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Abstract: Soft corals, recognized as sessile marine invertebrates, rely mainly on chemical, rather
than physical defense, by secreting intricate secondary metabolites with plausible pharmaceutical
implication. Their ecological niche encompasses a diverse community of symbiotic microorganisms
which potentially contribute to the biosynthesis of these bioactive metabolites. The emergence of
new viruses and heightened viral resistance underscores the urgency to explore novel pharmaco-
logical reservoirs. Thus, marine organisms, notably soft corals and their symbionts, have drawn
substantial attention. In this study, the chemical composition of four Mauritian soft corals: Sinularia
polydactya, Cespitularia simplex, Lobophytum patulum, and Lobophytum crassum was investigated using
LC-MS techniques. Concurrently, Illumina 16S metagenomic sequencing was used to identify the
associated bacterial communities in the named soft corals. The presence of unique biologically im-
portant compounds and vast microbial communities found therein was further followed up to as-
sess their antiviral effects against SARS-CoV-2 and HPV pseudovirus infection. Strikingly, among
the studied soft corals, L. patulum displayed an expansive repertoire of unique metabolites alongside
a heightened bacterial consort. Moreover, L. patulum extracts exerted some promising antiviral ac-
tivity against SARS-CoV-2 and HPV pseudovirus infection, and our findings suggest that L. patulum
may have the potential to serve as a therapeutic agent in the prevention of infectious diseases,
thereby warranting further investigation.

Keywords: Mauritius; soft corals; metabolic profiling; metagenomics; antiviral; SARS-CoV-2; HPV
pseudovirus

1. Introduction

Mauritius Island is a volcanic island, which has one of the biggest Exclusive Eco-
nomic Zones at 2.3 million square kilometers, in the Indian Ocean. The coral reefs sur-
rounding Mauritius Island still need to be fully explored, as they hold many unexplored
marine compounds. Soft corals (class Octocorallia) form an integral part of the island’s
reef ecosystem [1], and their importance range from providing a habitat to other marine
organisms to being a bountiful source of new marine natural products, and one of the
prominent bioactive secondary metabolites’ sources [2]. Soft corals can produce a broad
variety of chemical compounds with unique chemical structures and bioactive character-
istics which could lead to the successful development of commercial drugs. The bioactive
secondary metabolites, such as terpenoids, cembranoids, and steroids, from soft corals
have exhibited interesting biological properties, including cytotoxic, antifungal, antibac-
terial, anti-inflammatory, and antiviral activity [3-6].

Furthermore, there is evidence that soft corals are prolific producers of secondary
metabolites [6,7]. Interestingly, the presence of symbiotic microorganisms in soft corals
has raised many debates on the origin of the secondary metabolites of the hosts. It has
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been recognized that dense and diverse microbial communities harboring on and in the
tissues of soft corals are the true producers of many metabolites responsible for antiviral,
anticancer, and anti-inflammatory properties [8].

The rise of emerging viruses, such as SARS-CoV-2, draws the attention of scientists
throughout the world to the urgent need to discover new treatments and activities tar-
geted to diminishing viral spread. Indeed, it has been suggested that marine-derived com-
pounds could be a good alternative against coronaviruses [9]. SARS-CoV-2 is an envel-
oped, single-stranded, positive-sense RNA virus belonging to the Betacoronavirus group
of the family Coronovidae [10]. Metabolites from the soft coral Nephthea sp. have been
identified which can be used as potential SARS-CoV-2 protease inhibitors [11]. A series of
cembranoid diterpenes from the genus Sarcophyton have been examined as SARS-CoV-2
Mpro inhibitors [12]. The compound Bislatumlide A from the same genus has been re-
ported to remodulate the p38 MAPK signaling pathway hijacked by SARS-CoV-2 infec-
tion, thereby antagonizing its harmful effects [12]. Tuaimenal A (1) from the Irish deep-
sea soft coral Duva florida was found to inhibit the main protease of SARS-CoV-2 [13].

Bioactive compounds are also being screened for novel and alternative means to com-
bat the infectivity of established viruses that cause significant disease burden, particularly
in low-income settings [14]. Human papillomaviruses (HPVs), for example, are nonenvel-
oped small DNA tumor viruses that infect keratinocytes of the differentiating epithelium
of the skin and mucosa [15], and high-risk HPV types have been identified as the etiolog-
ical agent of cervical and other anogenital cancers [16]. Although highly effective prophy-
lactic HPV vaccines are available, they do not offer protection against all cancer-associated
HPV types and are often too expensive for nationwide roll-outs outside of developed
countries [17]. Therefore, the search for potential drug candidates with high inhibitory
activities against various HPV types is increasing in the pharmaceutical industry. Marine-
derived natural bioactive compounds and their derivatives are great sources for the de-
velopment of new-generation anti-HPV therapeutics, which is more effective with fewer
side-effects [18]. Over the years, different marine compounds have been studied inten-
sively for their antiviral effect, and carrageenan is in the limelight. Carrageenans are one
of the major constituents of red seaweed cell walls and are mainly extracted from certain
genera of red seaweeds [19,20]. The three main types of carrageenans, A-, k-, and 1-carra-
geenans, each show different inhibitory effects on different viruses, such as HPV [17],
dengue virus (DENV) [21], human immunodeficiency virus (HIV) [22], and influenza A
virus [23]. However, until now, no work has been published on the antiviral activity of
soft coral metabolites against HPV infection.

Our previous work showed that soft corals around Mauritius Island have antimicro-
bial effects, and the GCMS-MS analysis indicated the presence of compounds with poten-
tial antiviral effects [6]. Therefore, our current study investigated the chemical profile of
four soft corals extracts, namely, Sinularia polydactyla, Cespitularia simplex, Lobophytum pat-
ulum, and Lobophytum crassum, using LC-MS. Furthermore, metagenomic analysis was
employed to identify the microbial community harboring on or in the soft corals’ tissues
which might be responsible for the presence of the different biological compounds iden-
tified by LC-MS. Finally, we investigated the antiviral activities of the four soft coral ex-
tracts against SARS-CoV-2 and HPV pseudovirus infection.

2. Results
2.1. Metabolic Profiling

The identification of the metabolites from the four studied soft corals, namely, Sinu-
laria polydactya, Cespitularia simplex, Lobophytum patulum, and Lobophytum crassum, was
achieved using the LC-MS technique. Terpenoids were observed to be the most abundant
class. Additionally, alkaloids, esters, flavonoids, steroids, and coumarins were also de-
tected in the soft corals (Figure 1). LC-MS analysis identified 362 metabolites in S. polydac-
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tyla, 379 in L. patulum, 368 in C. simplex, and 370 in L. crassum. When analyzing the constit-
uents from the different extracts, the soft coral extracts contained metabolites with molec-
ular masses predominantly in the range m/z 90-500 (Table S1).

The data also revealed that the four soft corals produced nearly identical metabolites;
however, the production of certain metabolites was species-specific (Table 1). Ten unique
metabolites were identified from L. patulum, nine from S. polydactyla, two from C. simplex,
and one from L. crassum, as illustrated in Figure 2A. Furthermore, the methanol extract of
L. patulum yielded a higher number of compounds compared to the other solvents (Figure
2B).

Certain metabolites derived from the studied soft corals have been noted for their
distinctive biological properties (Table 1). From L. patulum, seven of the ten unique me-
tabolites exhibited intriguing biological properties. Specifically, 2-amino-4-hydroxypy-
rimidine-5-carboxylic acid is known for its antibacterial effects [24], while bruceine D
demonstrated antitumor properties [25], and terbutaline was reported for its anti-inflam-
matory, antiarthritic effects, as well as bronchodilator properties [26,27]. Additionally, cy-
clopamine, eurycomalactone, and quinaldic acid were found to possess antiviral proper-
ties [28-30].

Out of the nine unique metabolites retrieved from S. polydactyla, two of them, namely,
erianin and methotrexate, have been reported for their biological properties, such as anti-
tumor, antiviral, anti-inflammatory, and immunosuppressant properties [31-34]. Addi-
tionally, ketoconazole, reported in the C. simplex extract only, was reported to have anti-
fungal, antiviral, anticancer, and anti-inflammatory properties [35-38].

Interestingly, all soft corals contained metabolites with previously reported antiviral
activities, as shown in Table 2.

Metabolites from Mauritian soft corals

Alkaloids
7% Amines
4%

_ Terpenoids
12%

_ Amino acids
9%
Pyridines and
derivatives _
3%
Flavonoids _ Coumarins

3%
_ Carboxylic acids
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_ Fatty acids
3%
_ Lignans
~ Glycerides __Ethers 4%
2% — Esters 3%
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Steroids _
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Figure 1. Pie chart of the classes of metabolites identified in soft coral samples. The category "Others"
includes compounds such as ketones, heterocyclic aromatic compounds, and nucleosides. The pie
chart was created from all the metabolites listed as Supplementary Data S1.
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Table 1. Unique metabolites present in the soft corals and their biological properties.

f A Biological
Soft Metabolites Name Vere?ge 10 ogl-ca References
Corals Rt(min) Properties
2—ammo—4—hydrox.ypyr'lrmdme—5—carbox— 4586 Antibacterial [24]
ylic acid
Cyclopamine 10847  Antiviral RSV, BRSV) An- o0 59 40
titumor
Bruceine D 11.117 Antitumor [25]
5-(hydroxymethyl)pyrimidine-2,4-diol 9.145 - -
2-(3,5-Dimethyl-7-oxo-7H-furo[3,2-
. 11.771
g]chromen-6-yl1)-N-[3-(2-oxo-1-pyrroli- - -
dinyl)propyl]acetamide
L. patulum Antiviral (HCoV-OC43 and
P Eurycomalactone 11.27 SARS-CoV-2 strains); [29,41]
Anticancer
Neosolaniol 11.223 - -
Antiviral (influenza
Quinaldic acid 11.117 A/H5NT1); Antibacterial; [30,42,43]
Anticancer;
Terbutaline 9151  bronchedilator; Antiin- [26,27]
flammatory; Antiarthritic
Tetrahydrozoline HCI 11323 [opicalnasaland conjuncti- [44]
val decongestant
2-((6-((6,7-dimethoxy-3,4-dihydroiso-
quinolin-2(1H)-yl)methyl)-4-oxo-4H-py-
. 13.187 - -
ran-3-yl)oxy)-N-(3,4-dimethoxy-
phenethyl)acetamide
2-(3,4-dimethoxyphenyl)-7-methoxy-4H-
12.817 - -
chromen-4-one
24-epimakisterone A 11.834 - -
7-amino-flunitrazepam 13.568 - -
S. polydactyla Antitumor,
Erianin 13501 Antiviral (Human enterovi- (31-34]
rus 68);
Anti-inflammation
Linderane 12.927 - -
Pregn-4-ene-3,20-dione 12.254 - -
Methotrexate 0674 ~ ‘enticancer; Immunosup- [45,46]
pressant
C. simplex
Antifungal;
Antiviral (HSV-1/HSV-2);
Ketoconazole 0.39 ntiviral (HSV-1/HSV-2); [35-38]
Anticancer;
Anti-inflammatory
L. crassum Methyl 3-(6-((4-formylpiperazin-1-yl)me-  6.329 i i

thyl)-3-hydroxy-4-oxo-4H-pyran-2-yl)-3-
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(4-((1-methyl-1H-imidazol-2-yl)meth-
oxy)phenyl)propanoate

ethanol

Lcrassum Ethyl acetate

Figure 2. Venn diagram showing the numbers of (A) unique metabolites present in each soft coral,
where L. patulum shows the highest number of unique metabolites compared to the other soft corals;
(B) metabolites extracted using the different solvents of L. patulum. Methanol extracted more me-
tabolites than any of the other solvents.

Table 2. Soft coral metabolites detected in all four species with potential antiviral activities.

Soft Corals Metabolite Name Antiviral Activities References

Human immunodeficiency virus;
Herpes simplex virus;
Influenza virus;

Catechin Hepatitis B and C virus; [47-52]
SARS-CoV-2;
S. polydactyla, Human papilloma virus
C. simplex, 2-Aminobenzothiazole Hepatitis C virus [53]
L. patulum, Lvsi SARS-CoV-2; "
L. crassum ysine Influenza A virus [54]
Nylidrin Influenza A virus [55]
Quinoxaline Herpes simplex virus [56]
SARS-CoV-2;
Tenofovir Herpes simplex virus; [57,58]

Human immunodeficiency virus

2.2. Associated Bacterial Communities

At the taxonomic classification level of phyla, operational taxonomic units (OTUs)
affiliated with the Proteobacteria phylum exhibited a predominant presence within the
two investigated soft coral species, C. simplex and L. patulum, constituting 79% and 60% of
their respective microbiomes (Figure 3A). Conversely, in S. polydactyla and L. crassum, Pro-
teobacteria accounted for only 30% and 27%, respectively. Spirochaetes emerged as the
most abundant phylum within S. polydactyla, representing 45% of the microbial commu-
nity. In L. crassum, the Firmicutes phylum dominated with an approximate representation
of 70%. Cyanobacteria were also present in the soft corals, but to a lower extent, hovering
at around 10% in C. simplex and L. patulum, and approximately 5% in S. polydactyla and L.
crassum.

The OTUs assigned to the order level (Figure 3B) revealed noteworthy insights.
Within L. crassum, the prevalent order was Lactobacillales, accounting for approximately
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20% of the composition, closely followed by Clostridiales at 15%. In S. polydactyla, Spiro-
chaetales dominated the bacterial order composition with a substantial 40%, although its
prevalence in other soft coral species was notably lower. Oceanospirillales was ranked as
the second most abundant order in S. polydactyla, comprising 25% of the community, while
constituting less than 10% in the remaining soft coral species. L. patulum, in comparison
to the others, exhibited a broader spectrum of bacterial orders, with the order Rhizobiales
exhibiting the highest abundance of 18%. Interestingly, within C. simplex, only two orders,
Actinomycetales and Rhizobiales, were substantially abundant, each accounting for less
than 30%, while most of the other bacterial orders formed part of the ‘Others’ category, as
they had an abundance of less than 0.1%. A detailed report of taxonomic rank based on
normalized proportion is provided as Supplementary Data 52-S5.

A Phylum level B
Order level

.\‘-‘
~F

70 uOthers <1.0 %

60 m Spirochaetes
50 ® Verrucomicrobia bssf’ II -I _
&
&

% of total reads

40 ¥ Cyancbacteria 2

30 Planctomycetes ?

20 mBacteriodetes 3 q@“ - . Il ‘ I _ I
10 EFirmicutes N

0 = Actinobacteria . _
& Q\\é‘ C}Q’V . %Q{“ = Proteobacteria L:_\c‘“ﬁ
5\6\ V Q¢ ¥ ‘00 0% 20% 0% 60% 80% 100%
%‘ % OF TOTAL READS
Soft corals Sermucomictobiales

Figure 3. Stacked bar chart showing relative abundance of (A) bacterial phyla obtained by sequenc-
ing of Mauritian soft corals. (B) The relative abundance is shown as in A, but specified by the order
taxonomic level. Orders that constituted to less than 0.1% of the community were grouped under
other.

Average linkage analysis revealed the presence of a higher number of unique bacte-
rial species in L. patulum compared to the other soft corals (Figure 4). L. patulum exhibited
symbiotic relationships with several noteworthy bacterial taxa, including Salipiger mu-
cosus, Psychrobacter marincola, Psychrobacter sp., Propionibacterium sp., Paracoccus marcussi,
Kocuria palustris, Exiguobacterium sp., and Brachybacterium sp. These bacterial species have
been documented as prolific producers of metabolites bearing substantial biological im-
portance (Table 3). According to published data, the bacteria Paracoccus marcussi, Exigu-
obacterium sp., and Brachybacterium sp. produce metabolites which have antimicrobial
properties [59-61], while Salipiger mucosus and Propionibacterium sp. have been observed
to yield compounds exhibiting antiviral activity [62,63]. Furthermore, biological com-
pounds isolated from Psychrobacter marincola, Psychrobacter sp., and Mycobacterium vaccae
demonstrated antitumor and anticancer properties [64—66].
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Dendrogram using Average Linkage (Between Groups)
Rescaled Distance Cluster Combine

0 3 10 13 20 23
| | | 1 1
Ruminococcus sp kl:]
Spirochaeta sp 42
Micrococcus sp 2 Sinularia polydactyla
Lactobaciilus paraplantar 20
Ethanoligenens sp 10 J
Lactobacillus mucosae 19
Mycobacterium vaccae 22
Fropionibacterium acnes 29
Corynebacterium sp 8
Pseudomonas balearica 31
Rumincfilibacter xylanoly 39
Gordonia sp 12
Dermabacter sp a Cespitularia
simplex
Actinomyces sp ]|
Salipiger mucosus 40
Sphingobacterium sp 41
Rubrobacter sp 3T
Psychrobacter pacificensi 36
FPsychrobacter meningiticli 35
Paychrobacter marincola 34
Psychrobacter celer 33
~ Psewdozobellia thermophil 32
Propionibacterium granulo 30
Planctomyces sp 28
Paracoccus zeaxanthinifac | 26—
Paracoccus marcusii 25
COceanobacillus sp 24—
Nitrobacteria hamadaniens | 23—
Lactobacillus iners 18—
Kocuria palustris 16
Hyphomicrobium sp 15
Halococcus sp 14
Haliea mediterranea 13
Exiguobacterium sp 11
Cocecinimonas marina T
Brachybacterium sp A
Lobophytum
Bacteroiges sp 4 parulfum
Acinetobacter rhizosphaer 2—
Streptomyces sp 43
Cloacibacterium sp [i]
Persicirhabaus sp 27
Acinetobacter guillouiae 11—
Lobophytum crassum
Lactobacillus hamsteri 17

Figure 4. Dendrogram based on the average linkage (between-group) method using the different
bacterial species associated with the different soft corals collected. Species that constituted less than
0.1% of the community were not included in the dendrogram. The species in the red box are unique
bacterial species found in L. patulum.
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Table 3. Overview of the more abundant associated bacteria (genus/species level) from Mauritian
soft corals, and their biological compounds and properties, using published references (S.c = S. pol-
ydactyla; C.s = C. simplex; L.p = L. patulum; L.c = L. crassum).

Soft Corals Assoc1a-ted Biological Compounds Blologl-cal References
Bacteria Properties
Salipiger mucosus Exopolysaccharides Antiviral; Antiangiogenic [62]
Psychrobacter marincola Capsular polysaccharides Antitumor [64]
. . L Antibacterial, Cytotoxic to tu-
Psychrobacter sp. Bile acid derivative . [65]
mor cell lines
L.p Propionibacterium sp. Propionic acid Antiviral [63]
Paracoccus marcussi - Antibacterial [59]
Kocuria palustris Alkaloids Antifungal [67]
Exiguobacterium sp. - Antibacterial [60]
Brachybacterium sp. Exopolysaccharides Antibacterial [61]
L.p/C.s Mycobacterium vaccae - Cancer treatment [66]
Cs Gordonia sp. - Antimicrobial [68]
Cs Dermobacter sp. Imidazolium compound Antibacterial [69]

Tetradecanoic acid, pentadeca-

Cs Actinomyces sp. . . . .
Y P noic acid, n-hexadecanoic acid

Antifungal; Antimicrobial [70,71]

Antiviral (HIN1, SARS-CoV-2,

Polyketi lkaloi -
olyketides, alkaloids and terpe white spot syndrome virus

L.p/ S.p Streptomyces sp. noids Strepchloritides A and B, (WSSV)) [72-75]
Polyketone, 9(10H)-acridanone
Intercellul 1 harid Prebioti ith bifid ic ef-
L.p/ S.p/L.c/C.5 Lactobacillus sp. ntercellular polysaccharides/ Prebiotics with bifidogenic e 76]

exocellular polysaccharides fect

2.3. Cell-Viability Analysis

As mentioned above, the four soft corals, Sinularia polydactyla, Cespitularia simplex,
Lobophytum patulum, and Lobophytum crassum, were extracted sequentially using four dif-
ferent solvents, namely, hexane, dichloromethane, methanol, and ethyl acetate. The LC-
MS data revealed the presence of biologically important compounds in the four soft corals,
particularly in L. patulum, which had a heightened number of unique compounds com-
pared to the others (Figure 2A) and showed the most efficient extraction when using meth-
anol (Figure 2B).

The cytotoxicity of each extract was evaluated on HEK293T-ACE2 cells using four-
fold serial dilutions, and the ICso value of each extract was determined (summarized in
Figure 5E). Extracts from the soft corals S. polydactyla and L. crassum exhibited ICso values
ranging from 0.002 to 0.168 mg/mL, depending on the extraction method. C. simplex and
L. patulum extracts showed ICso values in the range from 0.010 to 0.480 mg/mL. Further-
more, the methanol extract of all soft corals displayed higher ICso values, ranging from
0.07 to 0.480 mg/mL, than other extraction methods. It is worth noting that no ICso value
was determined for the methanol extract of L. patulum, indicating its nontoxicity to the
cells.
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A ) B )
Sinularia polydactyla Cespitularia simplex
100
- Hexane #- Hexane
5 #- Dichloromethane _ e -= Dichloromethane
g \'\ — Metharnol 2 ' 4 Methanol
§ > \: ) v Ethyl acetate g - \\ 9 o -~ Ethyl acetate
: 1N\
0 T T ! 1 01 ' \li'L T ' ' T 1
0.0 0.5 1.0 15 20 0.0 0.5 1.0 15 20
logy, (Dilution factor) logyo (Dilution factor)
c D
Lobophytum patulum Lobophytum crassum
+- Hexane +- Hexane
= - Dichloromethane = - Dichloromethane
2 +- Methanol 2 4~ Methanol
% -¥- Ethyl acetate % -¥- Ethyl acetate
S i 3
3 3
vy
T T T S T T T 1
0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
log,, (Dilution factor) logy, (Dilution factor)
E 1C50+ SD (mg/mL)
Soft corals
Hexane Dichloromethane ~ Methanol Ethyl acetate
Spolvdactvla  0.002 £0.001 0.002= 0.001 0.070+£0.030 0.004 £ 0.001
C.simplex 0.010+ 0.003 0.014 = 0.003 0.480+0.130 0.028 £0.010
L patulum 0.034+0.020 0.012= 0.006 0.033 £0.010
L.crassum 0.003 £ 0.001 0.002= 0.001 0.168+£0.06 0.003 +£0.001

Figure 5. Cell death of HEK293T-ACE2 cells and ICso concentration of soft coral extracts measured
by MTT assay. The normalized percentage cell-death values were plotted against the logarithm of
the dilution factors. HEK293T-ACE2 cells were exposed to different concentrations of (A) S. polydac-
tyla extracts, (B) C. simplex extracts, (C) L. patulum extracts, and (D) L. crassum extracts. (E) Summary
of all ICso values for all tested soft coral extracts against HEK293T-ACE2 cells. The ICs0 was deter-
mined by three independent experiments using nonlinear regression analysis in GraphPad Prism
Software®.

L. patulum extracts, which showed to be least toxic to HEK293T-ACE 2 cells (Figure
5), were further assessed for their cytotoxicity on HaCaT cells (Figure 6). Interestingly, L.
patulum was found to be more toxic to HaCaT cells than to HEK293T-ACE2 cells, with ICso
values ranging between 0.002 and 0.020 mg/mL for HaCaT cells compared to ICs values
between 0.012 and 0.034 mg/mL (and even not detectable) for HEK293T-ACE2 cells. Hex-
ane, DCM, and methanol extracts showed the highest toxic effects on HaCaT cells, with
ICso values ranging from 0.002 to 0.005 mg/mL. Ethyl acetate extract, however, had a rel-
atively lower toxicity towards HaCaT cells, with an ICso value of 0.020 mg/mL.

Using these ICso values, all the different extracts of each soft coral were investigated
for their anti-SARS-CoV-2 activities, while only the L. patulum extracts were further inves-
tigated for their anti-HPV activities.
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A :
Lobophytum patulum B 1C50 = SD (mg/mL)
100 Extracts
: N H?”ne L.patulum
- #- Dichloromethane
g ~+ Methanol Hexane 0.005 =0.001
E -» Ethyl acetate 3
G Dicloromethane 0.002=0.001
8
& I Methanol 0.003 =0.004
0 e h 1 Ethyl acetate 0.020=0.003
0.0 0.5 1.0 1.5 2.0

log g (Dilution factor)

Figure 6. Cell death of HaCaT cells and ICso concentrations of L. patulum extracts measured by MTT
assay. (A) HaCaT cells were exposed to different concentrations of the different L. patulum extracts.
The normalized percentage cell-death values were plotted against the logarithm of the dilution fac-
tors. (B) Summary of ICso values for L. patulum extracts against HaCaT cells as determined by non-
linear regression analysis using GraphPad Prism Software®.

2.4. Antiviral Activity

Based on the cytotoxic activity of the fractions of the four soft corals, the SARS-CoV-
2-spike-pseudotyped virus infection assays were next performed to evaluate if the soft
coral extracts inhibited viral entry in HEK293T-ACE2 cells. Under our experimental con-
ditions, we identified Lobophytum patulum extracts to exhibit some antiviral activity
against SARS-CoV-2, with the hexane and DCM extracts inhibiting viral entry by 27.8 +
7.6% and 24.1 + 13.1%, respectively. In contrast, the other soft coral extracts were found to
increase the infectivity of the pseudotyped virus, though not significantly (Figure 7A).
Being nontoxic to the cells, and having some antiviral activity, three different concentra-
tions of the L. patulum methanol extract obtained by four-fold serial dilution were then
used to further evaluate the inhibition of viral entry into HEK293T-ACE2 cells (Figure 7B).
The highest viral entry inhibition was observed at a concentration of 1.00 mg/mL, result-
ing in 58.5 + 6.1% inhibition, with decreasing concentrations leading to decreased inhibi-
tion of viral entry.

A B
SARS-CoV-2 SARS-CoV-2
sk
S polydactyla C.simplex L pafulum
300= -
B | = 150
] kK
200

% RLU

% RLU

100

L E
&
-S‘&a ¥
)
&
Lobophytum patulum-
Soft coral extracts Methanol extract

Figure 7. Antiviral activity of all soft coral extracts against SARS-CoV-2-spike-pseudotyped viruses.
(A) The % relative firefly luciferase activity (RLU) was determined after treating HEK293T-ACE2
cells with the % ICso concentrations of the individual extracts for 24 h, followed by infection with
SARS-CoV-2 pseudovirions for 48 h. (B) The % RLU of cells treated with the methanol extract of L.
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patulum at the indicated concentrations followed by infection with SARS-CoV-2-spike-pseudotyped
viruses. The mock-treated sample was set at 100%. Data are expressed as the mean + S.D. of three
independent experiments. Luciferase data were normalized to cell viability derived from a parallel
plate with identical set-up. ** p < 0.01, *** p <0.001.

Following the results obtained for the inhibition of SARS-CoV-2 pseudovirus entry
into HEK293T-ACE-2 cells, the selected soft coral for the further evaluation of antiviral
activities was L. patulum. The HPV16 pseudovirus entry into HaCaT cells (Figure 8) was
further investigated, and the L. patulum ethyl acetate extract was found to have the capac-
ity to inhibit viral infection by 40.1 + 3.9% at a concentration of 0.04 mg/mL, followed by
the methanol extract, which inhibited infectivity by 14.5 + 7.1%.

HPV 16

*

ek kk
120+

100
80

60

% RLU

40

204

Lobophytum patulum extracts

Figure 8. Antiviral activity of all L. patulum extracts against HPV16-PsVs. HaCaT cells were treated
at %2 ICso concentration of the L. patulum extracts for 24 h, followed by infection with HPV16-PsVs
for 48 h. Relative Gaussia luciferase activity (RLU) was determined by setting the mock-treated sam-
ple at 100%. Data are expressed as the mean + S.D. of three independent experiments. Luciferase
data were normalized to cell viability derived from a parallel plate with identical set-up. * p <0.1;
*#% p <0.0001.

In summary, the extracts derived from L. patulum, characterized by a heightened
abundance of metabolites and a greater spectrum of bacterial diversity, demonstrated a
noteworthy capacity for eliciting antiviral effects against both SARS-CoV-2 and HPV16
pseudoviruses.

3. Discussion

The lack of calcium carbonate skeletons in soft corals make them more susceptible,
and hence they rely strongly on chemical defense for their protection from predators in a
highly competitive marine environment [77]. The protective/defensive metabolites found
in soft corals are of pharmaceutical interest, as they exhibit distinct bioactivities, such as
antimicrobial, antiviral, anti-inflammatory, and anticancer activities [78]. Existing and
emerging viral infections pose a significant threat to global populations, as demonstrated
by the ongoing challenges posed by viruses like HIV, influenza, SARS-CoV-2, HPV, and
many others [79]. In response to the rising demand for the identification of novel antiviral
compounds in the ongoing battle against existing and emerging viral diseases, the present
study examined the in vitro antiviral activities of four Mauritian soft coral extracts.

The antiviral potential of the soft coral extracts was assessed against SARS-CoV-2
and HPV16 pseudovirus infections. Notably, the species L. patulum exhibited remarkable
antiviral efficacy against both pseudoviruses, thereby representing the first instance of
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such activity reported for this species. While information concerning the chemical com-
position and antiviral attributes of L. patulum remains absent in the existing literature,
prior research has highlighted the antiviral properties of various other Lobophytum species
[20,80]. Interestingly, the genus Lobophytum has been recognized as a prolific source of
secondary metabolites, characterized by diverse biological functionalities encompassing
antibacterial, anticancer, and anti-inflammatory properties [81-83].

The different antiviral potentials observed for the different soft coral species and ex-
traction methods could be a result of the quantitative and qualitative abundance of me-
tabolites. In the case of L. patulum, ten unique metabolites were discerned within the crude
extracts, out of which some have previously been acknowledged for their antiviral prop-
erties against other groups of viruses. For example, a study by Choonong et al. (2022)
revealed potent antiviral activities of eurycomalactone, a quassinoid compound, against
both HCoV-OC43 and SARS-CoV-2 [29], with low ICso values ranging from 0.32 to 0.51
UM. In another study, Bailly et al. (2016) demonstrated that cyclopamine exhibited inhib-
itory effects on the human respiratory syncytial virus (hRSV) via a unique Smo-independ-
ent mechanism [28]. Furthermore, the antiviral potential of derivatives of quinaldic acid
against the influenza A/H5N1 virus has been reported [30]. It is important to note, how-
ever, that the observed antiviral effects of the L. patulum extracts found in our study cannot
be solely attributed to the presence of unique compounds, but are more likely due to com-
bined synergistic effects with other compounds found in this species. Lobane diterpe-
noids, for example, which have been recognized as one of the most prolific components
of the genus Lobophytum, demonstrated remarkable pharmacological potential as well
[84].

Interestingly, all four studied soft corals contained metabolites with previously re-
ported antiviral effects, namely catechin, 2-aminobenzothiazole, lysine, nylidrin, quinox-
aline, and tenofovir. Catechin was reported to have an entry-inhibitory role against SARS-
CoV-2 through binding to the S1 domain of the spike protein, thereby effectively blocking
its interaction with the ACE2 receptor and preventing viral infection [50,85]. A derivative
of catechin demonstrated growth-inhibitory potential in four human papillomavirus-in-
fected tumor cell lines [52]. Furthermore, studies on the mechanism of action of lysine
demonstrated that it may disrupt SARS-CoV-2 virus uncoating instead of affecting virus
attachment and endosomal acidification [54]. While our study only focused on the effect
of the soft coral extracts on viral entry, these reports demonstrate the potential for further
research into targeting downstream steps in the viral lifecycle and virus-associated path-
ogenesis by using soft coral extracts. In addition to the characterization of the bioactive
compounds in the four soft coral species, our study also analyzed the microbial structure
associated with the soft corals, as coral-associated bacteria have been recognized as the
true sources of biologically active compounds in corals [86,87]. Indeed, some compounds
isolated from soft corals have great similarities to the metabolites produced by their sym-
biotic bacteria [87]. To our knowledge, our study represents the first characterization of
Mauritian soft coral-associated bacterial communities based on operational taxonomic
units (OTUs). These were categorized into major phyla, including Proteobacteria, Spiro-
chaetes, Firmicutes, and Cyanobacteria, although we experienced limitations in precisely
matching all bacterial sequences to established reference sequences of biologically signif-
icant bacteria. Nevertheless, our findings did reveal the presence of certain associated bac-
terial communities that have previously been documented for their ability to produce bi-
ologically active metabolites. For example, the isolation of 9(10H)-acridanone from the
genus Streptomyces has been reported, which has antiviral activities against white spot
syndrome virus (WSSV) [75]. Interestingly, this compound was also identified in the soft
corals from this study.

It should be noted that not only complex microbial communities associated with soft
corals could be responsible for metabolite production. Environmental conditions, such as
light intensity, pH, water temperature, nutrient availability, as well as the water quality,
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can impact the physiology of marine organisms, altering the production of secondary me-
tabolites [88]. However, these data were not assessed in this study.

The development of effective antiviral drugs is rather challenging, primarily due to
the intricate task of only targeting the virus without affecting the host cells [89]. Mecha-
nisms of action of antiviral drugs include enhancing cellular resistance to viral infections,
such as inhibiting viral entry, intracellular trafficking, and deproteinization within the
cell, as well as antimetabolites that cause inhibition of viral replication [89]. It is notewor-
thy that the present study focused only on investigating antiviral activities against viral
entry by using pseudovirions. The observed results suggest that the unique compounds,
either in isolation or in combination with the common compounds identified in L. patulum,
exhibit the potential to act as inhibitors of viral entry into cells. More in-depth work is
required to decipher the underlying mechanisms of action in order to identify potential
novel antiviral drug targets.

4. Materials and Methods
4.1. Soft Coral Materials

Four soft corals, namely, Sinularia polydactyla, Cespitularia simplex, Lobophytum patu-
Ium, and Lobophytum crassum, were collected from Pereybere and Flic en Flac (Figure 9).
The samples from Flic en Flac were collected at a depth of 15 m by scuba diving and the
soft corals from Pereybere were collected at a depth of 2 m by snorkeling. The fresh sam-
ples were transported in seawater to the laboratory, where they were cleaned and frozen
at =80 °C before freeze-drying. Taxonomic identification of the soft corals was confirmed
using the mitochondrial-protein-coding primers ND42599F and Mut-3458R [90], and sub-
mitted to GenBank NCBI. S. polydactyla was given the accession number OQ616755, L.
patulum OR513793, C. simplex OR538714, and L. crassum OR548245.

Sinularia polydactyla Lobophytum crassum 5

A . «

Pereybere
()<

Lobophytum patulum

Figure 9. Map showing selected sampling sites around Mauritius and the soft coral species collected
from the sampling sites used in this study.

4.1.1. Preparation of Extracts

All samples were freeze-dried and shipped to the International Centre for Genetic
Engineering and Biotechnology (ICGEB) for further processing. Each dried soft coral
sample (20-130 g) was sequentially extracted with different solvents in the increasing
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polarity order [91]. Briefly, each soft coral was macerated separately in 150 mL hexane
with intermittent shaking for 24 h. Then, they were first filtered with muslin cloth and
then through Whatman no 1 filter paper. The resulting residue was air-dried and further
extracted with dichloromethane (DCM), followed by ethyl acetate, and then methanol,
similar to the procedure carried out for the hexane extraction. Finally, the solvent was
removed from each filtrate using a rotary evaporator (Rotavapor® R-300) under reduced
pressure and low temperature. The yield of each extract was weighed and stored at —20
°C. For the antiviral assay, each extract (15 to 90 mg) was dissolved in 0.5-1.0 mL of
dimethyl sulfoxide (DMSO), sterilized using a 0.44 um syringe filter, and stored in 1.5 mL
light-sensitive vials at —80 °C. The percentage yield, as well as the concentration of each
soft coral extract used for the antiviral assays, was calculated using the Equations (1) and

(2) respectively and the data was provided in Table S6-57:

% vield = Mass of extract (g) % 100
oyled = Mass of sample used (g) )

Mass of extract (mg)

C trati L) =
oncentration (mg/mL) Volume of solvent used to dissolve the extracts (mL) @)

4.1.2. Metabolic Profiling

Metabolic profiling of the different soft coral extracts was performed in the Division
of Chemical & Systems Biology, University of Cape Town. A Thermo Fisher Scientific
Ultimate 3000 nano-LC system coupled to a Q Exactive Plus Orbitrap mass spectrometer,
following published procedures [92], was employed. Prior to injection onto the liquid
chromatography (LC) system, samples were centrifuged at 3,500 x g for 5 min to remove
insoluble debris. Chromatographic separation was performed on the Hypersil GOLD C18
(100 mm x 2.1 mm, 3 um; Thermo Scientific, Waltham, MA, USA) column. The mobile
phase used for chromatographic separation was composed of acetonitrile (solvent B) and
water (containing 0.1% formic acid, solvent A). The flow rate was 0.3 mL/min.

Eluted compounds were directly introduced into the mass spectrometer. Optimal
parameters were as follows: probe heater temperature, 350 °C; spray voltage, 3.5 kV for
the positive- and negative-ion modes; sheath gas, 35 arb; auxiliary gas, 10 arb. Capillary
temperature was set at 320 °C and S-lens was 50 V. Full-scan MS data were generated
across a mass range of 100-1500 Da. The stepped normalized collision energy setting was
25 and 30 eV. Data were acquired by Xcalibur software version 3.0. All analytes were
identified using their elemental composition, accurate mass measurement, elution order,
fragmentation behavior, fragmentation pattern of the standard compound, and
comparison with reliable data in the compounds database [93]. The feature table of com-
pounds within the extracts was generated through the process of uploading and convert-
ing the raw data into MSDIAL Version 4.80. This table encompassed parameters, includ-
ing retention time, precursor mass-to-charge ratio (m/z), adduct ion type, and the mass
spectrometry (MS) type. During the MSDIAL alignment running, an inner authentic
standards database “MSMS_Public_EXP_Pos_VS17” from the MSDIAL platform was
matched based on precursor mass and MS/MS similarity. By matching precursor masses
and assessing MS/MS similarity, MS-DIAL suggested potential identifications of the
metabolites present in our samples. The feature table was then automatically compared
with different databases, such as Drug Bank, PubChem, NANPDB, COCONUT,
KNApASck, ChEBI, and UNPD [94].

4.2. Metagenomics Analysis

Frozen samples were thawed, and tissues were broken down into small pieces and
macerated at room temperature. Total microbial community DNA was extracted from
macerated tissues using a ZymoBIOMICSTM DNA Miniprep Kit (Zymo research, Irvine,
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CA, USA). About 15 mg of macerated tissues was transferred to bead-beating tubes and
vortexed horizontally at maximum speed for 10 min at room temperature. DNA was
extracted, precipitated, and purified according to the manufacturer’s instructions. The
purity and concentration of the extracted DNA were checked using a NanoDrop
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA ). The DNA was then
stored at —20 °C until PCR amplification. The V3-V4 hypervariable regions of bacterial
165 rRNA genes were amplified using the wuniversal primer pair 341F
(CCTACGGGNGGCWGCAG,) and 805R (GACTACHVGGGTATCTAATCC) [95,96]. The
primers were synthesized with a specific Illumina overhang adapter. The PCR
amplification and sequencing was conducted at Inqaba (Pretoria, South Africa) according
to the Illumina 16S Metagenomic Sequencing Library protocols (www.illumina.com
(accessed on 12 May 2023)). The bioinformatics analysis was conducted by Inqaba
(Pretoria, South Africa). Reads were processed through  usearch
(https://drive5.com/usearch (accessed on 12 May 2023). ) and taxonomic information was
determined based on the Ribosomal Database Project's (http://rdp.cme.msu.edu/index.jsp
(accessed on 12 May 2023). ) 16S database v16, or in the case of ITS1F, the RDP ITS V2
database. Operational taxonomic units (OTUs) contributing less than 0.1% of the total data
were excluded.

4.3. Bioassays
4.3.1. Cell Culture

HaCaT and HEK293T/17 cells (American Type Culture Collection, Manassas, VA,
USA), HEK293-TT cells [97,98], as well as HEK293T cells stably expressing the ACE2
receptor (HEK293T-ACE2) [99], were maintained in high-glucose Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 1% penicillin/streptomycin and 10% fetal
bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified
atmosphere and 5% COs. Fresh culture medium was supplied every other day. HEK293T-
ACE?2 cells were grown in the presence of 3pg/ml puromycin (Thermo Fisher) to maintain
ACE2 expression.

4.3.2. Preparation of SARS-CoV-2 and HPV16 Pseudovirions

Single-cycle infectious SARS-CoV-2 pseudovirions based on the HIV backbone
expressing the SARS-CoV-2 spike protein and a firefly luciferase reporter were produced
in HEK-293T/17 cells by cotransfection of plasmids pNL4-3.Luc.R-.E- (NIH AIDS Reagent
Program (#3418), Germantown, MD, USA) and pcDNA3.3-SARS-CoV2-spike A18 [100].
HEK-293T/17 cell-culture supernatants containing the virions were harvested 3 days post-
transfection, filtered through 0.45 micron filters, and stored at -80 °C. Infectivity was
tested on HEK293T-ACE2 cells using serial dilutions, and luciferase activity 3 days
postinfection was measured using a GloMax® Explorer Multimode Microplate Reader
(Promega Biosciences, San Luis Obispo, CA, USA) together with the Luciferase assay
system (Promega). Virus preparations that yielded RLU values between 50,000 and
200,000 were selected for further infection experiments.

HPV16-PsVs encapsidating the secreted Gaussia luciferase reporter gene plasmid
pCMV-GLuc2 (New England Biolabs, Ipswich, MA, USA) were produced in HEK-293TT
cells by cotransfection with the plasmid pXULL, which encodes codon-optimized HPV16
L1 and L2, following published procedures [98,101]. Virions were purified by CsCl
density gradient centrifugation, as described [102], and protein concentration determined
by BCA assay (Thermo Fisher). Quality controls of the pseudovirus preparations were
performed as described [98,101]. For infection experiments, a final protein concentration
of 0.1 pg/ pL was used.



Mar. Drugs 2023, 21, 574

16 of 22

4.3.3. Cytotoxicity Assay

Cytotoxicity assays were carried out to determine noncytotoxic concentrations of the
soft coral extracts to be used in the antiviral assays. HEK293T-ACE2 or HaCaT cells,
respectively, were seeded at a density of 1 x 105 cells/well in 96-well microplates and
incubated for 24 h at 37 °C in a humidified incubator with 5% CO.. Thereafter, 100 uL of
each extract at four different concentrations, which were obtained by four-fold serial
dilution in DMEM, were added. The stock concentrations of each soft coral extract are
given in Table S3. The control wells contained cells without any extract treatment. The
microplates were incubated at 37 °C in a humidified incubator with 5% CO:2 for 48 h.

Cell viability was determined by the MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide) assay following published procedures [103]. Optical density was
measured spectrophotometrically (GloMax® Explorer, Promega) at 590 nm. The
experiments were conducted in triplicate and the 50% inhibitory concentration (ICs0) was
calculated by nonlinear regression analysis using GraphPad Prism. For the antiviral
assays, the %2 ICs0 concentrations of each extract were used.

4.3.4. Inhibiting SARS-CoV-2 Pseudovirus Entry into HEK293T-ACE2 Cells

The ACE2-overexpressing HEK293T cells were seeded at a density of 1x105 cells/well
in 96-well microplates. After 24 h, medium was exchanged with fresh medium containing
15 ICs0 concentrations of the soft coral extracts, as indicated. Each concentration was tested
in triplicate, and at least six nontreated control wells were included in the assay. After an
incubation period of another 24 h, the medium was removed and replaced by 100 uL of
virus-containing medium. The plates were incubated at 37 °C in a 5% CO: humidified
incubator for 48 h. Firefly luciferase RLU was then assayed using the Promega GloMax
Explorer together with the Luciferase assay system kit (Promega) and normalized to cell
viability. The percentage inhibition of each sample was calculated using the Equation (3).

% cell inhibition = *=* x 100 @3)

C
where At = the normalized luminescence value of the test compound and A.=normalized
luminescence value of the control.

4.3.5. Inhibiting HPV Entry in HaCaT Cells

HaCaT cells were seeded at a density of 1 x 10° cells/well in 96-well microplates. After
24 h, the medium was exchanged with fresh medium containing %2 ICso concentration of
L. patulum extracts. After 24 h incubation, the medium was removed and replaced by 100
uL of fresh medium containing HPV16 pseudovirions. The plates were incubated at 37 °C
in a 5% CO2 humidified incubator for 48 h, after which the Gaussia luciferase RLU was
assayed using the Promega GloMax Explorer together with the Gaussia Luciferase Assay
Kit (New England Biolabs, MA, USA). The percentage inhibition was determined
according to the luciferase activity normalized to the cell viability assay.

4.3.6. Data Analysis

To analyze the bacterial cohort data, the identified bacterial species were scored as a
data matrix (0-1). The matrix data were ultimately used to generate a dendrogram using
the SPSS Statistics 29.0 program. The option Average Linkage (Between Groups) was
selected to generate the phylogenetic tree. Microsoft Excel and Graph Pad Prism (Version
9) software were used to calculate the minimum inhibitory concentration (ICso) of the
different extracts. The percentages of cell viability at different extract concentrations were
analyzed by one-way analysis of variance (ANOVA) using Graph Pad Prism (Version 9)
software. The ICso values were calculated from linear regression analysis.

5. Conclusions

Overall, this study revealed that L. patulum demarcates itself from the other collected
soft corals due to its plethora of distinctive metabolites, a greater diversity of associated
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bacterial communities, and broader and more potent antiviral activities. The intricate mi-
croenvironment within soft corals presents a challenge to identify the precise nature and
origin of the antiviral compounds. A comprehensive investigation of L. patulum to eluci-
date the specific bioactive compounds for downstream synthesis and assessment, either
alone or in combination, holds promise as a viable avenue for the potential discovery of
pharmaceutical agents with antiviral properties. Consequently, this study is considered
as an important preliminary work to study the mechanisms of actions underlying the an-
tiviral activities of Mauritian soft corals.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md21110574/s1, Table S1: Metabolites identified from the
four soft corals; Supplementary Data S2: Bioinformatics data showing all the bacterial communities
present in C. simplex; Supplementary Data S3: Bioinformatics data showing all the bacterial commu-
nities present in L. patulum; Supplementary Data S4: Bioinformatics data showing all the bacterial
communities present in S. polydactyla; Supplementary Data S5: Bioinformatics data showing all the
bacterial communities present in L. crassum; Table S6: % yield of each soft coral; Table S7: Crude
concentration of each soft coral used.

Author Contributions: Conceptualization, D.].; methodology, D.J., G.S., and M.R.-S.; software, D.J.;
validation, G.S.; formal analysis, D.J.; investigation, D.].; resources, G.S.; data curation, D.J.; writ-
ing—original draft preparation, D.J.; writing—review and editing, G.S.; visualization, D.J.; supervi-
sion, G.S. and M.R.-S.; project administration, D.J. and G.S.; funding acquisition, G.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the NRF, MRC, and PRF. D.J. received a WE-STAR fellow-
ship from the ICGEB (WS/MUS22-01). G.S. is supported by the EDCTP2 program (Training and
Mobility Action TMA2018SF-2446).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The first author would like to thank the Higher Education Commission for a
postgraduate scholarship. We would like to thank the Albion Fisheries Research Centre, Ministry
of Blue Economy, Marine Resources, Fisheries and Shipping for granting the permission to collect
marine soft corals in Mauritius waters. We also wish to express our gratitude to Dr. Tariq Ganief of
the Division of Chemical & Systems Biology (University of Cape Town) for assistance with the met-
abolic profiling.

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

References

1.

Jahajeeah, D.; Bhoyroo, V.; Ranghoo-Sanmukhiya, M. An Assessment of Soft Coral Community (Octocorallia; Alcyonacea)
around Mauritius and Rodrigues Islands—New Records of Soft Corals. Reg. Stud. Mar. Sci. 2021, 47, 101976.
https://doi.org/10.1016/j.rsma.2021.101976.

Lim, F.S. Bioactive Natural Products from the Soft Coral, Sinularia Sp. Thesis, Universiti Tunku Abdul Rahman, Kuala Lumpur,
Malaysia, May 2014.

Carroll, A.R,; Copp, B.R,; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2020, 37, 175-223.
https://doi.org/10.1039/c9np00069k.

Tammam, M.A; Rarova, L.; Kvasnicova, M.; Gonzalez, G.; Emam, A.M.; Mahdy, A.; Strnad, M.; Ioannou, E.; Roussis, V. Bioac-
tive Steroids from the Red Sea Soft Coral Sinularia Polydactyla. Mar. Drugs 2020, 18, 632. https://doi.org/10.3390/md18120632.
Ahmed, S.; Ibrahim, A.; Arafa, A.S. Anti-H5N1 Virus Metabolites from the Red Sea Soft Coral, Sinularia Candidula. Tetrahedron
Lett. 2013, 54, 2377-2381. https://doi.org/10.1016/j.tetlet.2013.02.088.

Jahajeeah, D.; Bhoyroo, V. Antimicrobial properties and metabolite profiling of the ethyl acetate fractions of Sinularia Polydactyla
and Cespitularia Simplex surrounding Mauritius Island. Indo Pac. ]. Ocean Life 2023, 7, 133-142. https://doi.org/10.13057/ocean-
life/0070202.

Aratake, S.; Tomura, T.; Saitoh, S.; Yokokura, R.; Kawanishi, Y.; Shinjo, R.; Reimer, J.D.; Tanaka, J.; Maekawa, H. Soft Coral
Sarcophyton (Cnidaria: Anthozoa: Octocorallia) Species Diversity and Chemotypes. PLoS ONE 2012, 7, e30410.
https://doi.org/10.1371/journal.pone.0030410.



Mar. Drugs 2023, 21, 574 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Said, G.; Hou, X.-M,; Liu, X,; Chao, R.; Jiang, Y.-Y.; Zheng, ].-Y.; Shao, C.-L. Antimicrobial and Cytotoxic Activities of Secondary
Metabolites from the Soft Coral Derived Fungus Aspergillus Sp. Chem. Nat. Compd. 2019, 55, 531-533.
https://doi.org/10.1007/s10600-019-02732-5.

Singh, R.; Chauhan, N.; Kuddus, M. Exploring the Therapeutic Potential of Marine-Derived Bioactive Compounds against
COVID-19. Environ. Sci. Pollut. Res. Int. 2021, 28, 52798-52809. https://doi.org/10.1007/s11356-021-16104-6.

Lu, R.; Zhao, X; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic Characterisation and
Epidemiology of 2019 Novel Coronavirus: Implications for Virus Origins and Receptor Binding. Lancet 2020, 395, 565-574.
https://doi.org/10.1016/50140-6736(20)30251-8.

Abdelhafez, O.H.; Fahim, J.R.; Mustafa, M.; AboulMagd, A.M.; Desoukey, S.Y.; Hayallah, A.M.; Kamel, M.S.; Abdelmohsen,
U.R. Natural Metabolites from the Soft Coral Nephthea Sp. as Potential SARS-CoV-2 Main Protease Inhibitors. Nat. Prod. Res.
2022, 36, 2893-2896. https://doi.org/10.1080/14786419.2021.1925892.

Ibrahim, M.A.A.; Abdelrahman, A.H.M.; Atia, M.A.M.; Mohamed, T.A.; Moustafa, M.F.; Hakami, A.R.; Khalifa, S.A.M.; Alhu-
maydhi, F.A.; Alrumaihi, F.; Abidi, S.H.; et al. Blue Biotechnology: Computational Screening of Sarcophyton Cembranoid Diter-
penes for SARS-CoV-2 Main Protease Inhibition. Mar. Drugs 2021, 19, 391. https://doi.org/10.3390/md19070391.

Avalon, N.E.; Nafie, J.; De Marco Verissimo, C.; Warrensford, L.C.; Dietrick, S.G.; Pittman, A.R.; Young, R.M.; Kearns, F.L.;
Smalley, T.; Binning, ].M.; et al. Tuaimenal A, a Meroterpene from the Irish Deep-Sea Soft Coral Duva Florida, Displays Inhibi-
tion of the SARS-CoV-2 3CLpro Enzyme. . Nat. Prod. 2022, 85, 1315-1323. https://doi.org/10.1021/acs.jnatprod.2c00054.

Baker, R.E.; Mahmud, A.S.; Miller, LF.; Rajeev, M.; Rasambainarivo, F.; Rice, B.L.; Takahashi, S.; Tatem, A.J].; Wagner, C.E.;
Wang, L.-F.; et al. Infectious Disease in an Era of Global Change. Nat. Rev. Microbiol. 2022, 20, 193-205.
https://doi.org/10.1038/s41579-021-00639-z.

Fradet-Turcotte, A.; Archambault, J. Recent Advances in the Search for Antiviral Agents against Human Papillomaviruses.
Antivir. Ther. 2007, 12, 431-451.

Crosbie, E.J.; Einstein, M.H.; Franceschi, S.; Kitchener, H.C. Human Papillomavirus and Cervical Cancer. Lancet 2013, 382, 889—
899. https://doi.org/10.1016/50140-6736(13)60022-7.

Buck, C.B.; Thompson, C.D.; Roberts, ].N.; Miiller, M.; Lowy, D.R.; Schiller, ].T. Carrageenan Is a Potent Inhibitor of Papilloma-
virus Infection. PLoS Pathog. 2006, 2, e69. https://doi.org/10.1371/journal.ppat.0020069.

Wang, S.-X.; Zhang, X.-S.; Guan, H.-S.; Wang, W. Potential Anti-HPV and Related Cancer Agents from Marine Resources: An
Overview. Mar. Drugs 2014, 12, 2019-2035. https://doi.org/10.3390/md12042019.

Campo, V.L.; Kawano, D.F,; da Silva, D.B., Jr; Carvalho, I. Carrageenans: Biological Properties, Chemical Modifications and
Structural Analysis— A Review. Carbohydr. Polym. 2009, 77, 167-180. https://doi.org/10.1016/j.carbpol.2009.01.020.

Wang, P.; Zhao, X.; Lv, Y,; Li, M; Liu, X;; Li, G.; Yu, G. Structural and Compositional Characteristics of Hybrid Carrageenans
from Red Algae Chondracanthus Chamissoi. Carbohydr. Polym. 2012, 89, 914-919. https://doi.org/10.1016/j.carbpol.2012.04.034.
Talarico, L.B.; Damonte, E.B. Interference in Dengue Virus Adsorption and Uncoating by Carrageenans. Virology 2007, 363, 473—
485. https://doi.org/10.1016/j.virol.2007.01.043.

Yamada, T.; Ogamo, A.; Saito, T.; Uchiyama, H.; Nakagawa, Y. Preparation of O-Acylated Low-Molecular-Weight Carrageenans
with Potent Anti-HIV Activity and Low Anticoagulant Effect. Carbohydr. Polym. 2000, 41, 115-120. https://doi.org/10.1016/50144-
8617(99)00083-1.

Leibbrandt, A.; Meier, C.; Kénig-Schuster, M.; Weinmdillner, R.; Kalthoff, D.; Pflugfelder, B.; Graf, P.; Frank-Gehrke, B.; Beer,
M.; Fazekas, T.; et al. Iota-Carrageenan Is a Potent Inhibitor of Influenza A Virus Infection. PLoS ONE 2010, 5, e14320.
https://doi.org/10.1371/journal.pone.0014320.

Watkins, S.M.; Ghose, D.; Blain, ] M.; Grote, D.L.; Luan, C.-H.; Clare, M.; Meganathan, R.; Horn, ]J.R.; Hagen, T.J. Antibacterial
Activity of 2-Amino-4-Hydroxypyrimidine-5-Carboxylates and Binding to Burkholderia Pseudomallei 2-C-Methyl-D-Erythri-
tol-2,4-Cyclodiphosphate Synthase. Bioorg. Med. Chem. Lett. 2019, 29, 126660. https://doi.org/10.1016/j.bmcl.2019.126660.

Sin, Z.W.; Bhardwaj, V.; Pandey, A.K.; Garg, M. A Brief Overview of Antitumoral Actions of Bruceine D. Explor. Target. Anti-
tumor Ther. 2020, 1, 200-217. https://doi.org/10.37349/etat.2020.00013.

Alotaibi, N.H.; Sarwar, M.; Alamgeer; Jabbar, Z.; Munir, M.U.; Irfan, HM.; Akram, M.; Abbas Bukhari, S.N.; Rasul Niazi, Z.;
Khan, A.Q. Pharmacological Exploration of Anti-Arthritic Potential of Terbutaline through in-Vitro and in-Vivo Experimental
Models. Pak. |. Pharm. Sci. 2022, 35, 253-257.

Spiller, H.A. Encyclopedia of Toxicology, 3rd ed.; Academic Press: Oxford, UK; pp. 484-485. https://doi.org/10.1016/B978-0-12-
386454-3.00789-22014.

Bailly, B.; Richard, C.-A.; Sharma, G.; Wang, L.; Johansen, L.; Cao, J.; Pendharkar, V.; Sharma, D.-C.; Galloux, M.; Wang, Y.; et
al. Targeting Human Respiratory Syncytial Virus Transcription Anti-Termination Factor M2-1 to Inhibit in Vivo Viral Replica-
tion. Sci. Rep. 2016, 6, 25806. https://doi.org/10.1038/srep25806.

Chaingam, J.; Choonong, R.; Juengwatanatrakul, T.; Kanchanapoom, T.; Putalun, W.; Yusakul, G. Evaluation of Anti-Inflam-
matory Properties of Eurycoma Longifolia Jack and Eurycoma Harmandiana Pierre in Vitro Cultures and Their Constituents.
Food Agric. Immunol. 2022, 33, 530-545. https://doi.org/10.1080/09540105.2022.2100324.

Shibnev, V.A.; Garaev, T.M.; Deryabin, P.G.; Finogenova, M.P.; Botikov, A.G.; Mishin, D.V. New Carbocyclic Amino Acid De-
rivatives Inhibit Infection Caused by Highly Pathogenic Influenza A Virus Strain (H5N1). Bull. Exp. Biol. Med. 2016, 161, 284—
287. https://doi.org/10.1007/s10517-016-3396-0.



Mar. Drugs 2023, 21, 574 19 of 22

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Wang, H.; Zhang, T.; Sun, W.; Wang, Z.; Zuo, D.; Zhou, Z; Li, S.; Xu, J; Yin, F.; Hua, Y.; et al. Erianin Induces G2/M-Phase
Arrest, Apoptosis, and Autophagy via the ROS/JNK Signaling Pathway in Human Osteosarcoma Cells in Vitro and in Vivo.
Cell Death Dis. 2016, 7, e2247. https://doi.org/10.1038/cddis.2016.138.

Meng, X.; Yu, X,; Liu, C; Wang, Y.; Song, F.; Huan, C.; Huo, W.; Zhang, S.; Li, Z.; Zhang, J.; et al. Effect of Ingredients from
Chinese Herbs on Enterovirus D68 Production. Phytother. Res. 2019, 33, 174-186. https://doi.org/10.1002/ptr.6214.

Zhang, T.; Ouyang, H.; Mei, X,; Lu, B.; Yu, Z.; Chen, K;; Wang, Z.; Ji, L. Erianin Alleviates Diabetic Retinopathy by Reducing
Retinal Inflammation Initiated by Microglial Cells via Inhibiting Hyperglycemia-Mediated ERK1/2-NF-kB Signaling Pathway.
FASEB J. 2019, 33, 11776-11790. https://doi.org/10.1096/£j.201802614RRR.

Dou, B.; Hu, W.; Song, M.; Lee, R.].; Zhang, X.; Wang, D. Anti-Inflammation of Erianin in Dextran Sulphate Sodium-Induced
Ulcerative Colitis Mice Model via Collaborative Regulation of TLR4 and STAT3. Chem. Biol. Interact. 2020, 324, 109089.
https://doi.org/10.1016/j.cbi.2020.109089.

Khoza, S.; Moyo, I.; Ncube, D. Comparative Hepatotoxicity of Fluconazole, Ketoconazole, Itraconazole, Terbinafine, and Gris-
eofulvin in Rats. J. Toxicol. 2017, 2017, 6746989. https://doi.org/10.1155/2017/6746989.

Pottage, J.C., Jr; Kessler, H.A.; Goodrich, ].M.; Chase, R.; Benson, C.A.; Kapell, K.; Levin, S. In Vitro Activity of Ketoconazole
against Herpes Simplex Virus. Antimicrob. Agents Chemother. 1986, 30, 215-219. https://doi.org/10.1128/AAC.30.2.215.

Lou, D.; Cui, X,; Bao, S.-S.; Sun, W.; Pan, W.-H.; Chen, M.-C.; Dong, Y.-Y.; Hu, G.-X_; Chen, R.-].; Wang, Z. Effects of Ketocona-
zole, Voriconazole, and Itraconazole on the Pharmacokinetics of Apatinib in Rats. Drug Dev. Ind. Pharm. 2019, 45, 689-693.
https://doi.org/10.1080/03639045.2019.1569042.

Van Cutsem, J.; Van Gerven, F.; Cauwenbergh, G.; Odds, F.; Janssen, P.A.J. The Antiinflammatory Effects of Ketoconazole: A
Comparative Study with Hydrocortisone Acetate in a Model Using Living and Killed Staphylococcus Aureus on the Skin of
Guinea Pigs. J. Am. Acad. Dermatol. 1991, 25, 257-261. https://doi.org/10.1016/0190-9622(91)70192-5.

Fix, ].; Descamps, D.; Galloux, M.; Ferret, C.; Bouguyon, E.; Zohari, S.; Naslund, K.; Hagglund, S.; Altmeyer, R.; Valarcher, J.-F.;
et al. Screening Antivirals with a mCherry-Expressing Recombinant Bovine Respiratory Syncytial Virus: A Proof of Concept
Using Cyclopamine. Vet. Res. 2023, 54, 36. https://doi.org/10.1186/513567-023-01165-x.

Zhang, B.; Jiang, T.; Shen, S.; She, X.; Tuo, Y.; Hu, Y.; Pang, Z,; Jiang, X. Cyclopamine Disrupts Tumor Extracellular Matrix and
Improves the Distribution and Efficacy of Nanotherapeutics in Pancreatic Cancer. Biomaterials 2016, 103, 12-21.
https://doi.org/10.1016/j.biomaterials.2016.06.048.

Dukaew, N.; Konishi, T.; Chairatvit, K.; Autsavapromporn, N.; Soonthornchareonnon, N.; Wongnoppavich, A. Enhancement
of Radiosensitivity by Eurycomalactone in Human NSCLC Cells Through G;/M Cell Cycle Arrest and Delayed DNA Double-
Strand Break Repair. Oncol. Res. 2020, 28, 161-175. doi; 10.3727/096504019X15736439848765.

Lee, C.H.; Lee, H.S. Growth inhibiting activity of quinaldic acid isolated from Ephedra pachyclada against intestinal bacteria. J.
Korean Soc. Appl. Biol. Chem. 2009, 52, 331-335. https://doi.org/10.3839/jksabc.2009.059.

Langner, E.; Walczak, K.; Jeleniewicz, W.; Turski, W.A.; Rajtar, G. Quinaldic Acid Inhibits Proliferation of Colon Cancer Ht-29
Cells in Vitro: Effects on Signaling Pathways. Eur. J. Pharmacol. 2015, 757, 21-27. https://doi.org/10.1016/j.ejphar.2015.02.053.
Shadoul, W.; Kariem, E.; Ibrahim, K.; Adam, M. Simultaneous determination of etrahydrozoline hydrochloride and antazoline
hydrochloride in ophthalmic solutions using hplc. AJPS 2011, 1, 29-38.

Kozminski, P.; Halik, P.K.; Chesori, R.; Gniazdowska, E. Overview of Dual-Acting Drug Methotrexate in Different Neurological
Diseases, Autoimmune Pathologies and Cancers. Int. J. Mol. Sci. 2020, 21, 3483. https://doi.org/10.3390/ijms21103483.

Chan, E.S.L.; Cronstein, B.N. Mechanisms of Action of Methotrexate. Bull. Hosp. Jt. Dis. 2013, 71 (Suppl. S1), S5-58.

Nakayama, M.; Suzuki, K.; Toda, M.; Okubo, S.; Hara, Y.; Shimamura, T. Inhibition of the Infectivity of Influenza Virus by Tea
Polyphenols. Antivir. Res. 1993, 21, 289-299. https://doi.org/10.1016/0166-3542(93)90008-7.

Song, J.-M.; Lee, K.-H.; Seong, B.-L. Antiviral Effect of Catechins in Green Tea on Influenza Virus. Antivir. Res. 2005, 68, 66-74.
https://doi.org/10.1016/j.antiviral.2005.06.010.

Williamson, M.P.; McCormick, T.G.; Nance, C.L.; Shearer, W.T. Epigallocatechin Gallate, the Main Polyphenol in Green Tea,
Binds to the T-Cell Receptor, CD4: Potential for HIV-1 Therapy. ]J. Allergy Clin. Immunol. 2006, 118, 1369-1374.
https://doi.org/10.1016/j.jaci.2006.08.016.

Nishimura, H.; Okamoto, M.; Dapat, I; Katsumi, M.; Oshitani, H. Inactivation of SARS-CoV-2 by Catechins from Green Tea.
Jpn. J. Infect. Dis. 2021, 74, 421-423. https://doi.org/10.7883/yoken.JJID.2020.902.

Lyu, S.-Y.; Rhim, J.-Y.; Park, W.-B. Antiherpetic Activities of Flavonoids against Herpes Simplex Virus Type 1 (HSV-1) and Type
2 (HSV-2) in Vitro. Arch. Pharm. Res. 2005, 28, 1293-1301. https://doi.org/10.1007/BF02978215.

Tyring, S.K. Effect of Sinecatechins on HPV-Activated Cell Growth and Induction of Apoptosis. J. Clin. Aesthet. Dermatol. 2012,
5,34-41.

Montalvao, S.; Leino, T.O.; Kiuru, P.S; Lillsunde, K.-E.; Yli-Kauhaluoma, J.; Tammela, P. Synthesis and Biological Evaluation
of 2-Aminobenzothiazole and Benzimidazole Analogs Based on the Clathrodin Structure. Arch. Pharm. 2016, 349, 137-149.
https://doi.org/10.1002/ardp.201500365.

Melano, I; Kuo, L.-L.; Lo, Y.-C.; Sung, P.-W.; Tien, N.; Su, W.-C. Effects of Basic Amino Acids and Their Derivatives on SARS-
CoV-2 and Influenza-A Virus Infection. Viruses 2021, 13, 1301. https://doi.org/10.3390/v13071301.

Jang, Y.; Shin, ].S.; Lee, J.-Y.; Shin, H.; Kim, S.J.; Kim, M. In Vitro and In Vivo Antiviral Activity of Nylidrin by Targeting the
Hemagglutinin 2-Mediated Membrane Fusion of Influenza A Virus. Viruses 2020, 12, 581. https://doi.org/10.3390/v12050581.



Mar. Drugs 2023, 21, 574 20 of 22

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Harmenberg, J.; Akesson—]ohansson, A,; Graslund, A.; Malmfors, T.; Bergman, J.; Wahren, B.; Akerfeldt, S.; Lundblad, L.; Cox,
S. The Mechanism of Action of the Anti-Herpes Virus Compound 2,3-Dimethyl-6(2-Dimethylaminoethyl)-6H-Indolo-(2,3-
B)quinoxaline. Antiviral Res. 1991, 15, 193-204. https://doi.org/10.1016/0166-3542(91)90066-z.

Park, S.-J.; Yu, K.-M.; Kim, Y.-L; Kim, S.-M.; Kim, E.-H.; Kim, S.-G.; Kim, E.J.; Casel, M.A.B.; Rollon, R.; Jang, S.-G.; et al. Antiviral
Efficacies of FDA-Approved Drugs against SARS-CoV-2 Infection in Ferrets. MBio 2020, 11, e01114-20
https://doi.org/10.1128/mBio.01114-20.

Marrazzo, ].M.; Rabe, L.; Kelly, C.; Richardson, B.; Deal, C.; Schwartz, J.L.; Chirenje, Z.M.; Piper, J.; Morrow, R.A.; Hendrix,
C.W.; et al. Tenofovir Gel for Prevention of Herpes Simplex Virus Type 2 Acquisition: Findings From the VOICE Trial. |. Infect.
Dis. 2019, 219, 1940-1947. https://doi.org/10.1093/infdis/jiz045.

Leinberger, J.; Holste, J.; Bunk, B.; Freese, HM.; Spréer, C.; Dlugosch, L.; Kiick, A.-C.; Schulz, S.; Brinkhoff, T. High Potential
for Secondary Metabolite Production of Paracoccus Marcusii CP157, Isolated from the Crustacean Cancer Pagurus. Front. Mi-
crobiol. 2021, 12, 688754. https://doi.org/10.3389/fmicb.2021.688754.

Cavanaugh, N.T.; Parthasarathy, A.; Wong, N.H.; Steiner, K K.; Chu, ].; Adjei, J.; Hudson, A.O. Exiguobacterium Sp. Is Endowed
with Antibiotic Properties against Gram Positive and Negative Bacteria. BMC Res. Notes 2021, 14, 230.
https://doi.org/10.1186/s13104-021-05644-2.

Orsod, M.; Joseph, M.; Huyop, F. Characterization of Exopolysaccharides Produced by Bacillus cereus and Brachybacterium sp.
Isolated from Asian Sea Bass (Lates calcarifer). MJM 2012, 8, 170-174. https://doi.org/10.21161/mjm.04412.

Llamas, I.; Mata, J.A.; Tallon, R.; Bressollier, P.; Urdaci, M.C.; Quesada, E.; Béjar, V. Characterization of the Exopolysaccharide
Produced by Salipiger Mucosus A3, a Halophilic Species Belonging to the Alphaproteobacteria, Isolated on the Spanish Medi-
terranean Seaboard. Mar. Drugs 2010, 8, 2240-2251. https://doi.org/10.3390/md8082240.

Ramanathan, S.; Wolynec, C.; Cutting, W. Antiviral Principles of Propionibacteria-Isolation and Activity of Propionins B and
C. Proc. Soc. Exp. Biol. Med. 1968, 129, 73-77. https://doi.org/10.3181/00379727-129-33253.

Kokoulin, M.S.; Kuzmich, A.S.; Romanenko, L.A.; Chikalovets, I.V.; Chernikov, O.V. Structure and in Vitro Bioactivity against
Cancer Cells of the Capsular Polysaccharide from the Marine Bacterium Psychrobacter Marincola. Mar. Drugs 2020, 18, 268.
https://doi.org/10.3390/md18050268.

Li, H.; Shinde, P.B.; Lee, H.].; Yoo, E.S.; Lee, C.-O.; Hong, J.; Choi, S.H.; Jung, J.H. Bile Acid Derivatives from a Sponge-Associ-
ated Bacterium Psychrobacter Sp. Arch. Pharm. Res. 2009, 32, 857-862. https://doi.org/10.1007/s12272-009-1607-1.
Noguera-Ortega, E.; Guallar-Garrido, S.; Julian, E. Mycobacteria-Based Vaccines as Immunotherapy for Non-Urological Can-
cers. Cancers 2020, 12, 1802. https://doi.org/10.3390/cancers12071802.

Setiawan, A.; Setiawan, F.; Juliasih, N.L.G.R.; Widyastuti, W.; Laila, A.; Setiawan, W.A.; Djailani, F.M.; Mulyono, M.; Hendri, J.;
Arai, M. Fungicide Activity of Culture Extract from Kocuria Palustris 19C38A1 against Fusarium Oxysporum. J. Fungi 2022, 8,
280. https://doi.org/10.3390/jof8030280.

Ma, Y.; Xu, M; Liu, H;; Yu, T.; Guo, P.; Liu, W,; Jin, X. Antimicrobial Compounds Were Isolated from the Secondary Metabolites
of Gordonia, a Resident of Intestinal Tract of Periplaneta Americana. AMB Express 2021, 11, 111. https://doi.org/10.1186/s13568-
021-01272-y.

Kim, H.R.; Kim, J.; Yu, ].S.; Lee, B.S.; Kim, K.H.; Kim, C.S. Isolation, Structure Elucidation, Total Synthesis, and Biosynthesis of
Dermazolium A, an Antibacterial Imidazolium Metabolite of a Vaginal Bacterium Dermabacter Vaginalis. Arch. Pharm. Res.
2023, 46, 35-43. https://doi.org/10.1007/s12272-022-01424-z.

Sangkanu, S.; Rukachaisirikul, V.; Suriyachadkun, C.; Phongpaichit, S. Evaluation of Antibacterial Potential of Mangrove Sedi-
ment-Derived Actinomycetes. Microb. Pathog. 2017, 112, 303-312. https://doi.org/10.1016/j.micpath.2017.10.010.

Sangkanu, S.; Rukachaisirikul, V.; Suriyachadkun, C.; Phongpaichit, S. Antifungal Activity of Marine-derived Actinomycetes
against Talaromyces Marneffei. J. Appl. Microbiol. 2021, 130, 1508-1522. https://doi.org/10.1111/jam.14877.

Liu, H.; Chen, Z; Zhu, G.; Wang, L.; Du, Y.; Wang, Y.; Zhu, W. Phenolic Polyketides from the Marine Alga-Derived Streptomy-
ces Sp. OUCMDZ-3434. Tetrahedron 2017, 73, 5451-5455. https://doi.org/10.1016/j.tet.2017.07.052.

Wang, P.; Xi, L,; Liu, P.; Wang, Y.; Wang, W.; Huang, Y.; Zhu, W. Diketopiperazine Derivatives from the Marine-Derived Acti-
nomycete Streptomyces Sp. FX]7.328. Mar. Drugs 2013, 11, 1035-1049. https://doi.org/10.3390/md11041035.

Carter-Timofte, M.E.; Arulanandam, R.; Kurmasheva, N.; Fu, K,; Laroche, G.; Taha, Z.; van der Horst, D.; Cassin, L.; van der
Sluis, R.M.; Palermo, E.; et al. Antiviral Potential of the Antimicrobial Drug Atovaquone against SARS-CoV-2 and Emerging
Variants of Concern. ACS Infect. Dis. 2021, 7, 3034-3051. https://doi.org/10.1021/acsinfecdis.1c00278.

Hayakawa, Y.; Kobayashi, T.; Izawa, M. Indanostatin, a New Neuroprotective Compound from Streptomyces Sp. . Antibiot.
2013, 66, 731-733. https://doi.org/10.1038/ja.2013.80.

Hongpattarakere, T.; Cherntong, N.; Wichienchot, S.; Kolida, S.; Rastall, R.A. In Vitro Prebiotic Evaluation of Exopolysaccha-
rides Produced by Marine Isolated Lactic Acid Bacteria. Carbohydr. Polym. 2012, 87, 846-852. https://doi.org/10.1016/j.car-
bpol.2011.08.085.

Changyun. W.; Haiyan, L.; Changlun, S.; Yanan, W.; Liang, L.; Huashi, G. Chemical defensive substances of soft corals and
gorgonians. Acta Ecol. Sin. 2008, 28, 2320-2328. https://doi.org/10.1016/51872-2032(08)60048-7.

Jimenez, C. Marine natural products in medicinal chemistry. ACS Med. Chem. Lett. 2018, 9, 959-961.
https://doi.org/10.1021/acsmedchemlett.8b00368.

Choi, Y.K. Emerging and re-emerging fatal viral diseases. Exp. Mol. Med. 2021, 53, 711-712. https://doi.org/10.1038/s12276-021-
00608-9.



Mar. Drugs 2023, 21, 574 21 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Rashid, M.A.; Gustafson, K.R.; Boyd, M.R. HIV-inhibitory cembrane derivatives from a Philippines collection of the soft coral
Lobophytum species. J. Nat. Prod. 2000, 63, 531-533. https://doi.org/10.1021/np990372p.

Cheng, S.-Y.; Wen, Z.-H.; Chiou, S.-F.; Hsu, C.-H.; Wang, S5.-K,; Dai, C.-F.; Chiang, M.Y.; Duh, C.-Y. Durumolides A-E, Anti-
Inflammatory and Antibacterial Cembranolides from the Soft Coral Lobophytum Durum. Tetrahedron 2008, 64, 9698-9704.
https://doi.org/10.1016/j.tet.2008.07.104.

Cheng, S.-Y.; Chen, P.-W.; Chen, H.-P.; Wang, S.-K.; Duh, C.-Y. New Cembranolides from the Dongsha Atoll Soft Coral Lobo-
phytum Durum. Mar. Drugs 2011, 9, 1307-1318. https://doi.org/10.3390/md9081307.

Xia, Z.-Y.; Sun, M.-M.; Jin, Y.; Yao, L.-G.; Su, M.-Z; Liang, L.-F.; Wang, H.; Guo, Y.-W. Lobosteroids A-F: Six New Highly
Oxidized Steroids from the Chinese Soft Coral Lobophytum Sp. Mar. Drugs 2023, 21, 457. https://doi.org/10.3390/md21080457.
Chang, C.-H.; Ahmed, A.F,; Yang, T.-S,; Lin, Y.-C.; Huang, C.-Y.; Hwang, T.-L.; Sheu, J.-H. Isolation of Lobane and Prenyleudes-
mane Diterpenoids from the Soft Coral Lobophytum Varium. Mar. Drugs 2020, 18, 223. https://doi.org/10.3390/md18040223.
Mhatre, S.; Gurav, N.; Shah, M.; Patravale, V. Entry-Inhibitory Role of Catechins against SARS-CoV-2 and Its UK Variant. Com-
put. Biol. Med. 2021, 135, 104560. https://doi.org/10.1016/j.compbiomed.2021.104560.

Ocky, K.; Radjasa; Wiese, J.; Sabdono, A.; Imhoff, J. Coral as Source of Bacteria with Antimicrobial Activity. J. Coast. Dev. ISSN
2008, 11, 1410-5217.

Van de Water, J.A.J.M.; Allemand, D.; Ferrier-Pages, C. Host-Microbe Interactions in Octocoral Holobionts —Recent Advances
and Perspectives. Microbiome 2018, 6, 64. https://doi.org/10.1186/s40168-018-0431-6.

Romano, S.; Jackson, S.A.; Patry, S.; Dobson, A.D.W. Extending the “One Strain Many Compounds” (OSMAC) Principle to
Marine Microorganisms. Mar. Drugs 2018, 16, 244. https://doi.org/10.3390/md16070244.

Kausar, S.; Said Khan, F.; Ishaq Mujeeb Ur Rehman, M.; Akram, M.; Riaz, M.; Rasool, G.; Hamid Khan, A.; Saleem, I.; Shamim,
S.; Malik, A. A Review: Mechanism of Action of Antiviral Drugs. Int. ]. Immunopathol. Pharmacol. 2021, 35, 20587384211002621.
https://doi.org/10.1177/20587384211002621.

McFadden, C.S.; Alderslade, P.; van Ofwegen, L.P.; Johnsen, H.; Rusmevichientong, A. Phylogenetic Relationships within the
Tropical Soft Coral Genera Sarcophyton and Lobophytum (Anthozoa, Octocorallia). Invertebr. Biol. 2006, 125, 288-305.
https://doi.org/10.1111/.1744-7410.2006.00070.x.

Arokiyaraj, S.; Perinbam, K.; Agastian, P.; Mohan Kumar, R. Phytochemical Analysis and Antibacterial Activity of Vitex Agnus-
Castus. Int. |. Green Pharm. IJGP 2009, 3, 162-164 https://doi.org/10.22377/ijgp.v3i2.76.

Gong, X.; Wang, J.; Zhang, M.; Wang, P.; Wang, C.; Shi, R.;; Zang, E.; Zhang, M.; Zhang, C.; Li, M. Bioactivity, Compounds
Isolated, Chemical Qualitative, and Quantitative Analysis of Cymbaria Daurica Extracts. Front. Pharmacol. 2020, 11, 48.
https://doi.org/10.3389/fphar.2020.00048.

Wang, Z.; Chu, Y.; Zhang, Y.; Chen, Y.; Zhang, J.; Chen, X. Investigation of Potential Toxic Components Based on the Identifi-
cation of Genkwa Flos Chemical Constituents and Their Metabolites by High-Performance Liquid Chromatography Coupled
with a Q Exactive High-Resolution Benchtop Quadrupole Orbitrap Mass Spectrometer. |. Sep. Sci. 2018, 41, 3328-3338.
https://doi.org/10.1002/jssc.201800424.

Lu, T.; Liu, Y.; Zhou, L.; Liao, Q.; Nie, Y.; Wang, X,; Lei, X.; Hong, P.; Feng, Y.; Hu, X,; et al. The Screening for Marine Fungal
Strains with High Potential in Alkaloids Production by in Situ Colony Assay and LC-MS/MS Based Secondary Metabolic Pro-
filing. Front. Microbiol. 2023, 14, 1144328. https://doi.org/10.3389/fmicb.2023.1144328.

Mori, H.; Maruyama, F.; Kato, H.; Toyoda, A.; Dozono, A.; Ohtsubo, Y.; Nagata, Y.; Fujiyama, A.; Tsuda, M.; Kurokawa, K.
Design and Experimental Application of a Novel Non-Degenerate Universal Primer Set That Amplifies Prokaryotic 165 rRNA
Genes with a Low Possibility to Amplify Eukaryotic rRNA Genes. DNA Res. 2014, 21, 217-227.
https://doi.org/10.1093/dnares/dst052.

Alsharif, S.M.; Waznah, M.S.; Ismaeil, M.; El-Sayed, W.S. 165 rDNA-Based Diversity Analysis of Bacterial Communities Asso-
ciated with Soft Corals of the Red Sea, Al Rayyis, White Head, KSA. ]. Taibah Univ. Sci. 2023, 17, 2156762.
https://doi.org/10.1080/16583655.2022.2156762.

Buck, C.B.; Pastrana, D.V.; Lowy, D.R.; Schiller, ].T. Efficient Intracellular Assembly of Papillomaviral Vectors. J. Virol. 2004, 78,
751-757. https://doi.org/10.1128/jvi.78.2.751-757.2004.

Buck, C.B.; Pastrana, D.V.; Lowy, D.R.; Schiller, J.T. Generation of HPV Pseudovirions Using Transfection and Their Use in
Neutralization Assays. Methods Mol. Med. 2005, 119, 445-462. https://doi.org/10.1385/1-59259-982-6:445.

Mou, H.; Quinlan, B.D.; Peng, H.; Liu, G.; Guo, Y.; Peng, S.; Zhang, L.; Davis-Gardner, M.E.; Gardner, M.R.; Crynen, G.; et al.
Mutations Derived from Horseshoe Bat ACE2 Orthologs Enhance ACE2-Fc Neutralization of SARS-CoV-2. PLoS Pathog. 2021,
17, €1009501. https://doi.org/10.1371/journal.ppat.1009501.

Rogers, T.F.; Zhao, F.; Huang, D.; Beutler, N.; Burns, A.; He, W.-T.; Limbo, O.; Smith, C.; Song, G.; Woehl, J.; et al. Isolation of
Potent SARS-CoV-2 Neutralizing Antibodies and Protection from Disease in a Small Animal Model. Science 2020, 369, 956-963.
https://doi.org/10.1126/science.abc7520.

Schifer, G.; Graham, L.M.; Lang, D.M.; Blumenthal, M.].; Bergant Marusi¢, M.; Katz, A.A. Vimentin Modulates Infectious Inter-
nalization of Human Papillomavirus 16 Pseudovirions. J. Virol. 2017, 91, e00307-17. https://doi.org/10.1128/JV1.00307-17.



Mar. Drugs 2023, 21, 574 22 of 22

102. Bergant Marusi¢, M.; Ozbun, M.A.; Campos, S.K.; Myers, M.P.; Banks, L. Human Papillomavirus L2 Facilitates Viral Escape
from Late Endosomes via Sorting Nexin 17. Traffic 2012, 13, 455-467. https://doi.org/10.1111/j.1600-0854.2011.01320.x.

103. Van Meerloo, J.; Kaspers, G.J.L.; Cloos, J. Cell Sensitivity Assays: The MTT Assay. In Cancer Cell Culture: Methods and Protocols;
Cree, LA, Ed.; Humana Press: Totowa, NJ, USA, 2011; pp. 237-24. https://doi.org/10.1007/978-1-61779-080-5_20.

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



