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Abstract. Balansa W, Riyanti, Patras MA, Balansa KH, Hanif N, Rieuwpassa FJ, Hill M, Schaberle TF. 2025. Harnessing the
metabolites from the marine sponge Melophlus sarasinorum for the discovery of eco-friendly antifoulants. Biodiversitas 26: 1590-1606.
Marine biofouling remains an unresolved issue in both the maritime industry and the marine environment, demanding the discovery of
new eco-friendly antifoulants. This study aimed to evaluate the antifouling potential of the marine sponge, Melophlus sarasinorum
(Thiele, 1899), through metabolomic, computational, and field studies. Seven compounds were dereplicated as sarasinosides A1-A3, D,
L, M, and M2 (1-7) from extracts of M. sarasinorum from Kawaluso and Mahumu Islands. Molecular docking showed robust binding
affinities for 1-7 (-8.2 to —9.6 kcal/mol), rivaling acetylcholinesterase (AChE) inhibitors, synoxazolidinones A (8) and C (9), commercial
antifoulants medetomidine/selektope® (12) and econea® (13) (-9.2, —9.3, —9.5, —9.3 kcal/mol, respectively) as well as the antifouling
agents, seanin_211 (10) (-8.9 kcal/mol) and irgarol_1505 (11) (-5.5, —6.5 kcal/mol, respectively). The strong binding affinities of 1-7
suggest possible new allosteric interactions with AChE. The ANOVA test revealed a significant difference in biofouling growth
(p<0.05) between nets pre-treated with 1:1, 1:2, or 1:3 sponge powder/epoxy mixture compared to other treatments, as confirmed by a
post-hoc Duncan test. Notably, toxicity studies with EPI Suite™ indicated that 1-7 had more eco-friendly toxicological parameters (i.e.,
low Log Kow, Log Koc, Biotransformation Half-life, and water solubility) compared to AChE inhibitors and commercial antifouling
agents (p<0.05). Our results demonstrate the antifouling activity of sarasinosides (1-7), providing insight into the design of novel, eco-
friendly antifoulants that warrant further investigation into their mode of action and optimization.
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INTRODUCTION

Biofouling remains a significant issue for the marine
environment and maritime industries, with far-reaching
ecological consequences. In the shipping industry, this
leads to material corrosion, engine wear, and increased fuel
consumption, resulting in higher operational costs and
higher greenhouse gas emissions (Farkas et al. 2021; Song
et al. 2021). The cost of biofouling is estimated to be a
substantial USD 25 hillion per year by 2100 (Olick 2023).
With the continuous expansion of global shipping, it is
anticipated that this sector will account for 10% of global
greenhouse gas emissions by 2050 (Ayesu 2023).
Furthermore, fouled ships can also act as vectors, capable of
introducing invasive species to new marine environments
and having negative ecological and economic consequences
(Georgiades et al. 2021; Yousef 2023). Invasive species
frequently compete with native species for resources,
disrupt existing food webs, and induce significant shifts in
ecosystem dynamics (Byers et al. 2023), endangering local
biodiversity and ecological stability (Costanzo et al. 2021).

This also increases the economic burden, estimated to be a
staggering 345 billion USD annually (Cuthbert et al. 2021;
Ross et al. 2024).

Similarly, in aquaculture, biofouling organisms have
various negative effects, demanding regular and costly
maintenance (Hadzi¢ et al. 2022). Biofouling organisms
obstruct water flow, lead to stagnant conditions, and reduce
oxygen levels, making them critical indicators of disease
outbreaks (Bannister et al. 2019). These effects include
direct harm from stinging organisms, pathogen harboring
and proliferation (e.g., vibriosis in cod), and disease
transmission via vectors or intermediate hosts (e.g., blood
flukes in tuna). Collectively, they damage existing
infrastructure and increase operating costs, contributing to
5-10% of production-related expenses or equivalent to 1.5
to 3 billion USD per year (Bannister et al. 2019). The
substantial financial burden makes the development of new
and environmentally benign antifoulants a high priority
(Dobretsov and Rittschof 2023).

Despite its effectiveness, tributyltin (TBT) was banned
in 2003 due to its toxicity to marine life, the environment,
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and human health (Selim et al. 2017). This ban has spurred
the search for environmentally benign alternatives (Qian et
al. 2015; Gomez-Banderas 2022). Research has focused on
natural sources, including marine organisms (invertebrates,
algae, and symbiotic microorganisms) (Qian et al. 2015;
Bannister et al. 2019; Pinteus et al. 2021; Gomez-Banderas
2022) and terrestrial plants (Chen et al. 2021, 2023). These
investigations have highlighted terpenoids, alkaloids,
polyphenols, as promising antifoulants (Qian et al. 2015;
Bannister et al. 2019; Chen et al. 2021, 2023). Current
research also focuses on developing polymeric coatings with
tailored antifouling properties, including: (i) Urushiol-
based Benzoxazine Copper Polymer (UBCP) (Chen et al.
2021); (ii) UBCP/Polymerized Tung Qil (PTO) (Chen et al.
2023); (iii) composite coatings with in situ-generated silver
nanoparticles for balanced antifouling efficacy and
environmental compatibility (Chen et al. 2024a); and (iv)
polybenzoxazine coatings with modulated surface energy
and modulus (Chen et al. 2024b). Despite promising in vitro
results, the ecological relevance of these novel antifoulants
necessitates comprehensive field studies, and previously
claimed "eco-friendly" agents require robust toxicity
assessments (Quémener et al. 2022).

This study investigates the antifouling potential of
Melophlus sarasinorum (Thiele, 1899) from the Sangihe
Islands, Indonesia, employing a multidisciplinary approach.
Metabolomics has significantly contributed to the elucidation
of marine natural products, enabling rapid dereplication
(Riyanti et al. 2020a). Molecular docking and in silico
analyses have become indispensable components of the
modern drug discovery process (Roney and Mohd Aluwi
2024) and in the development of antifouling agents (Arabshahi
et al. 2021; Gaudéncio and Pereira 2022). Acetylcholinesterase
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(AChE) plays a key role in the settlement of both
microfouling and macrofouling organisms. Its inhibition
prevents the settlement of the tunicate Ciona savignyi
(Herdman, 1882) (Arabshahi et al. 2021), mussel Mytilus
galloprovincialis (Lamarck, 1819) larvae (Almeida et al.
2020), and several other biofouling bacteria (Arabshahi et
al. 2021). This makes AChE, previously known as an
Alzheimer's disease target (Marucci et al. 2021), an emerging
antifouling target (Arabshahi et al. 2021; Gaudéncio and
Pereira 2022) with potential in the discovery of new
ecofriendly antifouling compounds (Zhang et al. 2014;
Quémener et al. 2022).

This study reports on dereplication, in silico and field
studies, ecotoxicological profiles and antifouling potential
of the metabolites from M. sarasinorum, providing insights
for the development of novel and effective eco-friendly
antifoulants.

MATERIALS AND METHODS

Study area

The M. sarasinorum sponges were hand-collected using
scuba from Kawaluso and Mahumu in Sangihe Islands
District, North Sulawesi, Indonesia (Figure 1), in June 2019,
at a depth of 7-15 meters. The specimens were prepared,
stored, and evaluated using the same method we previously
reported (Balansa et al. 2024). The field study was carried
out over 31 days in June and July 2023 at the mariculture
facility of Politeknik Negeri Nusa Utara in Teluk Talengen,
Sangihe Islands. Antibacterial assays and metabolomic
analyses were conducted at Justus Liebig University of
Giessen, Germany.
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Figure 1. Locations of the sampling sites for Melophlus sarasinorum at point 1 (4° 13' 56" N, 125° 19' 29" E) and point 2 (3° 23' 33" N,
125°34'16.0" E) in Kawaluso and Mahumu in Sangihe Islands, North Sulawesi, Indonesia



1592

Procedures
Sample collection and identification

The specimen, weighing 50 g (wet weight), was cut into
smaller pieces and solar-dried for 6 hours, similar to our
previous report (Balansa et al. 2024). The sponge was
identified using our previously reported method (Rieuwpassa
et al. 2023), with a slight modification to the acid digestion
method (Hooper and van Soest 2022). Soon after the
specimen was exposed to air, its color turned from light
brown to reddish brown. The sponge was egg-shaped with
a central osculum supported by a three-legged structure.
Further analysis showed the presence of megascleres in the
form of oxea spicules, measuring between 498.22 mm and
515.16 mm in length. These morphological characteristics
were in accordance with M. sarasinorum (Hooper and van
Soest 2002; Riyanti et al. 2020b).

Antimicrobial and metabolomic studies

Micro broth dilution assays were conducted in 384-well
microtiter plates against Escherichia coli ATCC 35218,
Staphylococcus aureus ATCC33592, and Pseudomonas
aeruginosa ATCC using gentamycin as a positive control.
UPLC-MS/MS data collection and analysis was performed
on a UPLC-HRMS/MS system (Bruker, Billerica, MA,
USA) ESI-qTOF-UHRMS. Molecular networking analysis
was performed online using the GNPS infrastructure (Aron
et al. 2020).

Molecular docking

The target protein, AChE (PDB ID: 6G1U), was obtained
from the Protein Data Bank (http://www.rcsh.org/pdb) at a
resolution of 2.85 A. This crystal structure was chosen due
to the conserved nature of the AChE active site across
species (Sussman et al. 1991). Its suitability for identifying
broad-spectrum antifouling inhibitors was further validated
using Crassostrea gigas (Thunberg, 1793) AChE
(Arabshahi et al. 2021), ensuring an accurate representation
of the enzyme. The 3D sdf files of all ligands
(sarasinosides A1-A3 (1-3), D (4), L (5), M (6), M2 (7),
synoxalidinones A (8), C (9), irgarol_1501 (10),
seanin_211 (11), econea® (12) and selektope® (13) were
downloaded from PubChem. PyRx molecular docking
software and AutoDock Wizard accomplished the
autodocking of ligands. Tests were conducted in nine
replicates with the best Root Mean Square Deviations
(RMSDs) (zero) and best poses (the lowest docking score)
used.

Antifouling study

Sponge powder was obtained from M. sarasinorum
collected by scuba diving at a depth of 5 meters in
Mahumu, Sangihe Islands, Indonesia. The collected sponge
was frozen, air-dried, and then ground into a fine powder
using a blender. Polyethylene nets (10 x 15 cm?) with a 1-
inch mesh size were prepared from prime-grade high-
density polyethylene. Antifouling agents were prepared in
triplicate by separately mixing 1, 2, and 3 mg of sponge
powder with 10 mL of epoxy resin to achieve 1:1, 1:2 and
1:3 sponge powder/epoxy mixture, respectively. The mixture
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was evenly applied to the polyethylene nets, including their
nodes, using a brush and allowed to dry for 48 hours. The
treated nets were then attached to the upper sides of cages
and buoys, simulating a floating fish farm net configuration.
Subsequently, they were immersed in the sea for 30 days.
The same methodologies have been previously reported by
Balansa et al. (2024).

Statistical analysis

To evaluate the effectiveness of the M. sarasinorum
extract as an antifouling agent for polyethylene nets, we
used a formula, software, and data analysis previously
reported by Balansa et al. (2024). In short, determining the
antifouling activity involved measuring the final weight of
the nets and subtracting from them the initial weight of
each net observed after one month (lighter nets indicate
stronger antifouling activity). The field study results were
analyzed using a complete randomized design Analysis of
Variance (ANOVA) under the Statistical Package for
Social Science (SPSS) 16.0 Program. In addition, we
applied the Fisher's Exact Test to compare the activities of
sarasinosides using GraphPad (available at https://
www.graphpad.com/quickcalcs/contingency). Beneficial and
harmful scores were assigned based on specific criteria
related to their efficacy and safety profiles.

Ecotoxicological evaluation

To assess the potential environmental impact of
sarasinosides, AChE inhibitors, and commercial antifoulants,
we predicted several key physicochemical properties using
the U.S. EPA's EPI Suite™ software (KOWWINTM,
KOCWIN™_ BCFBAF™, BIOWIN™, and ECOSAR™)
(Card et al. 2017). They include Log Kow (Octanol-Water
Partition Coefficient) which estimates bioaccumulation
potential with values >3.0 suggesting a tendency to
accumulate in organisms (ECHA 2021; Vilas-Boas et al.
2021). Log Koc (Soil/Sediment Adsorption Coefficient)
estimates binding to soil and sediment; values <3.0 suggest
low adsorption, while >3.5 suggests medium adsorption
(ECHA 2017; Vilas-Boas et al. 2023). Log BAF/BCF
(Bioaccumulation/Bioconcentration ~ Factor)  estimates
compound concentration in fish tissues; values >3.0
suggest high bioaccumulation (Mackay and Fraser 2000;
Kobayashi 2021). Biotransformation Half-Life (BHL)
estimates how quickly a compound breaks down; values <1
day indicate rapid breakdown, >1 to 30 days moderate, and
>30 days persistent (Papa, 2018). Water Solubility is
classified as low (<1 mg/mL), moderate (1-100 mg/mL), or
high (>100 mg/mL) (Ronald Ney, 1995). Referred also as
Kow, LogP indicates absorption of a substance/substances
by living organisms also it is referred as Kow with negative
and positive values indicating higher affinity for aqueous
(1) and lipid (0) phases respectively (Bhal 2007).
Biodegradability (via Biowin5) with values >0.5 =1 ('Yes)
indicating fast biodegradability (Yes), while <0.5 = 0 (No)
suggesting slow biodegradability. We used these thresholds
to create a binary scoring system (0 = No, 1 = Yes) for
evaluating overall environmental risk.
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RESULTS AND DISCUSSION

Previous studies have identified numerous antifouling
compounds derived from various marine organisms,
particularly sponges (Stowe et al. 2011; Puentes et al.
2014; Qian et al. 2015). While the identification of new
compounds is paramount, past experimental studies have
neglected the connection between antifouling activity and
antibacterial activity. Furthermore, the cytotoxicity and
potential environmental implications for these novel agents
remain largely unreported. In contrast, this study
comprehensively assessed the antibacterial activity of
metabolites identified from the sponge M. sarasinorum. It
evaluated their antifouling activity through molecular
docking to a known antifouling target, acetylcholinesterase
(AChE) (Arabshahi et al. 2021), and conducted a field
study to confirm the antifouling efficacy. This integrated
approach provides compelling evidence supporting the
potential of sarasinoside-type compounds as candidates for
eco-friendly antifouling agents.

Antimicrobial and metabolomic studies

Our quest began by evaluating the antibacterial activity
and metabolomic profiles of 63 sponges from the Sangihe
Islands. Our attention was drawn to the metabolites from
two specimens collected from Kawaluso (KW_01) and
Mahumu (MS_09), morphologically identified as M.
sarasinorum with underwater picture and megascleres oxea
typed spicules measuring +245-284 and +242-303 um for
both specimens respectively (Figure 2). While both extracts
were inactive against the Gram-negative bacteria Escherichia
coli 35218 TEM1 only the extract of M. sarasinorum from
Kawaluso exerted moderate antimicrobial activity against
Staphylococcus aureus ATTC33592 MRSA inhibiting 98%,
87%, and 33% (>80% is considered active) of the
concentration of 10, 5 and 0.25 mg/mL respectively (Table
1).

The molecular networking analysis revealed a large
cluster in which several nodes were annotated as members
of the Sarasinoside family, namely m/z 1303.6467 + 0.005
[|\/|+H]+ (C62H98N2027), m/z 1291.6777 + 0.005 |:|\/|+H]+
(C62H102N2026), m/z 1289.6591+0.005 [l\/|+H]+ (CezHlooNzoze),
m/z  1287.6466+£0.005 [M+H]* (Ce2HosN202), m/z
1273.6657 + 0.005 [M'f'H]+ (CezHlooNzozs), m/z 1321.6515
+ 0.005 [M"‘HTr (CezHlooNzozg), (Figure 3, Figure 4 A-
4.E). Manual inspection of the MS/MS spectra confirmed
the structural identity of Sarasinosides Al-level 2 annotation
(Figure 3), A4/5, D, L and M2 (Figure 4.A-4.E) (Sumner et
al. 2007). Also, the extract of M. sarasinorum showed an
additional signal at m/z of 337.9022 + 0.005 [M+H]*
(CoH9BroNOs3) annotated as 3,5-bromotyrosine-level 2
annotation (Figure 4.F).
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It is well documented that sarasinosides are frequently
isolated from the marine sponge M. sarasinorum
(Kobayashi et al. 1991; Dai et al. 2005; Kalinin et al. 2012;
O'Brien et al. 2023). However, the detection of 3.5-
dibromotyrosine is the first time from M. sarasinorum, as
this compound has previously been reported from sponges
belonging to Aplysinellidae, Aplysinidae, lanthellidae, and
Pseudoceratinidae families (Ferreira Montenegro et al.
2024).

Many triterpene glycosides derived from sponges (e.g.,
erylosides, sokodosides, caminosides, and sarasinoside J) are
reported to owe their antifouling activity to their antibacterial
properties (Kalinin et al. 2012). The antifouling process
involves the initial colonization of the surface by a microbial
biofilm, which subsequently triggers the recruitment and
attachment of marine larvae, leading to the development of
adult macrofouling on the surface of submerged marine
structures (Gomez-Banderas 2022); therefore, compounds
that can prevent biofilm formation are potentially proactive
measures for remediating macrofouling (Kalinin et al.
2012; Tadesse et al. 2014). The relationship between the
antibacterial and antifouling properties of triterpene
glycosides has been studied in sponges, such as Erylus
formosus (Sollas, 1886) and Ectyoplasia ferox (Duchassaing
& Michelotti, 1864) (Kalinin et al. 2012), resulting in the
discovery of erylosides, sokodosides, caminosides, and
sarasinoside J (Kalinin et al. 2012). Nevertheless, this
relationship remains largely unexplored with the exception
for sarasinoside J from M. sarasinorum, prompting us to
further investigate the antifouling and antimicrobial
properties of other sarasinoside analogues on polyethylene
nets in a mariculture facility.

Field study

To investigate the antifouling potential of the previously
dereplicated sarasinosides from M. sarasinorum collected
in Sangihe, a 31-day field study was conducted in a
mariculture environment in Talengen Bay, Sangihe Islands,
utilizing powdered M. sarasinorum collected from Mahumu.
This initial investigation aimed to evaluate in a field
setting, the efficacy of the sponge powder against marine
biofouling at varying concentrations. This approach
acknowledges the influence of surface characteristics, as
rougher surfaces are known to exhibit a greater propensity
for biofouling compared to smoother structures (Yu et al.
2016; Nogueira et al. 2017; Abdalla et al. 2021). Furthermore,
the complexity and intricate nature of biofouling communities
suggest that the application of a single, pure compound is
unlikely to be wholly effective (Chen et al. 2023, 2024a).
Instead, these studies argue that successful biofouling
mitigation likely relies on the synergistic effects of multiple
compounds (Chen et al. 2023, 2024a).

Table 1. Antibacterial activity (%) of Melophlus sarasinorum from Kawaluso (KW_01) and Mahumu (MS_09)

S. aureus ATCC 33592 MRSA (mL)

E. coli ATCC 35218 TEM-1 (mL)

Sample 10 05 0.25 10 05 0.25
KW 01 98 87 33 “19 12 6
MS_09 1 6 9 _12 ~16 11




Figure 2. Underwated images and oxea spicules of Melophlus
sarasinorum from: A. Mahumu; B. Kawaluso Islands
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The field study revealed a significant reduction in fouling
organisms on nets treated with powder of M. sarasinorum
collected from Mahumu Island compared to untreated nets.
The untreated nets (negative control) exhibited the highest
fouling, accumulating a total weight of 48.0 g (Figure 5,
A5/B5). In comparison, nets treated solely with epoxy resin
displayed less fouling, with a total weight of 42.66 g
(Figure 5, A4/B4). Moreover, nets treated with 1:1, 1:2,
and 1:3 (sponge powder/epoxy resin) experienced varying
degrees of fouling, resulting in total weights of 22.0, 32.0,
and 36.6 g, respectively (Figure 5, A1/B1; A2/B2; A3/B3).
However, it is worth noting that the values did not reflect
the actual mass of bioactive compounds, which could be as
low as 0.0172% and 0.160% for minor and major bioactive
compounds from their crude extract (Balansa 2014). These
findings revealed an inverse relationship between
concentration and antifouling efficacy, with the most
diluted treatment (1:1) demonstrating the strongest antifouling
activity and the highest concentration exhibiting the
weakest effect (Figure 5, A1/B1).
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Ce2H100N2026 (assigned as Sarasinoside Al) from Kawaluso sponge (blue), Mahumu sponge (green) extracts; B. Fragmentation spectrum
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Figure 4. Extracted ion chromatograms MS/MS spectra of sarasinosides D with m/z 1291.6777+0.005 [M+H]* (Cs2H102N2026) and
A2/A3 with m/z 1287.6466+0.005 [M+H]* (Ces2HesN2026) (A-B), sarasinosides A4/A5 with m/z 1303.6467+0.005 [M+H]*
(Ce2H9sN2027) and M2 with m/z 1273.6657+0.005 [M+H]* (Ce2H100N2025) (C-D), sarasinoside L with m/z 1321.6515+0.005 [M+H]+
(Ce2H100N2028) from Kawaluso (KW_01) and Mahumu (MS_01) (E) along with 3,5-dibromotyrosine of M. sarasinorum from Kawaluso

with m/z 337.9024+0.005 [M+H]* (CoH9Br203) (F)

The results also indicate that the surface characteristics
of the nets influence biofouling activity. Nets treated with
epoxy resin alone (Figure 5, A4/B4) harbored fewer
biofouling organisms compared to untreated nets (Figure 5,
Ab5/B5). Polyethylene netting is particularly susceptible to
biofouling due to its coarse texture (Hodson et al. 1997,
Kartal and Sarugsik 2022). In contrast, the application of
epoxy resin results in a smooth, water-resistant coating that
deters the attachment of (micro)organisms. Similarly, nets
treated with higher concentrations of sponge powder/epoxy
resin 1:2 (Figure 5, A2/B2) and 1:3 (Figure 5, A3/B3) were
more heavily fouled compared to those treated with the
lowest concentration (1:1). This suggests that an optimal
concentration of the extract is crucial for maximizing
antifouling efficacy, and both cases demonstrate the impact
of substrate structure on anti-biofouling activity.

These results corroborate our previous findings on the
antifouling activity of agelasine-type compounds (Balansa
et al. 2024) and are consistent with earlier studies reporting

that larger and rougher surface areas are more prone to
marine biofouling (Hodson et al. 1997; Kartal and Sarusik
2022). One explanation for this trend is that rough surfaces
can act as defensive shields against shear forces, capable of
preventing bacterial detachment from the substrate (Wassmann
et al. 2017), facilitating bacterial attachment, proliferation and
biofilm formation of Staphylococcus epidermidis,
Pseudomonas aeruginosa, Ralstonia pickettii, Streptococci
etc. (Xing et al. 2015; Yu et al. 2016; Nogueira et al. 2017;
James et al. 2019; Yao et al. 2020; Abdalla et al. 2021;
Zheng et al. 2021).

The statistical analysis demonstrated that all treatments
(100, 200, and 300 mg/mL) differed significantly from both
the untreated nets and the net treated with epoxy resin
alone (p<0.05) (Table 2). A post-hoc Duncan test further
confirmed that net treated with 100 mg/mL was significantly
different from those treated with 200 and 300 mg/mL
(Table 3).
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Molecular docking

While studies have associated sarasinoside J with
antifouling and antimicrobial activity (Kalinin et al. 2012;
Ivanchina and Kalanin 2023), the precise mechanisms
underlying sarasinoside bioactivity are not fully elucidated.
In addition to their demonstrated anticancer effects, the
potential for other modes of action warrants further
investigation. Sarasinoside A1, for example, exhibited
anticancer activity by disrupting cell signaling pathways
mediated by Rap GTPase activation during epithelial-to-
mesenchymal transition (Austin et al. 2013; Pérez-Aguilar
et al. 2023). This suggests that sarasinosides may possess
diverse mechanisms, potentially exhibiting dual antifouling
and anticancer activity rather than the known antimicrobial
and antifouling effects. This possibility is supported by the
observation that sarasinosides exhibit greater cytotoxic than
antimicrobial activity (Kalinin et al. 2012; Ivanchina and
Kalanin 2023). Furthermore, increasing evidence highlights
the substantial connections between cancer development
and cholinergic signaling, particularly the involvement of
acetylcholinesterase (AChE) in acetylcholine hydrolysis,
catalytic function, and apoptosis induction (Aronowitz et al.
2022; Pérez-Aguilar et al. 2023). Intriguingly, both commercial
antifoulants (e.g., diuron, irgarol 1051) and marine-derived
AChE inhibitors (e.g., territrem, synoxalidinones A and C,
butyrolactone derivatives) have been experimentally shown
to inhibit AChE in Artemia salina (Linnaeus, 1758) and
barnacle larvae, respectively (Nong et al. 2014; Lee et al.
2017). Consequently, we hypothesize that sarasinosides
may disrupt the cholinergic system of fouling organisms by
inhibiting AChE activity. Therefore, to further explore the
antifouling potential of sarasinosides, we will investigate
AChE inhibition as a potential mechanism underlying their
antifouling activity through molecular docking.

Molecular docking studies revealed distinct interactions
between sarasinosides, AChE inhibitors and commercial
antifouling (Figure 6). Compounds 2, 3, 5, and 6 were
found to bind to site 1 on chain B of the 6G1U structure,
while compounds 1, 4, and 7 interacted with site 11 on
chain A of the receptor (Figure 7) with binding affinities of
-8.9, -9.6, -9.0, -8.9, —10.0, —8.9 and —9.4 Kcal/mol for
1-7 respectively, rivaling or surpassing both AChE
inhibitors (8, 9) and antifouling commercial (10-13). Unlike
the AChE inhibitors and commercial antifoulants, which
showed interaction with amino acid residues of the active
site of the AChE, none of the sarasinosides formed
interactions with the amino acid encircling the active site of
AChE (Table 4, Figure 8). The active site, known as the
gorge site, is encircled by 14 amino acid residues, including
Phe75, Phe288, Phe330, Phe331, Trp44, Trp84, Tyrl30,
Trp233, Trp432, Tyr70, Tyrl21, Trp279, Tyr334, and Tyrd42.
AChE features both a Catalytic Anionic Site (CAS) at the

Table 2. Anova One-Way

receptor's opening, characterized byTrp789, and a Peripheral
Anionic Site (PAS) at the base of the receptor, marked by
Trp84 (Luque and Muiioz-Torrero 2024). In addition to
these primary binding sites, other regions may also serve as
allosteric sites where ligands can bind and modulate AChE
activity (Johnson and Moore 2006; Marcelo et al. 2013;
Roca et al. 2018; Luque and Mufioz-Torrero 2024).

Al A2 A3 Ad A5
48.0£5.5
42.6 +4.0
36.6 £5.19
32.3+5.13
22.00 £5.56 I
100 MG/ML 200 MG/ML 300 MG/ML NET + EPOXY NET

Bl

Figure 5. Field study results depicting the final wet weights of the
untreated net (A4/B4) and those treated with 1:1 (A1l/Bl), 1:2
(A2/B2), or 1:3 (A3/B3) Melophlus sarasinorum powder/epoxy
resin mixture, alongside the positive control (A4/B4), epoxy resin
(A5/B5)

Table 3. Duncan Test

Treatment N Subset for alpha = 0.05
1 2 3
11 3 22
1:2 3 34,33333
1:3 3 36
net+epo 3 41,66667 41,66667
net 3 48
Sig. 1 0,109852 0,143928

Note: Means for groups in homogeneous subsets are displayed

Sum of squares df Mean square F
Between Groups 1122,267 4 280,5667 11,72284
Within Groups 239,3333 10 23,93333
Total 1361,6 14
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Figure 6. The dereplicated structures of sarasinosides A1-A3 (1-3), D (4), L (5), M2 (6), A4/A5/M (7), alongside their sugar types N-
acetyl galactosamine (GalNAc), xylose 1 (xyll), xylose 2 (Xyl2), glucose 1 (Glcl), glucose 2 (Glc2), N-acetyl-D-glucosamine
(GlcNAc), AChE inhibitors, synoxazolidinones A (8) and C (9), and commercial antifouling seanine_211 (10), irgarol_1501 (11),

econea® (12) and selektope® (13)

2-3,5-6

Chain B, Site 1 6G1U Chain A, Site 11, 6G1U

1,4,7

Figure 7. Predicted binding sites of sarasinosides D and A2 on 6G1U, a two-chain fragment of AChE: A. Compounds 2-3 and 5-6 bind
to site 1 on chain B; while B. Compounds 1, 4, and 7 to site 11 on chain A
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Figure 8. Two-dimensional ligand-protein interaction between sarasinosides A2 (2) and M2 (6), econea® (12) and selektope® (13)

Table 4. Docking results of metabolites from Melophlus sarasinorum (1-7), synoxazolidinones A and C (8, 9), seanin_211 (10),
irgarol_1501 (11), Selektope® (12), and Econea® (13)

- Binding
Ligands affinities
Sarasinoside Al (1) -8.9 (B) Arg244, Pro529, Cys231, Asn230, His398, His362, Glu306 (hydrogen bond) Asn525, His362
(carbon-hydrogen bond)
Sarasinoside A2 (2) -9.6 (A) Ser237, Ser237, Ser237, Ser235, Glu240, Ser235, Ser235, UNK1, UNK1, UNK1, Asn525, His362,
His398, L
u386 (hydrogen bonding), Leu366 (hydrophobic interaction)
Sarasinoside A3 (3) -9.0 (B) Arg244, Lys410, Glu306, Ser235, UNK1, UNK1, UNK1, Arg289, UNK1, Asn525, Pro232, Ser235
(hydrogen bond), Pro529 (hydrophobic interaction)

Important interaction

Sarasinoside D (4) -8.9 (B) Asn310, Ser235, Trp524, UNK1, Trp524, Asn525, Glu306, UNK1, UNK1, His406, UNK1,
(hydrogen bond) Pro283, Arg289, Pro361, Phe284 (hydrophobic interaction)
Sarasinoside L (5) -10.0 (A) Arg244, Arg289, Ser304, His398, His398, Asn230, Phe290, Pro232, Ser235, (hydrogen bond),

His362, Pro232, Glu306, UNK1 (hydrophobic interaction)
Sarasinoside M2 (6) -8.9 (B) UNKI, Glu240, UNK1, Glu306, His362, UNK1, Ser304, His406 (hydrogen bond).
Sarasinoside M (7) -9.4 (A) Alad60, Ans230, Arg289, UNK1, Tyr458, Glu240, Pro403 (hydrogen bond), Pro529
(hydrophobic interaction)
Synoxalidinone A (8)  —9.5 (A) Tyrl21, Gly335, Trp279, Trp279, Leu282, Trp279, Trp279
Synoxalidinone C (9)  —8.9 (A) Asp285, Trp279, Leu282, Leu282, Trp279, Trp279, 11e287, Try70, Trp279, Trp279

Seanin_211 (10) -5.3 (A) His398, His398, His398, His362, Pro232, Pro403, His362, His406, His406, Pro232, Pro529
Irgarol_1501 (11) 5.5 (A) Ser286, Trp279, Trp279, Trp279, Leu282, Phe330, Phe331

Selektope® (12) -9.3 (A) Trp84 (hydrogen bond), Trp84, Trp84, Trp84, Phe330 (hydrophobic interaction)

Econea® (13) -9.9 (A) Gly118 (hydrogen bond), Gly117, Gly117, Gly199, Trp84 (halogen bond), Trp84, Trp84, Phe330,

Trp84, Phe330, Met436, 11e439, Trp84, Trpu84, Phe330, Trp432 (hydrophobic interaction)
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Our results show that while the AChE-specific inhibitors
synoxalidinones A (8) and C (9) and the commercial
antifoulants, irgarol_1501 (11), econea® (12) and selektope®
(12) seem to bind to the active site of AChE as they bound
to a few amino acid residues such as Trp84, all dereplicated
sarasinosides seem to bind to allosteric site (Table 4, Figure
8). This is because synoxalidinones A and C, irgarol_1501,
selektope® and econea® formed multiple bonds with
Trp279, an amino acid in the CAS indicating strong binding
affinities, with the exception of irgarol_1501, which
showed lower binding affinity despite having multiple
interactions with other amino acid residues, such as Phe330
and Phe331 (Table 4, Figure 8). In contrast, seanin_211
and the sarasinosides did not interact with active site
residues but were able to form hydrogen bonds to Ser235,
His362, His398 (sarasinosides A2 and L) or with Arg289,
Tyrd58, Pro403 (sarasinoside M) (Table 4; Figure 7).
These findings suggest that sarasinosides did not bind to
the active site of AChE but likely bound to putative
allosteric sites on AChE. This finding aligns with results
from previous studies reporting the presence of different
ligand interaction sites other than the active site of AChE
(Johonson et al. 2006; Marcelo et al. 2013; Roca et al. 2018;
Luque and Mufioz-Torrero 2024).

Toxicity test

To predict the environmental risk associated with
sarasinosides, AChE inhibitors, and commercial antifouling
agents, we converted continuous data (Table 5) derived from
EPI Suite™ (Card et al. 2017) into a binary scoring system.
Each ecotoxicological parameter was assigned a score of 1
(indicating a more favorable characteristic, based on the
established thresholds mentioned earlier in the method
section) or 0 (indicating a less favorable characteristic). To
facilitate comparison of the overall environmental profiles,
a total score was calculated for each compound. The total
score represents the proportion of favorable characteristics
exhibited by the compound, as determined by the binary
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scoring system in Table 6. The total score was calculated as
follows: Total score = (Number of Favorable Characteristics)/
(Total Number of Parameters). This approach provides a
standardized measure of the proportion of favorable
characteristics, allowing for easier comparison across
compounds. The total score ranges from 0 to 1, with higher
scores indicating a potentially more favorable environmental
profile. To predict the significance of differences in
ecotoxicological impact between compounds, Fisher's
exact test was performed, using a 2 x 2 contingency table
to compare the number of favorable characteristics (outcome
1) and unfavorable characteristics (outcome 2) for the
compounds in comparison (Table 7). Therefore, this approach
provides a simplified, semi-quantitative indication of
potential environmental impact, based on the assumption
that each parameter contributes equally to the overall
environmental profile.

The results indicated that the water solubility of the
sarasinosides, with most of them exhibiting low solubility,
ranging from 8.901x107 to 1.06x107t mg/mL, has significant
implications on the discovery of ecofriendly antifoulants
(Vilas-Boas et al. 2021). Sarasinoside D (4) was an
exception, demonstrating moderate water solubility at 5.63
mg/mL. Similarly, the antifouling agent econea® (12)
showed low water solubility at 0.3364 mg/mL. In contrast,
synoxazolidinones A (8) and C (9), seanin_211 (10),
irgarol_1501 (11), and selektope® (13) exhibited moderate
solubility, with values of 34.4, 13.3, 13.4, and 7.52 mg/mL,
respectively (Table 6). The findings underscore the importance
of considering water solubility in the environmental fate of
these compounds. It is well-established that compounds
with high water solubility are less likely to be adsorbed into
sediments and tend to bioaccumulate in fatty tissues (van
Gestel et al. 1985). Conversely, compounds with low water
solubility are likely to bind tightly to the hydrophobic
matrices of marine coatings, ensuring a sustained release
into the aquatic environment (Vilas-Boas et al. 2021).

Table 5. Toxicity test results obtained from EPI Suite™ on compounds 1-13

Water Fish 96 hr Daphnid Green Log Log  Log Biod.

. 48 hr Kw BCF BAF Log Fast/
Compound Solubility  LCs LC Algae 96 L/k L/ka  L/k BHL K Biowins LogP

(mg/mL)  (mg/L) % hr ECso 9 9 9 oo

(mg/L) (ww)  (ww) (ww) (Y/N)
Sarasinoside Al (1) 1.49x10° 2.16x10* 2.36x10* 1.01x10* 0.41 3.16 0.941 3.05x10* -0.17 0.2915/N -2.68
Sarasinoside A2 (2) 4.41x10% 1.05x10° 1.51x10° 5.43x10* -049 3.16 0.899 1.66x10* -0.21 0.1176/N -2.90
Sarasinoside A3 (3) 8.90x10* 25027.0 28080.0 11857.0 0.32 3.16 0.933 2.84x10° -0.21 0.0620/N -2.76
Sarasinoside D (4) 5.63  5.24x108 3.43x10° 4.69x10® -543 3.16 0.893 1.74x10° -2.83 0.1777/N -3.82
Sarasinoside L (5) 0.1061 2.27x107 8.46x10" 1.66x10" -3.54 3.16 0.893 4.05x10° -2.15 0.3555/N -4.39
Sarasinoside M (6) 1.37x10* 46855 58623.5 2.31x107 -0.03 3.16 0.911 1.91x10* -0.47 0.2254/N -2.83
Sarasinoside M2 (7) 2.30x10* 47221 59407.0 233150 -0.05 3.16 0.911 3.15x10° -0.41 0.1115/N -2.19
Synoxazolidinone A (8) 13.3 88306 10589.0 8635.0 2.05 10.5 0.244 11 1.95 0.7121/N 2.50
Synoxazolidinone C (9) 34.4  1.78x10° 2.02x10* 1.83x10* 159 516 1.45 491 1.67 0.0211/N 2.35
Seanin_211 (10) 13.4 0.051 0.079 0.122 3.59 109 1.03 211 2.88 0.2210/N 4.57
Irgarol_1501 (11) 7.52 2.12 3.68 0.025 474 146 0257 17 2.63 0.1190/N 2.37
Econea® a (12) 0.3364 0.034 2.677 0.149 4.69 575 3790 16.3 454 0.0019.N 4.98
Selektope® (13) 23.56 0.65 0.51 0.095 3.83 1554 331.0 1.48 3.83 0.2310.N 3.18
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Table 6. Beneficial properties of compounds 1-13 calculated using a binary system

Log Log Log Koc

Water Fish 96 . Green - Biod.
Compound solubility hr LCso Daphnid 48 Algae 96 Kow  BCF  BAF g win/ fast/ LogP Total
mg/mL mg/L hr LCso mg/L hr ECeo L/kg L/kg L/kg Log Biowins score
ww ww ww Koc

Sarasinoside Al (1) 1 1 1 1 1 1 1 1 1 0 1 0.91
Sarasinoside A2 (2) 1 1 1 1 1 1 1 1 1 0 1 0.91
Sarasinoside A3 (3) 1 1 1 1 1 1 1 1 1 0 1 091
Sarasinoside D (4) 0 1 1 1 1 1 1 1 1 0 1 081
Sarasinoside L (5) 1 1 1 1 1 1 1 1 1 0 1 0.91
Sarasinoside M (6) 1 1 1 1 1 1 1 1 1 0 1 0.91
Sarasinoside M2 (7) 1 1 1 1 1 1 1 1 1 0 1 0.91
Synoxazolidinone A (8) 0 1 1 1 1 0 1 0 1 0 0 055
Synoxazolidinone C (9) 0 1 1 1 1 0 1 0 1 0 0 055
Seanin_211 (10) 0 0 0 0 0 0 1 0 1 0 0 018
Irgarol_1501 (11) 0 1 1 0 0 0 1 0 1 0 0 036
Econea® (12) 1 0 1 0 0 0 0 0 1 0 0 027
Selektope® (13) 0 0 0 0 0 0 0 1 0 0 0 0.09
Table 7. 2 x 2 contingency table of fisher exact test among ligands
Comparison Outcome 1 Outcome 2 Total p-value Statistical significance
Sarasinoside Al (1) 10 1 11 0.1486  Not statistically significant
Synoxazolidinone A (8) 6 5 11
Sarasinoside Al (1) 10 1 11 0.1486  Not statistically significant
Synoxazolidinone C (9) 6 5 11
Sarasinoside Al (1) vs Seanin_211 (10) 10 1 11 0.0019**  Very significantly

2 9 11
Sarasinoside Al (1) vs irgarol_1501 (11) 10 1 11 0.0237*  Significantly different

4 7 11
Sarasinoside Al (1) vs econea® (12) 10 1 11 0.0075*  Significantly different

3 8 11
Sarasinoside Al (1) vas selektope® (13) 10 1 11 0.0003**  Extremely significant

1 10 11

These findings suggest that sarasinosides A1-A3 (1-3),
D (4), L (5), M (6), and M2 (7) adhere more effectively to
coating materials than both AChE inhibitors and commercial
antifouling agents, a key property for successful antifouling
performance (Vilas-Boas et al. 2021). The water solubility
of sarasinosides A1-A3, L, M, and M2 was in the same
order of magnitude as that of econea®. In contrast,
sarasinoside D exhibits solubility levels comparable to
those of antifouling agents irgarol_1501, seanin_211, and
selektope® (Table 5). These results align with recent studies
on xanthone derivatives (Almeida et al. 2020), which also
demonstrated moderate water solubility, indicating their
suitability for incorporation into marine coatings to facilitate
slow release and low bicaccumulation (Okamura et al. 2000;
Chen and Lam 2017).

Given that water solubility and hydrophobicity critically
influence the distribution of molecules in water, sediments,
and biological tissues (Cui et al. 2014), Log Kow and Log
Koc, Of sarasinosides, AChE inhibitors, and commercial
antifouling agents were calculated. As shown in Table 5,
sarasinosides A1-A3 (1-3), D (4), L (5), M (6), and M2 (7)
exhibited moderate sorption to soil and sediment, evidenced
by their low Log K, values, ranging from -2.51 to -0.21
(Table 5), which are below the threshold of 3.0 (ECHA

2017). These values are lower than those observed for
AChE inhibitors synoxazolidinones A (1.95) and C (1.67),
and commercial antifouling agents seanine_211 (2.88) and
irgarol_1501 (2.63). Conversely, econea® (12) and
selektope® (13) exhibited Log Ko values of 3.83 and 4.83,
respectively (Table 5). This suggests that sarasinosides (1-
7), synoxazolidinones A and C (8-9), irgarol_1501, and
seanine_211 may not bind as well to soil and sediments
when compared to econea® and selektope.

Additionally, BCF/BAF and BHL values were calculated
for all compounds (1-13), further supporting the favorable
ecotoxicological profile of sarasinosides. For instance,
predicted BHL values for sarasinosides were significantly
lower (between 0.0000405 and 0.00315 days in 10 g fish)
compared to commercial biocides (1.48 and 211) (Table 5).
Conversely, with the exception of econea® (12) and
selektope® (13) BAF values of 3790 and 331 respectively,
the remaining compounds (1-11) exhibited low predicted
BAF wvalues, ranging between 0.244 and 0.941 for
sarasinosides, 1.03 and 1.45 for synoxazolidinones A and C,
and 0.257 and 1.03 for irgarol_1505 and seanin_211 (Table
2). However, the calculated BCF values for sarasinosides
were significantly lower (<1.0) than those of both AChE
inhibitors (5.16 and 10.5) and the commercial antifoulants
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(between 109 and 575) (Table 5). Since the values of >3 and  that sarasinosides have low potential for bioaccumulation
3.5 for BFA/BCF respectively are considered bioacumulative  compared particularly to the commercial antifouling such
(ECHA 2017; Vilas-Boas et al. 2021), the results suggest as econea® and selektope®.

Heatmap of Compound Properties
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import matplotlib.pyplot as plt

import seaborn as sns

import numpy as np

import pandas as pd

# Create the data for the heatmap based on the provided image with corrected values for Meditominine
data_corrected_proper = np.array([

[1,11,1,1,111,1,01091],[11,1,1,1,1,1,1,1,01,091],[1,1,1,1,1,1,1,1,10,1,091], [0, 1, 1,1, 1,1, 1, 1,
1,01,081],11,1,1,1,1, 1,1, 1, 1,0,1,0.91],

[111,1,1,1,1,101091]11,1,1,1,1,1,1,101,091],[0,1, 1,1,1,0,1,0,1,0,0,055],[0,1,1,1,1,0, 1, 0,
1,0,0,0.55], [0, 0,0, 0,0, 0, 1,0, 1,0,0,0.18],

[0,0,0,0,0,1,1,0,1,0,0,0.36],[1,0,0,0,0,0,1,0,1,0,0,0.27], [0, 0, 0, 0, 0,0,0, 1, 0,0,0,0.09]])
# Create a DataFrame for the heatmap
df_corrected_proper = pd.DataFrame(data_corrected_proper, columns=[
‘Water Solubility mg/mL', 'Fish 96 hr LC50 mg/L', 'Daphnid 48 hr LC50 mg/L',
‘Green Algae 96 hr EC50', 'Log Kow L/kg ww', ‘Log BCF L/kg ww',
'Log BAF L/kg ww', 'Biotransformation Half life', 'Kocwin/Log Koc',
'‘Biod. fast/ Biowin5', 'LogP’, "Total Score’
], index = [
‘Sarasinoside Al (1)', ‘'Sarasinoside A2 (2)', 'Sarasinoside A3 (3)',
‘Sarasinoside D (4)', 'Sarasinoside L (5)', ‘Sarasinoside M (6)',
‘Sarasinoside M2 (7)', 'Synoxazolidinone A (8)', 'Synoxazolidinone C (9),
'Seanin_211 (10)', 'lrgarol_1501 (11)', 'Econea (12)', 'Selektope (13)'
D
# Plot the heatmap with red for zero and blue for one
plt.figure(figsize=(12, 10))
sns.heatmap(df_corrected_proper, annot=True, cmap="RdYIBu', char_kws={ticks": [0, 1]}, vmin=0, vmax=1)
plt.title("Heatmap of Compound Properties’)
plt.show() B

Figure 9. Heatmap of all tested compounds, showing less favorable ecotoxicological scores of 0.64 for both synoxazolidinones A and B
and lower values of 0.11, 022, 0.22 and 0.44 for selektope®/. medetomidine, econea®, seanin_211 and irgarol_1501 respectively (A)
and the data were generated using Phyton (https://replit.com/~) (B)
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To predict the relative toxicity of sarasinosides, AChE
inhibitors, and commercial antifoulants, ECOSAR™ within
EPI Suite™ was used to obtain their predicted LCso and
ECso values against fish, daphnid, and green algae (Table
5). These in silico results indicated that sarasinosides
exhibited LCso/ECso values ranging from 10° to 108 mg/L
across the tested organisms, while the commercial antifoulants
ranged from 10° mg/L (Table 5). Specifically, calculated
mean LCso values of commercial antifouling compounds
were 0.714 mg/L against fish and 1.737 mg/L against
daphnid, whereas the mean LCsy value for sarasinosides
were 8.17 x 10" mg/L against fish and 5.28 x 108 against
daphnid, a difference spanning more than 12 orders of
magnitude. This suggests that sarasinosides may exhibit more
favorable toxicity profiles than commercial antifoulants.
However, it is worth noting that these results are based on
computational predictions and require experimental validation
to confirm the actual toxicity profiles of these predicted
compounds.

To asses significance of difference among sarasinosides,
represented by sarasinoside Al, AChE inhibitor and the
commercial antifouling, we performed Fisher’s exact test
(Table 7). The results indicated no significant difference in
pharmacological properties values between sarasinoside Al
(1), with a score of 10, and the AChE inhibitors
synoxazolidinones A (8) and C (9), which both had a score
of 6 (Table 3) or statistically insignificant (0.1486, p>0.05)
(Table 7). However, sarasinoside Al demonstrated a
significant difference in pharmacological values compared to
the commercial antifouling agents such as seanin_211 (9),
irgarol_1501 (10), econea® (11), and selektope® (13),
which exhibited much lower total scores, ranging from 2, 4,
3, and 1 (Table 3) or p = 0.0019, 0.0237, 0.0075 and
0.0003 respectively (Table 7). The results indicate that
sarasinoside Al exhibited similar ecotoxicological properties
to the AChE inhibitors, but showed significantly different
parameters compared to the commercial antifoulants, notably
selektope® and seanin_211 (Table 7). The consistently
higher total score (0.81-0.91) for ecotoxilogical values of
the sarasinosides 1-7 (Table 6, Figure 9) suggests they
show significant beneficial values, particularly compared to
the commercial antifoulants with low ecotoxicological
values ranging from 0.09 to 0.36 (Table 6; Figure 9.A). A
heatmap generated using Python (Figure 9.A) with its
detailed syntax (Figure 9.B) further highlights the more
favorable pharmacological values of sarasinosides (1-7) as
eco-friendly antifouling compounds (Figure 9.A).

The sarasinosides exhibit diverse molecular structures
featuring complex glycosylated steroidal frameworks
characteristic of marine sponges in the genus Melophlus
(O'Brien et al. 2023). The hydroxyl groups, glycosidic
linkages, aglycone moieties, and bipolar lipid nature of
sarasinosides provide unique structural features that may
enhance their solubility and interaction with marine biofouling
organisms. Indeed, triterpenoids with similar aglycones and
glycosides have been experimentally shown to be potent
antifoulants, effective against microfouling organisms, such
as biofouling bacteria that form biofilms and barnacle larvae
Balanus amphitrite (Darwin, 1854)), as well as macrofouling
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organisms like marine invertebrates and algae (Kalinin et al.
2012; Zhang et al. 2014; Ozupek and Cavas 2017).

The antifouling activity of triterpenoid glycosides (e.g.,
eryloides, sokodosides, caminosides, and sarasinoside J)
has been previously correlated with antimicrobial properties
(Kalinin et al. 2012). These authors argued that such
antimicrobial effects are attributed to the unique bipolar
lipid nature of triterpenoid glycosides, a complex and
unique feature that enables their polar heads to position
themselves on both the inner and outer surfaces of the lipid
bilayer when penetrating host cells. However, the expected
dual nature of antifouling and antibacterial activities of
sarasinosides was not entirely reflected in the present
study. While the extract of M. sarasinorum from Kawaluso
Island showed antimicrobial activity against S. aureus, the
extract of the same species from Mahumu Island did not
show such activity despite containing the same collection
of sarasinosides (Figures 3, 4.A-4.F). The presence of 3,5-
bromotyrosine only in the extract of M. sarasinorum from
Kawaluso Island (Figure 4.F) but not in the Mahumu Island
sponge might suggest the discrepancy in antimicrobial
activity. It might be speculated that 3,5-bromotyrosine in
the Kawaluso sponge potentially cause additive even
synergistic effects, possibly enhancing the penetration of
sarasinosides into bacterial membranes, thereby leading to
a more pronounced antibacterial effect of the Kawaluso
extract against S. aureus which lacked in the extract of the
Mahumu sponge (Table 1).

This hypothesis is supported by the fact that of 23
known sarasinosides, most have been frequently reported
for their cytotoxic activity and less frequently for their
antimicrobial activity (Kalinin et al. 2012; Ivanchina and
Kalinin 2023) and 3,5-bromotyrosine is known to have
antimicrobial and antifouling properties (Tintillier et al.
2020). Nonetheless, further investigations are necessary to
elucidate the exact molecular mechanisms involved (Austin
et al.2013; Pérez-Aguilar et al. 2023). This research aligns
with ongoing efforts in antifouling discovery, as highlighted
by Chen et al. (2021, 2023), who propose that effective
antifouling strategies depend on synergistic interactions
between the release of an antifouling agent and the
prevention of biofouling. Building upon this, Chen et al.
(2024b) also developed a low surface energy approach to
antifouling, which facilitates the detachment of fouling
organisms. The present results, where nets treated with the
lowest concentration of the antifouling agent in this study
exhibited the greatest antifouling performance, suggest that
leveraging the properties of the substrate surface may be
critical for antifouling effectiveness.

Interestingly, our molecular docking studies revealed
different binding sites among sarasinosides, AChE inhibitors,
and commercial antifouling agents. While AChE inhibitors
(synoxazolidinones A and B) and commercial antifouling
agents (irgarol_1501, selektope®, and econea®) appear to
bind to the active site of AChE, specifically interacting with
residues such as Trp84 and Phe331 (Luque and Mufioz-
Torrero 2024), our docking models suggest sarasinosides
interact with a separate putative binding site of AChE. This
conclusion is supported by the lack of interactions between
sarasinosides and the canonical active site residues and the



BALANSA et al. — Sarasinosides exhibit ecofriendly antifouling activity

observation of unique interactions with residues such as
Argl153, Tyrl57, and Ser158, which are spatially distinct
from the active site. These unique interactions suggest
potential novel allosteric interactions between sarasinosides
and AChE. These results corroborate the recent discovery
of four new allosteric binding sites on AChE by Luque and
Mufioz-Torrero (2024), who attempted to design synthetic
compounds targeting the 20-A-deep cavity at the active site
to discover novel AChE inhibitors. By targeting known
pharmacophores, such as the PAS (Peripheral Aromatic Site)
and CAS (Catalytic Active Site) binding motifs of AChE,
they successfully designed multitarget compounds with
multiple allosteric binding sites on AChE (Luque and
Mufioz-Torrero 2024). Their study supports the idea that
targeting allosteric binding sites is as viable as targeting the
active site of AChE, possibly leading to the discovery of
new AChE inhibitors (Luque and Mufioz-Torrero 2024),
and provides a foundation for future research investigating
allosteric modulation of AChE by sarasinosides.

The in silico ecotoxicological evaluation of sarasinosides
using EPI Suite™ revealed promising results. Most of the
predicted ecotoxicological parameters (i.e., Log Kow, LoOg
Koc, BHL, and Log BCF/BAF) for sarasinosides indicated a
more favorable profile compared to both AChE inhibitors
and commercial antifoulants. Specifically, sarasinosides
exhibited significantly lower values for water solubility,
Log Kow, Log Ko, BHL, and Log BCF/BAF, but higher
LCso and ECs values against various aquatic organisms, than
commercial antifoulants, demonstrating through computational
modeling that these properties are within an acceptable
range for environmentally friendly compounds. This favorable
ecotoxicological profiles align with the need for safer
antifouling solutions (Qiu et al. 2024) and suggest that
sarasinosides could potentially mitigate environmental risks
while providing effective antifouling properties. Given the
current stringent regulations on antifouling agents (Georgiades
et al. 2020), particularly the bans on harmful substances
like TBT, the development of new agents must prioritize
both efficacy and safety. Sarasinosides, with their low
cytotoxicity, meet these regulatory requirements and
present a viable alternative to more toxic compounds. Their
compliance with environmental safety standards makes them
strong candidates for approval and commercialization in
the antifouling market. The initial findings of low toxicity
are encouraging and warrant more extensive long-term
studies to confirm their safety and environmental
compatibility.

These findings have potentially significant implications
for maritime industries severely impacted by biofouling.
The demonstrated effectiveness of sarasinosides on treated
surfaces indicates a potential shift towards more
environmentally benign antifouling solutions. This research
addresses the ongoing need for effective and eco-friendly
antifouling agents in both the shipping and aquaculture
industries (Liu et al. 2020; Gomez-Banderas 2022; Kartal
and Sarugik 2022; Zang et al. 2024). The comprehensive
toxicity assessments, coupled with metabolomic, computational,
and field studies, offer valuable insights into strategies for
optimizing these compounds for commercial use. In
contrast to current commercially available antifouling
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agents, such as seanin_211, irgarol_1501, selektope®, and
econea®, which exhibit high toxicity levels, sarasinosides
show a promising toxicity profile. By focusing on the
metabolites of M. sarasinorum, this research suggests a
methodology for evaluating their ecofriendly antifouling
potential, which is a critical consideration in the broader
context of sustainable marine industry practices.

Lastly, it is important to acknowledge the limitations of
this study. The toxicity evaluation was conducted in-silico,
which, while informative, requires validation through in
vivo studies. Additionally, this study focuses on sponge
powder rather than semi-pure or pure compounds, which
may not fully represent the antifouling potential of
sarasinosides. Future research should also address the
biodegradability of sarasinosides to ensure they do not
persist in marine environments. Also, the complexity of
marine-derived molecules, including sarasinosides, makes
their commercial production impractical despite being
academically feasible in many cases, thus hindering
scalability (Mehbub et al. 2024). While sponge farming and
bioactive collection techniques appear feasible (Maslin et
al. 2021; Carroll et al. 2022), these have not yet been
applied to the production of sarasinosides from M.
sarasinorum. Nevertheless, this study demonstrates the
potential of M. sarasinorum powder containing sarasinosides
as an eco-friendly antifouling agent. It also provides insight
into the future development of more accessible antifoulants
for sustainable antifouling solutions. Future research
should involve detailed analysis of semi-pure or pure
sarasinosides, the allosteric sites of sarasinosides on AChE
and screening for molecules that bind to these sites.
Furthermore, structural similarity studies using tools like
SWISS similarity could identify simpler structures or the
pharmacophore necessary for activity and improved
pharmacological profiles.

In conclusion, this research addresses the critical need
for eco-friendly antifouling agents by investigating the
metabolites of the Sangihe marine sponge M. sarasinorum
through metabolomic, computational, and field studies. The
dereplicated sarasinosides A1-A3, D, L, M, and M2 showed
more robust binding affinities against Acetylcholinesterase
(AChE), the emerging antifouling target, and more favorable
ecotoxicological parameters compared to AChE inhibitors
and commercial antifoulants such as seanin_211,
irgarol_1501, econea® and selektope®. While these findings
highlight the promising antifouling potential of sarasinosides,
further research is crucial to address long-term effects,
environmental impacts, and interactions with marine
organisms. Importantly, future studies should focus on
evaluating the antifouling activity of pure sarasinosides,
elucidating their precise mode of action through detailed
analysis of allosteric sites on AChE or resolving bound
complexes using protein crystallography, screening of
binding molecules and sarasinosides potential mode of
action linking anticancer and antifouling activities while
also developing simplified analogs through structural
similarity studies for improved pharmacological properties
and practical application.
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