudovibrio [17]

Betaproteobacteria Comamonadaceae Acidovorax [24]

Gammaproteobacteria Aeromonadaceae Aeromonas [33]

Oceanisphaera [32]

Alteromonadaceae Alteromonas [24]

Colwelliaceae Colwellia [24]

Enterobacteriaceae Enterobacter [33]

Klebsiella [30]

Erwiniaceae Pantoea [25]

Ferrimonadaceae Ferrimonas [17]

Halomonadaceae Halomonas [4,33]

Idiomarinaceae Pseudidiomarina [32]

Lysobacteraceae Stenotrophomonas [31]

Moraxellaceae Acinetobacter [25,32]

Psychrobacter [24–26]

Oceanospirillaceae Marinobacterium [32]

Marinomonas [24,32]

Pseudoalteromonadaceae Pseudoalteromonas [4,17,24,26,32–34]

Pseudomonadaceae Pseudomonas [6,17,24,25,31–33]

Psychromonadaceae Psychromonas [24]

Shewanellaceae Shewanella [4,6,24,32]

Vibrionaceae Aliivibrio [24]

Photobacterium [4]

Vibrio [4,6,24–26,31–33]

Fungi Ascomycota Dothideomycetes Cladosporiaceae Cladosporium [20,22]

Didymellaceae Epicoccum [20,40,43]

Pleosporaceae Alternaria [20,22,27,28]

Ulocladium [20]
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Table 2. Cont.

Kingdom Phylum Class Family Genus References

Saccotheciaceae Aureobasidium [22]

Torulaceae Dendryphiella [20]

Eurotiomycetes Aspergillaceae Aspergillus [20,22,35,36,39,41,42]

Emericella [22]

Paecilomyces [22]

Penicillium [20,22]

Onygenaceae Auxarthron [22]

Leotiomycetes Myxotrichaceae Oidiodendron [20]

Ploettnerulaceae Cadophora [22]

Sclerotiniaceae Botryophialophora [20]

Sordariomycetes Bionectriaceae Dendrodochium [37]

Cephalothecaceae Phialemonium [38]

Chaetomiaceae Chaetomium [20,22,29]

Cordycipitaceae Beauveria [20]

Hypocreaceae Acrostalagmus [22]

Trichoderma [20,22,44]

Nectriaceae Fusarium [45]

Plectosphaerellaceae Verticillium [20]

Stachybotryaceae Stachybotrys [22]

Tilachlidiaceae Tilachlidium [20]

Unidentified Acremonium [20–22]

Unidentified Myrothecium [22]

Unidentified Stilbella [20]

Unidentified Unidentified Myriodontium [22]

Unidentified Unidentified Phialophorophoma [20]

3. Structures and Bioactivities of Natural Products

To date, 145 natural products have been isolated from sea-cucumber-associated mi-
croorganisms (Figure 2). These compounds include polyketides, alkaloids, and terpenoids,
among others. These natural products have diverse properties, such as cytotoxic [37,39,45],
antimicrobial [44], enzyme-inhibiting [46], and antiangiogenic activities [47].

3.1. Polyketides

Polyketides are a class of secondary metabolites that are produced by bacteria, fungi,
actinobacteria, and plants [48,49]. They include polyphenols, macrolides, polyenes, an-
thraquinones, enediynes, and other compounds [50,51]. Polyketides have diverse bioactive
properties, including antibiotic, antifungal, immunosuppressant, antiparasitic, cholesterol-
lowering, and antitumoral activities [50,52].

The polyketones territrem A (1), territrem B (2), dihydrogeodin (3), emodin (4), questin
(5), and 1-(2,4-dihydroxyphenyl)-ethanone (6) were isolated from the marine fungus As-
pergillus terreus, associated with the sea cucumber A. japonicus, collected from Zhifu Island in
Yantai, China [39]. Compounds 4 and 5 are common quinone compounds, and compound
4 has cytotoxic effects on human oral epithelial cancer cells (KB) and multidrug-resistant
cells (KBv200), with IC50 values of 32.97 and 16.15 μg/mL, respectively [39]. Compound 4

was also isolated from sea-cucumber-derived fungus Trichoderma sp., and it showed weak
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inhibitory effects against Pseudomonas putida, with a minimum inhibitory concentration
(MIC) of 25 μM [44]. Compound 5 has weak cytotoxicity in KB and KBv200 cells, with IC50
values > 50 μg/mL [39].

Three additional compounds, 1-hydroxyl-3-methylanthracene-9,10-dione (7), chryso-
phanol (8), and sterigmatocystin (9), are secondary metabolites of the fungus Alternaria
sp., isolated from sea cucumber in the sea surrounding Zhifu Island in Yantai, China [28].
Compound 8 was also isolated from a sea-cucumber-associated fungus Trichoderma sp.
and showed weak inhibitory effects against Vibrio parahaemolyticus, with an MIC value of
25 μM [44].

The anthraquinone compounds coniothyrinone A (10) and lentisone (11) were isolated
from the fungus Trichoderma sp. associated with a sea cucumber that was collected from
Chengshantou Island in the Yellow Sea in Weihai City, China [44]. Compounds 10 and 11

were isolated for the first time from fungi of the genus Trichoderma, and they had weak
antiangiogenicc activity. Compound 10 showed pronounced antibacterial activity against
three common marine pathogens, Vibrio parahaemolyticus, Vibrio anguillarum, and Pseu-
domonas putida, and the MIC values were 6.25, 1.56, and 3.13 μM, respectively. Compound
11 showed inhibitory effect against V. parahaemolyticus, V. anguillarum, and P. putida, with
MIC values of 12.5, 1.56, and 6.25 μM, respectively [44].

Six compounds, javanicin (12), norjavanicin (13), fusarubin (14), terrain (15), scle-
rin (16), and 5-hydroxy-7-methoxy-3-methyl-2-(2-oxopropyl) naphthalene-1,4-dione (17),
were isolated from the sea-cucumber-associated fungus Fusarium sp. from the Yantai Sea,
China [45]. Compounds 12–14 showed moderate cytotoxicity in KB cells, with IC50 values
of 2.90, 10.6, and 9.61 g/mL, respectively, and they also showed moderate cytotoxic effects
in KBv200 cells, with IC50 values of 5.91, 12.12, and 6.74 g/mL, respectively [45].

Four new polyhydroxy cyclohexanol analogues, named dendrodochol A–D (18–21),
were isolated from the fungus Dendrodochium sp. associated with the sea cucumber H.
nobilis, which was collected from the South China Sea [53]. Compounds 18 and 20 showed
modest antifungal activity against Candida strains, Cryptococcus neoformans, and Trichophyton
rubrum (MIC80 = 8–16 μg/mL) in an in vitro bioassay [53]. Additionally, thirteen new
12-membered macrolides, dendrodolides A–M (22–34), were isolated from the fungus
Dendrodochium sp. associated with the sea cucumber H. nobilis [37]. Compounds 22–25, 29,
30, and 32 showed cytotoxic effects on SMMC-7721 tumor cells, with IC50 values of 19.2,
24.8, 18.0, 15.5, 21.8, 14.7, and 21.1 μg/mL, respectively [37]. Compounds 24, 26, 28, 30, 32,
and 33 had cytotoxic effects on HCT116 tumor cells, with IC50 values of 13.8, 5.7, 9.8, 11.4,
15.9, and 26.5 μg/mL, respectively [37].

Aspergillolide (35), a newly discovered 12-membered macrolide, was isolated from
the fungus Aspergillus sp. S-3-75, associated with the sea cucumber H. nobilis that was
collected from the Antarctic [35].

Azaphilone compounds are fungal polyketide pigments produced by a variety of
ascomycetes and basidiomycetes [54]. Four previously known azaphilones, chaetoviridin
A (36), chaetoviridin E (37), chaetoviridin B (38), and chaetomugilin A (39), and a known
cochliodinol (40), were produced by the fungus Chaetomium globosum, associated with
the sea cucumber A. japonicus, which was collected from Chengshantou Island, Weihai,
China [29].

3.2. Alkaloids

Alkaloids have been identified as a class of nitrogenous organic compounds derived
from plants [55,56]; although they are most commonly found in plants, alkaloids can also
be isolated from marine organisms and marine microorganisms [57,58].

Chaetoglobosins, which are a large class of secondary metabolites that are cytochalasin
alkaloids, have been isolated mainly from the fungus Chaetomium globosum [59]. Three pre-
viously known chaetoglobosins, chaetoglobosin Fex (41), G (42), and B (43), and one new
chaetoglobosin, cytoglobosin X (44), were isolated from the fungus Chaetomium globosum,
associated with the sea cucumber A. japonicus, on Chengshantou Island, China [29]. Com-
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pound 43 has some inhibitory effects against Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus (MRSA), with MIC values of 47.3 and 94.6 μM, respectively, and weak
activity against Candida albicans SC5314, Candida albicans 17#, Pseudomonas aeruginosa, and
Bacillus Calmette–Guérin (BCG), with MIC values >100 μg/mL for all organisms [29].

Nineteen compounds were isolated from the fungus Aspergillus fumigatus, associated
with the sea cucumber S. japonicus, collected near Lingshan Island, Qingdao, China [33].
Among these 19 compounds are seven new prenylated indole diketopiperazine alkaloids,
including compound 45, three spirotryprostatins (C–E) (46–48), two derivatives of fu-
mitremorgin B (49 and 50), and 13-oxoverruculogen (51), along with 12 known compounds,
including spirotryprostatin A (52), 13-oxofumitremorgin B (53), fumitremorgin B (54),
verruculogen (55), 3-β hydroxy cyclo-L-tryptophyl-L-proline (56), cyclo-L-tryptophyl-L-
proline (57), tryprostatin B (58), tryprostatin A (59), N-prenyl-cyclo-L-tryptophyl-L-proline
(60), fumitremorgin C (61), 12,13-dihydroxyfumitremorgin C (62), and cyclotryprostatin
A (63) [41]. Compound 45 showed weak cytotoxicity in HL–60 cells, with an IC50 value
of 125.3 μM. Compounds 46–51 exhibited some cytotoxicity in MOLT–4 cells, HL–60 cells,
A–549 cells, and BEL-7402 cells. Compound 48 showed higher activity in MOLT–4 and
A–549 cells than the others, with an IC50 value of 3.1 μM for both cell types. Compound
49 showed higher activity in BEL–7402 cells than the others, with an IC50 value of 7.0 μM.
Compound 51 showed higher activity in HL–60 cells than the others, with an IC50 value of
1.9 μM [41]. Compound 53 was also isolated from the fungus Aspergillus sp., associated
with the sea cucumber S. japonicus, collected from Lingshan Island, Qingdao, China [42].
Two new compounds, pseurotin A1 (64) and A2 (65), as well as pseurotin A (66) were
also isolated from the fungus Aspergillus fumigatus, associated with the sea cucumber S.
japonicus. Compound 65 exhibited slight cytotoxicity in A549 and HL-60 cells, with IC50
values of 48.0 and 70.8 μmol/L, respectively, and compound 66 showed slight cytotoxicity
in HL-60 cells, with an IC50 value of 67.0 μmol/L [60].

3.3. Terpenoids

Terpenoids, which are widely found in nature and in numerous species, have various
structures and are divided into monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20),
and sesterterpenes (C25) [61]. Although most known terpenoids have been isolated from
plants [62], they are also produced by marine microorganisms [63].

Three new pimarane diterpenes, aspergilone A (67) and compounds 68 and 69, one
new isopimarane diterpene (70), and four known compounds, diaporthin B (71), dia-
porthein B (72), 11-deoxydiaporthein A (73), and isopimara-8(14),15-diene (74), were ob-
tained from the fungus Epicoccum sp., associated with the sea cucumber A. japonicus, which
was collected from Yantai, Shandong Province, China [40,64,65]. Compounds 67, 68, and 71

exhibited cytotoxicity in KB cells, with IC50 values of 3.51, 20.74, and 3.86 μg/mL, respec-
tively, and in KBv200 cells, with IC50 values of 2.34, 14.47, and 6.52 μg/mL, respectively [40].
Compounds 70 and 73 exhibited effective inhibitory activities against α-glucosidase, with
IC50 values of 4.6 and 11.9 μM, respectively [65].

The fungus Aspergillus sp. H30, derived from the sea cucumber Cucumaria japonica,
which was collected from the South China Sea, produced a meroterpenoid called chevalone
B (75) that exhibited weak antibacterial activity [36].

Terpene glycosides are a group of natural products with a triterpene or sterol core, and
marine diterpene glycosides (MDGs) are a subset of terpene glycosides [66]. Thirty-one new
diterpene glycosides, including virescenosides M–R (76–81), R1–R3 (82–84), S–X (85–90), Z (91),
and Z4–Z18 (92–106), and three known diterpenic glycosides, virescenosides A (107), B (108),
and C (109), together with three known analogues, virescenoside F (110), G (111), a lactone of
virescenoside G (112), and the aglycon of virescenoside A (113), were isolated from the fungus
Acremonium striatisporum KMM 4401, associated with the sea cucumber Eupentacta fraudatrix,
which was collected from Kitovoe Rebro Bay in the Sea of Japan [21,46,67–71]. Compounds 76,
77, 79, and 107–109 showed cytotoxic effects on developing eggs of the sea urchin Strongylo-
centrotus intermedius (MIC50 = 2.7–20 μM) [21,67]. Compounds 76–81, 85–87, and 107–109
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exhibited cytotoxic activities against Ehrlich carcinoma tumor cells (IC50 = 10–100 μM)
in vitro [21,67,68]. Compounds 81 and 85–87 showed weak cytotoxic effects on develop-
ing eggs of the sea urchin S. intermedius (IC50 = 100–150 μM) [68]. At a concentration of
100 mg/mL, compounds 82–84 and 91 inhibited esterase activity by 56%, 58%, 36%, and 40%,
respectively [46]. The aglycon 113 inhibited urease activity, with an IC50 value of 138.8 μM [71].
Compounds 97, 98, 100, 101, 104, and 110–113, at 10 μM, downregulated reactive oxygen
species (ROS) production in lipopolysaccharide (LPS)-stimulated macrophages [71]. At
1 μM, compounds 98 and 101 induced moderate downregulation of NO production in LPS-
stimulated macrophages [71].

3.4. Other Types of Compounds Isolated from Sea-Cucumber-Associated Microorganisms

Other secondary metabolites, including cyclo-(L-Pro-L-Phe) (114), cyclo-(L-Pro-L-Met)
(115), cyclo-(L-Pro-L-Tyr) (116), cyclo-(L-Pro-L-Val) (117), cyclo-(L-Pro-L-Pro) (118), cyclo-(L-
Val-L-Gly) (119), and cyclo-(L-Pro-L-Leu) (120), have been isolated from the actinomycete
Brevibacterium sp., associated with the sea cucumber A. japonicus [23].

Four compounds, 5-methyl-6-hydroxy-8-methyoxy-3-methylisochroman (121), peroxy-
ergosterol (122), succinic acid (123), and 8-hydroxy-3-methylisochroman-1-one (124), were
isolated from the fungus Epicoccum spp., associated with sea cucumber collected in the
Yellow Sea, China [43]. Compound 121 is a pheromone [43] that was also isolated from the
fungus Alternaria sp., associated with the sea cucumber collected from the Yellow Sea in
Weihai, China [27]. The fungus Alternaria sp., associated with sea cucumber, also produced
a new benzofuran derivative, 4-acetyl-5-hydroxy-3,6,7-trimethylbenzofuran-2(3H)-one
(125), and a known compound, 2-carboxy-3-(2-hydroxypropanyl) phenol (126) [27].

Two depsidones, emeguisin A (127) and aspergillusidone C (128), were isolated from
the fungus Phialemonium sp., associated with the sea cucumber H. nobilis, collected in South
China [38].

Three compounds, (+)-butyrolactone IV (129), butyrolactone I (130), and terrelactone
A (131), were isolated from the fungus Aspergillus terreus, associated with the sea cucumber
A. japonicus, collected from the Yellow Sea in China [47]. Compounds 129 and 130 showed
moderate antiangiogenic activity when evaluated using a zebrafish assay. The inhibition
ratio of compound 129, at a concentration of 100 μg/mL, was 43.4% and that of compound
130, at a concentration of 10 μg/mL, was 28.7% [47].

Nine known compounds, 2,4-dihydroxy-6-methylaceto-phenone (132), pannorin (133),
2-hydroxy-4-(3-hydroxy-5-methylphenoxy)-6-methylbenzoic acid (134), 3,3′-dihydroxy-
5,5′-dimethyldiphenyl ether (135), aloesone (136), aloesol (137), acremolin (138), cyclo-(L-
Trp-L-Phe) (139), and cyclo-(L-Trp-L-Leu) (140), were isolated from the fungus Aspergillus
sp. S-3-75, associated with the sea cucumber H. nobilis, which was collected from the
Antarctic [35].

Cerebroside (141) was isolated from the fungus Alternaria sp., associated with sea
cucumber from the sea near Zhifu Island in Yantai, China [28].

Three known compounds, streptodepsipeptide P11B (142), streptodepsipeptide P11A
(143), and valinomycin (144), and one novel valinomycin analogue, streptodepsipeptide
SV21 (145), were produced by the actinobacteria Streptomyces sp. SV 21, isolated from
the sea cucumber S. vastus in Lampung, Indonesia [72]. Compounds 142–145 exhibited
antifungal activity against Mucor hiemalis, with MIC values of 16.6, 8.3, 2.1, and 16.6 μg/mL,
respectively. These four compounds also exhibited antifungal activity against Ruegeria
glutinis, with MIC values of 33.3, 8.3, 4.2, and 16.6 μg/mL, respectively. Compounds
144 and 145 showed activities against the Gram-positive bacterium Staphylococcus aureus,
with MIC values of 4.2 and 16.6 μg/mL, respectively. Compound 145 showed activity
against the Gram-positive bacterium Bacillus subtilis, with an MIC value of 33.3 μg/mL.
Compounds 143–145 showed pronounced antiinfectivity effects against hepatitis C virus
(HCV). Compound 142 showed weak antiinfectivity effects against HCV [72].
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Figure 2. Chemical structures of the 145 compounds isolated from sea-cucumber-associated microorganisms.

3.5. Summary of the Natural Products Isolated from Microorganisms Associated with
Sea Cucumbers

From 2000 to 2021, 145 natural products were isolated from microorganisms associated
with sea cucumbers. The numbers of compounds isolated in 2008, 2014, and 2020 were
significantly higher than the numbers isolated in other years (Figure 3). The compounds
isolated from sea-cucumber-associated microorganisms are mainly polyketides, alkaloids,
and terpenoids (Figures 4 and 5), which account for 28%, 18%, and 32% of the total isolated
compounds, respectively (Figure 4). Most of these compounds were isolated from sea-
cucumber-associated fungi (Figure 4), and many of them have demonstrated bioactivities,
including cytotoxicity, antimicrobial, enzyme-inhibiting, antiviral, and antiangiogenic
activities, and the downregulation of ROS and NO production (Figure 6).

Figure 3. Natural products isolated from sea-cucumber-associated microorganisms from 2000 to 2021.
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Figure 4. Percentage distribution of the natural products isolated from sea-cucumber-associated
microorganisms.

Figure 5. Natural products isolated from sea-cucumber-associated microorganisms.

Figure 6. Percentage distribution of the bioactivities of the natural products isolated from sea-cucumber-associated
microorganisms.
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4. Conclusions

Sea cucumbers have been extensively utilized in medicine in Asia for a long time,
and a variety of compounds with pharmacological activities have been isolated from
sea cucumbers [10]. The actual producers of these marine natural products may be sea-
cucumber-associated microorganisms. Sea cucumbers harbor a rich and diverse assortment
of microorganisms. Over the past 20 years, seventy-eight genera of bacteria belonging to
47 families in four phyla, and 29 genera of fungi belonging to 24 families in the phylum
Ascomycota have been cultured from sea cucumbers. A total of 145 natural products
have been isolated from sea-cucumber-associated microorganisms. These compounds are
polyketides, terpenoids, alkaloids, and others, and many have been shown to have various
biological activities. Sea-cucumber-associated microorganisms have great potential for the
production and isolation of high-value bioactive compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19080461/s1, Table S1. Microorganism genera associated with sea cucumbers.
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Abstract: Four new indole-diterpenoids, named penerpenes K-N (1–4), along with twelve known
ones (5–16), were isolated from the fermentation broth produced by adding L-tryptophan to the
culture medium of the marine-derived fungus Penicillium sp. KFD28. The structures of the new
compounds were elucidated extensively by 1D and 2D NMR, HRESIMS data spectroscopic analyses
and ECD calculations. Compound 4 represents the second example of paxilline-type indole diterpene
bearing a 1,3-dioxepane ring. Three compounds (4, 9, and 15) were cytotoxic to cancer cell lines,
of which compound 9 was the most active and showed cytotoxic activity against the human liver
cancer cell line BeL-7402 with an IC50 value of 5.3 μM. Moreover, six compounds (5, 7, 10, 12, 14,
and 15) showed antibacterial activities against Staphylococcus aureus ATCC 6538 and Bacillus subtilis
ATCC 6633.

Keywords: marine-derived fungus; Penicillium sp.; indole-diterpenoids; cytotoxicity; antibacterial activity

1. Introduction

Marine fungi have formed different metabolic pathways and adaptation mechanisms
within the peculiar marine environment. Hence, marine fungi can produce natural sec-
ondary metabolites that are characterized by unique chemical structures and high biological
activities [1,2]. Alkaloids derived from marine-derived compounds have received extensive
attention in recent years. Indole alkaloids, as an important class of secondary metabolites
produced by marine-derived fungi [3], showed excellent biological activities, including cy-
totoxic [4], antibacterial [5], quorum sensing inhibitory [6], anti-Zika virus [7], and protein
tyrosine phosphatase inhibitory activities [8,9].

Marine-derived fungus Penicillium sp. KFD28 was isolated and identified from bivalve
shellfish, Meretrix lusoria, collected from Haikou Bay, China. Our previous study on
the secondary metabolites of this fungus discovered a series of indole alkaloids with
novel structures and intriguing bioactivities, e.g., protein tyrosine phosphatase inhibitory
activity [8,9]. The OSMAC (one strain, many compounds) approach is highly efficient
for inducing structural diversity by the variation of cultivation conditions [10]. Most
of the indole alkaloids precursors are related to L-tryptophan [11]. To find more new
alkaloids from marine fungi, adding amino acids to the culture media is becoming a viable
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strategy [12,13]. In order to explore the metabolic potential of the fungus Penicillium sp.
KFD28, we recultured this fungus by adding L-tryptophan to the solid rice culture and
found that the HPLC profiles of the extract are different from that of the first time obtained
from the liquid medium. Later chemical investigation of the fermentation broth led to the
isolation of four new indole-diterpenoids, penpenes K-N (1–4), along with 12 known ones,
including paxilline (5) [14], dehydroxypaxilline (6) [15], 7-hydroxyl-13-dehydroxypaxilline
(7) [16], 3-deoxo-4b-deoxypaxilline (8) [17], epipaxilline (9) [18], 7-hydroxypaxilline-13-ene
(10) [19], paspaline (11) [20], 4a-demethylpaspaline-4a-carboxylic acid (12) [17], paspalinine
(13) [21], PC-M6 (14) [22], emindole SB (15) [23], emeniveol (16) [24] (Figure 1). Herein, the
isolation, structure elucidation, and bioactivities of these compounds are reported.

 

Figure 1. The chemical structures of compounds 1–16.

2. Results and Discussions

2.1. Structure Elucidation

Compound 1 was obtained as a yellow oil. Its formula was determined as C28H39NO3
on the basis of HRESIMS data (m/z 476.2565 for [M+K]+), indicating ten degrees of unsatu-
ration. The 1H and 13C NMR data of 1, with the aid of its HSQC spectrum (Supplementary
Materials, Figures S1–S4), showed a total of 28 carbon signals comprising eight olefinic
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or aromatic carbons (four protonated) for a 2,3-disubstituted indole moiety, four methyls,
eight sp3 methylenes with one oxygenated, four sp3 methines with two oxygenated, and
four non-protonated sp3 carbons with one oxygenated. These NMR data allowed the
construction of the carbon skeleton of indole-diterpenoid. Careful contrast of the similar
NMR spectral data between 1 and paspaline (11) [20] revealed that they had the same
planar structure except that the methyl group at C-12 (δC 36.6) in paspaline was oxidized
to oxymethylene in 1. Consistent with the introduction of the hydroxyl at C-30 (δC 58.5),
it showed a distinctive deshielding of the C-12 signal (δC 48.8) in 1 compared to those of
paspaline (δC 36.6). The linkage of a hydroxyl at C-30 was further supported by the COSY
correlation of 30-OH/H2-30 (Figure 2; Supplementary Material, Figure S8) and ROESY cor-
relation of H3-26/H2-30 (Supplementary Material, Figure S9). Detailed analysis of 2D NMR
data further confirmed that 1 and paspaline share the same indole-diterpenoid skeleton.
The relative configuration of 6/6/6 tricyclic rings in indole-diterpenoid were determined
by the ROESY spectrum (Figure 3), in which the sequential correlations of H-16/H3-26/H2-
30/H-10β/H3-28 suggested the same face of H-16, CH3-26, CH2-30, and C-27 in the 6/6/6
tricyclic ring system, while the correlations of H3-25/H-13/H-7/H-9 suggested CH3-25,
H-13, H-7, and H-9 were on the opposite face of this system. It has been reported that the
strong Cotton effect (CE) around 220 nm was related to the absolute configurations of the
chiral carbons around the indole chromophore in the paxilline-type indole-diterpene [17].
Thus, the strong negative CE at 223 nm in the experimental ECD spectrum of 1 (Figure 4)
suggested its (3S,4S,7S,9S,12S,13R,16S)-1 absolute configuration [17]. As for the absolute
configuration of 1, the ECD spectrum of (3S,4S,7S,9S,12S,13R,16S)-1 was calculated; this
deduction was further supported, establishing the absolute configuration of 1 as presented
in Figure 1.

Compound 2 was isolated as a yellow oil. Its formula was determined as C27H35NO4
on the basis of HRESIMS data, indicating 11 degrees of unsaturation. Its 13C NMR data
showed a total of 27 carbon signals comprising eight aromatic or olefinic carbons for an
indole moiety, four methyls, six sp3 methylenes, four sp3 methines with two oxygenated,
and five non-protonated sp3 carbons with three oxygenated. Analysis of the NMR spectra
(Tables 1 and 2, Supplementary Materials, Figures S12–S18) of 2 suggested that its structure
was related to that of 4a-demethylpaspaline-3,4,4a-triol [17], and the main difference being
C-9 (δC 109.8), C-11 (δC 43.7), and C-12 (δC 84.6) in 2 instead of C-9 (δC 82.6), C-11 (δC 73.5),
and C-12 (δC 76.1) in 4a-demethylpaspaline-3,4,4a-triol, indicating the replacement of
two oxygenated carbons by a methylene (C-11) and an acetal carbon (C-9) in 2. The
HMBC correlations (Supplementary Material, Figure S16) from H-11, H-7, H-29, and H-28
to C-9 confirmed this deduction. The presence of an indole moiety, together with the
HRESIMS data (Supplementary Material, Figure S19), indicated that 2 has a heptacyclic
ring system. At this point, one more ring was required to fulfill the 11 double-bond
equivalents, and an oxygen bridge was proposed according to the molecular formula.
The oxygen bridge was assigned to connect C-9 and C-12 as deduced from distinctive
deshielding of the C-12 (δC 84.6) and C-9 (δC 109.8) in 2 compared to corresponding
C-12 (δC 76.1) and C-9(δC 96.4-96.5) [25,26] with a free hydroxyl group. In the ROESY
spectrum (Supplementary Material, Figure S18), correlations of H-16/H3-26/H-5β, and H-
5α/H3-25/H-13/H-7/H-10/H3-28 determined the relative configuration of 2, as shown in
Figure 3. In addition, the β orientation of the oxygen bridge was also proved by the ROESY
correlation of H-7/H2-11 with the aid of the 3D ball-and-stick molecular model. Thus,
the planar structure of compound 2 was established and named penerpene L. The ECD
curve (Figure 4) of compound 2 is similar to 1, indicating that the absolute configurations
for the chiral carbons C-3, C-4, C-16, and C-13 in 1 were the same as those of 2. The ECD
calculation experiment also confirmed the above deduction (Figure 4), establishing the
(3S,4S,7S,9S,10R,12R,13R,16S)-2 absolute configuration.

Compound 3 was assigned the molecular formula of C28H41NO2 by HRESIMS, indicat-
ing nine degrees of unsaturation. The 1H NMR spectrum (Supplementary Material, Figure
S21) displayed the typical pattern of a 3-substituted indole moiety with five aromatic protons
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at δH 7.04 (s, H-2), 7.30 (d, J = 8.0, H-7), 6.93 (t, J = 7.6, H-5), 7.02 (t, J = 7.6, H-6) and 7.55
(d, J = 8.0, H-4), as well as one clear olefinic proton at δH 5.05 (t, H-21), one oxygenated
proton δH 3.27 (1H, H-17), and five methyls at δH 1.62 (s, 24-Me), 1.55 (s, 23-Me), 0.62 (s,
27-Me), 1.11 (s, 26-Me), 0.94 (s, 25-Me). The 13C NMR data of 3 (Supplementary Materi-
als, Figures S22 and S23) displayed 28 carbon signals, including ten aromatic or olefinic
carbons (six protonated), five methyls, seven sp3 methylenes, three sp3 methines with
one oxygenated, three non-protonated sp3 carbons with one oxygenated. These NMR
spectra data indicated that 3 was very similar to emeniveol (16) [24] except that a methyl
in C-26 (δC/H 16.3/1.11) and an oxygenated non-protonated sp3 carbon C-14 (δC 76.4) in
3 replaced two olefinic carbons in emeniveol, suggesting that the exocyclic double bond
in emeniveol changed to a methyl and an oxygenated non-protonated sp3 carbon. This
obvious difference was supported by the HMBC correlations (Supplementary Material,
Figure S25) from the H3-26 to C-14, C-13 (δC 42.0) and C-9 (δC 42.9). The relative config-
uration of 3 was determined by the ROESY spectrum (Figure 3), and the correlations of
14-OH/H3-25/H3-27/17-OH and H-9/H3-25 suggested the same face of these protons,
while the correlation of H-12/H-17 indicated that these protons were on the opposite
face to 17-OH. Thus, the planar structure of 3 was assigned, as shown in Figure 1. The
absolute configuration of 3 was established as (9S,12S,13S,14S,17S,18S)-3 by comparison of
its experimental ECD spectrum with the calculated ECD curves (Figure 4).

The molecular formula of compound 4 was established as C27H33NO4 on the basis of
HRESIMS data, indicating 12 degrees of unsaturation. Analysis of the 1H and 13C NMR
spectra (Tables 1 and 2, Supplementary Materials, Figures S30 and S31) of 4 suggested that
its structure was closely related to that of penerpene G [9], a previously reported indole
diterpene with an unusual 6/5/5/6/6/7 hexacyclic ring system bearing a 1,3-dioxepane
ring. The main difference between them was the replacement of an oxygenated non-
protonated sp3 carbon C-14 (δC 78.3) in penerpene G by that of a sp3 methine (δC 42.8) in
4. This assignment was confirmed by HMBC (Figure 2) correlations from H-12 (δH 5.54)
and H-27 (δH 0.82) to C-14 and the COSY correction of H-14/H-15. The ROESY correc-
tions (Figure 3) of H3-27/H-17/H-16β and H-16α/H3-26/H-14/H-7/H-9 assigned the same
relative configuration of 4 as that of penerpene G. The ECD curves of compound 4 (Sup-
plementary Material, Figure S43) are similar to that reported for penerpene G, containing
strong positive CEs at a shorter wavelength (219 nm in 4 and 220 nm in penerpene G) and
strong negative CEs at a longer wavelength (238 nm in 4 and 234 nm in penerpene G),
leading to the determination of the absolute configuration of 4 as (3S,4S,7S,9S,14R,17S)-4.

 

Figure 2. Key COSY and HMBC correlations of compounds 1–4.
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Figure 3. Key ROESY correlations of compounds 1–4.

  

Figure 4. Experimental and calculated ECD curves for compound 1 (A); compound 2 (B); compound 3 (C).

Table 1. 1H NMR (500 and 600 MHz) data of 1–4 in DMSO-d6.

Position
1 2 3 4

δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz)

2 7.04 (1H, s)
4 7.55 (1H, d, 8.0)
5 1.92 (1H, m) 1.88 (1H, overlap) 6.93 (1H, t, 8.0) 2.01 (1H, m)

1.80 (1H, m) 1.60 (1H, overlap) 1.94 (1H, m)
6 1.51 (1H, m) 1.90 (1H, m) 7.02 (1H, t, 8.0) 1.72 (1H, overlap)

1.62 (1H, overlap) 1.48 (1H, m) 2.20 (1H, m)
7 3.03 (1H, dd, 12.1, 3.8) 3.49 (1H, dd, 9.7, 7.0) 7.30 (1H, d, 8.0) 4.46 (1H, m)
8 2.07 (1H, m)

3.15 (1H, d, 13.3)
9 3.10 (1H, dd, 12.0, 2.7) 1.81 (1H, m) 5.05 (1H, s)

10 1.41 (1H, m) 4.04 (1H, dd, 2.1, 6.7) 1.10 (1H, m)
1.62 (1H, overlap) 1.65 (1H, m)

11 1.74 (1H, m) 1.88 (1H, overlap) 1.26 (2H, m)
1.69 (1H, s) 1.70 (1H, m)

12 1.81 (1H, m) 5.54 (1H, s)
13 1.39 (1H, m) 2.06 (1H, dd, 12.7, 3.1)
14 0.83 (1H, m) 1.74 (1H, m) 2.55 (1H, m)

2.35 (1H, m) 1.64 (1H, m)
15 1.44 (1H, m) 1.78 (1H, m) 1.42 (2H, overlap) 1.53 (1H, m)

1.62 (1H, m) 1.60 (1H, overlap) 1.62 (1H, overlap)
16 2.61 (1H, m) 2.86 (1H, m) 1.24 (1H, overlap) 1.72 (1H, overlap)

1.54 (1H, m) 1.62 (1H, overlap)
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Table 1. Cont.

Position
1 2 3 4

δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz)

17 2.54 (1H, m) 2.61 (1H, m) 3.27 (1H, m) 2.68 (1H, m)
2.21 (1H, dd, 12.3, 10.9) 2.29 (1H, dd, 11.2, 12.6)

18 2.33 (1H, m)
2.61 (1H, m)

19 1.02 (1H, m)
1.47 (1H, m)

20 7.27 (1H, d, 7.5) 7.27 (1H, d, 7.5) 1.84 (2H, m)
21 6.91 (1H, t, 7.5) 6.90 (1H, m) 5.05 (1H, t, 7.6) 7.27 (1H, m)
22 6.91 (1H, t, 7.5) 6.94 (1H, m) 6.92 (1H, t, 7.9)
23 7.24 (1H, d, 7.5) 7.26 (1H, d, 7.5) 1.55 (3H, s) 6.96 (1H, t, 7.9)
24 1.62 (3H, s) 7.27 (1H, m)
25 0.94 (3H, s) 0.94 (3H, s) 0.94 (3H, s)
26 1.13 (3H, s) 1.17 (3H, s) 1.11 (3H, s) 1.01 (3H, s)
27 0.62 (3H, s) 0.82 (3H, s)
28 1.08 (3H, s) 1.26 (3H, s)
29 1.03 (3H, s) 1.24 (3H, s) 1.14 (3H, s)
30 3.69 (1H, m) 1.13 (3H, s)

3.86 (1H, m)
1-NH 10.55 (1H, s) 10.68 (1H, s) 10.67 (1H, s) 10.72(1H, s)
14-OH 4.04 (1H, s)
17-OH 4.22 (1H, d, 4.8)
10-OH 4.88 (1H, s)
27-OH 4.16 (1H, s)
28-OH 4.77 (1H, s)
30-OH 4.07 (1H, s)

Compound 1 was measured with 500 MHz 1H NMR. Compounds 2, 3, and 4 were measured with 600 MHz 1H NMR.

Table 2. 13C NMR (125 and 150 MHz) data of 1–4 in DMSO-d6.

Position
1 2 3 4

δC δC δC δC

2 151.5, C 150.9, C 122.6, CH 150.2, C
3 52.9, C 50.8, C 114.4, C 42.5, C
3a 127.6, C
4 39.9, C 38.5, C 118.7, CH 50.0, C
5 32.7, CH2 30.6, CH2 117.9, CH 30.8, CH2
6 24.5, CH2 23.2, CH2 120.6, CH 30.0, CH2
7 85.2, CH 78.2, CH 111.2, CH 83.0, CH
7a 136.3, C
8 25.5, CH2
9 84.9, CH 109.8, C 42.9, CH 102.3, CH
10 25.7, CH2 73.1, CH 27.2, CH2
11 23.8, CH2 43.7, CH2 20.7, CH2 166.8, C
12 48.8, C 84.6, C 41.1, CH 113.1, CH
13 46.9, CH 38.8, CH 42.0, C 163.1, C
14 31.8, CH2 26.2, CH2 76.4, C 42.8, CH
15 21.3, CH2 25.2, CH2 29.9, CH2 25.6, CH2
16 49.0, CH 49.0, CH 28.5, CH2 23.9, CH2
17 27.3, CH2 27.1, CH2 71.5, CH 48.7, CH
18 116.1, C 115.9, C 40.6, C 26.9, CH2
19 124.6, C 124.4, C 37.0, CH2 115.8, C
20 117.8 CH 117.7, CH 21.2, CH2 124.3, C
21 118.6, CH 118.5, CH 125.3, CH 117.7, CH

126



Mar. Drugs 2021, 19, 613

Table 2. Cont.

Position
1 2 3 4

δC δC δC δC

22 119.3, CH 119.4, CH 129.8, C 118.5, CH
23 112.0, CH 111.9, CH 17.5, CH3 119.5, CH
24 140.4, C 140.1, C 25.6, CH3 111.9, CH
25 14.8, CH3 14.4, CH3 14.6, CH3 140.1, C
26 19.5, CH3 16.7, CH3 16.3, CH3 14.7, CH3
27 70.7, C 70.9, C 17.2, CH3 15.4, CH3
28 26.9, CH3 26.4, CH3 69.9, C
29 24.9, CH3 24.7, CH3 24.0, CH3
30 58.5, CH2 23.8, CH3

Compound 1 was measured with 125 MHz 13C NMR. Compounds 2, 3, and 4 were measured with 150 MHz
13C NMR.

2.2. Biological Assay

The cytotoxic activities of compounds 1–16 were conducted by the MTT assay method [27]
using cisplatin as the positive control. All compounds were tested against the human
cervical cancer cell line HeLa, human gastric cancer cell line SGC-7901, human lung
carcinoma cell line A549, and human liver cancer cell line BeL-7402. The results (Table 3)
indicated that compound 9 exhibited the most pronounced activity against BeL-7402
with an IC50 value of 5.3 μM and was comparable to that of positive control cisplatin
(IC50 4.1 μM). Compound 9 also displayed moderate cytotoxic activity against A549.
While compounds 4 showed low cytotoxicity against HeLa. Compound 15 displayed
mild inhibitory activity against HeLa, A549, and BeL-7402 (IC50 = 24.4–40.6 μM). The
remaining compounds were found to be inactive against the three cell lines. All the tested
compounds 1–16 were inactive against the cell line SGC-7901. The loss of a hydroxyl at C-14
suggested being a determinant of cytotoxicity shown by compound 4 against HeLa (4 vs.
penerpene G [9]). It is worth mentioning that it was the first-time report of the cytotoxicity of
epipaxilline (9) [18]. Arintari et al. [19] and Sallam et al. [28] demonstrated the cytotoxicities
of emindole SB (15) against human breast cell line MCF-7, murine lymphoma cell line
L5178Y, and the human embryonic kidney cell line HEK-293, which provides emindole SB
(15) a meaningful pharmacophore for further biological studies.

Table 3. Cytotoxicity of compounds 4, 9, and 15.

Compound
IC50 (μM)

HeLa A549 BeL-7402

4 36.3 >50 >50
9 >50 28.4 5.3

15 33.1 24.4 40.6
Cisplatin a 8.6 4.5 4.1

a Positive control.

Compounds 1–16 were also tested for their antibacterial activity against Escherichia
coli ATCC 25922, Staphylococcus aureus ATCC 6538, Listeria monocytogenes ATCC 1911,
and Bacillus subtilis ATCC 6633 using the 96-well microtiter plates method [29] reported
previously and using ampicillin as a positive control. The results (Table 4) revealed that six
compounds 5, 7, 10, 12, 14, and 15 showed moderate inhibitory activity against S. aureus
ATCC 6538. Emindole SB (15) displayed reported selectivity toward S. aureus ATCC 33591
(MIC = 6.25 μg/mL) [21]. Compound 7 showed reasonable antibacterial activity against
B. subtilis ATCC 6633 (MIC = 16 μg/mL), but compounds 5, 10, and 12 exhibited lower
inhibitory. The results of the rest ten compounds (1–4, 6, 8–9, 11, 13, and 16) did not show
remarkable antibacterial activities (MIC > 128 μg/mL) against S. aureus and B. subtilis. In
this assay, none of these compounds showed inhibitory activity against E. coli ATCC 25922
and L. monocytogenes ATCC 1911 (MIC > 128 μg/mL).
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Table 4. Antibacterial activities of compounds 5, 7, 10, 12, 14, and 15.

Compound

MIC(μg/mL)

Staphylococcus aureus
ATCC 6538

Bacillus subtilis
ATCC 6633

5 128 32
7 64 16

10 64 64
12 64 128
14 64 >128
15 32 >128

Ampicillin a <1 <1
a Positive control.

3. Experimental

3.1. General Experimental Procedures

NMR spectra were recorded on Bruker AV-500 and Bruker AV-600 spectrometers
(Bruker, Bremen, Germany) with TMS as an internal standard. The mass spectrometric
(HRESIMS) data were acquired using an API QSTAR Pulsar mass spectrometer (Bruker,
Bremen, Germany) and an AB SCIEX Trip TOF 5600+ mass spectrometer (SCIEX, Framing-
ham, MA, USA). Optical rotations were measured with a JASCO P-1020 digital polarimeter
(Jasco, Tokyo, Japan). IR spectra were recorded on a Shimadzu UV2550 spectrophotometer
(Shimadzu, Kyoto, Japan). UV spectra and ECD data were collected using a JASCO J-715
spectropolarimeter (Jasco, Tokyo, Japan). Semipreparative HPLC was carried out using an
ODS column (YMC-pack ODS-A, 10 × 250 mm, 5 μm, 4 mL/min, YMC, Kyoto, Japan).

3.2. Fungus Material

The fungus Penicillium sp. KFD28 (GenBank accession No. MK934323) was isolated
from a bivalve mollusk, Meretrix lusoria, collected from Haikou Bay, Hainan province, in
China. A reference culture of Penicillium sp. KFD28 is deposited in our laboratory and
maintained at −80 ◦C.

3.3. Culture Conditions

The fungus Penicillium sp. KFD28 was cultured in 200 × 1000 mL Erlenmeyer flasks
containing 100 g rice and 100 mL of water (33 g sea salt, 5 g L-tryptophan per liter pure
water). The fungus was cultured in the medium and incubated at room temperature for
thirty days.

3.4. Extraction and Isolation

The fermented material was extracted three times with EtOAc to obtain 300 g crude
extract. The extract was extracted between petroleum ether and 90% methanol (1:1) to
remove the oil. The secondary metabolites extract (46 g) was subjected to a silica gel VLC
column, eluting with a stepwise gradient of petroleum ether-EtOAc (10:1, 8:1, 6:1, 4:1, 2:1,
1:1, 1:2, v/v) to yield ten subfractions (Fr. 1–Fr. 10).

Fr. 3 (4.2 g) was applied to ODS silica gel with gradient elution of MeOH-H2O
(1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1, 0:1, v/v) and afforded nine subfractions (Fr. 3-1–Fr. 3-
9). Fr. 3-9 (182 mg) was applied to semipreparative HPLC (YMC-pack ODS-A, 5 μm;
10 × 250 mm; 85% MeOH/H2O; 4 mL/min) to obtain compounds 16 (tR 20.0 min, 1.0 mg),
11 (tR 23.0 min, 9.7 mg), and 8 (tR 32.0 min, 20.8 mg). Fr. 5 (3.8 g) was applied to ODS
silica gel with gradient elution of MeOH-H2O (1:9, 1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1, 0:1, v/v)
to get ten subfractions. Fr. 5-10 (323 mg) was purified by semipreparative HPLC (YMC-
pack ODS-A, 5 μm; 10 × 250 mm; 80% MeOH/H2O; 4 mL/min) to give compound 15 (tR
28.5 min, 53.4 mg). Fr. 6 (5.1 g) was separated by ODS silica gel with gradient elution of
MeOH-H2O (1:9, 1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1, 0:1, v/v) to yield ten subfractions (Fr. 6-1–
Fr. 6-10). Fr. 6-10 (1.1 g) was subjected to semipreparative HPLC (YMC-pack ODS-A, 5 μm;
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10 × 250 mm; 65% MeCN/H2O; 4 mL/min) to give compounds 5 (tR 11.5 min, 182.6 mg)
and 6 (tR 18.0 min, 25.8 mg). Fr. 7 (4.7 g) was applied to ODS silica gel with gradient
elution of MeOH-H2O (1:9, 1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1, 0:1, v/v), ten subfractions (Fr.
7-1–7-10) were obtained. Fr. 7-7 (587 mg) was eluted with MeCN-H2O through ODS silica
gel (3:7, 2:3, 1:1, 3:2, 7:3, v/v) to afford five subfractions (Fr. 7-7-1–7-7-5). Fr. 7-7-4 (117 mg)
was separated by semipreparative HPLC (YMC-pack ODS-A, 5 μm; 10 × 250 mm; 70%
MeCN/H2O; 4 mL/min) to give compounds 2 (tR 8.6 min, 0.6 mg), 3 (tR 9.4 min, 1.8 mg), 1

(tR 10.4 min, 2.0 mg), 13 (tR 11.6 min, 0.6 mg), 14 (tR 13.5 min, 9.9 mg), and 7 (tR 22.0 min,
8.1 mg). Fr. 7-7-5 (137 mg) was applied to semipreparative HPLC (YMC-pack ODS-A, 5 μm;
10 × 250 mm; 70% MeOH/H2O; 4 mL/min) to get compounds 9 (tR 14.0 min, 2.0 mg) and
10 (tR 18.4min, 3.4 mg). Fr. 8 (5.8 g) was subjected to ODS silica gel with gradient elution
of MeOH-H2O (1:4, 3:7, 2:3, 1:1, 3:2, 7:3, 4:1, 9:1, 0:1, v/v) to get nine subfractions. Then,
Fr. 8-7 (925 mg) was eluted through ODS silica gel column of MeCN-H2O (1:4, 3:7, 2:3,
1:1, 3:2, v/v) to get five subfractions (Fr. 8-7-1–8-7-5). Fr. 8-7-5 (29 mg) was separated
by a semipreparative HPLC (YMC-pack ODS-A, 5 μm; 10 × 250 mm; 60% MeCN/H2O;
4 mL/min) to yield compound 4 (tR 13.0 min, 2.2 mg). Fr. 8-9 (812 mg) was eluted by
a semipreparative HPLC (YMC-pack ODS-A, 5 μm; 10 × 250 mm; 80% MeOH/H2O;
4 mL/min) to afford compound 12 (tR 30.0 min, 157.9 mg).

Penerpene K (1): Yellow oil; [α]25
D −23.0 (c 0.01, MeOH); UV (MeOH) λmax (logε): 231

(3.41), 280 (2.77) nm; ECD (0.38 mM, MeOH) λmax (Δε): 204 (2.46), 223 (−6.08), 255 (2.89);
294 (−0.62) nm; IR (KBr) νmax: 3412, 2933, 1640, 1606, 1458, 1382, 1307, 1257, 1212, 1160,
and 1088 cm−1; 1H and 13C NMR spectral data, Tables 1 and 2; HRESIMS m/z 476.2565
([M+K]+ calcd 476.2562).

Penerpene L (2): Yellow oil; [α]25
D −22.0 (c 0.01, MeOH); UV (MeOH) λmax (logε): 231

(3.15), 282 (2.41) nm; ECD (1.10 mM, MeOH) λmax (Δε): 203 (0.14), 224 (−1.63), 260 (0.58),
292 (−0.08), 330 (0.24) nm; IR (KBr) νmax: 3411, 2935, 1645, 1604, 1452, 1381, 1307, 1256,
1158, 1074, and 1018 cm−1; 1H and 13C NMR spectral data, Tables 1 and 2; HRESIMS m/z
476.2210 ([M+K]+ calcd 476.2198).

Penerpene M (3): White powder; [α]25
D +15.0 (c 0.01, MeOH); UV (MeOH) λmax (logε):

226 (2.84), 261 (2.32) nm; ECD (1.15 mM, MeOH) λmax (Δε): 198 (1.32), 202 (−1.27), 221
(−0.92), 263 (0.94) nm; IR (KBr) νmax: 3383, 2931, 1648, 1609, 1575, 1357, 1316, 1257, 1208,
1160, 1118, and 1044 cm−1; 1H and 13C NMR spectral data, Tables 1 and 2; HRESIMS m/z
446.3020 ([M+Na]+ calcd 446.3030).

Penerpene N (4): Yellow oil; [α]25
D +21.0 (c 0.01, MeOH); UV (MeOH) λmax (logε): 231

(3.05), 277 (2.44) nm; ECD (0.77mM, MeOH) λmax (Δε): 197 (−3.23), 219 (4.27), 238 (−6.39),
257 (3.21) nm; IR (KBr) νmax: 3415, 2937, 1641, 1408, 1110, 1408, 1110, 1042, 922, 852, 688,
and 565 cm−1; 1H and 13C NMR spectral data, Tables 1 and 2; HRESIMS m/z 434.2338
([M-H]- calcd 434.2331).

4. Conclusions

To summarize, based on the OSMAC culture strategy, four new indole-diterpenoids
were isolated from the marine-derived fungus Penicillium sp. KFD28 secondary metabolites.
The absolute configurations of new compounds 1–3 were determined by spectroscopic
methods coupled with experimental and calculated ECD. New compound 4 showed mild
cytotoxicity against the human cervical cancer cell line HeLa. Notably, compound 9 ex-
hibited strong cytotoxic activity against the human liver cancer cell line BeL-7402 with
IC50 values of 5.3 μM, indicating that compound 9 deserves further study for its thera-
peutic potential to develop new anti-hepatoma drugs. Compound 7 showed pronounced
antibacterial activity against Bacillus subtilis with MIC values of 16 μg/mL, which had
the potential to become an antibiotic. However, the mechanisms causing cytotoxicity and
bacteria restraint were unknown and require further study. In general, this study expanded
the application of the OSMAC method to increase the chemical and biological diversity of
natural products isolated from the Penicillium sp. KFD28.
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Abstract: Mangrove actinomycetia are considered one of the promising sources for discovering
novel biologically active compounds. Traditional bioactivity- and/or taxonomy-based methods are
inefficient and usually result in the re-discovery of known metabolites. Thus, improving selection
efficiency among strain candidates is of interest especially in the early stage of the antibiotic discovery
program. In this study, an integrated strategy of combining phylogenetic data and bioactivity
tests with a metabolomics-based dereplication approach was applied to fast track the selection
process. A total of 521 actinomycetial strains affiliated to 40 genera in 23 families were isolated from
13 different mangrove soil samples by the culture-dependent method. A total of 179 strains affiliated
to 40 different genera with a unique colony morphology were selected to evaluate antibacterial
activity against 12 indicator bacteria. Of the 179 tested isolates, 47 showed activities against at
least one of the tested pathogens. Analysis of 23 out of 47 active isolates using UPLC-HRMS-
PCA revealed six outliers. Further analysis using the OPLS-DA model identified five compounds
from two outliers contributing to the bioactivity against drug-sensitive A. baumannii. Molecular
networking was used to determine the relationship of significant metabolites in six outliers and
to find their potentially new congeners. Finally, two Streptomyces strains (M22, H37) producing
potentially new compounds were rapidly prioritized on the basis of their distinct chemistry profiles,
dereplication results, and antibacterial activities, as well as taxonomical information. Two new
trioxacarcins with keto-reduced trioxacarcinose B, gutingimycin B (16) and trioxacarcin G (20),
together with known gutingimycin (12), were isolated from the scale-up fermentation broth of
Streptomyces sp. M22. Our study demonstrated that metabolomics tools could greatly assist classic
antibiotic discovery methods in strain prioritization to improve efficiency in discovering novel
antibiotics from those highly productive and rich diversity ecosystems.

Mar. Drugs 2021, 19, 688. https://doi.org/md19120688 https://www.mdpi.com/journal/marinedrugs133
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1. Introduction

Highly effective antibiotics have been waning since they were introduced into the clinic
to treat infectious diseases more than 75 years ago. Antibacterial-resistant bacteria account
for approximately 700,000 deaths each year worldwide [1]. The near-empty pharmaceutical
pipeline for new antibiotics has now reached alarming levels. In 2017, the World Health
Organization (WHO) released a list of antibiotic-resistant “priority pathogens” that posed
the greatest threat to human health for the first time, reminding that we were stepping
into the post-antibiotic era [2]. Therefore, the urgent need for new antimicrobial agents has
augmented scientists’ interest in discovering new antibiotics.

Natural products have a profound role in drug discovery and development [3]. Be-
tween 1981 and 2019, natural products and their derivatives accounted for 55% of the
162 new antibacterial chemical entities [4]. The strains in the class Actinomycetia (former
class Actinobacteria) [5], especially species of the genus Streptomyces, are known as a rich
source of novel antibiotics [6–9]. However, finding novel antibiotics from in-depth in-
vestigated terrestrial microorganisms has become more challenging. Researchers have
been exploring untapped sources of biodiversity for novel pharmaceutical compounds,
such as the deep sea [10], deserts [11], polar areas [12], and mangroves [13,14]. Because
of its high moisture, high salinity, and hypoxia-tolerant ecosystem in the intertidal zones,
the mangrove ecosystem is unique and contains a wealth of undiscovered bacteria and
natural products, making it a focus area for bioactive natural product discovery [15]. To
the best of our knowledge, very little research has been carried out on bioprospecting of
Leizhou Peninsula mangrove actinomycetia. Only a few reports describing actinomycetia
isolated from this ecosystem have been published so far, and no research on prioritizing
the actinomycetial strains and discovering their secondary metabolites has been carried
out [16–18].

The selection of strain candidates from large strain collections using traditional bioac-
tivity screening and/or taxonomy-based methods usually result in the reisolation of known
compounds [19,20]. Nowadays, exploring new bioactive compounds from microbial strains
has moved toward integrated strategies, which combine phylogenetic data and bioactivity
tests with dereplication approaches for rapid identification of known bioactive metabolites.
Dereplication using chromatographic and spectroscopic methods and database searches
can save time and avoid repetitive work during natural product discovery programs.
Recently, a new dereplication method was developed by Tim Bugni using chemical derepli-
cation coupled with metabolomics tools [21]. By incorporating metabolomics approaches,
dereplication can focus on chemically diverse bacterial extracts from the bioactive strains,
and this new method has shown to be effective in discovering putative new bioactive
compounds and is frequently employed in microbial drug discovery programs.

Metabolomics is the comprehensive analysis of small molecule metabolites in a bi-
ological system to reflect the phenotype of its genomic, transcriptomic, and proteomic
networks, providing insight into the biological functions [22]. In the past, metabolomics
was mainly used to investigate primary metabolites, such as nucleotides, amino acids, and
lipids. However, the majority of modern metabolomics coupled with molecular networking
is readily applied to secondary metabolites discovery for new natural products. Combined
principal component analysis (PCA) with LC/MS-based metabolomics is an efficient ana-
lytical tool to differentiate the bacterial strains based on their LC/MS profiles [23,24]. The
strains producing similar secondary metabolites are clustered together, whereas those with
different metabolites are separated. This new approach could significantly accelerate the
bioassay-guided selection for chemically distinct strains that might yield novel bioactive
secondary metabolites [25–27]. In addition, orthogonal partial least squares-discriminant
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analysis (OPLS-DA) is a supervised multivariate analysis that targets bioactive metabolites
between the active and inactive groups to give information about the chemical composition
of selected active extracts before isolation [19,20,28,29]. Molecular networking, one of
the main analysis tools in the GNPS platform, creates structured networking based on
MS/MS similarity to reflect the molecular diversity in the extracts. It has been proven to be
successful for effective chemical dereplication and novel metabolite discovery [30–32].

In the present study, we employed integrated strategies in prioritizing the actinomyce-
tial strains from the underexplored mangrove soil in Leizhou Peninsula. Actinomycetial
strains were isolated using the culture-dependent method and phylogenetically charac-
terized based on 16S rRNA gene sequencing. The selected actinomycetial strains were
further subjected to antibacterial assays followed by metabolomics analysis, such as PCA,
OPLS-DA, and molecular networking. The obtained data were integrated to prioritize
the strains for follow-up chemical isolation and structural identification work of putative
new compounds.

2. Results

2.1. Strain Isolation and Phylogenetic Identification

A total of 521 actinomycetial strains were isolated by 12 different agar media (Table S1).
Partial 16S rRNA gene sequence analysis identified these strains as the following genera: Mi-
cromonospora (121 strains), Streptomyces (116), Microbacterium (36), Rhodococcus (35), Brachy-
bacterium (28), Isoptericola (25), Cellulosimicrobium (21), Brevibacterium (17), Serinibacter (13),
Mycolicibacterium (10), Micrococcus (10), Agromyces (10), Kocuria (9), Mycobacterium (6),
Gordonia (6), Aeromicrobium (5), Arthrobacter (5), Citricoccus (5), Janibacter (5), Nocardia (5),
Corynebacterium (4), Glutamicibacter (4), Agrococcus (3), Intrasporangium (2), Kineococcus (2),
Phycicoccus (2), Sinomonas (2), Serinicoccus (2), Actinomadura (1), Actinopolymorpha (1),
Blastococcus (1), Demequina (1), Georgenia (1), Gulosibacter (1), Jonesia (1), Leucobacter (1),
Motilibacter (1), Mumia (1), Salinibacterium (1), and Streptacidiphilus (1). These strains were
affiliated to 40 different genera in 23 families (Figure 1a, Tables S2 and S3). The genera Mi-
cromonospora (23.2%) and Streptomyces (22.3%) were dominant, followed by Microbacterium
(6.9%), Rhodococcus (6.7%), Brachybacterium (5.4%), and Isoptericola (4.8%). Additionally, 12
genera were represented by only one isolate. The distribution of the 521 actinomycetial
strains from 13 different mangrove soil samples is shown in Figure 1b and Table S2. Sample
1 gave the highest diversity and abundance (74 isolates in 17 genera). Samples 3, 8, and 9
shared the second-highest diversity (15 genera), followed closely by sample 13 (14 genera)
and sample 2 (13 genera). Two samples collected from Dongsong island showed the lowest
diversity (sample 6, 4 genera; sample 7, 5 genera). With respect to the medium composition,
M1 yielded the highest recovery rate (12.5%), with 65 isolates representing 18 different
genera (Figure 1c and Table S3). A similar result showing higher diversity (63 isolates in
23 genera) was obtained from the modified M1 medium (M11) by the addition of kelp
(Table S1). M5 displayed the third-best recovery rates (10.9%) with 57 isolates in 15 genera
and showed the best recovery rate of Streptomyces (21 isolates). M4 yielded the lowest
number and diversity of isolates (13 isolates in 6 genera). Interestingly, M12 (18 isolates in
12 genera), the amended M4 medium with the addition of coconut juice (Table S1), showed
a higher number and diversity of isolates than M4 (13 isolates in 6 genera).

2.2. Antibacterial Assay

The antibacterial assay was used as one effective way to exclude the inactive strains
and select the candidates for metabolomics analysis. Out of 521 actinomycetial strains
from 13 different mangrove soil samples, 179 strains affiliated to 40 different genera with a
unique colony morphology were selected to evaluate the antibacterial activities against
six sets of indicator bacteria; each set contained one drug-sensitive and one drug-resistant
pathogen (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species). Of the 179 strains, 47 exhibited
antagonistic activity against at least one of the tested pathogens. These bioactive strains
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were distributed in 13 genera, including Streptomyces (29), Micromonospora (4), Micrococ-
cus (3), Rhodococcus (2), Brevibacterium (1), Demequina (1), Actinomadura (1), Georgenia (1),
Gordonia (1), Isoptericola (1), Microbacterium (1), Streptacidiphilus (1), and Serinibacter (1)
(Table S4). The antibacterial spectra of the 47 isolates against indicator bacteria are shown
in Figure 2. Of the 47 strains, 35 were active only against the Gram-positive bacteria, while
two isolates (Streptomyces sp. H124 and Streptomyces sp. Y129) were active only against the
Gram-negative bacteria. In addition, ten strains showed inhibitory activities against both
the Gram-positive and Gram-negative bacteria. Interestingly, isolate M45, a rare actino-
mycetial strain affiliated to genus Demequina, showed moderate activities against all four
Gram-positive bacterial strains tested. Thirty-seven isolates showed anti-MRSA activity,
accounting for the highest proportion of the total active strains (78.7%). Twenty-three
strains showing high anti-MRSA activity (diameter of inhibition zone ≥ 10 mm) were
selected for subsequent metabolomics analyses (Table 1).

Figure 1. The distribution of cultivable actinomycetial strains isolated from mangrove soil in Leizhou Peninsula.
(a) Phylogenetic tree (16S rRNA gene) obtained by neighbor-joining analysis of 40 isolates from each genus and their
closely related type strains; Escherichia coli was used as an outgroup; (b) genera distribution in different sampling sites;
(c) genera distribution according to the culture media used for the isolation.
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Figure 2. The antibacterial spectra of 47 strains against indicator bacteria (6 mm, no inhibitory activity; S, sensitive; R, drug
resistant; E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa; K. pneumoniae, Klebsiella pneumoniae; A. baumannii,
Acinetobacter baumannii; S. aureus, Staphylococcus aureus; E. faecalis, Enterococcus faecalis; E. faecium, Enterococcus faecium).

2.3. Strain Prioritization by Metabolomics

The ethyl acetate extracts of 23 isolates shown in Table 1 were subjected to metabolomics
analysis using UPLC-HRMS-PCA. PCA, an unsupervised statistical analysis method, was
used to identify differing chemical features found in the outlying strains and to prioritize the
strains that produced unique secondary metabolites. After UPLC-MS/MS data acquisition
and processing, a total of 6544 features (RT-m/z pairs) and 6 principal components were
generated by PCA analysis, giving the R2 (goodness of fit) and Q2 (predictability) values
of 0.82 and 0.70, respectively. After analyzing the scores plot (PC1 vs. PC2), the quality
control (QC) samples (purple circle) clustered and were close to the center of the scores plot
(Figure 3a), indicating good reproducibility and stability of the system. Four predominant
outliers, Streptomyces sp. H7, Streptomyces sp. Y2, Streptomyces sp. H12, and Streptomyces sp.
Y46, were observed, suggesting their chemical uniqueness from the main groups of samples in
the scores plot. Streptomyces sp. H7 and Streptomyces sp. Y2 were located in the same quadrant,
indicating similarities in their secondary metabolite profiles. Similarly, the metabolite profiles
of Streptomyces sp. H12 and Streptomyces sp. Y46 were also alike. The loadings plot (Figure 3b)
was geometrically related to the scores plot and described the variance observed in the
scores plot, so it could be used to identify compounds that caused a clustered group to
separate. From the loadings plot, three outlying metabolites, 12.88_1268.6095n (n: neutral
mass) (1), 12.69_1254.6282n (2), and 11.11_1270.6216n (3), were significant contributors to the
group of Streptomyces sp. H12 and Streptomyces sp. Y46. They were putatively assigned as
actinomycin-type antibiotics through dereplication with the Natural Products Atlas (NPAtlas)
v19_12 database [33] and StreptomeDB v3.0 database [34] and further confirmed as the
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actinomycins by comparisons of their ultraviolet (UV) spectra with previously published data
(Figure 3c, Table 2, and Figure S1) [35,36]. Comparison with the other extracts revealed that
the outlying feature 16.71_724.4749n (4) was abundant in Streptomyces sp. H7 and present in
Streptomyces sp. Y2 with lower peak intensities (Figure S2). The predicted molecular formula
C40H68O11 was tentatively identified as nigericin, epinigericin, or abierixin by dereplication.
Abierixin was first excluded because it had UV absorptions at 200–400 nm but the feature
16.71_724.4749n (4) lacked UV absorptions [37]. Meanwhile, the MS/MS fragment pattern
(Figure S3) and UV characterization of 16.71_724.4749n (4) strongly suggested that it was
most likely to be either nigericin or epinigericin [38,39]. Another feature 18.21_708.4796n (6)
was putatively elucidated as 22-member macrolides (ushikulide A or B) or nigericin-type
polyethers (grisorixin or epigrisorixin); all were previously isolated from Streptomyces spp.
(Table 2, Figure 3c) [40–42].

Table 1. Information of 23 isolates selected for metabolomics analyses and their antimicrobial activity against drug-resistant
S. aureus (MRSA) and drug-sensitive A. baumannii.

Isolates ID
GenBank

Accession No.
Top-Hit Taxon (Pairwise Similarity, %)

Diameter of Inhibition Zone (mm)

A. baumannii_S S. aureus_R

H7 MW724538 Streptomyces malaysiensis NBRC 16446T (100.00) - 24

H8 MW724539 Streptomyces bungoensis DSM 41781T (99.62) - 10

H37 MW724543 Streptomyces thermoviolaceus subsp. Thermoviolaceus
DSM 40443T (98.50) 13 17

H51 MW724550 Streptomyces griseochromogenes ATCC 14511T (99.38) - 23

H55 MW724552 Streptomyces galbus DSM 40089T (99.50) - 24

H65 MW724554 Streptomyces griseoincarnatus LMG 19316T (100.00) - 18

H112 MW724556 Gordonia polyisoprenivorans NBRC 16320T (98.54) - 10

H121 MW724559 Rhodococcus zopfii NBRC 100606T (100.00) - 10

M28 MW724573 Streptomyces sundarbansensis MS1/7T (99.76) - 11

M106 MW724593 Streptomyces geysiriensis NBRC 15413T (99.75) 10 20

M111 MW724597 Streptomyces smyrnaeus SM3501T (99.74) - 16

Y2 MW724603 Streptomyces hygroscopicus subsp. hygroscopicus
NBRC 13472T (99.63) - 21

Y4 MW724605 Streptomyces albogriseolus NRRL B-1305T (100.00) 10 26

Y9 MW724607 Streptomyces pluripotens MUSC 135T (99.87) 17 23

Y15 MW724610 Streptomyces cellulosae NBRC 13027T (100.00) - 11

Y20 MW724611 Streptomyces levis NBRC 15423T (99.75) - 18

Y46 MW724616 Streptomyces antibioticus NBRC 12838T (100.00) 9 25

Y101 MW724624 Micromonospora humi DSM 45647T (99.61) - 10

Y198 MW724634 Micromonospora pallida DSM 43817T (99.13) - 14

H12 MW724637 Streptomyces similanensis KC-106T (99.13) 10 23

H18 MW724638 Streptomyces seoulensis NRRL B-24310T (100.00) 8 20

M22 MW724664 Streptomyces shenzhenensis 172115T (99.88) 16 10

M45 MW724671 Demequina salsinemoris NBRC 105323T (99.63) - 17

Paper disk diameter, 6 mm; -, no inhibitory zone; A. baumannii, Acinetobacter baumannii; S. aureus, Staphylococcus aureus; S, sensitive; R,
drug resistant.
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Figure 3. Discovery of natural products unique to four outlier strains (Streptomyces sp. Y46, Streptomyces sp. H12,
Streptomyces sp. H7, and Streptomyces sp. Y2). (a) Scores plot (PC1 vs. PC2) of 23 extracts; (b) loadings plot (PC1 vs. PC2)
of 23 extracts; the loadings plot showed compounds 1–3 were unique to Streptomyces sp. H12 and Streptomyces sp. Y46,
and compounds 4–6 were special to Streptomyces sp. H7 and Streptomyces sp. Y2; 9.35_453.2153n* (5): false positive; (c) The
structures of putative metabolites for compounds 1–6 from four outlier strains by database dereplication.

139



Mar. Drugs 2021, 19, 688

T
a

b
le

2
.

Th
e

pu
ta

ti
ve

m
et

ab
ol

it
es

fo
r

co
m

po
un

ds
1
–9

ag
ai

ns
tt

he
N

PA
tl

as
(H

it
1)

an
d

St
re

pt
om

eD
B

(H
it

2)
da

ta
ba

se
s

in
th

e
Pr

og
en

es
is

Q
Iv

3.
0

so
ft

w
ar

e.

P
e

a
k

ID
C

o
m

p
o

u
n

d
Is

o
la

te
N

o
.

a
R

t

(m
in

)
N

e
u

tr
a

l
M

a
ss

O
b

se
rv

e
d

m
/z

U
V

-V
is

(n
m

)
b

H
it

1
H

it
2

P
re

d
ic

te
d

M
F

e

1
12

.8
8_

12
68

.6
09

5n
H

12
,Y

46
12

.8
8

12
68

.6
09

5
12

69
.6

16
8

24
5,

44
2

A
ct

in
om

yc
in

Z
4

(1
a

)
C

62
H

84
N

12
O

17
A

ct
in

om
yc

in
X

2(
V

)(
1

b
)

C
62

H
84

N
12

O
17

2
12

.6
9_

12
54

.6
28

2n
H

12
,Y

46
12

.6
9

12
54

.6
28

2
12

55
.6

35
5

24
5,

44
2

A
ct

in
om

yc
in

D
(2

a
)

A
ct

in
om

yc
in

D
(2

a
)

C
62

H
86

N
12

O
16

3
11

.1
1_

12
70

.6
21

6n
H

12
,Y

46
11

.1
1

12
70

.6
21

6
12

71
.6

28
9

24
5,

44
2

A
ct

in
om

yc
in

X
0δ

(3
a
)

C
62

H
86

N
12

O
17

A
ct

in
om

yc
in

X
0β

(3
b

)
C

62
H

86
N

12
O

17

4
16

.7
1_

72
4.

47
49

n
H

7,
Y

2
16

.7
1

72
4.

47
49

74
7.

46
54

-c
N

ig
er

ic
in

(4
a
)

N
ig

er
ic

in
(4

a
)

C
40

H
68

O
11

Ep
in

ig
er

ic
in

(4
b

)
C

40
H

68
O

11
A

bi
er

ix
in

(4
c)

C
40

H
68

O
11

5
9.

35
_4

53
.2

15
3n

d
H

7,
Y

2
9.

35
45

3.
21

53
45

4.
22

26
25

7,
30

8
D

ia
po

ri
so

in
do

le
D

(5
a
)

C
26

H
31

N
O

6

D
ia

po
ri

so
in

do
le

E
(5

b
)

C
26

H
31

N
O

6
A

ni
du

qu
in

ol
on

e
B

(5
c)

C
26

H
31

N
O

6
N

PA
00

14
00

(5
d

)
C

26
H

31
N

O
6

N
PA

02
04

60
(5

e
)

C
26

H
31

N
O

6

6
18

.2
1_

70
8.

47
96

n
H

7,
Y

2
18

.2
1

70
8.

47
96

73
1.

48
06

-c
G

ri
so

ri
xi

n
(6

a
)

G
ri

so
ri

xi
n

(6
a
)

C
40

H
68

O
10

Ep
ig

ri
so

ri
xi

n
(6

b
)

C
40

H
68

O
10

U
sh

ik
ul

id
e

A
(6

c)
U

sh
ik

ul
id

e
A

(6
c)

C
40

H
68

O
10

U
sh

ik
ul

id
e

B
(6

d
)

U
sh

ik
ul

id
e

B
(6

d
)

C
40

H
68

O
10

7
9.

35
_5

46
.2

57
1n

H
7,

Y
2

9.
35

54
6.

25
71

56
4.

29
10

25
7,

30
8

17
-O

-d
em

et
hy

l-
ge

ld
an

am
yc

in
(7

)
C

28
H

38
N

2O
9

8
9.

46
_5

48
.2

71
7n

H
7,

Y
2

9.
46

54
8.

27
17

56
6.

30
55

25
7,

30
8

4,
5-

di
hy

dr
o-

17
-O

-
de

m
et

hy
l-

ge
ld

an
am

yc
in

(8
a
)

4,
5-

di
hy

dr
o-

17
-O

-d
em

et
hy

l-
ge

ld
an

am
yc

in
(8

a
)

C
28

H
40

N
2O

9

17
-O

-
de

m
et

hy
lg

el
da

na
m

yc
in

hy
dr

oq
ui

no
ne

(8
b

)
H

er
bi

m
yc

in
F

(8
c)

A
nt

im
yc

in
A

1a
(8

d
)

A
nt

im
yc

in
A

1a
(8

d
)

A
nt

im
yc

in
A

1
(8

e
)

A
nt

im
yc

in
A

12
(8

f)
A

nt
im

yc
in

A
13

(8
g

)
A

nt
im

yc
in

A
19

(8
h

)
A

nt
im

yc
in

A
19

(8
h

)
D

ef
or

m
yl

an
ti

m
yc

in
A

2a
(8

i)

9
10

.9
1_

56
0.

27
19

n
H

7,
Y

2
10

.9
1

56
0.

27
19

57
8.

30
62

25
7,

30
8

G
el

da
na

m
yc

in
(9

a
)

C
29

H
40

N
2O

9
17

-h
yd

ro
xy

m
et

hy
l-

17
-

de
m

et
ho

xy
ge

ld
an

am
yc

in
(9

b
)

17
-h

yd
ro

xy
m

et
hy

l-
17

-d
em

et
ho

xy
ge

ld
an

am
yc

in
(9

b
)

C
29

H
40

N
2O

9

17
-f

or
m

yl
-1

7-
de

m
et

ho
xy

18
-

O
,2

1-
O

-
di

hy
dr

og
el

da
na

m
yc

in
(9

c)

17
-f

or
m

yl
-1

7-
de

m
et

ho
xy

18
-O

,2
1-

O
-d

ih
yd

ro
ge

ld
an

am
yc

in
(9

c)
C

29
H

40
N

2O
9

H
er

bi
m

yc
in

C
(9

d
)

H
er

bi
m

yc
in

C
(9

d
)

C
29

H
40

N
2O

9

a ,t
he

is
ol

at
e

w
it

h
th

e
hi

gh
in

te
ns

it
y;

b
,r

e-
ch

ec
ke

d
in

th
e

LC
co

nd
it

io
ns

w
it

h
A

C
N

-H
2O

;c ,n
o

or
en

d
ab

so
rp

ti
on

;d
,f

al
se

po
si

ti
ve

;e ,m
ol

ec
ul

ar
fo

rm
ul

a.

140



Mar. Drugs 2021, 19, 688

After rapid structure dereplication using high-resolution MS data of the feature
9.35_453.2153n (5), it was putatively assigned to diaporisoindole D, E, aniduquinolone B,
NPA001400, or NPA020460, all described as fungal metabolites by the NPAtlas database
(Table 2 and Figure 3c). However, none of them matched the UV spectrum of this fea-
ture [43–45]. When searching its UV maximum (308 nm) in the UPLC-UV-HRMS chro-
matogram of sample Streptomyces sp. H7, two analogs of compound 5, 9.53_456.4081m/z
and 10.90_468.4110m/z, were found and they did not get any hits from the databases.
The dereplication results of three homologs (9.35_453.2153n (5), 9.53_456.4081m/z, and
10.90_468.4110m/z) indicated they might be the putative new metabolites. However, when
we reacquired the MS/MS data in the data-dependent acquisition (DDA) method, all
of them showed poor MS/MS fragmentations and high background noise (Figure S4),
indicating that they probably were in-source fragments (false positives) rather than molec-
ular ion peaks when acquiring in MSE method. As a data-independent acquisition (DIA)
method, the MSE can simultaneously record exact mass precursor and fragment ion in-
formation in the full m/z range, but precursor and fragment spectra are aligned mainly
according to retention times. Therefore, the MSE acquisition might mismatch the product
ions with its parent ion in the analysis of complex samples [46–48], leading to the misiden-
tification of compounds when processing the data in software, such as Progenesis QI. By
examination of the raw MS and MS/MS data in almost the same elution time as three
in-source fragments (9.35_453.2153n (5), 9.53_456.4081m/z and 10.90_468.4110m/z), three
other compounds, 9.35_546.2571n (7), 9.46_548.2717n (8), and 10.91_560.2719n (9), had a
high intensity of MS/MS fragments in the DDA acquisition, and their pseudomolecular ion
peaks were also identified in MS spectra of UPLC-HRMS and HPLC-MS chromatograms
(Figures 4, S5 and S6). Therefore, the corresponding compounds in the same elution time
should be revised as compounds 7–9, respectively. By searching databases and comparing
their UV spectral data (Figures 4 and S7) with the literature data, compounds 7–9 were
most likely to be benzoquinoid ansamycin-type compounds as shown in Figure 4 [49–51].
In summary, four predominant outliers, Streptomyces sp. H7, Streptomyces sp. Y2, Strep-
tomyces sp. H12, and Streptomyces sp. Y46, were preliminarily excluded for prospecting
new antibiotics because differing features of those strains could be matched well with
known antibiotics.

Identifying the compounds responsible for groups near the center of the scores plot,
such as sample Streptomyces sp. H37 or sample Streptomyces sp. M22 in the PC1 vs. PC2
scores plot (Figure 3a) was usually not straightforward. However, these groups could be
separated by observing different PC planes [21]. This approach could lead to identifying
more significant compounds that we might be interested in. As shown in Figure 5a, sample
Streptomyces sp. H37 was separated in the PC1 vs. PC4 scores plot. Compounds unique to
this sample were identified in the corresponding position in the loadings plot. Therefore,
the major compounds unique to Streptomyces sp. H37 were shown as 10.64_900.5435n (10)
and 11.08_928.5742n (11) (Figure 5b). The outlying feature (compound 10) with neutral
mass ion peak at 900.5435 Da in the predicted molecular formula C47H80O16 was putatively
identified as either cytovaricin or W341C (Figure 5c, Table 3). The MS/MS fragment
spectrum showed a series of peaks with loss of H2O (Figure S8), and a characteristic
fragmentation pattern of polyether ionophores [39] representing compound 10 was likely
identified as the polyether ionophore compound W341C. Database searches revealed no
hit for feature 11.08_928.5742n (11), suggesting that it might be a putative new compound.
Two features (10–11) showed similarity in their MS/MS spectra, demonstrating they should
be the structural analogs (Figure S8).
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Figure 4. The characteristic of major benzoquinoid ansamycin-type compounds in the UPLC-UV-HRMS chro-
matogram of sample Streptomyces sp. H7 (7: 9.35_546.2571n, 17-O-demethyl-geldanamycin; 8: 9.46_548.2717n, 4,5-
dihydro-17-O-demethyl-geldanamycin (8a) or 17-O-demethylgeldanamycin hydroquinone (8b), or herbimycin F (8c); 9:
10.91_560.2719n, geldanamycin (9a) or 17-hydroxymethyl-17-demethoxygeldanamycin (9b), or 17-formyl-17-demethoxy18-
O,21-O-dihydrogeldanamycin (9c)). (a) UV spectra at 308 nm and TIC plot. (b) MS spectra of three compounds, 7–9. (c) UV
spectra of three compounds, 7–9. (d) The structures of putative metabolites for compounds 7–9 after comparison with the
databases and literatures.
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Figure 5. Discovery of natural products unique to strain Streptomyces sp. H37. (a) Scores plot (PC1 vs. PC4) of 23 extracts;
the PC planes were adjusted to separate Streptomyces sp. H37; (b) loadings plot (PC1 vs. PC4) of 23 extracts; the loadings
plot showed compounds 10–11 that were unique to Streptomyces sp. H37; *, no hit. (c) The structures of putative metabolites
for compound 10 from Streptomyces sp. H37 by database dereplication.

In the scores plot (PC1 vs. PC6) (Figure 6a), strain Streptomyces sp. M22 was clearly
distinct from other strains. The major compounds unique to Streptomyces sp. M22 were
7.16_1028.3600m/z (12), 15.40_566.4171n (13), 7.47_1028.3592m/z (14), and 9.55_876.2968n
(15). The dereplicated results of these outlying metabolites are shown in Table 3. The
UV spectra of compounds 12, 14, and 15 confirmed their identities as trioxacarcin-type
compounds (Figure S9), corresponding to putative gutingimycin, gutingimycin, and tri-
oxacarcin A, respectively [52,53]. Both compounds 12 and 14 matched gutingimycin in
the database searching because they had the same MS data (1028.3592m/z), indicating
that one of them should be an isomer of gutingimycin. To the best of our knowledge, no
isomers of gutingimycin have been found so far (Table S5). The presence of gutingimycin
isomer in 7.16 or 7.47 min (compound 12 or 14) indicated that one of them should be a
putative new compound. After examining the UPLC-UV-HRMS profile of Streptomyces sp.
M22, trioxacarcin-type compounds, including compounds 12, 14, and 15, were presented
within a retention time range of 6.5–10.0 min (Figures 7, S9 and S10). Two compounds,
6.69_1030.3751m/z (16) and 7.94_1013.3486m/z (17), in the chromatogram were identified
as the putative new compounds after searching the databases and reverting back to the
literature (Table S5). Lastly, another differing compound (13) was tentatively confirmed
not to be 4-ketozeinoxanthin due to its lack of characteristic maximum UV absorption at
445–470 nm [54].
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Figure 6. Discovery of natural products unique to strain Streptomyces sp. M22. (a) Scores plot (PC1 vs. PC6) of 23 extracts;
the PC planes were adjusted to separate Streptomyces sp. M22; (b) loadings plot (PC1 vs. PC6) of 23 extracts; the loadings
plot showed compounds 12–15 that were unique to Streptomyces sp. M22. (c) The structures of putative metabolites for
compounds 12–15 from Streptomyces sp. M22 by database dereplication.

As shown in Table 1, among 23 strains showing anti-MRSA activity, 8 strains also
displayed inhibition zones against drug-sensitive Acinetobacter baumannii. However, in
PCA model, the groups of active or inactive strains against the Acinetobacter baumannii
were not completely separated from each other as shown in Figure 3a. To discriminate the
two classes (active vs. inactive) and identify compounds mainly contributing to the bioac-
tivity of the eight strains, the OPLS-DA model was constructed. As shown in Figure 8a,
active and inactive samples were clearly separated in the model. The R2 value of 0.98
and Q2 value of 0.95 suggested that the OPLS-DA model possessed reliable fitness and
predictability. In the S-plot analysis, five potential marker compounds were selected to
chemically distinguish the active from inactive extracts (Figure 8b). The variable impor-
tance in the projection (VIP) plot showed that all selected potential markers had high
VIP values (VIP ≥ 10) (Figure S11), revealing that these marker compounds were largely
responsible for the discrimination between active and inactive groups. Therefore, the main
contributors to the activity were the putative three actinomycins (1–3) from the group of
Streptomyces sp. H12 and Streptomyces sp. Y46, and the two compounds 10.64_900.5435n
(10) and 11.08_928.5742n (11) from Streptomyces sp. H37. To the best of our knowledge, the
inhibitory activity of actinomycin D against A. baumannii was reported [55]. Furthermore,
cytovaricin and W341C, the dereplicated metabolites for compound 10, had no antibacterial
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activity against Gram-negative pathogens [56,57]. In contrast to their antibacterial spectra,
compound 10 showed antibacterial activity against Gram-negative pathogens, suggesting
that it might be a putative new compound.

Figure 7. The characteristic of major trioxacarcin-type compounds in the UPLC-UV-HRMS chromatogram of Strepto-
myces sp. M22. (12, 7.16_1028.3600m/z; 14, 7.47_1028.3592m/z; 15, 9.55_876.2958n, trioxacarcin A; 16, 6.69_1030.3751m/z;
17, 7.94_1013.3486m/z; 18, 8.43_894.3132n, trioxacarcin B; 19, 8.89_878.3168n, trioxacarcin C). (a) UV spectra at 270 nm and
TIC plot. (b) The structures of putative metabolites for compounds 12, 14–15, and 18–19 after comparison with the databases
and literature.

Figure 8. OPLS-DA analysis of 23 extracts. (a) OPLS-DA scores plot against A. baumannii. (b) The OPLS-DA loadings
S-plot with the selected markers (12.88_1268.6095n (1), 12.69_1254.6282n (2), 11.11_1270.6216n (3), 10.64_900.5435n (10), and
11.08_928.5742n (11)).
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2.4. Molecular Network Analysis of Outlier Strains

To survey the global map of the metabolites of six outliers (Streptomyces sp. Y46,
Streptomyces sp. H12, Streptomyces sp. H7, Streptomyces sp. Y2, Streptomyces sp. H37, and
Streptomyces sp. M22), classical molecular networking acquired by the DDA method was
performed. After the removal of nodes associated with the blank medium control, the
molecular network consisted of 5033 nodes connected with 5247 edges. It was noted that the
number of nodes in the network did not correspond exactly to the number of metabolites,
as different adducts or charges of the same compounds could generate different nodes [58].
As shown in Figure 9, six molecular families that contained spectra matching the discrim-
inatory metabolites in the six outliers were identified. The putative actinomycin-type
compounds, the trioxacarcins group, and benzoquinoid ansamycin-type compounds only
existed in samples of Streptomyces sp. H12 and Streptomyces sp. Y46, Streptomyces sp. M22,
Streptomyces sp. H7 and Streptomyces sp. Y2, respectively. They were in agreement with the
results of the PCA analysis. In addition, the molecular network could clarify the relation-
ship of the discriminatory metabolites in the outlier strains, assisting in the identification
of the discriminatory metabolites. The two discriminatory metabolites 16.71_724.4749n
(4) and 18.21_708.4796n (6) clustered as adjacent nodes in the nigericin family (Figure 9),
indicating that compound 6 could be assigned as putative grisorixin or epigrisorixin, the
analog of compound 4. The putative metabolites (8a and 9a) showed higher structural sim-
ilarity with 17-O-demethyl-geldanamycin (7) than other “hit” compounds (8b–8c; 9b–9d),
and thus, compounds 8 and 9 in Streptomyces sp. H7 and Streptomyces sp. Y2 were further
putatively deduced as 4,5-dihydro-17-O-demethyl-geldanamycin and geldanamycin, re-
spectively (Figure 9). Similarly, the compounds 10.64_900.5435n (10) and 11.08_928.5742n
(11) from Streptomyces sp. H37 were further confirmed as two congeners with a mass
difference of 28 Da (CO or C2H4 group). In sample Streptomyces sp. M22, two putative new
compounds, 1030.3751m/z (16) and 1013.3486m/z (17), were adjacent to gutingimycin (12 or
14) with mass differences of 2 and 15 Da, respectively, suggesting that the former was the
putative hydrogenated gutingimycin, and the latter was the putative gutingimycin with
loss of NH group (Figure 10).

 

Figure 9. Molecular network of six outliers. The different colors of the nodes represented by different outliers, but the
red node represented both Streptomyces sp. H12 and Streptomyces sp. Y46. Only clusters containing at least two nodes
were shown.
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Figure 10. Molecular network analysis of putative trioxacarcins family in Streptomyces sp. M22 extract.

Furthermore, a large number of nodes clustered with the discriminatory metabolites
suggested the presence of additional analogs in these compound classes. For example,
in addition to trioxacarcin A (15), B (18), and C (19), the inspection of their parent mass,
mass difference, and the MS/MS data implied that putative methylated trioxacarcin B (m/z
926.495) and its hydrogenation product (m/z 928.514) were present (Figure 10). Another
outlier, 15.40_566.4171n (13), in the Streptomyces sp. M22 was clustered with two other
compounds, whose molecular weights were almost twice as high, indicating that its dimers
might exist in the extract (Figure S12). In the cluster containing the 10.64_900.5435n (10)
and 11.08_928.5742n (11) of Streptomyces sp. H37, putative dehydrogenated, methylated,
and demethylated analogs were detected (Figure S13). However, most of the putative new
compounds discovered from the molecular network were presented as trace components
in the extracts when checking their original UPLC-HRMS/MS data.

According to the results above, actinomycin-producing strains Streptomyces sp. Y46
and Streptomyces sp. H12, and nigericin-producing strains Streptomyces sp. H7 and Strepto-
myces sp. Y2 were excluded since their discriminatory metabolites were well known and
frequently discovered from the actinomycetial strains, even though they were chemically
unique. Samples of Streptomyces sp. H37 and Streptomyces sp. M22 were prioritized for
scale-up and further isolation work. The strain Streptomyces sp. H37 was selected because
the PCA analysis revealed that it contained the putative novel compounds. Further anal-
ysis using the OPLS-DA model identified these putative novel compounds contributing
to significant inhibitory activity against drug-sensitive A. baumannii. Lastly, a variety of
their potential new analogs were found through molecular network analysis. The purifi-
cation and structural elucidation of new putative compounds in Streptomyces sp. H37 is
still underway. The strain Streptomyces sp. M22 was selected because the putative novel
trioxacarcin-type compounds were identified by the metabolomics-based dereplication ap-
proach (PCA, metabolic profile, molecular network, and database searching). Furthermore,
the structures of some putative novel compounds were deduced from molecular network-
ing. As a result, two novel trioxacarcin analogs, gutingimycin B (16) and trioxacarcin G (20)
(Figure 11), along with gutingimycin (12) from the strain Streptomyces sp. M22, were
isolated and structurally identified after large-scale fermentation.
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Figure 11. Chemical structures of gutingimycin B (16) and trioxacarcin G (20).

2.5. Structure Elucidation of Trioxacarcin Compounds from Strain Streptomyces sp. M22

Gutingimycin B (16) was obtained as a yellow powder. It fluoresced green in solution
upon irradiation with 365 nm light and showed the UV absorption maxima at 274 nm
and 408 nm (Figure S14), typical for trioxacarcin-type compounds. Its molecular formula
was assigned as C47H59N5O21 on the basis of HRESIMS peak at m/z 1030.3778 [M+H]+

(calcd for C47H60N5O21, 1030.3781) (Figure S15), 2 mass units more than gutingimycin.
The 1H NMR spectra (Table 4 and Figure S17) showed characteristic resonances for an
exchangeable OH proton (δH 13.84 (s)), two aromatic protons (δH 8.22 (s) and 7.48 (s)),
two anomeric protons (δH 5.64 (d, 3.6) and 5.51 (d, 4.2)), a pair of coupling oxygenated
methines (δH 5.22 (d, 4.2) and 5.10 (d, 4.2)), a pair of geminal coupling methylenes (δH
5.02 (d, 15.6) and 4.33 (d,15.6)), three methoxyl singlets (δH 3.95 (s), 3.66 (s) and 3.53 (s)),
two methyls attached to olefinic or carbonyl carbon (δH 2.62 (s) and 2.25 (s)), three methyl
doublets (δH 1.37 (d, 6.6), 1.26 (d, 6.6) and 1.26 (d, 6.6)), and one methyl singlet (δH 1.18
(s)). In accordance with the molecular formula, the 13C (Table 4 and Figure S18) and DEPT
NMR spectra (Figure S19) showed the 47 carbon resonances assigned to 1 keto carbonyl
(δC 207.6), 1 ester carbonyl (δC 173.3), a characteristic of the guanine group (δC 157.8, 153.8,
151.8, 140.6, and 108.1), 3 naphthalene carbons bearing to oxygen (δC 162.9, 152.7, and
144.6), 6 acetal carbons or electron-rich sp2 atoms (δC 108.8, 108.3, 103.3, 100.9, 99.6, and
92.5), 15 oxygenated methines (δC 56.1–84.4), 4 methylenes (δC 46.2, 37.7, 37.1, and 33.8),
and 6 methyls (δC 15.7–27.3). The aforementioned NMR data of compound 16 showed
very close similarities with those of gutingimycin [52]. The differences were an additional
methine quartet at δH 3.99 (q, 6.6) and a methyl doublet at δH 1.37 (d, 6.6) in compound
16 instead of the methyl singlet at δH 2.50 (s) in gutingimycin. In the 13C NMR spectra,
the carbonyl at δC 211.1 in gutingimycin was missing, and additional oxygenated methine
at δC 70.3 in compound 16 was detected. The missing ketone signal, together with the
additional two mass units compared to gutingimycin, indicated that the ketone group in
the sugar moiety of gutingimycin was reduced to an alcohol in compound 16.
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Table 4. 1H (600 MHz) and 13C (150 MHz) NMR data for compounds 16 and 20 in CDCl3.

Position

16 20
Position

16 20

δH

(multi, J, Hz)
δc

δH

(multi, J, Hz)
δc

δH

(multi, J, Hz)
δc δH (multi, J, Hz) δc

1 207.6 203.9 17A 5.02 (d, 15.6) 46.2 3.68 (m) 62.8

2 5.50 (br s) 68.2 4.81
(dd, 12.6, 5.4) 68.0 17B 4.33 (d, 15.6) 3.68 (m)

3A
2.97

(d, 13.8) 37.1 2.77 (m) 36.7 1′ 5.51 (d, 4.2) 100.9 5.35 (d, 4.2) 97.4

3B
2.21

(overlapped)
2.22

(overlapped) 2′A
1.99

(overlapped) 37.7 1.93 (dd, 15.0, 4.2) 36.5

4 5.34 (br s) 72.2 5.41 (t, 3.0) 66.7 2′B 1.92 (d, 15.0) 1.62 (d, 15.0)
4a 128.4 126.7 3′ 67.3 69.0
5 7.48 (s) 116.8 7.50 (br s) 117.1 3′-CH3 1.18 (s) 27.3 1.06 (s) 25.8
6 142.5 142.7 4′ 5.14 (s) 75.9 4.74 (s) 74.5

6-CH3 2.62 (s) 20.2 2.59 (s) 20.3 4′-OCOCH3 173.3 170.5
7 113.2 114.2 4′-OCOCH3 2.25 (s) 21.1 2.12 (s) 21.0
8 152.7 152.6 5′ 4.92 (br s) 62.2 4.53 (q, 6.6) 62.9
8a 114.4 114.2 5′-CH3 1.26 (d, 6.6) 16.9 1.23 (d, 6.6) 17.0
9 162.9 162.5 1′′ 5.64 (d, 3.6) 92.5 5.65 (d, 3.0) 93.7

9a 108.3 108.2 2′′A
2.21

(overlapped) 33.8 2.28 (overlapped) 33.0

9-OH 13.84 (s) 14.61 (s) 2”B 1.76 (d, 15.6) 2.05 (d, 15.0)
10 144.6 145.3 3′′ 3.91 (br s) 68.6 3.97 (br s) 68.4

10-OCH3 3.95 (s) 62.7 3.84 (s) 62.9 4′′ 72.1 72.6
10a 135.7 135.5 5′′ 4.68 (q, 6.6) 66.2 4.60 (q, 6.6) 66.3
11 5.10 (d, 4.2) 69.0 5.13 (d, 3.6) 69.3 5′′-CH3 1.26 (d, 6.6) 15.7 1.23 (d, 6.6) 15.5
12 5.22 (d, 4.2) 71.5 5.21 (d, 3.6) 71.2 6′′ 3.99 (q, 6.6) 70.3 3.91 (q, 6.6) 70.7
13 103.3 105.2 7′′ 1.37 (d, 6.6) 17.8 1.34 (d, 6.6) 18.2
14 84.4 85.0 2′′′ 151.8
15 108.8 108.2 4′′′ 153.8
16 5.08 (s) 99.6 5.04 (s) 99.9 5′′′ 108.1

16-OCH3 3.66 (s) 56.1 3.63 (s) 56.4 6′′′ 157.8
16-OCH3 3.53 (s) 56.4 3.54 (s) 57.3 8′′′ 8.22 (s) 140.6

The abovementioned structural features in compound 16 were confirmed by the 2D
NMR spectra (Figures S20–S22). The crucial 1H-1H COSY correlation of H-6′′ (δH 3.99, q,
6.6)/H3-7′′ (δH 1.37, d, 6.6) and the key HMBC correlation from H3-7′′ to C-6” (δC 70.3),
C-4′′ (72.1) (Figure 12) indicated that the hydroxyl group was linked to the C-6” position as
the keto-reduced trioxacarcinose B.

Figure 12. The key 1H-1H COSY and HMBC correlations of 16 and 20.
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Trioxacarcin G (20) was obtained as a yellow powder. The UV absorption maxima
at 232, 271, and 400 nm (Figure S23) and fluorescence under 365 nm light indicated that
compound 20 is a trioxacarcin-type compound. The HRESIMS suggested that its molecular
formula was determined to be C42H56O21 (m/z 914.3644 [M+NH4]+, calcd C42H60NO21,
914.3658) (Figure S24), 2 mass units more than trioxacarcin B. 1H and 13C NMR of com-
pound 20 (Table 4, Figures S26–S28) were nearly identical to those of trioxacarcin B [59,60],
except for an additional methine quartet at δH/δC 3.91 (q, 6.6)/70.7 and a methyl doublet
at δH/δC 1.34 (d, 6.6)/18.2 in replacement of the carbonyl at δC 210.9 and the methyl singlet
at δH /δC 2.46 (s)/28.1. These were similar to the difference between compound 16 and
gutingimycin, indicating that the ketone group in the L-trioxacarcinoses B of trioxacarcin
B was also reduced to an alcohol in the keto-reduced trioxacarcinose B of compound 20.
The location of hydroxyl group was assigned at C-6′′ based on the 1H-1H COSY corre-
lation of H-6′′ (δH 3.91, q, 6.6)/H3-7′′ (δH 1.34, d, 6.6) and the HMBC correlations from
H3-7′′ to C-6” (δC 70.7), C-4′′ (δC 72.6) and from H-6′′ to C-3” (δC 68.4), C-5′′ (δC 66.3)
(Figures 12 and S29–S31).

The NMR data of the keto-reduced trioxacarcinose B in 16 and 20 were closely similar
with those of trioxacarcin C rather than epi-6”-trioxacarcin C, indicating that the absolute
configuration at C-6”of 16 and 20 was determined as 6”S, the same as trioxacarcin C [61].
According to the literature [60], the X-ray structure of gutingimycin delivered the stereo-
chemistry of the trioxacarcin skeleton, and the sugar moieties of the trioxacarcins A–B were
identified previously as L-trioxacarcinoses A and B. In addition, compounds 16 and 20

had the same specific rotation sign as the known trioxacarcin, also isolated in the present
study, gutingimycin (12) ([α]25

D −60.0◦ (c 0.02, ACN)). Therefore, the absolute configuration
of compounds 16 and 20 was established, as shown in Figure 11. In addition, the struc-
tures of known compounds were identified as gutingimycin (12) by comparison of their
physio-chemical and spectroscopic data (Figures S32–S37) with those of the literature [52].

3. Discussion

Actinomycetia derived from mangroves is a promising source for exploring novel
bioactive natural products. A multitude of bioactive compounds, including the promis-
ing compounds salinosporamide A, xiamycins, and indolocarbazoles, have been isolated
from mangrove actinomycetia [13,14,62,63]. Salinosporamide A, a potent 20S proteasome
inhibitor, is the first mangrove-derived compound that entered phase I clinical trials for the
treatment of multiple myeloma only three years after its discovery [13,64,65]. Xiamycin
exhibits selective anti-HIV activity and also represents one of the first examples of in-
dolosesquiterpenes isolated from prokaryotes [66]. The Leizhou Peninsula, located in
the southernmost end of mainland China, has 9284.3 ha of mangrove distributed in over
100 sites along the coastlines, comprising approximately 79% of the total mangroves area in
Guangdong province and 33% in China [67,68]. However, the mangrove from the Leizhou
Peninsula is underexplored, and only a few reports on the diversity and antibacterial
activity of its inhabiting actinomycetia have been published to date. Our group started
exploring the diversity and bioactivity of the mangrove plant endophytic actinomycetia
in this region in 2015. In total, 159 strains in 19 genera affiliated with 12 families were
isolated, and 64 out of 88 tested strains exhibited activity against at least one of the tested
pathogens [18]. In order to maximize the harvest of actinomycetial strains in this study,
13 soil samples from different mangrove sites were collected, and 12 isolation media were
applied, leading to the isolation of 521 strains in 40 genera from 23 families. Thus, this
ecosystem is proven to provide a highly productive and rich diversity of actinomycetia.
The genera Micromonospora and Streptomyces were still numerically dominant, which is
consistent with previous studies [63]. Interestingly, the addition of kelp or coconut juice
into the medium (M11 and M12) increased the diversity of actinomycetia compared with
the blank control (M1 and M4), which might be caused by trace substances from kelp or
coconut juice assisting some strains growth since both seaweed and coconut trees grow in
or along the sea and live in similar environments as mangroves. Lastly, 179 strains affiliated
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to 40 different genera with a unique colony morphology were selected to evaluate their
antibacterial activities.

Bioactivity screening is, in general, the initial step to find novel antibiotics. To compre-
hensively analyze the antibacterial spectra of the extracts, 12 strains of drug-sensitive and
drug-resistant pathogens were used as indicators in this study. In order to find the strains
producing more potent antibacterial metabolites, the test volume of extracts used in the
assay was reduced to 50% of the normally applied volume in the same concentration. In this
assay, we found that Streptomyces was still the main genus producing bioactive secondary
metabolites, accounting for 61.7% of all active strains. Because the ISP2 medium supports
the growth of most actinomycetia and also is known to promote secondary metabolite
production [24,69,70], it was the only medium used for fermentation. ISP2 medium compo-
nents are also reported to reduce noise level and interference with secondary metabolites
detection in the UPLC–HRMS analysis [24]. In addition, application of only one medium
facilitates comparability between the different strains in metabolomics analysis [71].

Dereplication has become a key issue for the discovery of new antibiotics. An effective
approach was required to maximize the detection of chemical diversity and minimize the
redundancy of the samples after the bioactivity and phylogeny screening [72,73]. UPLC-
HRMS/MS-based metabolomics could maximize the detection of chemical diversity among
extracts in a high throughput manner [74]. UPLC-HRMS/MS gives rapid separation from
the complex strain extracts and increases confidence in identifying metabolites based on
mass accuracy and isotope fit. Metabolomic methods are combined with chemoinformatics
approaches, such as PCA, OPLS-DA, etc. PCA, an unsupervised method without grouping,
was applied to overview the differences among numerous samples, identifying strains
with distinct metabolites, while excluding strains with common chemical profiles [75]. Hou
Yangpeng et al. applied LC/MS-PCA to discover novel natural products from marine-
derived Streptomyces spp.; the result was that 37% of all isolates produced a number of
unique and putative new natural products, indicating that this approach could greatly
improve the discovery rate from Streptomyces spp. [21]. However, the application of PCA
was limited to the number of samples, usually between 20 and 50 strains, practically [21,24].
Therefore, 23 strains with strong anti-MRSA activity were selected for PCA analysis.
The result showed that six strains with unique chemical profiles could be candidates for
prioritization. After dereplicating, two Streptomyces strains (M22, H37) with putative novel
compounds were prioritized.

OPLS-DA, a supervised method, was an effective statistic model for comparing two
different sample groups [20]. A total of 8 out of the above 23 strains showing bioactivity
against drug-sensitive A. baumannii were prioritized using the OPLS-DA model to find the
bioactive compounds produced in the strains. Finally, Streptomyces sp. H37 with putative
new compounds responsible for inhibitory activity against A. baumannii were prioritized.
The OPLS-DA analysis effectively assists the bioactivity screening to find potential new
antibiotics with great bioactivity and avoid targeting inactive metabolites in the follow-up
chemical isolation. Molecular networking was a new dereplication strategy to rapidly
overview the chemical family in the extracts, identify known compounds, and find the
analogs with novelty. In this study, it can act as a complement for the PCA and OPLS-DA
analysis to claim the relationship of the significant metabolites in the outlier strains, find the
potential new congeners, and predict the structure using their MS/MS similarity. As shown
in Figure 10, the predicted structure of compound 16 was consistent with the structure that
was identified by spectroscopic analysis, including HRESIMS, 1D, and 2D NMR.

NPAtlas and StreptomeDB are recommended as the databases used for the dereplica-
tion of metabolites produced in microbial extracts, especially in actinomycetial extracts.
These databases are manually curated by the Linington group out of Simon Fraser and
Stefan Günther group from Freiburg, respectively. Unlike Antibase, MarinLit, and Dictio-
nary of Natural Products (DNP), NPAtlas and StreptomeDB are open access, updated, and
ready to be downloaded. To date, NPAtlas v19_12 contains over 25,000 microbial-produced
natural products [33], and StreptomeDB v3.0 includes 6524 compounds produced by Strep-
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tomyces [34]. As shown in Tables 2 and 3, the dereplication of metabolites from different
databases produced different results sometimes. If two professional microbial databases
are simultaneously applied to the dereplication process, it can increase accuracy and effec-
tiveness in dereplication and avoid omissions caused by using one database. Hence, more
than one database should be used, and loose parameters, such as precursor and fragments
tolerances in 10 ppm, should be set in the search method. The limitation of dereplication
for secondary metabolites is usually caused by the difficulty of obtaining an authentic
standard for every “hit” from the database. Additional data, such as UV and MS/MS data,
can be helpful to ensure that the identified hits in the mass ion peaks are correct.

The trioxacarcin family is a family of complex aromatic polyketides, which is produced
by Streptomyces strains. In 1981, the trioxacarcins (trioxacarcins A–C) were first isolated from
Streptomyces bottropensis DO-45 [76]. Subsequently, they were reisolated from a marine Strep-
tomyces sp. B8652 with additional four new analogs, trioxacarcin D–F and gutingimycin,
in 2004 [52,60]. The structure of the trioxacarcins was characterized as a rigid, highly oxy-
genated polycyclic skeleton with a fused spiro epoxide function, and one or more unusual
glycosidic residues, named ‘trioxacarcinoses’ [77]. Trioxacarcin-type compounds display
extraordinary antiproliferative effects, such as anticancer, antibacterial, and anti-malaria
activities [60,76,78], which have attracted attention for chemical synthesis [61,77,79,80],
mode of action, and biosynthesis studies [81–85]. It was reported that the notable biological
activity of trioxacarcin A is due to its tight interaction with DNA [86,87]. In our study,
several putative novel trioxacarcin-type compounds were identified by the metabolomics-
based dereplication approach, such as compound 12 (7.16_1028.3600m/z), compound 14

(7.47_1028.3592m/z), compound 16 (6.69_1030.3751m/z), compound 17 (7.94_1013.3486m/z),
and so on. However, some of them were unstable in scale-up fermentation. The contents
of compounds 14 and 17 were decreased, making them hard to be isolated and accumu-
lated for structural identification. Meanwhile, a low-yield compound 20 (7.86_896.3265n)
was increased in the scale-up fermentation. A similar phenomenon was also reported
by other researchers in metabolomics analysis of bacterial strains [88]. Finally, two new
trioxacarcins, gutingimycin B (16) and trioxacarcin G (20), along with gutingimycin (12,
7.16_1028.3600m/z) were isolated from the scale-up fermentation broth of Streptomyces sp.
M22. To the best of our knowledge, it is the second report of finding trioxacarcins with
keto-reduced trioxacarcinose B moiety, except for trioxacarcin C. The new trioxacarcin-type
members, compound 16 and compound 20, together with known compound 12, were eval-
uated for cytotoxicity against the H460 lung cancer cell line in this study, but no prominent
cytotoxic activity against this cell line was observed in these compounds (IC50 > 1000 nM).
The antibacterial activity of the new analogs and their cytotoxicity against other cell lines
will be tested in the future. The successful isolation of novel trioxacarcin-type compounds
from Streptomyces sp. M22 has demonstrated that our integrative strategies are effective,
efficient, and suitable for seeking new antibiotics from those ecosystems inhabiting a large
amount of actinomycetial strains.

4. Materials and Methods

4.1. Samples Collection

Soil samples were collected in August 2019 at different mangrove sites in Leizhou
Peninsular, Guangdong province, China. The locations where samples were collected and
their information are shown in Figure 13 and Table S6. All samples were collected from
depth of 5–10 cm with a sterile spatula, then packed in sterile bags, and brought to the
laboratory at the earliest time. Each sample was air-dried in a laminar flow hood before
grinding with a mortar and pestle.
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Figure 13. Locations of the sampling sites (red star) in Leizhou Peninsula, Guangdong, China.

4.2. Isolation of Actinomycetial Strains

A total of 12 cultural media were used to isolate actinomycetial strains. All media were
supplemented with nalidixic acid (25 mg/L), cycloheximide (50 mg/L), and potassium
dichromate (50 mg/L) to inhibit the growth of Gram-negative bacteria and fungi. The
recipes for 12 media are shown in Table S1. It should be mentioned that M11 is a modified
version of M1 with the addition of 15 mL kelp solution instead of 15 mL distilled water in
the recipe. The kelp solution was prepared as follows: 200 g fresh kelp was cut into small
pieces, added into 200 mL distilled water, and boiled for 30 min. After cooling down, the
kelp soup was filtered by absorbent cotton to obtain the kelp solution. Meanwhile, M12 is
a modified version of M4 with the addition of 10 mL natural fresh coconut juice instead of
10 mL distilled water in the recipe.

Strains were isolated by using the dilution plating technique. A total of 5 g of each
soil sample was diluted with 45 mL of sterile 0.1% Na4P2O7 solution, then mixed, homog-
enized, and shaken for 1 h at 180 rpm to release actinomycetia cells attached to the soil.
Subsequently, the pretreated samples were prepared for ten-fold serial dilutions up to
10−4. A total of 0.2 mL of diluted sample (10−2, 10−3, and 10−4) from each soil sample
was spread onto isolation agar plates, and plates were incubated for 7–14 days at 28 ◦C.
Actinomycetia-like colonies depending on their morphological characters, pigment diffu-
sion, and coloration of their mycelia were picked and streaked several times on ISP2 agar
plates until pure actinomycetial colonies were isolated. The pure strains were maintained
on ISP2 agar slants at 4 ◦C and preserved in 20% glycerol (v/v) at −80 ◦C.

4.3. Phylogenetic Analysis

Genomic DNA was extracted by using a rapid method with Chelex-100 as described
previously [89]. The 16S rRNA gene amplification and sequencing analysis were per-
formed using the universal primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R
(5’-GGTTACCTTGTTACGACTT-3’). The PCR reaction mixture (50 μL) included 25 μL
2× supermix (TransGen Biotech, Beijing, China), 1 μL each of the primers (10 mM, Sangon
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Biotech, Shanghai, China), 1.5 μL DNA, and 21.5 μL ddH2O. The reaction conditions were
as follows: 95 ◦C for 3 min, 30 cycles of 94 ◦C for 1 min, annealing at 60 ◦C for 1 min,
extension at 72 ◦C for 1 min, followed by final extension for 10 min at 72 ◦C. The amplified
products were sent to Shanghai Shenggong Company for sequencing. The sequencing data
were BLAST analyzed using the GenBank NCBI (http://www.ncbi.nlm.nih.gov/, accessed
on 11 November 2021) and the EzBioCloud database [90] to determine the similarity with
type strains. Multiple alignments were generated using the Clustal_X tool in MEGA ver-
sion 7.0 [91]. A phylogenetic tree based on the neighbor-joining method was constructed
under Kimura’s two-parameter model [92]. Bootstrap analysis with 1000 replications was
performed with MEGA version 7.0 and finally visualized via the Interactive Tree of Life
(iTOL) web service [93].

4.4. Extracts Preparation and Bioactivity Assay

Based on the analysis of phenotypic and phylogenetic characteristics, 179 strains
were selected from the 521 isolated actinomycetial strains to examine their antibacterial
potentials. The strains were inoculated into 100 mL ISP2 broth in 500 mL conical flasks
and cultured for 7 days in a shaking incubator at 180 rpm at 28 ◦C. A total of 300 mL
(3 × 100 mL) cultural broth of each strain was pooled and centrifuged at 4200 rpm for
20 min to separate the mycelium portion. The supernatants were extracted three times with
ethyl acetate (1:1, v/v). The organic layers were combined and evaporated to obtain crude
extracts. The crude extracts were dissolved in 3 mL methanol and used for antibacterial
assay by the paper disc diffusion method.

The methanol sample (30 μL) was dripped on a paper disk (6 mm diameter). A
total of 30 μL methanol and levofloxacin solution (10 μL, 1 mg/mL) were used as the
negative and positive control, respectively. After being dried in a biosafety hood, the paper
disks were transferred to agar plates seeded with pathogenic bacteria and incubated at
37 ◦C for 24–48 h. The antibacterial activity was evaluated by measuring the diameters of
the inhibition zones with a vernier caliper. The indicator bacteria used for antimicrobial
assay were six sets of indicator bacteria, including Enterococcus sp. (ATCC 33186 and
310682), Staphylococcus aureus (ATCC 29213 and ATCC 33591), Klebsiella pneumonia (ATCC
10031 and ATCC 700603), Acinetobacter baumannii (2799 and ATCC 19606), Pseudomonas
aeruginosa (ATCC 27853 and 2774) and Escherichia coli (ATCC 25922 and ATCC 35218). Their
drug susceptibility testing was identified and confirmed by the Beijing Key Laboratory
of Antimicrobial Agents, Institute of Medicinal Biotechnology. Each set consisted of
two strains, one drug-sensitive strain (the former), and one drug-resistant strain (the latter).
Isolate 310682 was resistant to vancomycin. Meanwhile, isolate 2774 was resistant to
aminoglycosides and carbapenems. Indicator bacteria were obtained from either the
American Type Culture Collection (ATCC) or the clinic isolation from hospital in China,
and they were deposited in the Institute of Medicinal Biotechnology, Chinese Academy of
Medical Sciences and Peking Union Medical College.

4.5. PCA and OPLS-DA Analysis

Twenty-three strains with zones of inhibition larger than or equal to 10 mm against
MRSA were selected for dereplication and microbial strain prioritization studies using
UPLC-HRMS-PCA and UPLC-HRMS-OPLS-DA. Three biological replicates were prepared
for each actinomycetial strain. Each strain was cultured in triplicate for 7 days in ISP2
broth medium (3 × 100 mL) as mentioned above. Only 15 mL supernatant from 100 mL
cultural broth were extracted three times (3 × 15 mL) with ethyl acetate, then dried under
vacuum to obtain the crude extract. The dried crude extracts were weighed and dissolved
in methanol to yield a stock solution with a concentration of 2 mg/mL. The ISP2 broth
medium was used as a blank medium control. After centrifugation at 14,000 rpm for
10 min, the supernatant of the stock solution was diluted 4-fold with methanol to yield
the test solution (0.05 mg/mL). A quality control (QC) sample was prepared by mixing
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an equal volume of each test solution (including bank medium control). All test solutions
were stored at 4 ◦C before analysis.

UPLC-HRMS/MS experiments were carried out on Waters ACQUITY UPLC I-Class
system combined with Waters Xevo G2-XS Q-TOF mass spectrometer (Waters, Manchester,
UK). A Waters ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm) maintained
at 25 ◦C was used, and the PDA scan range was 200–800 nm. The binary mobile phase
consisted of solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile). The
gradient elution program was applied as follows: 0–1 min, 10%(B); 1–18 min, 10–95%(B);
18–20 min, 95%(B); 20–22 min, 10%(B). The flow rate was 0.3 mL/min. The injection
volume was 2 μL, and the QC sample was analyzed after every six injections to evaluate
system stability.

The ESI source parameters in the positive mode were set as follows: capillary, 2 kV;
sampling cone, 40 V; source offset, 80 V; source temperature, 100 ◦C; desolvation tem-
perature, 250 ◦C; cone gas, 50 L/h; and desolvation gas, 600 L/h. The desolvation and
cone gases were nitrogen, and the collision gas was argon. The MSE acquisition (data-
independent acquisition) was obtained in the continuum format with a mass range of
100–2000 Da in both low-energy (function 1) and high-energy (function 2) scan functions.
For function 1, the collision energy was 2 V. For function 2, a collision energy ramp of
40–80 V was used. The scan time was 0.10 s. The mass accuracy was maintained by using a
lock spray with leucine–enkephalin ([M+H]+ = 556.2771 Da) at a concentration of 2 ng/mL
and a flow rate of 5 μL/min as reference. The run sequence started with a blank solvent,
then a blank medium, followed by the samples. The instrument controlling and data
acquisition were performed by MassLynx V4.1 software (Waters, Milford, CT, USA).

The acquired raw data from 87 samples, including 69 test samples, six blank samples
(blank solvent and blank medium), and 12 QC injections, were all imported into Progenesis
QI 3.0 software (Waters, Milford, USA) to operate the chromatographic peak alignment,
experimental design setup, peak picking, normalization, deconvolution, compound iden-
tification, and compound review. The imported 87 runs were aligned on the basis of an
automatically selected QC sample. The retention time for peak picking was set as 0–20 min,
and the limits and sensitivity were set as the default. The adduct ion forms of [M+H-H2O]+,
[M+H]+, [M+NH4]+, [M+Na]+, [M+K]+, [2M+H]+, [2M+Na]+ were added to deconvolute
the spectral data. After performing automatic processing to all compounds in all samples,
a data matrix involving sample code, RT, m/z, and normalized abundance was generated.
In the blank samples, features with the most abundance and an abundance 20 times less
than the 69 test samples were hidden manually to remove medium and blank effects for
cleaner data [20,71]. The obtained data were exported into the extended statistics module
EZinfo 3.0 (Umetrics, Umea, Sweden) for PCA and OPLS-DA analyses. The significant
differential retention time-observed mass (RT-m/z) or retention time-neutral mass (RT-m/z)
pairs in the loadings plot and S-plot were selected and imported back into Progenesis QI
for compound identification. After filtering by ANOVA p-value ≤ 0.05, q value ≤ 0.05,
and max fold change ≥ 2, the filtered pairs were identified using the search method in
Progenesis QI (parameters in search method: precursor tolerance 10 ppm and theoretical
fragment tolerance 10 ppm). The Natural Product Atlas v19_12 and StreptomeDB v3.0
databases as in-house libraries were use for the dereplication of the differential metabolites
in the samples.

4.6. Molecular Network Analysis

The UPLC and ESI source parameters were set as same as shown above. DDA
was also performed in positive ion mode. The full MS survey scan was performed for
0.2 s in the range of 100–2000 Da, and MS/MS scanned a mass range of 50–2000 Da by
the same scan time. The five most intense ions were chosen for MS/MS fragmentation
spectra. The gradient of collision energy was set as 20 V to 40 V for low-mass collision
energy (LM CE) and 60 V to 80 V for high-mass collision energy (HM CE). Automatic
switching to MS/MS mode was enabled when the TIC intensity rose above 10,000 counts
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and switched off when 0.4 s had elapsed, or the TIC intensity was 1,000,000 counts. The
tolerance window of ±3.0 Da was set in the deisotope peak detection mode. Dynamic
peak exclusion was enabled, acquired, and then excluded for 3.0 s. Fixed peak exclusion
was as follows: m/z 205.0877, 255.1581, 279.1591, 301.1425, 371.3183, 579.2933. Raw data
files obtained from the DDA acquisition were converted to 32-bit mzxML format with
MS-Convert [94] and then uploaded on the GNPS web platform (http://gnps.ucsd.edu,
accessed on 11 November 2021) for dereplication and molecular networking construction.

A molecular network was created using the online workflow on the GNPS website
(https://ccms-ucsd.github.io/GNPSDocumentation/, accessed on 11 November 2021).
The precursor ion mass tolerance was set as 0.1 Da and an MS/MS fragment ion tolerance
as 0.1 Da. A network was then created where edges were filtered to have a cosine score
above 0.6 and more than 4 matched peaks. Furthermore, edges between two nodes were
kept in the network only if each of the nodes appeared in each other’s respective top 10
most similar nodes. Finally, the maximum size of a molecular family was set to 100, and the
lowest scoring edges were removed from molecular families until the molecular family size
was below this threshold. The spectra in the network were then searched against GNPS
spectral libraries. The library spectra were filtered in the same manner as the input data.
All matches kept between network spectra and library spectra were required to have scores
above 0.6 and at least 3 matching peaks. The generated molecular network was visualized
using Cytoscape 3.7.1 [95].

4.7. Scale-Up Fermentation, Extraction, and Purification of Natural Products

Streptomyces sp. M22 was grown and maintained on an ISP2 agar plate at 28 ◦C
for 7–10 days. The spores of the strain were inoculated into 500 mL Erlenmeyer flasks
contained 100 mL of the ISP2 medium, which grew at 28 ◦C for 2 days at 180 rpm as
seed cultures. Then, each seed culture (100 mL) was inoculated into autoclaved 5 L
Erlenmeyer flasks containing 1 L ISP2 medium. The flasks were incubated at 28 ◦C for
7 days on a rotary shaker (180 rpm). The total 18 L (18 × 1L) of fermentation broth was
centrifuged at 4300 rpm for 20 min, and the supernatant was extracted three times with
ethyl acetate (18 L/time) to give an organic extract. After 3 times of fermentation, the
combined organic extract (5.5 g) was subjected to MPLC column chromatography eluted
with MeOH-H2O (10:90, 30:70, 50:50, 70:30, 90:10, 100:0, v/v) to obtain six subfractions
(Fr.01–Fr.06) based on LC-MS analysis. Fraction 05 was further separated by Sephadex
LH-20 (CH2Cl2: MeOH=1:1, v/v) to yield five subfractions (Fr.05a–Fr.05e). Fr.05b was
subjected to semi-preparative HPLC (ACN-H2O, 32:68, v/v, 0–5 min; 32:68–52:48, v/v,
5–40 min, 3.0 mL/min) to yield gutingimycin B (16, 6.0 mg), gutingimycin (12, 15.6 mg)
and semi-pure trioxacarcin G. The semi-pure trioxacarcin G was further fractioned by
semi-preparative HPLC using MeOH-H2O (55:45, v/v) to yield pure trioxacarcin G (20,
8.0 mg).

Gutingimycin B (16): yellow amorphous powder. [α]25
D −49.4◦ (c 0.02, ACN); UV

(MeOH) λmax (log ε) 274 (4.83), 408 (4.23) nm; IR vmax: 3366, 2932, 2853, 1689, 1628, 1386,
1223, 1089, 999 cm−1; 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz), see
Table 4; HRESIMS: m/z 1030.3778 [M+H]+ (calcd for C47H60N5O21, 1030.3781).

Trioxacarcin G (20): yellow amorphous powder. [α]25
D −140.0◦ (c 0.02, ACN); UV (MeOH)

λmax (log ε) 232 (4.19), 271 (4.25), 400 (3.71) nm; IR vmax: 3439, 2933, 2851, 1730, 1623, 1384,
1233, 1085, 998 cm−1; 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz), see
Table 4; HRESIMS: m/z 914.3644 [M+NH4]+ (calcd for C42H60NO21, 914.3658).

5. Conclusions

Mangrove actinomycetia are considered one of the promising sources of novel bi-
ologically active compounds. In this study, a total of 521 actinomycetial strains were
isolated from underexplored mangrove soils collected in Leizhou Peninsular, China. Our
integrative strategies using taxonomical information, bioactivity, and metabolomics tools
(PCA, OPLS-DA, molecular networking) for dereplication allowed us to prioritize two
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Streptomyces strains (H37, M22) with the potential to produce new antibiotics. Two new
trioxacarcins were isolated from the scale-up fermentation broth of Streptomyces sp. M22.
Our study demonstrated that modern metabolomics tools greatly assist classic antibiotic
discovery for strain prioritization and improve the efficiency of novel antibiotics discovery.
Our data also highlighted that the mangrove in Leizhou Peninsular is an unexploited
source with rich microbial diversity and bioactive actinomycetia. In summary, the new
strategies presented in this research could set an example to accelerate new antibiotics
discovery from mangroves and other highly productive sources, such as rainforests.
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Abstract: Chemical investigation of the ethyl acetate extract from the marine-derived Streptomyces sp.
isolate B1848 resulted in three new isoquinolinequinone derivatives, the mansouramycins E–G (1a–3a),
in addition to the previously reported mansouramycins A (5) and D (6). Their structures were elucidated
by computer-assisted interpretation of 1D and 2D NMR spectra, high-resolution mass spectrometry, and
by comparison with related compounds. Cytotoxicity profiling of the mansouramycins in a panel of up
to 36 tumor cell lines indicated a significant cytotoxicity and good tumor selectivity for mansouramycin
F (2a), while the activity profile of E (1a) was less attractive.

Keywords: mansouramycins; isoquinolinequinones; marine-derived Streptomyces sp.; cytotoxicity

1. Introduction

The first natural isoquinolinequinone isolated from bacteria were reported by Fukum et al.
in 1977 [1] and then by Kubo et al. in 1988 [2]. A few others were isolated from porifera,
including cribrostatins (produced by the blue marine sponge Cribrochalina sp.) [3], re-
nierones (from Reniera, Petrosia, and Haliclona spp.) [4,5], and caulibugulones (found in the
marine bryozoon Caulibugula inermis) [6]. These isoquinolinequinones showed a potent
antimicrobial activity against Gram positive bacteria and yeast (Candida albicans) and a
pronounced cytotoxicity against L1210 and other cell lines with IC50 values as low as
30 ngmL−1 [7,8]. In 1998, we isolated mansouramycin A (5) as a trace component from
the marine derived Streptomyces sp. B3497 [9]. Mansouramycin A (5) and the synthetic
analogue 3-methyl-7-(methylamino)-5,8-isoquinolinedione (4a) were re-isolated from the
marine-derived Streptomyces sp. isolate Mei37, together with three new mansouramycins
B–D (1a–3a) [10]. These compounds showed a pronounced selectivity for non-small cell
lung cancer, breast cancer, melanoma, and prostate cancer cells. Recently, mansouramycin
A (5) was also obtained from the marine-derived Streptomyces albus J1074 and found to
be a potent inhibitor of the methicillin-resistant Staphylococcus aureus ATCC 43300 with
an MIC of 8 μgmL−1. S. albus J1074 produced additionally the novel isoindoloquinone
albumycin [11].

While the marine-derived Streptomyces sp. isolate B1848 was previously noted as a
producer of 6-hydroxy-isatine and several other known compounds [12–14], further fer-
mentations led now to the isolation and characterization of three unusual mansouramycins
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E–G (1a–3a) along with mansouramycins A (5), D (6) (Figure 1) and 13 known metabo-
lites [12–14]. The chemical structures of 1a–3a were elucidated by NMR (1D, 2D) and
HRMS, by comparison with related compounds and by computer-assisted methods. The
cytotoxic activity of the isolated isoquinolinequinones was determined.

 
(1a) (2a) (3a) 

 
(1b) (2b) (3b) 

 
4a: R = Me 5 6 4b: R = COOMe 

Figure 1. Chemical structures of isoquinolinequinones 1–6 produced by Streptomyces sp. B1848, and alternative
structures 1b–3b.

2. Results and Discussion

With a malt extract medium with 50% synthetic seawater (M2
+ medium), the marine-

derived Streptomyces sp. isolate B1848 produced only traces of mansouramycins A (5)
and D (6), along with the zizaene derivative albaflavenol [9], 6-hydroxy-isatine [13,14],
2′-deoxythymidine, 2′-deoxuridine, 2′-deoxyadenonsine, anthranilic acid, tyrosol, indolyl-3-
acetic acid, phenyl acetamide, indolyl-3-carboxylic acid, Nß-acetyltryptamine,
N-acetyltyramine, and p-hydroxybenzoic acid [12]. Better yields of the mansouramycins
and further red pigments were obtained now on a meat extract medium in a fermenta-
tion with a 50 L shaker culture. After extraction and chromatographic separation, the
strain B1748 afforded under these conditions the mansouramycins A (5) and D (6) and
three new congeners, the mansouramycins E–G (1a–3a) as dark red solids. The isoquino-
linequinones gave brown-red zones on TLC, with UV absorptions in solution similar as of
peri-hydroxyquinones. Their reversible color change with sodium dithionite from orange to
nearly colorless confirmed quinones; peri-hydroxyquinones were excluded, however, by the
missing bathochromic shift with sodium hydroxide. Unlike the orange-red phenoxazinone
chromophore of actinomycins and related pigments, which are becoming red with con-
centrated sulfuric acid, the isoquinolinequinones turned yellow. Further physicochemical
properties of compounds 1a−3a are summarized in Table 1.
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Table 1. Physico-chemical properties of mansouramycins E–G (1a–3a).

Analytical Methods Mansouramycin E (1a) Mansouramycin F (2a) Mansouramycin G (3a)

Appearance Red powder Dark red solid Red solid

Rf
a 0.76 (CH2Cl2/7% MeOH) 0.50 (CH2Cl2/7% MeOH) 0.23 (CH2Cl2/7% MeOH).

Anisaldehyde/H2SO4 reagent yellow yellow yellow

Staining with NaOH no color change no color change no color change

Molecular Formula C16H11N3O2 C12H9N3O2 C15H11N3O4

UV/vis λmax (log ε)

(MeOH): 244 (4.17), 264 (4.20), 287 sh
(4.17), 314 sh (3.71), 377 (3.94), 448 sh

(3.28), 509 sh (3.17); (MeOH + 1N
NaOH): 243 (4.16), 263 (4.21), 287 sh
(4.17), 313 sh (3.77) 378 (3.94), 449 sh

(3.47), 508 sh (3.17); (MeOH + 1N HCl)
245 sh (4.04), 267 (4.14), 284 sh (4.02) 314

sh (3.31) 387 (3.91), 510 (3.17) nm

(MeOH): 234 (3.66), 288 (3.26), 373 (3.22),
481 sh (2.38); (MeOH+ 1N HCl): 237

(3.53), 313 (3.38), 378 (3.12), 485 sh (2.38)
nm; (MeOH+1N NaOH): 233 (3.64), 289

(3.28), 375 (3.19), 485 sh (2.38) nm

(MeOH): 244 (4.13), 299 sh (3.65), 382
(3.42), 435 nm (3.47); (MeOH + 1N

HCl): 243 (4.05), 303 (3.65), 377 (3.46),
436 (3.47); (MeOH + 1N NaOH): 245

(4.07), 302 sh (3.57), 384 (3.35),
437 (3.35) nm

IR (KBr) νmax (KBr)
3434, 2925, 2855, 1672, 1625, 1598, 1510,

1491, 1412, 1384, 1354, 1311, 1268,
1208, 1050 cm−1

3419, 2926, 2856, 1669, 1595, 1543, 1515,
1489, 1420, 1384, 1336, 1264, 1097,

1028, 764, cm−1

3426, 2925, 2855, 1616, 1559, 1544,
1458, 1412, 1384, 1325, 1261, 1028 cm−1

CI-MS: m/z (%) 245.0 ([M+NH4]+, 5),
228.0 ([M+H]+, 100)

(+)-ESI-MS: m/z (%) 278 ([M+H]+) 320.2 ([M+Na]+, 31),
617.0 ([2M+Na]+, 100)

EI-MS: m/z (%)

277 [M]+ (84), 256 (8), 249 (12), 236 (15),
220 (11), 195 (8), 192 (13), 179 (9), 166

(24), 138 (13), 102 (8), 97 (15), 82 (28), 73
(36), 69 (42), 57 (72), 43 (76), 44 (100)

227 ([M]+., 100), 199 ([M-CO]+., 8), 186
(16), 145 (9), 116 (8), 59 (12), 43 (8)

(+)-ESI-HRMS: m/z 228.07663 [M+H]+ 298.08203 [M+H]+

Calcd. 277.0846 for C16H11N3O2 228.07667 for C12H10N3O2 [M+H]+ 298.08223 for C15H12N3O4 [M+H]+

EI HRMS: m/z 277.0848

a Silica gel G/UV254; 1b, 2b, 3b (CH2Cl2/7% MeOH); sh = shoulder.

2.1. Structure Elucidation

Compound 1a was obtained as red powder of moderate polarity. The molecular for-
mula was determined as C16H11N3O2 by EI-HRMS, indicating 13 double bond equivalents
(DBE). The color change to yellow with concentrated sulfuric acid and the characteristic UV
curve with a flat absorption at λmax 509 nm as for 5, 6 pointed to an isoquinolinequinone
moiety as well [10] (Table 1). The 13C NMR spectrum (Table 2) showed six aromatic/olefinic
methines and one methyl signal. Furthermore, signals of nine non-protonated carbon atoms
were observed, of which two at δ 182.8 and 181.4 pointed to carbonyl groups of a quinone.
In the proton NMR spectrum (Table 2), the CH singlets at δ 9.01 (H-1) and 5.71 (H-6), in
addition to a broadened NH signal at δ 7.83 and a methyl doublet at δ 2.85 of the CH3NH
fragment were typical for mansouramycins.

The proton H-6 showed HMBC correlations (Figure 2) with C-4 (4J), 4a, 5, 7, and C-8;
correlations of the N-methyl signal with C-7, and of H-1 with C-3, 4a and 8 resulted in a
3,4-disubstitued 7-methylamino-isoquinolinequinone skeleton as in 4a–6; unfortunately,
NH HMBC correlations were not visible for 1a.

A 1,2-disubstituted benzene ring was deduced from the typical signal pattern of
four o,m-coupled protons at δ 8.23 (d), 7.79 (d), 7.61 (td), and 7.31 (td) ppm and from the
expected HMBC correlations (Figure 2). A further broadened NH signal was seen at δ 11.98,
which formed with the remaining atoms an aniline residue. With respect to the two open
valencies in both fragments, the isoquinoline and the aniline unit can be merged only in
two ways under formation of structures 1a or 1b. The more in-depth analysis of the NMR
data by means of the structure elucidation program COCON [15] confirmed isomers 1a

and 1b as allowed structures, but delivered >7600 additional alternatives! Most of them
were highly strained (cyclobutenes, non-linear allenes, or bridged aromatic systems) and
therefore excluded.
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Table 2. 13C (150 MHz) and 1H NMR spectroscopic data of compounds 1a–3a in DMSO-d6 (δ in ppm, J in [Hz]).

Position
Mansouramycin E (1a) Mansouramycin F (2a) Mansouramycin G (3a)

δC, Type δH (Mult, J in [Hz]) (a) δC, Type δH (Mult, J in [Hz]) (b) δC, type δH (Mult, J in [Hz]) (a)

1 139.0, CH 9.01 (s) 140.7, CH 8.90 (s) 150.4, CH 9.31 (s)
3 149.9, C 153.5, C 153.4, C
4 127.6, C 122.4, C 127.0, C
4a 120.3, C 121.9, C 141.5, C
5 182.8, C 182.8, C 178.2, C
6 99.6, CH 5.71 (s) 99.0, CH 5.62 (s) 100.8, CH 5.75 (s)
7 149.9 (c), C 149.9, C 148.9, C
8 181.4, C 181.2, C 179.8, C
8a 120.4, C 117.3, C 126.7, C
9 7.83 (brs) 7.81 (brq, 5.2) 7.84 (brq, 5.1)
10 29.0, CH3 2.85 (d, 4.9) 28.9, CH3 2.83 (d, 5.2) 28.9, CH3 2.82 (d, 5.1)
1′ 11.98 (brs) 11.88 (brs) 177.6, C

1′a 144.7 (c), C
2′ 113.3, CH 7.79 (d, 7.9) 137.6, CH 7.93 (t, 3.05) 99.6, CH 5.77 (s)
3′ 129.9, CH 7.61 (td, 7.9, 1.3) 102.7, CH 6.70 (dd, 3.05, 1.83) 152.2, C
4′ 120.6, CH 7.31 (td, 8.1, 1.4) 180.9, C
5′ 120.8, CH 8.23 (d, 8.1)

5′a 120.1, C
5′ 8.04 (brq, 4.9)
6′ 29.0, CH3 2.83 (brd, 4.9)

(a) 300 MHz; (b) 600 MHz. See Supplementary Materials for NMR spectra. (c) Small signals; the assignment was confirmed by their
HMBC correlations.

 
(1a) (2a) (3a) 

Figure 2. 2D NMR correlations of mansouramycins E–G (1a–3a). Blue arrows = 2J, 3J HMBC correlations; green arrows = 4J
HMBC correlations, red bonds = COSY correlations.

Amongst 24 plausible indoloquinoline- and indoloisoquinoline-quinones, only 6 (1a,
1b, S1c, S1e, S1f, S1h) * were found by COCON and therefore only these are in agreement
with the COSY and HMBC correlations. For mansouramycin E, the isomer 1a showed
the best agreement of experimental NMR data with shifts calculated by SPARTAN’20 [16]
using ab initio methods on a high level of theory. This structure was therefore assumed for
mansouramycin E (see Supplementary Materials). Further applications of this technique
have been described previously [17]. * Formula numbers with a leading bold letter “S” are
refering to structures in Supplementary Materials.

For the dark red mansouramycin F (2a) the molecular formula C12H9N3O2 (ESI-
HRMS) was determined, which entails 10 DBE. The 1H and 13C NMR shifts (Table 2), as
well as the HMBC couplings, confirmed again an N-methyl-isoquinolinequinone substruc-
ture as in all other mansouramycins (Figure 1). According to the chemical shifts and 2D
correlations, the unassigned residual atoms C2H3N were belonging to an annulated pyrrole
ring, which was confirmed by the 1H triplet at δH 7.93 and the dd signal at 6.70 with the
expected small coupling constants (~5 Hz). The pyrrole ring can be fused with the isoquino-
linequinone core in three different ways, yielding structures 2a, 2b, S2m, and the respective
isomers with the N-methyl group at C-6 instead at C-7 (see Supplementary Materials).
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With COCON using atom types, 19 isomers were found. Four of them were quinones (2a,
2b, S2c, S2d). The other structures were azepin-2-ones or highly strained bridged systems.
Isomers of type S2m were excluded by COCON as well, and also o-quinones were not
predicted for mansouramycin F.

H-3′ in 2b should show a 3J correlation with C-4a, which is missing in the experimental
spectrum and therefore better fitting on 2a. In S2c/S2d, the quinonoid proton H-7 (δ ~5.6)
should show a 3J correlation with C-8a at δ ~147. However, this was also not observed,
so that only structure 2a was left. For further confirmation, we compared the experimen-
tal with calculated shifts of all possible pyrrolo-quinoline- and pyrroloisoquinoline-5,8-
quinones. The results (Table S2) pointed again clearly to structure 2a for mansouramycin F.
This conclusion was further confirmed by comparison with similarly fused pyrrolo-pyridine
skeletons [18,19].

Compound 3a was obtained as a red solid as well, which displayed isoquinoline-
quinone-like UV/vis and other physicochemical properties. The molecular formula of
3a was established as C15H11N3O4 by ESI-HRMS and 1H and 13C NMR analysis, entail-
ing 12 DBE. The 1H and 13C NMR spectra confirmed a further isoquinoline-quinone,
which showed, however, remarkable differences compared with 1a and 2a. Instead of
one N-methyl residue (7-NHCH3) and one quinonoid proton (6-H), as in the other man-
souramycins, the 1H NMR spectrum showed each two of these signals. In addition, the
13C NMR spectrum displayed four carbonyl groups (δC 178.2, 179.8, 177.6, and 180.9)
instead of two carbonyls as in 1a and 2a (Table 2). Interpretation of the HMBC spectrum
of 3a (Figure 2) revealed an isoquinoline-quinone and an N-methylaminobenzoquinone
substructure, which can be connected in two different ways only, resulting in 3a or 3b,
respectively (Figures 1 and 2). The alternative 3b was excluded, however, based on the
significant 3J HMBC correlations of H-6 (δH 5.75) and NH-9 (δH 7.84) with CO-8 (δC 179.8)
and not with CO-5 (δC 178.2); the position of the second N-methyl group at C-3′ was
determined in a similar way. All the remaining HMBC and COSY correlations (Figure 2)
were in full agreements with structure 3a, a novel azaphenanthrene diquinone, which we
named mansouramycin G (see also Supplementary Materials).

2.2. Biological Activities

Isolated compounds were evaluated in cytotoxicity assays against the same 36 cancer
cell lines as published before [10]. Consistent with results previously reported herein
for other members of the group, cytotoxicity profiling of the new mansouramycin 2a re-
vealed good anti-tumor activity in vitro with a mean IC50 value of 7.92 μM (1.797 μgmL−1).
Furthermore, 2a showed good tumor selectivity across the panel of 36 cell lines. Man-
souramycin E (1a) was less active and selective [mean IC50 = 23.10 μM (6.398 μgmL−1)].
Previously reported mansouramycins C (4b) and A (5) exhibited mean IC50 values of
0.089 μM (0.022 μgmL−1) and 13.44 μM (2.902 μgmL−1), respectively (Table 3). Man-
souramycin G (3a) was not tested, due to a lack of material. In the agar diffusion test, crude
extracts of S. isolate B1848 exhibited high bioactivity against Mucor miehei (Tü 284) and
Candida albicans, and moderate activity against Escherichia coli and the alga Chlorella vulgaris.
The samples of 1–6 were nearly consumed in the cytotoxicity assays and therefore not
tested for their antimicrobial activity.

Table 3. In vitro cytotoxic activities of mansouramycins A (5), C (4b), E (1a), and F (2a).

Compound

Potency Tumor Selectivity

Mean IC50 μM
(μgmL−1)

Mean IC70 μM
(μgmL−1)

Selectivity */Total % Selectivity Rating ** Internal Code

Mansouramycin A (5) 13.44 (2.902) 26.26 (5.671) 4/36 11% ++ MNSG078
Mansouramycin C (4b) 0.089 (0.022) 0.167 (0.041) 10/36 28% +++ MNSG091
Mansouramycin E (1a) 23.10 (6.398) 33.95 (9.405) 0/18 0% - MNSG089
Mansouramycin F (2a) 7.92 (1.797) 15.19 ((3.449) 7/36 19% ++ MNSG090

* individual IC70 < 1/3 mean IC70; e.g., if mean IC70 = 2.1 μM the threshold for above average sensitivity was IC < 0.7 μM, ** - (% selective
= < 4%); + (4% > %selective >= 10%); ++ (10% > %selective >= 20%); +++ (% selective > 20%).
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3. Materials and Methods

3.1. General Procedures

NMR spectra were measured on Varian Unity 300 and Varian Inova 600 spectrometers.
The spectra were referenced to the signals of partially deuterated solvents (δChl 7.270, 77.000;
δDMSO 2.500, 39.510). Electron spray ionization mass spectrometry (ESI HRMS): Finnigan
LCQ ion trap mass spectrometer coupled with a Flux Instruments (Basel, Switzerland)
quaternary pump Rheos 4000 and a HP 1100 HPLC (nucleosil column EC 125/2, 100-5,
C 18) with autosampler (Jasco 851-AS, Jasco Inc., Easton, MD, USA) and a Diode Array
Detector (Finnigan Surveyor LC System). High resolution mass spectra (HRMS) were
recorded by ESI MS on an Apex IV 7 Tesla Fourier-Transform Ion Cyclotron Resonance
Mass Spectrometer (Bruker Daltonics, Billerica, MA, USA). EI mass spectra (70 eV) were
recorded on a Finnigan MAT 95 spectrometer (Thermo Electron Corp., Bremen, Germany)
with perfluorokerosene as reference substance for EI HRMS. IR spectra were recorded on
a Perkin-Elmer 1600 Series FT-IR spectrometer from KBr pellets. UV/vis spectra were
recorded on a Perkin-Elmer Lambda 15 UV/vis spectrometer. Flash chromatography
was carried out on silica gel (230–400 mesh). Rf-values were measured on Polygram SIL
G/UV254 (Macherey-Nagel & Co., Düren, Germany). Size exclusion chromatography
was carried out on Sephadex LH-20 (Lipophilic Sephadex; Amersham Biosciences, Ltd.,
purchased from Sigma-Aldrich Chemie, Steinheim, Germany).

3.2. Isolation and Taxonomy of the Producing Strain

The marine Streptomyces sp. strain B1848 was isolated and deposited in the Actino-
mycetes culture collection of the Alfred-Wegner Institute for Polar- und Marine Research,
Am Handelshafen, Bremen, Germany. The taxonomy of the strain has been described
previously [12].

3.3. Fermentation and Working Up

The S. sp. isolate B1848 was previously cultivated on M2
+ medium with 50% seawater

in a 25 L jar fermenter (72 h at 28 ◦C) [12,13]. Optimization of the culture conditions has
been performed now using six different media [14] at two pH values (6.5, 7.8), temperatures
(28, 35 ◦C), and shaking rates (110, 95 rpm) for four days. TLC analysis and antimicrobial
screenings indicated that medium C (meat extract medium: 10 g glucose, 2 g peptone,
1 yeast, 1 g meat extract, pH 7.8) gave the best yield of mansouramycins.

A 50-L jar fermenter with C-medium was inoculated with strain B1848 and stirred
for 4 days at 28 ◦C with 120 rpm. The resulting pale yellow culture broth was mixed with
diatomaceous earth (Celite, ca. 1.8 kg), and filtered-off under pressure. The mycelial cake
was extracted with ethyl acetate (3×), and then with acetone (2×). The acetone extract was
concentrated under reduced pressure, and the aqueous residue was extracted once more
with ethyl acetate. The combined organic phases were concentrated in vacuo, yielding
4.8 g of reddish-orange residue. None of the compounds of interest were detected in the
aqueous phases, and therefore they were discarded.

3.4. Isolation and Purification

The mycelial cake extract (4.8 g) was applied to flash silica gel column chromatogra-
phy (3 × 60 cm) using a CH2Cl2-CH3OH gradient. After monitoring by TLC (CHCl3/5;
10% MeOH), four fractions were obtained. Purification of fractions II-IV, using PTLC and
Sephadex LH 20, led to isolation of five dark red compounds: mansouramycin A (5; 3.0 mg),
D (6, 8.0 mg), E (1a; 4.1 mg), F (2a; 6.0 mg), and mansouramycin G (3a; 4.2 mg); for the
physico-chemical properties and NMR spectral data of mansouramycins E–G (1–3), see
Tables 1 and 2, respectively.

Mansouramycin C (3-Carbomethoxy-7-methylaminoisoquinoline-5,8-dione; 4b): Dur-
ing this investigation, we realized two errors in the previously reported 13C NMR data
of mansouramycin D [10]: (CDCl3, 150 MHz): δ 180.6 (Cq-8), 179.8 (Cq-5), 164.3 (Cq-9),

168



Mar. Drugs 2021, 19, 715

153.3 (Cq-3), 148.8 (Cq-7), 148.0 (CH-1), 140.5 (Cq-4a), 126.0 (Cq-8a), 120.7 (CH-4), 101.5 (CH-6),
53.4 (9-OCH3), 29.3 (NCH3).

Mansouramycin F (7-Methylamino-3H-pyrrolo [2,3-c]-isoquinoline-6,9-dione, 2a):
1H NMR (CDCl3, 300 MHz): δ 10.25 (s br, 1H, NH-1′), 9.12 (s, 1H, 1-H), 7.79 (t, 3J = 2.6 Hz,
1H, 2′-H), 6.81 (t, 3J = 2.9 Hz, 1H, 3′-H), 6.25 (s br, 1H, 9-NH), 5.69 (s, 1H, 6-H), 2.98 (d, J =
5.1 Hz, 3H, CH3-10).

Data of mansouramycins E–G (1a–3a) are listed in Tables 1–3, and spectra are depicted
in the Supplementary Information. The working up and isolation of mansouramycins E–G
(1a–3a) was carried out in August 2004. Spectral measurements, structural interpretation,
and biological activity testing of 1a–3a were achieved in the beginning of 2005.

3.5. Cytotoxicity Assays

A modified propidium iodide assay was used to examine the antiproliferative activity
of the compounds against human tumor cell lines. Cell lines tested were derived from
patient tumors engrafted as a subcutaneously growing tumor in NMRI nu/nu mice or
obtained from American Type Culture Collection, Rockville, MD, USA, National Cancer
Institute, Bethesda, MD, USA, or Deutsche Sammlung von Mikroorganismen und Zel-
lkulturen, Braunschweig, Germany, and details of the test procedure have been described
previously [20–22]. For the results, see Table 3.

3.6. DFT-Calculations

The calculation of NMR shifts was performed in a sequence of six calculation steps
implemented in SPARTAN’20 [16]: (1) for all molecules of interest, the least energy con-
formers were determined using the “systematic approach” of the Merck Molecular Force
Field program (MMFF). Up to 500 MMFF conformers within 40 kJ/mol above the global
minimum were kept; in step (2), geometries were further optimized with a Hartry-Fock
calculation (HF/3-21G); up to 200 conformers with <40 kJ/mol above the global minimum
the energies were kept and (3) optimized (energies) with the DFT functional ωB97X-D
and the 6-31G* basis set; (4) for up to 100 conformers within a window of 15 kJ/mol, the
geometries were calculated now with the same functional and basis set; up to 50 con-
formers with <10 kJ/mol were kept for step (5); for the remaining conformers, energies
and Boltzmann factors (300 K) were calculated with ωB97X-V/6-311+G(2df,2p) [6-311G*];
(6) for up to 30 resulting conformers with <10 kJ/mol the NMR data were calculated with
ωB97X-D/6-31G* using the geometries from step (4). The conformer shifts were averaged
with the Boltzmann factors from step five.

4. Conclusions

Isoquinoline-quinones from marine invertebrates and associated streptomycetes at-
tracted scientific attention due to their strong anticancer activities [1–6]. From marine-
derived Streptomyces spp., we isolated recently five isoquinoline-quinone derivatives, the
mansouramycins A-D and 3-methyl-7-(methylamino)-5,8-isoquinolinedione (4a), which
showed significant cytotoxicity in a panel of up to 36 tumor cell lines, with pronounced
selectivity for non-small cell lung cancer, breast cancer, melanoma, and prostate can-
cer cells [10]. After a culture optimization, we succeeded now to isolate three further
mansouramycins E–G (1a–3a) from the same marine Streptomyces sp. strain B1848, used
optimized culture conditions. Their structures were elucidated by computer-assisted inter-
pretation of 1D and 2D NMR spectra, high resolution mass spectrometry, by comparison
with ab initio-calculated NMR data and by comparison with related compounds. Cyto-
toxicity profiling of the mansouramycins in a panel of up to 36 tumor cell lines indicated
only a moderate cytotoxicity and tumor selectivity for the new quinones E (1a) and F
(2a). The novel azaphenanthrene-diquinone mansouramycin G (3a) was not tested due to
insufficient material.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19120715/s1, NMR spectra and other supplementary data.
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