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Abstract: Two known Polybrominated Diphenyl Ethers (PBDEs), 3,4,5-tribromo-2-(2′,4′-
dibromophenoxy)phenol (1d) and 3,4,5,6-tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b), were iso-
lated from the Indonesian marine sponge Lamellodysidea herbacea. The structure was confirmed using
13C chemical shift average deviation and was compared to the predicted structures and recorded
chemical shifts in previous studies. We found a wide range of bioactivities from the organic crude
extract, such as (1) a strong deterrence against the generalist pufferfish Canthigaster solandri, (2) potent
inhibition against environmental and human pathogenic bacterial and fungal strains, and (3) the
inhibition of the Hepatitis C Virus (HCV). The addition of a bromine atom into the A-ring of com-
pound 2b resulted in higher fish feeding deterrence compared to compound 1d. On the contrary,
compound 2b showed only more potent inhibition against the Gram-negative bacteria Rhodotorula
glutinis (MIC 2.1 µg/mL), while compound 1d showed more powerful inhibition against the other
human pathogenic bacteria and fungi. The first report of a chemical defense by compounds 1d and
2b against fish feeding and environmental relevant bacteria, especially pathogenic bacteria, might
be one reason for the widespread occurrence of the shallow water sponge Lamellodysidea herbacea in
Indonesia and the Indo-Pacific.

Keywords: demospongiae; chemical defense; palatability; antifungal; inhibitory; PBDEs

1. Introduction

Sponges are known to harbour a huge variety of secondary metabolites, which could
potentially be important leads in drug development [1]. Reported compound classes in-
clude but are not limited to peptides [2–4], pyridines [5], diterpenoids [6], alkaloids [7],
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lectins [8], carotenoids [9], steroids [10,11], and sterols [12] with reported bioactivities rang-
ing from pharmaceutical (antimicrobial, antitumor, anti-inflammatory ATPase activator,
cytotoxicity, neuroprotective) to ecological (feeding deterrent, antifouling). The continued
discovery of novel bioactive marine natural products (MNPs) has been well documented
in detailed review articles from Natural Product Reports (i.e., [13–15]).

Lamellodysidea herbacea is a common sponge of shallow coral reef habitats, especially
reef flats, back-reef, and lagoon-type habitats, throughout the Indo-Pacific. There have
likely been several synonyms in the literature for this species, as it has undergone several
taxonomic revisions. This species was first described as Spongelia herbacea (Keller, 1889),
which was later revised to Dysidea herbacea (Keller, 1889), and is now accepted as Lamel-
lodysidea herbacea (Keller, 1889) [16]. Having several taxonomic revisions also makes it
harder to keep track of reported compounds or compound classes for particular species
or even higher taxonomic ranks such as genus or family [17]. Based on previous publica-
tions, including the synonym genera, Lamellodysidea should be regarded as a sponge genus
containing a wide variety of secondary metabolites divided into three distinct classes,
namely terpenoids, polychlorinated amino-acids, and polybrominated diphenyl ethers
(PBDEs) [18]. Looking at the chemical profiles in L. herbacea, it has been well accepted
that this species has at least two chemotypes. One chemotype contains polychlorinated
amino acids and sesquiterpenes, and the second chemotype only contains a mix of PBDEs,
which can reach concentrations of up to 2% of the sponge dry mass [18,19]. For the latter
chemotype, in 1993, Unson and co-workers discovered that PBDEs are mainly produced
by its symbiotic bacteria, Oscillatoria spongeliae [18]. PBDEs are the major metabolites
in L. herbacea, which have been shown in specimens that have been collected in several
biogeographic regions [20–22]. There are also several reports of L. herbacea within the
Indonesian Archipelago [23–27], which have also identified various bioactivities, including
antibacterial [27–30], cytotoxicity [28,31], icthyotoxicity [29], antiproliferative activity [32],
and protein inhibitor [33,34] activities. Reported bioactivities from this species have also
been summarized in recent review articles [13–15].

However, while pharmacological activities have been well documented for extracts
and certain purified compounds, little is known about their ecological function. Our study
found multifaceted clinically relevant bioactivities in the crude extract and the isolated
PBDEs. In addition, we were also able to identify an ecological function of the crude
extract and its fractions by testing these crude extracts against environmental bacteria
isolated from similar coral reef habitats as well as by demonstrating antifeeding activity
for the isolated PBDEs, 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol (1d) and 3,4,5,6-
tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b). To the best of our knowledge, only the
tetra brominated diphenyl ether (BDE) 3,5-dibromo-2-(2′,4′-dibromophenoxy)phenol has
been shown to exhibit antifeedant activity against fishes [19]. However, no ecological
study on the activity of penta- and hexa-BDEs has been reported up until this point. Thus,
the information provided here also fills an important gap by considering the ecological
significance of PBDE derived from the marine sponge L. herbacea.

2. Results
2.1. Feeding Deterrent Assay

Crude extract of the marine sponge L. herbacea was tested in a feeding deterrent assay
using the generalist fish predator, C. solandri. In total, 66.7% of the treated pellets containing
crude extract were rejected by the pufferfish. Furthermore, a similar percentage of food
pellets containing the n-hexane (HEX) or dichloromethane (DCM) fractions at natural
volumetric concentrations also deterred feeding (63.6% and 66.7%, respectively). Since the
ethyl acetate (EtOAc) and water (H2O) factions showed only low feeding deterrence with
48.5% and 36.4% percentages, the deterrent compounds had to be present in the HEX and
DCM fractions (Figure 1).
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deterrence, with 61.1% of the pellets being rejected (p = 0.008, Fisher’s exact test), while 
compound 1d revealed a somewhat lower but still significant deterrence, with 44.4% of 
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type of the bacteria, the crude extract and liquid-liquid separated fractions inhibited all of 
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Figure 1. Feeding deterrence activity (%) of the crude extract, fractions (HEX, DCM, EtOAc, and
H2O), and pure PBDEs (1d and 2b) of L. herbacea against the pufferfish C. solandri (N = number of
specimens tested in the assays). Bars represent the percent of rejected food pellets by the pufferfish
(mean ± SD). The dashed line at 40% refers to significance in deterrence p < 0.05 (Fisher’s exact test).
Control pellets contained no extract (only MeOH).

We further isolated the major bioactive compounds by reverse-phase SPE fractionation
followed by C18 reverse phased high-performance liquid chromatography (HPLC). HPLC
purification of the active fractions yielded compounds 1d and 2b at levels of 2.9 mg and
6.8 mg, respectively. Pure compounds were injected at different concentrations to create
a calibration curve, which was then used to determine the natural concentrations of the
compounds in the sponge tissue. The analysis determined compounds 1d and 2b with
concentrations of 1.6 mg and 2.4 mg, respectively, per mL sponge tissue. When tested at
these respective concentrations, both PBDEs showed a significant deterrence at natural
volumetric concentrations against the tested pufferfish. Compound 2b displayed a high
deterrence, with 61.1% of the pellets being rejected (p = 0.008, Fisher’s exact test), while
compound 1d revealed a somewhat lower but still significant deterrence, with 44.4% of
the pellets being rejected (p = 0.041, Fisher’s exact test). The observed deterrence of the
pure compounds was somewhat lower compared to the tested fractions or crude extract,
except for the EtOAc and the water fraction, which were not significantly deterred (p = 0.32,
Fisher’s exact test).

2.2. Antimicrobial Activity against Pathogenic and Non-Pathogenic Environmental Bacteria

An agar diffusion assay was used to determine possible antimicrobial activity against
environmental bacteria, using 14 different pathogenic and non-pathogenic environmental
bacteria, which had previously been isolated from a reef flat habitat (Figure 2) [35,36]. The
extracts exhibited pronounced antimicrobial activities by inhibiting more than half of the
test bacteria, of which four of them were putatively pathogenic. According to the Gram
type of the bacteria, the crude extract and liquid-liquid separated fractions inhibited all of
the Gram-positive bacteria except Streptomyces sp. (1656), while half of the Gram-negative
bacteria were inhibited. Interestingly, the Agar diffusion assay (ADA) showed the same
pattern as the one we found in the feeding assay. That is, the crude extract showed the
highest activity, followed by its most lipophilic fractions, HEX and DCM. No inhibition
zone appeared with the H2O fractions, while only weak inhibition occurred with the EtOAc
fraction. All of the tested extracts and fractions showed the highest inhibition activity
against WHV1 (Aurantimonas coralicida). Due to the lack of purified PBDEs, no further
ADA experiments were performed.
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Figure 2. Total antibacterial activities of the crude extract and its organic fractions of the marine sponge L. herbacea. Y-axis
shows inhibition zones in mm ± 1 SD for each tested strain. Gram-positive strains: 1656: Streptomyces flavoviridis; 1682 *:
Rhodococcus corynebacterioides; 1686: Exiguobacterium profundum; 1714: Mycobacterium franklinii. Gram-negative strains:
0852 *: Acitenobacter soli; 1334 *: Aliagarivorans marinus; 1668: Ruegeria areniliotoris; 1678 *: Acinetobacter calcoaceticus;
1721: Microbulbifer variabilis; 1792: Pseudovibrio denitrificans; 1809: Ruegeria areniliticus; 1810 *: Pantoea eucrina; WHV1 *:
Aurantimonas coralicida, WHV3 *: Vibrio mediterranei. (*): potentially pathogenic environmental bacteria.

2.3. Antimicrobial Assay against Pathogenic Clinical Microbes

The crude extract and fractions also displayed remarkable bioactivities in the an-
timicrobial assay against clinically relevant, pathogenic microbial, and fungal strains (cf.
Table 1). The crude extract strongly inhibited Bacillus subtilis, Staphylococcus aureus, Mucor
hiemalis, and Rhodotorula glutinis, whereas its activities against Escherichia coli and Mycobac-
terium smegmatis were weak. No activities were detected against Pseudomonas aeruginosa
and Candida albicans. Pronounced activities were observed against all of the tested microbes
with the HEX and DCM fractions. The EtOAc fraction only showed the potent inhibition of
B. subtilis and moderate inhibition against S. aureus, R. glutinis, and M. hiemalis. Screening
of the two purified compounds, 1d and 2b, also exhibited a broad range of antimicrobial
activities against the seven test strains. The compounds were highly active against all tested
strains except E. coli (MIC > 66.7 µg/mL). Both compounds strongly inhibited B. subtilis
(MIC 0.5 µg/mL), displaying a five times lower MIC than the positive control tetracycline
(2.8 µg/mL). Furthermore, compound 1d exhibited bioactivity against the Gram-positive
bacteria S. aureus that was as potent as the positive control gentamicin (MIC 0.5 µg/mL),
whereas compound 2b showed four times less bioactivity. Both compounds 1d and 2b
were significantly more active (MIC 4.2 µg/mL and 2.1 µg/mL, respectively) than the
positive control nystatin against the aerobic yeast cell R. glutinis.
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Table 1. The minimum inhibitory concentrations (MIC) of the crude extract, its fractions, and compounds 1d and 2b against
different human pathogenic bacteria and fungi. If the activity of the crude extract was not pronounced (> 66.7 µg/mL) and
if the fractions or pure compound amounts were limited, no further testing was conducted with the strain. Test compound
activities were compared to the positive controls: gentamicin, tetracycline, and nystatin.

Sample

MIC [µg/mL]

Gram-Positive Strains Gram-Negative Strains Fungi

Bs Sa Ms Ec Pae Ab Rg Mh Ca Pa

Crude Extract 0.5 0.5 66.7 66.7 >66.7 8.3 1.0 0.5 >66.7 2.1
HEX 0.5 0.5 n.t. 1.0 n.t. 2.1 0.5 0.5 n.t. 1.0
DCM 0.5 0.5 n.t. 1.0 n.t. 1.0 0.5 1.0 n.t. 0.5

EtOAc 1.0 4.2 n.t. >66.7 n.t. >66.7 16.7 16.7 n.t. 33.3
H2O 66.7 >66.7 n.t. >66.7 n.t. >66.7 n.t. >66.7 n.t. >66.7
1d 0.5 0.5 n.t. >66.7 n.t. 16.7 4.2 8.3 n.t. 4.2
2b 0.5 2.1 n.t. >66.7 n.t. >66.7 2.1 8.3 n.t. 13.9

Gentamicin n.t. 0.5 n.t. 0.5 n.t. 2.8 n.t. n.t. n.t. n.t.
Tetracycline 2.8 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.

Nystatin n.t. n.t. n.t. n.t. n.t. n.t. 33.3 8.3 n.t. 5.6

Gram-positive strains: Bs: Bacillus subtilis; Sa: Staphylococcus aureus; Ms: Mycobacterium smegmatis. Gram-negative strains: Ec: Escherichia
coli; Pae: Pseudomonas aeruginosa; Ab: Acinetobacter baumannii. Fungi: Rg: Rhodotorula glutinis; Mh: Mucor hiemalis; Ca: Candida albicans; Pa:
Pichia anomala; other abbreviations: n.t.: not tested.

2.4. Inhibitory Effects on HCV Infectivity

Next, we investigated the inhibitory effect of the L. herbacea crude extract against HCV
infectivity in human liver cells. As depicted in Figure 3, only moderate inhibition of 50%
was observed in contrast to the EGCG positive control. Therefore, we did not investigate
its liquid-liquid fractions further. Interestingly, we found that the organic extract was not
toxic in human liver cells, which was in contrast to previous studies that had reported
cytotoxic effects by OH-PBDE compounds [30,37,38].
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Figure 3. (a) shows the inhibition of infectivity by the Hepatitis C Virus (HCV). (b) illustrates
the viability of Huh7.5 cells after the exposure of the tested crude extract. Bars represent the
inhibition including the standard deviation (SD). MeOH was used as a negative control (NC), and
epigallocatechin gallate (EGCG) was used as a positive control.
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2.5. Structure Elucidation of Compounds 1d and 2b

As the first step in structure elucidation, the exact masses of the purified compounds
were obtained with a UPLC-HRMS (Waters Synapt G2-Si, Milford, MA, USA). Mass
spectrometry (Waters Synapt G2-Si, Milford, MA, USA) was conducted in negative ion-
ization mode. The HRESIMS of compound 1d showed a pseudomolecular ion peak
[M − H]− = 574.6137 indicating the molecular formula of C12H5O2Br5. For compound
2b an exact mass of [M − H]− = 652.5246 was obtained (C12H4O2Br6). Both compounds
were compared to compounds in the MarinLit database [39]. The results showed that both
sum formulas were related to known PBDEs (Table 2).

Table 2. MS data for the two isolated compounds 1d and 2b. The exact masses of both compounds
were compared to the compounds in the MarinLit database (±0.005 Dalton).

Compound Observed MS Result in MarinLit References

1d 574.6137 [M−H]− 575.6210 [M]
3,4,5-tribromo-2-(2′,4′-

dibromophenoxy)phenol
[M] = 575.6210

[40]

2b 652.5246 [M−H]− 653.5318 [M]
3,4,5,6-tetrabromo-2-(2′,4′-
dibromophenoxy)phenol

[M] = 653.5315
[41]

To locate the positions of the bromine atoms in the ring system of compounds 1d
and 2b, we conducted 1H and 13C NMR measurements. The results revealed that com-
pound 1d possessed three bromine atoms in the A-ring and two bromine atoms in the
B-ring (Figure 4). In addition, an extra bromine atom in the A-ring was determined for
compound 2b.
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Figure 4. Four constitutional isomers of PBDEs are given to evaluate their 13C NMR chemical shift deviation (1a)–(1d) and
to compare them to compound 1d from our work. Penta-BDE, 3,4,5,6-tetrabromo-2-(2′-bromophenoxy)phenol (2a) that was
first reported by Salva and Faulkner [42] is shown as a comparison to compound 2b in our study.

The NMR data clearly indicated that the B-ring in both compounds 1d and 2b was
identical. Since the A-ring is hexa-substituted in 2b, there are no structural alternatives,
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whereas for 1d, four constitutional isomers were possible (1a to 1d). In order to elucidate
the correct regioisomers, the 1H and 13C NMR data were compared to existing NMR data in
the literature (Tables 3 and 4). Furthermore, the structures of 1d and 2b were also verified
through comparison with predicted 13C NMR chemical shifts [43–46] using three different
computational approaches: NMRPredict [47], NMRShiftDB [48], and CSEARCH [49].

Table 3. Comparison of 1H NMR data of compound 1d with related structures reported in previous studies.

Position

1d
(This
Work)

Literature Data

Sharma
and
Vig
1972
1d

Carte
and

Faulkner
1981
1d

Bowden
et al.,
2000
1b

Bowden
et al.,
2000
1d

Fu and
Schmitz

1996
1d

Pedpradab
2005
1d

Fu
et al.,
1995
1d

Fu
et al.,
1995
1d

Fu
et al.,
1995
1d

Sumaya
et al.,
2010
1d

Utkina
et al.,
2019
1d

δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H) δ(1H)

1 OH OH OH OH OH OH OH OH OH OH OH OH
2 OR OR OR OR OR OR OR OR OR OR OR OR
3 Br Br Br Br Br Br Br Br Br Br Br Br
4 Br Br Br 7.55 Br Br Br Br Br Br Br Br
5 Br Br Br Br Br Br Br Br Br Br Br Br
6 7.45 7.50 7.42 Br 7.42 7.43 7.41 7.42 7.51 7.38 7.44 7.45
1′ OH OH OH OH OH OH OH OH OH OH OH OH
2′ Br Br Br Br Br Br Br Br Br Br Br Br
3′ 7.80 7.80 7.76 7.78 7.79 7.84 7.85 7.77 7.82 7.78 7.79 7.90
4′ Br Br Br Br Br Br Br Br Br Br Br Br
5′ 7.31 7.38 7.26 7.28 7.29 7.35 7.31 7.27 7.39 7.28 7.29 7.40
6′ 6.42 6.56 6.41 6.41 6.41 6.51 7.85 6.38 6.63 6.42 6.41 6.51

The 1H chemical shifts of compound 1d (this work, solvent CDCl3) were compared to literature data (the atom numbering of Bowden et al.
2000 [50] was used for all literature data). Compound source of the literature comparison (compound numbers and solvents used mentioned
in the original publication): Sharma and Vig 1972 [51]—compound No. 1 (D2O); Carte and Faulkner 1981 [20]—compound No. 1 (CCl4);
Bowden et al., 2000 [50]—compound No. 1(CDCl3); Bowden et al., 2000 [50]—compound No. 2 (CDCl3) also mentioned in Agarwal and
Bowden 2005 [52]—compound No. 3 (CDCl3); Fu and Schmitz 1996 [53]—compound No. 5 (DMSO-d6); Pedradab 2005 [54]—compound
No. 12 (DMSO-d6); Fu et al., 1995 [21]—compound No. 13 (CDCl3), (Acetone-d6), (DMSO-d6); Suyama et al., 2010 [40]—compound No. 1b
(CDCl3); Utkina et al., 2019 [55]—compound No. 2 (DMSO-d6).

Table 4. 13C NMR data of compound 1d compared to predicted values and literature data for other similar compounds.

Position

δ13C [ppm]

1d
(This
Work)

1a * 1b * 1c * 1d *
Bowden

et al.,
2000-1b

Bowden
et al.,

2000-1d

Fu and
Schmitz
1996-1d

Pedpradab
2005-1d

Fu
et al.,

1995-1d

Sumaya
et al.,

2010-1d

Utkina
et al.,

2019-1d

1 148.9 150.2 148.3 146.7 151.5 148.1 148.9 150.8 151.4 150.9 148.9 150.8
2 139.5 143.8 138.7 140.9 139.5 138.7 139.9 139.5 139.7 139.7 139.5 139.4
3 121.1 122.1 116.8 120.2 121.4 116.7 113.6 121.5 121.9 121.6 121.1 121.6
4 119.2 115.5 128.0 116.1 116.1 128.0 119.3 115.9 116.2 116.1 119.2 116.0
5 122.9 121.8 122.1 132.8 121.7 122.2 122.9 121.5 122.2 121.7 122.9 121.6
6 120.7 116.5 113.3 109.8 121.0 113.4 120.8 120.7 121.9 120.9 120.7 120.5
1′ 151.7 152.1 152.1 152.2 152.3 152.1 151.8 152.3 152.6 152.4 151.7 152.3
2′ 112.7 115.0 112.6 112.4 111.9 112.6 112.8 111.7 111.9 111.9 112.7 111.8
3′ 136.3 135.4 135.7 135.7 135.7 136.1 136.4 135.1 135.9 135.3 136.3 135.1
4′ 116.2 116.1 116.1 116.1 116.1 115.8 116.3 114.1 114.5 116.0 116.2 114.0
5′ 131.6 132.6 131.4 131.4 131.4 131.3 131.6 131.5 131.9 131.6 131.6 131.7
6′ 115.7 120.8 121.9 116.9 115.8 115.8 115.8 115.9 114.5 114.4 115.7 115.9

The 13C chemical shifts of compound 1d (this work) were compared to predicted values and literature data (the atom numbering of
Bowden et al., 2000 [50] was used for all literature data). The columns with the calculated 13C chemical shift values (columns 3 to 6)
using NMRPredict are indicated by an asterisk (*). The carbon atoms C-3 to C-6 were not explicitly assigned for the prediction of the
constitutional isomers 1a to 1c due to very similar 13C chemical shifts (119.2 to 122.9 ppm). Columns 7 to 13 represent reported literature
data. Compound source of the literature comparison (compound numbers and solvents used were mentioned in the original publication):
Bowden et al., 2000 [50]—compound No. 1 (CDCl3); Bowden et al., 2000 [50]—compound No. 2 (CDCl3) also mentioned in Agarwal and
Bowden 2005 [52]—compound No. 3 (CDCl3); Fu and Schmitz 1996 [53]—compound No. 5 (DMSO-d6); Pedradab 2005 [54]—compound
No. 12 (DMSO-d6); Fu et al., 1995 [21]—compound No. 13 (DMSO-d6); Suyama et al., 2010 [40]—compound No. 1b (CDCl3); Utkina et al.,
2019 [55]—compound No. 2 (DMSO-d6).
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The averaged deviation of δ(13C) for all 12 carbon atoms to the calculated and existing
experimental data sets in comparison to our experimental values is given in Figure 5. The
results showed that the mean value of 1d was close to the experimental shifts reported
for 1d in the literature [49] (Figure 5, bars 6 to 10). Comparison to the calculated values
obtained with NMRPredict also preferred constitutional proposals 1d (<1 ppm) over the
regioisomers 1a to 1c (>2 ppm). Therefore, 1d was confirmed as 3,4,5-tribromo-2-(2′,4′-
dibromophenoxy)phenol (Figure 4). In fact, our δ(13C) values for compound 1d were 100%
identical to the one’s published by Suyama et al. [40] (Table 4, not shown in Figure 5).
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that ring. A similar compound, 3,4,5,6-tetrabromo-2-(2’-bromophenoxy)phenol (2a), 
which was first identified by Salva and Faulkner [50], with one less bromine in the B-ring 
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the A-ring (C-1 to C-6) of both compounds showed high similarity (Table 6). Therefore, 
compound 2b was confirmed as 3,4,5,6-tetrabromo-2-(2′,4′-dibromophenoxy)phenol (Fig-
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Figure 5. Comparison of the averaged 13C chemical shift deviations of the experimental
to predicted values of constitutional isomers 1a to 1d (bars 1 to 4) and experimental data
from the literature (bars 5 to 10). Bars 5 and 6 represent the two constitutional isomers
described by Bowden et al., 2000 [50], which are identical to 1b and 1d in the current work.
Green bars indicate deviations of 1 ppm or less (exception bars 8 and 10), whereas red
bars indicate 2 ppm or higher deviations. Compound numbers were mentioned in the
original publication: (5) Bowden et al., 2000 [50]—compound No. 1; (6) Bowden et al.,
2000 [50]—compound No. 2 and Agarwal and Bowden 2005 [52] compound No. 3; (7) Fu
and Schmitz 1996 [53]—compound No. 5; (8) Pedradab 2005 [54] compound No. 12;
(9) Fu et al., 1995 [21]—compound No. 13; (10) Utkina et al., 2019 [55]—compound No. 2
(DMSO-d6).

Compound 2b showed very similar 13C chemical shifts compared to the only reported
NMR data from Utkina et al. [41] (Tables 5 and 6). Since we do not have constitutional
isomers for the A-ring in compound 2b, we decided to use another compound with the
same A-ring in order to determine how well the 13C chemical shifts can be predicted for that
ring. A similar compound, 3,4,5,6-tetrabromo-2-(2′-bromophenoxy)phenol (2a), which was
first identified by Salva and Faulkner [50], with one less bromine in the B-ring compared to
compound 2b was used for comparison (Figure 4). The 13C chemical shifts of the A-ring
(C-1 to C-6) of both compounds showed high similarity (Table 6). Therefore, compound 2b
was confirmed as 3,4,5,6-tetrabromo-2-(2′,4′-dibromophenoxy)phenol (Figure 4).
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Table 5. Comparison of 1H NMR data of compound 2b with related structures reported in previous
studies.

Position

2b
(This Work)

Literature Data

Utkina et al., 1987 2b Salva and Faulkner 1990 2a

δ(1H) δ(1H) δ(1H)

1 OH OH OH
2 OR OR OR
3 Br Br Br
4 Br Br Br
5 Br Br Br
6 Br Br Br
1′ OR OR OR
2′ Br Br Br
3′ 7.80 7.79 6.52
4′ Br Br 6.99
5′ 7.30 7.29 7.18
6′ 6.41 6.42 7.65

The 1H chemical shifts of compound 2b (this work, solvent: CDCl3) were compared to literature data (the atom
numbering of Salva and Faulkner [42] was used for all literature data). The compound was confirmed to be
identical to compound No. 1 (original publication) in Utkina et al., 1987 [41], which was recently reisolated [55].
Compound source of the literature comparison (all the compound numbers were mentioned in the original
publication): Utkina et al., 1987 [41]—compound No. 1 (CDCl3) and Utkina et al., 2019 [55]—compound No. 3
(DMSO-d6); Salva and Faulkner 1990 [50]—compound No. 1 (CDCl3). Compound 2b has also been isolated
by Handayani et al., 1997 [30], Zhang et al., 2008 [37], and Suyama et al., 2010 [40]. However, chemical shift
comparison could not be performed due to the lack of 1H and 13C NMR data for the related compounds. Therefore,
to achieve a close comparison, we used compound 2a from Salva and Faulkner [42], which is similar to compound
2b with an identical A-ring.

Table 6. 13C NMR data of compound 2b compared to predicted values and literature data for similar
compounds.

Position
δ13C [ppm]

2b
(This Work) 2b * Utkina et al., 1987

2b
Salva and Faulkner 1990

2a 2a *

1 146.8 147.3 148.8 147.3 147.3
2 139.2 139.8 139.8 139.5 139.5
3 121.0 120.9 117.2 120.9 120.9
4 125.6 120.1 125.2 125.5 120.1
5 119.7 119.4 119.8 119.4 119.4
6 114.2 114.0 115.8 114.0 114.0
1′ 151.9 152.2 152.0 152.4 152.4
2′ 112.7 112.4 112.1 111.6 111.5
3′ 136.2 135.7 135.0 134.0 133.9
4′ 115.7 116.1 114.3 124.6 125.3
5′ 131.4 131.4 131.3 128.6 128.6
6′ 116.0 116.9 116.1 114.5 114.5

Predicted chemical shift values for 2a * and 2b * were added to clarify the structure of our work. An asterisk
(*) represents the calculation result of the 13C chemical shift values using NMRPredict. Compound 2b (this
work, solvent: CDCl3) was identical to Utkina et al., 1987 [41]—compound No. 1 (DMSO-d6), which was recently
reisolated [55]. Compound 2a [42] was used as a comparison for structure 2b, which differs by one less bromine
at C-4′ in the B-ring. Compound 2b has also been isolated by Handayani et al., 1997 [30], Zhang et al., 2008 [37]
and Suyama et al., 2010 [40]. However, a chemical shift comparison was not included due to a lack of 1H and 13C
NMR data.

3. Discussion

This is the first study to demonstrate the bioactivity of crude extracts, fractions, and
pure compounds in ecological assays for the Indonesian marine sponge L. herbacea. Two of
the major metabolites responsible for the observed bioactivities were successfully isolated
and confirmed by UPLC-HRMS and NMR structure elucidation. Both compounds were
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known PBDEs, namely 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol (1d) and 3,4,5,6-
tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b).

Compound 1d was first characterized and described in 1969 from Dysidea herbacea
from Palau, Micronesia, using only proton NMR spectral data. In the following years, the
structure was verified by partial synthesis and further proton NMR analysis [20,51]. Both
compounds were also the major metabolites in a different specimen of Dysidea [20,21]. Ten
years later, the 13C NMR data of compound 1d were reported for the first time along with
new bioactivities, such as the inhibition of inosine monophosphate dehydrogenase (IM-
PDH), guanosine monophosphate synthetase, and 15-lipoxygenase [21]. Later, compound
1d was detected together with novel PBDEs [50,52,53]. In 2008, Ortlepp and colleagues
also reported the antifouling activity of compound 1d against several fouling organisms,
such as the axenic diatom Amphora coffeaeformis, the blue mussel Mytilus edulis as well as
antibacterial activities isolated from marine biofilms [56]. However, compound 1d was
considered to be a toxic compound to the barnacle cyprids in these assays. Suyama and
his co-workers rediscovered compound 1d in a red algae cyanobacteria mix (Leptofaucia sp.
and Oscillatoria sp., respectively) from the Grabo Reef in Papua New Guinea [40]. This is
not surprising, as Unson and colleagues had previously demonstrated that the 3,5-dibromo-
2-(2′,4′-dibromophenoxy)phenol reported from Dysidea herabcea was not produced by the
sponge itself but rather by its cyanobacterial symbiont (filamentous cyanobacterium),
which closely resembles Oscillatoria spongeliae [18], indicating that cyanobacteria, especially
of the genus Oscillatoria, is one of the main sources of PBDEs in nature. Suyama and
colleagues also provided a few corrections on the 13C chemical shift data that closely match
our results using the same CDCl3 solvent [40].

Compound 2b, on the other hand, was first discovered in the 1980s from the marine
sponge Dysidea fragilis using HRMS and NMR analysis [41]. The compound exhibited
antimicrobial activity against the clinically relevant Gram-positive bacteria S. aureus and
B. subtilis [51]. The compound was reisolated recently with the same spectroscopic data
along with compound 1d. The study revealed that adding more bromine positions in
the B-ring increased the inhibitory potency for the α-D-galactosidase from the marine
bacterium Pseudoalteromonas sp. KMM 701 of the GH36 family [55]. Furthermore, the
multifaceted activities of compound 2b were also reported by Handayani et al. [30]. The
compound showed potent antibacterial activity against the human pathogenic bacteria
B. subtilis with a MIC of 3.1 µg/mL along with high cytotoxicity in the brine shrimp
lethality test (BSLT), with an LC50 of 0.9 µg/mL. Antifungal activity was shown against
Cladosporium cucumerinum at 50 nmol (8 mm inhibition zone) and 25 nmol (5 mm inhibition
zone). Antiproliferative activity of compound 2b has been reported against MCF-7 human
adenocarcinoma breast cancer cells [37]. Unfortunately, NMR chemical data on compound
2b has only ever been incompletely provided in the more recent literature described above.

Information on deterrent activities of extracts from the sponge Dysidea started in the
1990s when Duffy and Paul reported deterrent activities against fishes during field feeding
assays with tetra-brominated BDEs from Dysidea sp. collected in Guam, Micronesia [19].
Unfortunately, only the structure of the BDE was reported, and no structural data were
reported for the compound, as they instead referred to the original description of the
compound 3,5-dibromo-2-(2′,4′dibromophenoxy)phenol, which Carte and Faulkner [20]
described. The compound deterred the fishes in two kinds of feeding assay (paired and
multiple-choice assay), where the incorporation of BDE in food pellets resulted in 40–70%
rejection rates [19]. In a follow-up study by Pennings et al. [57], the deterrent activity of the
compound was again confirmed with general reef fish and the pufferfish C. solandri and the
crab Leptodius spp. in aquarium and field assays at 1, 2, and 4% dry mass. Faulkner et al.
also confirmed an ecological role of observed BDEs in Dysidea herbacea from Palau, Microne-
sia. BDEs were abundantly located in needle-like forms and feather-like patterns in the
ectosomal layer of the sponge [58]. They conclude that the accumulation of BDEs in the ec-
tosomal layer of the sponge coupled with the feeding deterrent and antimicrobial activities
indicates an ecological role of these compounds in defense against bacteria, crab, and fish
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predators. Further evidence for the defensive role of BDEs was provided by Becerro and
colleagues [59], who detected 3,5-dibromo-2-(2′,4′-dibromophenoxy)phenol in the sponge
Dysidea granulosa from Guam and the sponge feeding gastropterids Sagaminopteron nigrop-
unctatum and S. psychedelicum. Quantification of the compound revealed its accumulation
by both sponge predators in the gastropterids tissue at over twice the sponge concentration,
most likely for defense against fish predators [59].

Our results are the first report of sponge-derived PBDEs, penta- and hexa- brominated
diphenyl esters (compounds 1d and 2b), exhibiting significant deterrence in the fish feeding
assay and in antimicrobial activities against ecological relevant microorganisms. We also
found that the presence of one additional bromine on the phenolic A-ring resulted in a
higher fish deterrence but not in antimicrobial activity. However, since PBDEs are the
major metabolites in the crude extracts (Figure S3) and have considerable antibacterial and
antifungal activity against clinically relevant microorganisms, one can assume that PBDEs
are also responsible for the observed activities against environmental bacteria. Furthermore,
they likely serve an important ecological function, as they were especially active against
environmental pathogenic strains, such as Vibrio mediterranei and Aurantimonas coralicida,
which have been implicated in several diseases of marine organisms [60,61]. In addition,
pathogenic bacteria Pantoea eucrina and Rhodococcus corynebacterioides infections have been
reported in humans [62,63].

The pronounced bioactivity of the two isolated PBDEs was further confirmed in
antimicrobial assays with clinically relevant strains, where both compounds exhibited high
inhibitory activity against B. subtilis, that was even five times stronger than the positive
control tetracycline (MIC 2.8 µg/mL). Furthermore, compound 1d also inhibited S. aureus
at the same concentration as the control, while it showed weak activity against E. coli and
A. baumannii. In addition, both compounds also exhibited pronounced antifungal activity
against R. glutinis, demonstrating MIC values that were around ten times lower (4.2 µg/mL
and 2.1 µg/mL, respectively) than those of the positive control nystatin (33.3 µg/mL).
The yeast Rhodoturula is a ubiquitous genus in different ecosystems, colonizing plants,
humans, and other mammals [64]. R. glutinis was also found in benthic animals and
deep-sea sediments from the northwest Pacific Ocean [65]. The pathogenicity of the genus
Rhodoturula towards animals and humans by causing bloodstream infections, short bowel
disease, and acute lymphoid leukemia has been reviewed comprehensively [64]. The
emerging resistance of R. glutinis and other Rhodoturula species against caspofungin (100%),
fluconazole (94.7%), luliconazole (1–8 µg/mL), and voriconazole (74.4%) has been well
documented [66] and emphasizes the need for potent antifungal compounds such as 1d and
2b. Both compounds seem to have broad antifungal activity, as seen by their pronounced
inhibition of M. hiemalis. Compound 1d also exhibited about 30% stronger activity against
P. anomala than the positive control nystatin. Moderate fungicidal activity was also reported
for compound 2b against C. cucumerinum [30].

L. herbacea crude extract showed activity in the HCV inhibitory assay. However,
inhibition was weak compared to the positive control epigallocatechin gallate (EGCG) and
therefore was not followed up upon with pure compounds. These results differed from
a previous study that showed novel HCV inhibitory activity from the PBDE 6-hydroxy-
2,2′,4,4′-tetrabromodiphenyl ether from a Japan Dysidea sp [38].

Based on the bioactivity results reported here and previous literature reports, one
can assume that PBDEs have an important ecological function in protecting organisms
against various fish predators and pathogenic microorganisms. The production of these
defensive metabolites might be one reason why L. herbacea is one of the dominant benthic
invertebrates in certain areas [67]. In Indonesia, the dominance of Dysidea was recently
recorded in the Wakatobi Marine National Park, Sulawesi, particularly in areas with
high sedimentation [24,68]. Further research towards the ecological roles of PBDEs and
especially their role in competitions with other sessile benthic invertebrates could close
the gap of why Lamellodysidea is the prevalent inhabitant of shallow-water coral reefs
throughout the Indo-Pacific.
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4. Materials and Methods
4.1. Sample Collection

Lamellodysidea herbacea was collected by hand in Pari Island, Kepulauan Seribu, In-
donesia, in August 2017. L. herbacea were taken at 3–8 m depths. The samples were cut with
a scalpel and were then transferred into an ambient seawater-filled plastic bag. L. herbacea
was morphologically identified as belonging to the Dysideidae family, Dictyoceratida order,
and Demospongiae class. Collected samples were transferred to the nearest lab, frozen, and
then transported to the Environmental Biochemistry working group, Carl von Ossietzky
Universität Oldenburg, Oldenburg, Germany.

4.2. Extraction and Isolation

A wet weight sample of the sponge (243 g) was freeze-dried (31.65 g), grounded
into powder, and extracted exhaustively with MeOH: EtOAc (1:1; HPLC grade VWR
International GmbH, Darmstadt, Germany). Bioassay-guided isolation was conducted
using 558 mg of the total organic extracts (4.1 g), which were further polarity partitioned
into HEX (96.6 mg), DCM (127.8 mg), EtOAc (8.1 mg), and H2O (305.9 mg). The HEX and
DCM fractions were chosen to be tested for all bioactivity screening assays except the HCV
inhibitory assay. For identification of the potential bioactive compounds fractions were
further separated using an HPLC (Agilent) fraction collector coupled with a UPLC-HRMS
(MaXis ESI TOF, Bruker Daltonik GmbH, Bremen, Germany) with a BEH C18 column
(Waters ACQUITY, Milford, MA, USA) (1.7 µm 2.1 × 50 mm) [63]. A step gradient was
used from 95% H2O and 5% MeCN (solvent A) to 5% H2O and 95% MeCN (solvent B). The
resulting fractions were collected in a microplate and tested in MIC assays with clinically
relevant pathogenic bacteria (see 4.5 for details). MS and MS/MS of the active peaks were
obtained using UPLC-HRMS (Waters Synapt G2-Si, Milford, MA, USA) with the same
gradient and column system described above and the MassLynx 4.2 data analysis program.

The masses of the MS of the targeted compounds were obtained in the negative mode.
Detected masses were compared to various databases, namely MarinLit (Royal Society of
Chemistry, Cambridge, UK), Dictionary of Natural Product (ChemNetBase, Taylor&Francis,
Abingdon, UK), and Google scholar. We identified the two targeted compounds as known
compounds, namely the 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol (1d) and 3,4,5,6-
tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b). Solid-Phased Extraction C18-based (SPE)
fractionation was applied to each of the HEX and DCM fractions (used 73 mg each) to
isolate the targeted compounds using a C18 reversed-phase cartridge (10 g) with a column
capacity of 75 mL (HyperSep C18, Fischer Scientific, Leicestershire, UK). The major OH-BDE
compounds were in the fraction of 70:30 CH3CN: H2O (38.6mg).

Purification of the SPE fraction was performed by high-performance liquid chromatog-
raphy (HPLC) (Agilent 1260 Infinity, Agilent, Santa Clara, SA, USA) using a reversed-phase
C18 (Pursuit XRs 5 µm C18 250× 10.0 mm, Agilent, Santa Clara, SA, USA) semi-preparative
column. CH3CN and H2O with the addition of formic acid (FA, 98%, Carl Roth, Karlsruhe,
Germany) at a concentration of 0.1% to both the solvent were applied in the running
sequence. The column temperature was set at 40 ◦C. A flow rate of 2 mL/min was applied
using a step gradient (sequence: in 50 min 85:15 CH3CN: H2O to 95:5 CH3CN: H2O, 2 min
95:5 CH3CN: H2O to 100:0 CH3CN: H2O, 33 min 100:0 CH3CN: H2O, 2 min 100:0 CH3CN:
H2O to 85:15 CH3CN: H2O then 13 min 85:15 CH3CN: H2O). Compounds were detected at
280 nm with the Diode Array Detector (DAD; Agilent 1260 Infinity Diode Array Detector
(G4212-60008), Agilent, Santa Clara, SA, USA). The target compounds were eluted be-
tween 14 and 16 min. Purification yielded 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol
(1d) (2.9 mg) and 3,4,5,6-tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b) (6.8 mg). The
NMR spectra were measured on a Bruker 700 MHz cryo NMR spectrometer (Avance
III HD) using Topspin 3.6.2 for analysis. The structures of compounds 1d and 2b were
verified with the following NMR experiments: 1D proton, 1H,13C-HSQC (pulse program:
hsqcedetgpsisp2.3), and 1H,13C-HMBC (pulse program: hmbcgplpndqf) [50–52]. The 13C
NMR chemical shifts were calculated with the programs NMRPredict, NMRShiftDB, and
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CSEARCH. However, only the results of the first method are given in the main manuscript
(Table 4). The results of the other two methods are provided in the Supplementary Materials
(Table S1).

The compound 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol (1d): white powder;
molecular formula C12H4Br5O2

−; UV (MeOH, photodiode array), λmax 290.407 nm; HRMS-
ESI m/z [M − H]−: 574.614, 576.612, 578.610, 580.607, 582.606, 584.604. The 1H and 13C
NMR data of the structure are in Tables 3 and 4.

The compound 3,4,5,6-tetrabromo-2-(2′,4′-dibromophenoxy)phenol (2b): white crystal
powder; molecular formula C12H3Br6O2; UV (MeOH, photodiode array), λmax 281.407 nm;
HRMS-ESI m/z [M − H]−: 652.524, 654.521, 656.519, 658.518, 660.516, 662.513, 664.512. The
1H and 13C NMR data of the structure are in Tables 5 and 6.

4.3. Feeding Deterrence

Feeding deterrence assays were conducted using a modified method from Pawlik [69],
according to Helber et al. [70]. Thirteen pufferfish, Canthigaster solandri (Richardson, 1845),
were chosen as model organisms since they are omnivorous invertebrate predators known
to feed on sponges and since they have been used in several previous studies [35,70,71].
The assay was conducted using two kinds of artificial food pastes (0.05 g alginic, 0.075 g
powdered squid mantle, one drop food color) consisting of treatment food with natural
volumetric concentration of sponge crude extract, fractions or pure compounds added and
without sponge chemistry as a control. The paste was made by mixing the ingredients
with distilled water that were each loaded into separate 2 mL syringes. A long strand form
was created by emptying the syringe content onto the plates containing a 0.25 M calcium
chloride solution. The strand was rinsed with seawater several times and was then cut into
small pellets to ensure that the puffers could eat them whole.

Thirteen individual puffers were maintained by feeding them with the pellets without
the extract for several days before the assays. The assay was started by offering a control
and treatment pellet sequentially to each puffer. The puffers were not scored if they did
not eat the first control pellet. If the control was eaten, the treated pellet was then offered,
and rejection was scored if the fish spat the pellet out or mothed the pellets (see previous
studies for details) [70]. Next, another control pellet was offered to confirm that the fish was
still hungry. The rejection was not scored if the second control was ignored or rejected. The
pellet rejection of the first and second control was excluded from the calculation. The assay
was continuously conducted until at least ten puffers participated in the assay. Fisher’s
exact test was applied for validating significant differences in the palatability between the
control and treated pellet [70]. Further feeding assay with the two purified compounds
were also conducted testing them at their natural concentration. The concentration was
obtained by calculating the compounds’ total peak area and by comparing it to a calibration
curve (Figure S2).

4.4. Agar Diffusion Assay (ADA) against Pathogenic and Non-Pathogenic Environmental Bacteria

Crude extracts were tested against 14 marine environmental bacteria strains, including
pathogenic and non-pathogenic bacteria associated with marine diseases, using a modified
version of the disk diffusion method [71]. The strains were identified and used by our
colleagues in similar assays [35,72]. Marine broth (MB) agar plates were inoculated with
200 µL of the test strain cultures (24 h cultured in 10 mL liquid broth medium). Subse-
quently, different crude extracts (conc. 0.5 mg/disk), a negative control (MeOH: EtOAc,
15 µL/disk), and positive control (0.1 M Chloramphenicol, Oxoid®, Z 15 µL/disk) were
pipetted onto sterile paper disks (Ø 6 mm, Whatman) and dried. The impregnated disks
were applied upside down onto the agar medium plates at equidistant points. The diame-
ters of inhibition zones were measured to the closest mm after incubation at 37 ◦C for 24
and 48 h. The assays were conducted in three replicates. The results were expressed by
calculating the average of the total inhibition zone surrounding the disks with the crude
extract or fractions.
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4.5. Minimum Inhibition Concentration (MIC) Antimicrobial Assay

To evaluate the bioactivity of the fractions against pathogenic bacteria and fungi, a min-
imum inhibition concentration (MIC) assay in 96-well microplates was conducted following
Okanya et al. [73]. The samples were tested using a panel consisting of Gram-positive
Bacteria Bacillus subtilis (DSM 10), Staphylococcus aureus (DSM 346), and Gram-negative
bacteria Escherichia coli (DSM 1116), Pseudomonas aeruginosa (PA14), and Mycobacterium
smegmatis (ATCC700084). Additional antifungal assays against the filamentous fungus,
Mucor hiemalis (DSM 2656), and the yeasts Candida albicans (DSM 1665) and Rhodotorula
glutinis (DSM 10134) were conducted. The bacterial strains were added into 20 mL MHB
(Mueller Hinton Broth) medium, except for Mycobacterium smegmatis, which was added
into Middlebrook 7H9 medium. Yeast and fungal strains were added into 20 mL MYC
medium (1.0% phytone peptone, 1.0% glucose, 50 mM HEPES (11.9 g/L) pH 7.0). Assay
starting conditions were adjusted to OD600 of 0.01 for the bacteria and to 0.05 for the
yeast/fungi.

The MIC test was conducted by first pipetting 20 µL aliquots (10 mg/mL) of the
sample into 280 µL of microbial culture in the well of the first row (A). Then, serial
dilution steps (1:2) were applied until the eighth row (H). The result was evaluated with
visual observation after overnight incubation (for Mycobacterium smegmatis was 48 h) on
a microplate-vibrating shaker (Heidolph Titramax 1000, Heidolph Instruments GmbH
& Co.KG, Schwabach, Germany) at 600 rpm and at 30 ◦C (for E. coli, P. aeruginosa, M.
smegmatis was 37 ◦C). Negative and positive controls were also applied (Table 1). Clear
wells indicated no growth. Compounds were considered more potent if higher dilutions
still resulted in no growth (the most potent extracts still inhibited test strains in the eighth
row (H)).

Fractions were collected every 30 s using an Agilent 1100 HPLC system equipped
with a fraction collector. The fractions were collected in 96-well plates and were dried [74],
followed by inoculation with the test bacteria. The growth inhibition in the wells was
correlated with the chromatogram peak based on the retention time. UPLC-HRMS was
further used to analyze the mass and the UV spectrum of the active target compounds.

4.6. Inhibitory Effects on HCV Infectivity

Huh7.5 cells, steadily expressing Firefly luciferase (Huh7.5 Fluc; 1 × 104/well) were
provided by Charles Rice (Rockefeller University, New York, NY, USA) which were gen-
erated by the stable retroviral transduction of the gene encoding for the Firefly luciferase
(FLuc) via a transduction approach described elsewhere [75]. The cells were provided by
Charles Rice (Rockefeller University, New York, NY, USA). Those were seeded in 96-well
plates with Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Thermo Fisher Scien-
tific, Schwerte, Germany) containing 2 mM glutamine, 1% minimum essential medium
nonessential amino acids (MEM NEAA, Gibco, Thermo Fisher Scientific, Schwerte, Ger-
many), 100 µg/mL streptomycin, 100 IU/mL penicillin (Gibco, Thermo Fisher Scientific,
Schwerte, Germany), 10% fetal bovine serum, and 5 µg/mL blasticidin. Cells were in-
cubated at 37 ◦C with a 5% CO2 supply. The assay was conducted by infecting Huh7.5
cells with the Jc1-derived Renilla reporter viruses in the presence or absence of sponge
crude extracts as described elsewhere [72]. Reporter virus infection was determined by
Renilla luciferase activity. The cell viability was measured through the determination of
Firefly luciferase, which was stably expressed in the target cells. Epigallocatechin gallate
(EGCG; was purchased from Sigma-Aldrich, Seelze, Germany) was a positive control. After
three days of incubation, the infected cells were washed with PBS, and 50µL H2O was
added afterward. The infected cells were lysed and then frozen at −80 ◦C for 1 h following
Renilla and Firefly luciferase activity measurements on a Berthold Technologies Centro XS3
Microplate Luminometer (Berthold Technologies GmbH & Co.KG, Bad Wildbad, Germany)
as indicators of viral genome replication and cell viability, respectively.
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5. Conclusions

The two isolated PBDEs (1d/2b) from the Indonesian marine sponge L. herbacea were
characterized by detailed LC-MS and NMR experiments. Additionally, we used three
different chemical shift calculation programs to verify the bromine positions within the
PBDE 3,4,5-tribromo-2-(2′,4′-dibromophenoxy)phenol (1d). Both compounds showed
remarkable antimicrobial and feeding deterrent activities. Their ecological role in defense
against fish predators and microbial pathogens had so far not been reported and might be
a reason for the widespread occurrence of this sponge in shallow water coral reef habitats
throughout the Indo-Pacific. This study also provided additional detailed activity results
against various clinical pathogenic bacteria and fungi, demonstrating the bioactivity of the
investigated PBDEs as potential antimicrobial and antifungal agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19110611/s1, Figure S1a. The HRMS (a,b) and MS/MS spectra (c) of the compound 1d.
Figure S1b. The HRMS (a,b) and MS/MS spectra (c) of the compound 2b. Figure S2. Calibration
curves of compounds 1d (a) and 2b (b) showing correlation between observed peak areas and injected
compound concentrations (0.1 µg/mL, 1 µg/mL, 10 µg/mL, 100 µg/mL, 1 mg/mL). Figure S3. HPLC
chromatogram from the crude extract of Lamellodysidea herbacea. It shows that compounds 1d and 2b
are the major metabolites of the extract. Figure S4. UV chromatogram of compounds 1d and 2b (a,c),
including their UV spectra and λmax [nm] (b,d). Table S1. 13C NMR data for compound 1d in CDCl3
compared to their chemical shift calculations by two NMR prediction programs NMRShiftDB and
CSEARCH.
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5. Sepčić, K. Bioactive Alkylpyridinium Compounds from Marine Sponges. J. Toxicol. Toxin Rev. 2000, 19, 139–160. [CrossRef]

https://www.mdpi.com/article/10.3390/md19110611/s1
https://www.mdpi.com/article/10.3390/md19110611/s1
http://doi.org/10.4062/biomolther.2016.067
http://doi.org/10.1039/C7OB02628E
http://doi.org/10.3390/md13074006
http://doi.org/10.1081/TXR-100100318


Mar. Drugs 2021, 19, 611 16 of 18

6. Thawabteh, A.M.; Thawabteh, A.; Lelario, F.; Bufo, S.A.; Scrano, L. Classification, Toxicity and Bioactivity of Natural Diterpenoid
Alkaloids. Molecules 2021, 26, 4103. [CrossRef]

7. Singh, K.S.; Majik, M.S. Pyrrole-Derived Alkaloids of Marine Sponges and Their Biological Properties. Stud. Nat. Prod. Chem.
2019, 62, 377–409.

8. Gomes Filho, S.M.; Cardoso, J.D.; Anaya, K.; Silva do Nascimento, E.; De Lacerda, J.T.J.G.; Mioso, R.; Santi Gadelha, T.; de
Almeida Gadelha, C.A. Marine Sponge Lectins: Actual Status on Properties and Biological Activities. Molecules 2015, 20, 348–357.
[CrossRef]

9. Galasso, C.; Corinaldesi, C.; Sansone, C. Carotenoids from Marine Organisms: Biological Functions and Industrial Applications.
Antioxidants 2017, 6, 96. [CrossRef] [PubMed]

10. Aiello, A.; Fattorusso, E.; Menna, M. Steroids from Sponges: Recent Reports. Steroids 1999, 64, 687–714. [CrossRef]
11. Ivanchina, N.V.; Kicha, A.A.; Stonik, V.A. Steroid Glycosides from Marine Organisms. Steroids 2011, 76, 425–454. [CrossRef]
12. Kim, S.-K.; Van Ta, Q. Chapter 17—Bioactive Sterols from Marine Resources and Their Potential Benefits for Human Health. Adv.

Food Nutr. Res. 2012, 65, 261–268.
13. Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2019, 36, 122–173.

[CrossRef]
14. 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.

[CrossRef]
15. Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2021, 38, 362–413.

[CrossRef] [PubMed]
16. Van Soest, R.W.M.; Boury-Esnault, N.; Hooper, J.N.A.; Rützler, K.; de Voogd, N.J.; Alvarez, B.; Hajdu, E.; Pisera, A.B.; Manconi, R.;

Schönberg, C.; et al. World Porifera Database. Lamellodysidea herbacea (Keller, 1889). Available online: http://www.marinespecies.
org/porifera/porifera.php?p=taxdetails&id=164988 (accessed on 27 August 2021).

17. Galitz, A.; Nakao, Y.; Schupp, P.J.; Wörheide, G.; Erpenbeck, D. A Soft Spot for Chemistry–Current Taxonomic and Evolutionary
Implications of Sponge Secondary Metabolite Distribution. Mar. Drugs 2021, 19, 448. [CrossRef]

18. Unson, M.D.; Holland, N.D.; Faulkner, D.J. A Brominated Secondary Metabolite Synthesized by The Cyanobacterial Symbiont of
A Marine Sponge and Accumulation of The Crystalline Metabolite in The Sponge Tissue. Mar. Biol. 1994, 119, 1–11. [CrossRef]

19. Duffy, J.; Paul, V.J. Prey Nutritional Quality and The Effectiveness of Chemical Defenses against Tropical Reef Fishes. Oecologia
1992, 90, 333–339. [CrossRef] [PubMed]

20. Carte, B.; Faulkner, D.J. Polybrominated Diphenyl Ethers from Dysidea herbacea, Dysidea chlorea and Phyllospongia foliascens.
Tetrahedron 1981, 37, 2335–2339. [CrossRef]

21. Fu, X.; Schmitz, F.J.; Govindan, M.; Abbas, S.A.; Hanson, K.M.; Horton, P.A.; Crews, P.; Laney, M.; Schatzman, R.C. Enzyme
Inhibitors: New and Known Polybrominated Phenols and Diphenyl Ethers from Four Indo-Pacific Dysidea Sponges. J. Nat. Prod.
1995, 58, 1384–1391. [CrossRef] [PubMed]

22. Cameron, G.M.; Stapleton, B.L.; Simonsen, S.M.; Brecknell, D.J.; Garson, M.J. New Sesquiterpene and Brominated Metabolites
from the Tropical Marine Sponge Dysidea sp. Tetrahedron 2000, 56, 5247–5252. [CrossRef]

23. Bell, J.J.; Smith, D. Ecology of Sponge Assemblages (Porifera) in the Wakatobi Region, South-East Sulawesi, Indonesia: Richness
and Abundance. J. Mar. Biol. Assoc. U.K 2004, 84, 581–591. [CrossRef]

24. de Voogd, N.J.; Cleary, D.F.R.; Hoeksema, B.W.; Noor, A.; van Soest, R.W.M. Sponge Beta Diversity in the Spermonde Archipelago,
SW Sulawesi, Indonesia. Mar. Ecol. Prog. Ser. 2006, 309, 131–142. [CrossRef]

25. de Voogd, N.J.; Becking, L.E.; Cleary, D.F. Sponge Community Composition in the Derawan Islands, NE Kalimantan, Indonesia.
Mar. Ecol. Prog. Ser. 2009, 396, 169–180. [CrossRef]

26. Powell, A.L.; Hepburn, L.J.; Smith, D.J.; Bell, J.J. Patterns of Sponge Abundance Across a Gradient of Habitat Quality in The
Wakatobi Marine National Park, Indonesia. Open. Mar. Biol. J. 2010, 4, 31–38. [CrossRef]

27. Putra, M.Y.; Hadi, T.A. Chemical Composition, Antimicrobial, Cytotoxic and Antiplasmodial Activities of Three Sponges from
Buton Islands, Indonesia. Indones. J. Mar. Sci. Ilmu Kelaut. 2017, 22, 147–154. [CrossRef]

28. Hanif, N.; Tanaka, J.; Setiawan, A.; Trianto, A.; de Voogd, N.J.; Murni, A.; Tanaka, C.; Higa, T. Polybrominated Diphenyl Ethers
from the Indonesian Sponge Lamellodysidea herbacea. J. Nat. Prod. 2007, 70, 432–435. [CrossRef] [PubMed]

29. Hanif, N.; Ardan, M.S.; Tohir, D.; Setiawan, A.; de Voogd, N.J.; Farid, M.; Murni, A.; Tanaka, J. Polybrominated Diphenyl Ethers
with Broad Spectrum Antibacterial Activity from the Indonesian Marine Sponge Lamellodysidea herbacea. J. App. Pharm. Sci. 2019,
9, 1–6. [CrossRef]

30. Handayani, D.; Edrada, R.A.; Proksch, P.; Wray, V.; Witte, L.; Van Soest, R.W.; Kunzmann, A.; Soedarsono. Four New Bioactive
Polybrominated Diphenyl Ethers of the Sponge Dysidea herbacea from West Sumatra, Indonesia. J. Nat. Prod. 1997, 60, 1313–1316.
[CrossRef]

31. Torii, M.; Kato, H.; Hitora, Y.; Angkouw, E.D.; Mangindaan, R.E.P.; de Voogd, N.J.; Tsukamoto, S. Lamellodysidines A and B,
Sesquiterpenes Isolated from the Marine Sponge Lamellodysidea herbacea. J. Nat. Prod. 2017, 80, 2536–2541. [CrossRef] [PubMed]

32. Arai, M.; Shin, D.; Kamiya, K.; Ishida, R.; Setiawan, A.; Kotoku, N.; Kobayashi, M. Marine Spongean Polybrominated Diphenyl
Ethers, Selective Growth Inhibitors against the Cancer Cells Adapted to Glucose Starvation, Inhibits Mitochondrial Complex II. J.
Nat. Med. 2017, 71, 44–49. [CrossRef]

http://doi.org/10.3390/molecules26134103
http://doi.org/10.3390/molecules20010348
http://doi.org/10.3390/antiox6040096
http://www.ncbi.nlm.nih.gov/pubmed/29168774
http://doi.org/10.1016/S0039-128X(99)00032-X
http://doi.org/10.1016/j.steroids.2010.12.011
http://doi.org/10.1039/C8NP00092A
http://doi.org/10.1039/C9NP00069K
http://doi.org/10.1039/D0NP00089B
http://www.ncbi.nlm.nih.gov/pubmed/33570537
http://www.marinespecies.org/porifera/porifera.php?p=taxdetails&id=164988
http://www.marinespecies.org/porifera/porifera.php?p=taxdetails&id=164988
http://doi.org/10.3390/md19080448
http://doi.org/10.1007/BF00350100
http://doi.org/10.1007/BF00317689
http://www.ncbi.nlm.nih.gov/pubmed/28313519
http://doi.org/10.1016/S0040-4020(01)88886-4
http://doi.org/10.1021/np50123a008
http://www.ncbi.nlm.nih.gov/pubmed/7494145
http://doi.org/10.1016/S0040-4020(00)00434-8
http://doi.org/10.1017/S0025315404009580h
http://doi.org/10.3354/meps309131
http://doi.org/10.3354/meps08349
http://doi.org/10.2174/1874450801004010031
http://doi.org/10.14710/ik.ijms.22.3.147-154
http://doi.org/10.1021/np0605081
http://www.ncbi.nlm.nih.gov/pubmed/17311456
http://doi.org/10.7324/JAPS.2019.91201
http://doi.org/10.1021/np970271w
http://doi.org/10.1021/acs.jnatprod.7b00610
http://www.ncbi.nlm.nih.gov/pubmed/28841316
http://doi.org/10.1007/s11418-016-1025-x


Mar. Drugs 2021, 19, 611 17 of 18

33. Yamazaki, H.; Sumilat, D.A.; Kanno, S.; Ukai, K.; Rotinsulu, H.; Wewengkang, D.S.; Ishikawa, M.; Mangindaan, R.E.; Namikoshi,
M. A Polybromodiphenyl Ether from an Indonesian Marine Sponge Lamellodysidea herbacea and Its Chemical Derivatives Inhibit
Protein Tyrosine Phosphatase 1B, an Important Target for Diabetes Treatment. J. Nat. Med. 2013, 67, 730–735. [CrossRef] [PubMed]

34. Kapojos, M.M.; Abdjul, D.B.; Yamazaki, H.; Kirikoshi, R.; Takahashi, O.; Rotinsulu, H.; Wewengkang, D.S.; Sumilat, D.A.;
Ukai, K.; Namikoshi, M. Protein Tyrosine Phosphatase 1B Inhibitory Polybromobiphenyl Ethers and Monocyclofarnesol-type
Sesquiterpenes from the Indonesian Marine Sponge Lamellodysidea cf. herbacea. Phytochem. Lett. 2018, 24, 10–14. [CrossRef]

35. Kamyab, E.; Rohde, S.; Kellermann, M.Y.; Schupp, P.J. Chemical Defense Mechanisms and Ecological Implications of Indo-Pacific
Holothurians. Molecules 2020, 25, 4808. [CrossRef] [PubMed]

36. Petersen, L.-E.; Moeller, M.; Versluis, D.; Nietzer, S.; Kellermann, M.Y.; Schupp, P.J. Mono-and Multispecies Biofilms from a
Crustose Coralline Alga Induce Settlement in the Scleractinian Coral Leptastrea purpurea. Coral Reefs 2021, 40, 381–394. [CrossRef]

37. Zhang, H.; Skildum, A.; Stromquist, E.; Rose-Hellekant, T.; Chang, L.C. Bioactive Polybrominated Diphenyl Ethers from the
Marine Sponge Dysidea sp. J. Nat. Prod. 2008, 71, 262–264. [CrossRef] [PubMed]

38. Salam, K.A.; Furuta, A.; Noda, N.; Tsuneda, S.; Sekiguchi, Y.; Yamashita, A.; Moriishi, K.; Nakakoshi, M.; Tani, H.; Roy, S.R.; et al.
PBDE: Structure-activity Studies for the Inhibition of Hepatitis C Virus NS3 Helicase. Molecules 2014, 19, 4006–4020. [CrossRef]
[PubMed]

39. Blunt, J.W.; Munro, M.H. MarinLit Online Database. Available online: https://pubs.rsc.org/marinlit (accessed on 16 June 2021).
40. Suyama, T.L.; Cao, Z.; Murray, T.F.; Gerwick, W.H. Ichthyotoxic Brominated Diphenyl Ethers from a Mixed Assemblage of a Red

Alga and Cyanobacterium: Structure Clarification and Biological Properties. Toxicon 2010, 55, 204–210. [CrossRef]
41. Utkina, N.K.; Kazantseva, M.V.; Denisenko, V.A. Brominated Diphenyl Ethers from the Marine Sponge Dysidea fragilis. Chem. Nat.

Compd. 1987, 23, 508–509. [CrossRef]
42. Salva, J.; Faulkner, D.J. A New Brominated Diphenyl Ether from a Philippine Dysidea Species. J. Nat. Prod. 1990, 53, 757–760.

[CrossRef]
43. Köck, M.; Junker, J.; Maier, W.; Will, M.; Lindel, T. A COCON Analysis of Proton-Poor Heterocycles–Application of Carbon

Chemical Shift Predictions for the Evaluation of Structural Proposals. Eur. J. Org. Chem. 1999, 579–586. [CrossRef]
44. Junker, J.; Maier, W.; Lindel, T.; Köck, M. Computer-Assisted Constitutional Assignment of Large Molecules: Cocon Analysis of

Ascomycin. Org. Lett. 1999, 1, 737–740. [CrossRef]
45. Meiler, J.; Sanli, E.; Junker, J.; Meusinger, R.; Lindel, T.; Will, M.; Maier, W.; Köck, M. Validation of Structural Proposals by

Substructure Analysis and 13C NMR Chemical Shift Prediction. J. Chem. Inf. Comput. Sci. 2002, 42, 241–248. [CrossRef]
46. Meiler, J.; Köck, M. Novel Methods of Automated Structure Elucidation Based on 13C NMR Spectroscopy. Magn. Reson. Chem.

2004, 42, 1042–1045. [CrossRef] [PubMed]
47. NMRPredict; Version 5.1.29; Modgraph Consultants Ltd: Welwyn, UK.
48. Steinbeck, C.; Krause, S.; Kuhn, S. NMRShiftDBConstructing a Free Chemical Information System with Open-Source Components.

J. Chem. Inf. Comput. Sci. 2003, 43, 1733–1739. [CrossRef]
49. Robien, W. The Advantage of Automatic Peer-Reviewing of 13C-NMR Reference Data Using the CSEARCH-Protocol. Molecules

2021, 26, 3413. [CrossRef]
50. Bowden, B.F.; Towerzey, L.; Junk, P.C. A New Brominated Diphenyl Ether from the Marine Sponge Dysidea herbacea. Aust. J. Chem.

2000, 53, 299–301. [CrossRef]
51. Sharma, G.M.; Vig, B. Studies on Antimicrobial Substances of Sponges. VI. Structures of two Antibacterial Substances Isolated

from Marine Sponge Dysidea herbacea. Tetrahedron Lett. 1972, 17, 1715–1718. [CrossRef]
52. Agrawal, M.S.; Bowden, B.F. Marine Sponge Dysidea herbacea Revisited: Another Brominated Diphenyl Ether. Mar. Drugs 2005, 3,

9–14. [CrossRef]
53. Fu, X.; Schmitz, F.J. New Brominated Diphenyl Ether from an Unidentified Species of Dysidea Sponge. C-13 NMR Data for Some

Brominated Diphenyl Ethers. J. Nat. Prod. 1996, 59, 1102–1103. [CrossRef] [PubMed]
54. Pedradab, S. Isolation and Structure Elucidation of Secondary Metabolites from Marine Sponges and a Marine-derived Fungus.

Doctoral Dissertation, Heinrich-Heine Universität, Düsseldorf, Germany, 2005.
55. Utkina, N.K.; Likhatskaya, G.N.; Balabanova, L.A.; Bakunina, I.Y. Sponge-derived Polybrominated Diphenyl Ethers and Dibenzo-

p-dioxins, Irreversible Inhibitors of the Bacterial α-d-galactosidase. Environ. Sci. Process. Impacts 2019, 21, 1754–1763. [CrossRef]
56. Ortlepp, S.; Pedpradap, S.; Dobretsov, S.; Proksch, P. Antifouling Activity of Sponge-derived Polybrominated Diphenyl Ethers

and Synthetic Analogues. Biofouling 2008, 24, 201–208. [CrossRef]
57. Pennings, S.C.; Pablo, S.R.; Paul, V.J.; Duffy, J.E. Effects of Sponge Secondary Metabolites in Different Diets on Feeding by Three

Groups of Consumers. J. Exp. Mar. Bio. Ecol. 1994, 180, 137–149. [CrossRef]
58. Faulkner, D.J.; Unson, M.D.; Bewley, C.A. The Chemistry of Some Sponges and Their Symbionts. Pure Appl. Chem. 1994, 66,

1983–1990. [CrossRef]
59. Becerro, M.A.; Starmer, J.A.; Paul, V.J. Chemical Defenses of Cryptic and Aposematic Gastropterid Molluscs Feeding on Their

Host Sponge Dysidea granulosa. J. Chem. Ecol. 2006, 32, 1491–1500. [CrossRef]
60. Andree, K.B.; Carrasco, N.; Carella, F.; Furones, D.; Prado, P. Vibrio mediterranei, a Potential Emerging Pathogen of Marine Fauna:

Investigation of Pathogenicity Using a Bacterial Challenge in Pinna nobilis and Development of A Species-specific PCR. J. Appl.
Microbiol. 2021, 130, 617–631. [CrossRef]

http://doi.org/10.1007/s11418-012-0735-y
http://www.ncbi.nlm.nih.gov/pubmed/23274914
http://doi.org/10.1016/j.phytol.2017.11.016
http://doi.org/10.3390/molecules25204808
http://www.ncbi.nlm.nih.gov/pubmed/33086732
http://doi.org/10.1007/s00338-021-02062-5
http://doi.org/10.1021/np070244y
http://www.ncbi.nlm.nih.gov/pubmed/18198840
http://doi.org/10.3390/molecules19044006
http://www.ncbi.nlm.nih.gov/pubmed/24699145
https://pubs.rsc.org/marinlit
http://doi.org/10.1016/j.toxicon.2009.07.020
http://doi.org/10.1007/BF00597821
http://doi.org/10.1021/np50069a043
http://doi.org/10.1002/(SICI)1099-0690(199903)1999:3&lt;579::AID-EJOC579&gt;3.0.CO;2-
http://doi.org/10.1021/ol990725b
http://doi.org/10.1021/ci010294n
http://doi.org/10.1002/mrc.1424
http://www.ncbi.nlm.nih.gov/pubmed/15470690
http://doi.org/10.1021/ci0341363
http://doi.org/10.3390/molecules26113413
http://doi.org/10.1071/CH99152
http://doi.org/10.1016/S0040-4039(01)84729-8
http://doi.org/10.3390/md301009
http://doi.org/10.1021/np960542n
http://www.ncbi.nlm.nih.gov/pubmed/8946753
http://doi.org/10.1039/C9EM00301K
http://doi.org/10.1080/08927010802008096
http://doi.org/10.1016/0022-0981(94)90083-3
http://doi.org/10.1351/pac199466101983
http://doi.org/10.1007/s10886-006-9064-5
http://doi.org/10.1111/jam.14756


Mar. Drugs 2021, 19, 611 18 of 18

61. Denner, E.B.; Smith, G.W.; Busse, H.-J.; Schumann, P.; Narzt, T.; Polson, S.W.; Lubitz, W.; Richardson, L.L. Aurantimonas coralicida
gen. nov., sp. nov., the Causative Agent of White Plague Type II on Caribbean Scleractinian Corals. Int. J. Syst. Evol. Microbiol.
2003, 53, 1115–1122. [CrossRef] [PubMed]

62. Lotte, L.; Sindt, A.; Ruimy, R.; Neri, D.; Lotte, R.; Weiss, N.; Vassallo, M. Description of the First Case of Catheter-Related
Bloodstream Infection Due to Pantoea eucrina in a Cancer Patient. SN Compr. Clin. Med. 2019, 1, 142–145. [CrossRef]

63. Kitamura, Y.; Sawabe, E.; Ohkusu, K.; Tojo, N.; Tohda, S. First Report of Sepsis Caused by Rhodococcus corynebacterioides in a
Patient with Myelodysplastic Syndrome. J. Clin. Microbiol. 2012, 50, 1089–1091. [CrossRef] [PubMed]

64. Wirth, F.; Goldani, L.Z. Epidemiology of Rhodotorula: An Emerging Pathogen. Interdiscip. Perspect. Infect. Dis. 2012, 2012.
[CrossRef] [PubMed]

65. Nagahama, T.; Hamamoto, M.; Nakase, T.; Takami, H.; Horikoshi, K. Distribution and Identification of Red Yeasts in Deep-sea
Environments around the Northwest Pacific Ocean. Antonie Van Leeuwenhoek 2001, 80, 101–110. [CrossRef]

66. Gharaghani, M.; Taghipour, S.; Mahmoudabadi, A.Z. Molecular Identification, Biofilm Formation and Antifungal Susceptibility
of Rhodotorula spp. Mol. Biol. Rep. 2020, 47, 8903–8909. [CrossRef] [PubMed]

67. Malakar, B.; Venu, S.; Samuel, V.D.; Abhilash, K. Increasing Signs of Degradation of Shallow Water Coral Reefs Due to Repeated
Bleaching and Spatial Competition among Benthic Substrates. Wetl. Ecol. Manag. 2020, 1–7. [CrossRef]

68. Powell, A.; Smith, D.J.; Hepburn, L.J.; Jones, T.; Berman, J.; Jompa, J.; Bell, J.J. Reduced Diversity and High Sponge Abundance on
a Sedimented Indo-Pacific Reef System: Implications for Future Changes in Environmental Quality. PLoS ONE 2014, 9, 1–14.
[CrossRef] [PubMed]

69. Pawlik, J.R.; Chanas, B.; Toonen, R.J.; Fenical, W. Defenses of Caribbean Sponges against Predatory Reef Fish. I. Chemical
Deterrency. Mar. Ecol. Prog. Ser. 1995, 127, 183–194. [CrossRef]

70. Helber, S.B.; de Voogd, N.J.; Muhando, C.A.; Rohde, S.; Schupp, P.J. Anti-predatory Effects of Organic Extracts of 10 Common
Reef Sponges from Zanzibar. Hydrobiologia 2016, 790, 247–258. [CrossRef]

71. Rohde, S.; Nietzer, S.; Schupp, P.J. Prevalence and Mechanisms of Dynamic Chemical Defenses in Tropical Sponges. PLoS ONE
2015, 10, e0132236. [CrossRef]

72. Helber, S.B.; Hoeijmakers, D.J.J.; Muhando, C.A.; Rohde, S.; Schupp, P.J. Sponge Chemical Defenses are a Possible Mechanism for
Increasing Sponge Abundance on Reefs in Zanzibar. PLoS ONE 2018, 13. [CrossRef]

73. Okanya, P.W.; Mohr, K.I.; Gerth, K.; Jansen, R.; Müller, R. Marinoquinolines A− F, Pyrroloquinolines from Ohtaekwangia kribbensis
(Bacteroidetes). J. Nat. Prod. 2011, 74, 603–608. [CrossRef]

74. Khosravi Babadi, Z.; Ebrahimipour, G.; Wink, J.; Narmani, A.; Risdian, C. Isolation and Identification of Streptomyces sp. Act4Zk,
A Good Producer of Staurosporine and Some Derivatives. Lett. Appl. Microbiol. 2021, 72, 206–218. [CrossRef] [PubMed]

75. Ciesek, S.; von Hahn, T.; Colpitts, C.C.; Schang, L.M.; Friesland, M.; Steinmann, J.; Manns, M.P.; Ott, M.; Wedemeyer, H.;
Meuleman, P.; et al. The Green Tea Polyphenol, Epigallocatechin-3-gallate, Inhibits Hepatitis C Virus Entry. Hepatology 2011, 54,
1947–1955. [CrossRef] [PubMed]

http://doi.org/10.1099/ijs.0.02359-0
http://www.ncbi.nlm.nih.gov/pubmed/12892136
http://doi.org/10.1007/s42399-018-0031-6
http://doi.org/10.1128/JCM.06279-11
http://www.ncbi.nlm.nih.gov/pubmed/22205796
http://doi.org/10.1155/2012/465717
http://www.ncbi.nlm.nih.gov/pubmed/23091485
http://doi.org/10.1023/A:1012270503751
http://doi.org/10.1007/s11033-020-05942-1
http://www.ncbi.nlm.nih.gov/pubmed/33130966
http://doi.org/10.1007/s11273-020-09744-x
http://doi.org/10.1371/journal.pone.0085253
http://www.ncbi.nlm.nih.gov/pubmed/24475041
http://doi.org/10.3354/meps127183
http://doi.org/10.1007/s10750-016-3036-8
http://doi.org/10.1371/journal.pone.0132236
http://doi.org/10.1371/journal.pone.0197617
http://doi.org/10.1021/np100625a
http://doi.org/10.1111/lam.13415
http://www.ncbi.nlm.nih.gov/pubmed/33058293
http://doi.org/10.1002/hep.24610
http://www.ncbi.nlm.nih.gov/pubmed/21837753

	Introduction 
	Results 
	Feeding Deterrent Assay 
	Antimicrobial Activity against Pathogenic and Non-Pathogenic Environmental Bacteria 
	Antimicrobial Assay against Pathogenic Clinical Microbes 
	Inhibitory Effects on HCV Infectivity 
	Structure Elucidation of Compounds 1d and 2b 

	Discussion 
	Materials and Methods 
	Sample Collection 
	Extraction and Isolation 
	Feeding Deterrence 
	Agar Diffusion Assay (ADA) against Pathogenic and Non-Pathogenic Environmental Bacteria 
	Minimum Inhibition Concentration (MIC) Antimicrobial Assay 
	Inhibitory Effects on HCV Infectivity 

	Conclusions 
	References

