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ARTICLE INFO ABSTRACT
Keywords: Biofouling on artificial aquatic surfaces yields substantial economic losses and operational challenges. Tradi-
Aquatic plants tional antifouling strategies often rely on synthetic chemical coatings, which have harmful environmental im-

Freshwater antifouling
Natural compounds
Sustainable coatings

pacts, thus environmentally sustainable solutions, such as natural antifouling compounds are increasingly being
sought. Extracts derived from the aquatic macrophytes Pontederia crassipes and Typha domingensis have
demonstrated potential antifouling properties in preliminary studies; however, their efficacy under natural field
conditions remains unverified. This study is the first to evaluate the antifouling potential of these macrophyte
extracts when incorporated with epoxy coatings in a natural freshwater environment (Salto Grande Reservoir,
Uruguay River). Stainless steel substrates were treated with 2.5, 5, and 10 g L™! of lyophilized macrophyte
extracts combined with epoxy and compared to uncoated and epoxy-coated controls. Over a 165-h period,
biofouling was assessed via chlorophyll levels, bacterial counts, macro-organism presence and attachment and
taxonomic diversity. Analytical techniques, including gas and liquid chromatography, along with Fourier
transform infrared spectroscopy, were employed to identify active compounds in extracts. The P. crassipes extract
at 5 and 10 g L™! exhibited superior antifouling efficacy compared to T. domingensis. Coatings with P. crassipes
significantly reduced bacterial colonization (37 %), algae growth (for different photosynthetic pigments), fungal
presence, and macro-organism attachment (not found), while promoting the occurrence of opportunistic taxa less
conducive to fouling. The observed antifouling activity may be attributed to specific chemical compounds,
including long-chain hydrocarbons and phenolic derivatives, identified in the extracts. The study findings
demonstrate the field antifouling efficacy of macrophyte extracts incorporated with epoxy coatings, highlighting
P. crassipes as a particularly promising, sustainable antifouling candidate. Its high biomass availability and ease
of cultivation enhance its potential for industrial-scale development as natural antifouling agents. This work
provides critical insights into developing eco-friendly antifouling coatings that minimize environmental impact
while maintaining efficacy in biofouling control being the first study to prove in a natural environment the
antifouling potential of these macrophytes.
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1. Introduction

Biofouling, defined as the accumulation of biological deposits on
artificial aquatic surfaces, poses significant industrial and economic
challenges globally (Dobretsov and Rittschof, 2020; Xiao et al., 2020).
This phenomenon is particularly problematic in freshwater systems,
where invasive species (Satasiya et al., 2025) such as the golden mussel
(Limnoperna fortunei) colonize critical infrastructure, including hydrau-
lic sensors, turbine cooling systems, and water treatment facilities
(Boltovskoy, 2015; Brugnolli et al., 2011). Such colonization obstructs
hydraulic systems in hydroelectric power plants, water treatment facil-
ities, and aquaculture systems, leading to structural damage, costly
maintenance and operational inefficiencies (Boltovskoy, 2015; Brugnoli
et al., 2005; Camara et al., 2022; Liu et al., 2024). Industries dependent
on water resources face an estimated global expenditure exceeding $340
million annually to combat biofouling and repair damaged infrastruc-
ture (Cuthbert et al., 2021).

Traditional antifouling solutions often rely on synthetic coatings
containing biocidal and/or co-biocide agents. However, these com-
pounds have raised environmental concerns due to their toxicity,
persistence in aquatic ecosystems, and potential to harm non-target
organisms (Dobretsov and Rittschof, 2020). This has spurred interest
in eco-friendly alternatives, with natural antifouling agents emerging as
a sustainable solution (Agostini et al., 2021b). Natural antifouling
agents have garnered significant attention due to their ecological safety,
biodegradability, and lower toxicity compared to synthetic alternatives
(Pérez et al., 2021). In this context, aquatic macrophytes like Pontederia
crassipes Mart. (formerly Eichhornia crassipes) and Typha domingensis
Pers. have emerged as promising sources of bioactive compounds with
antifouling potential for freshwater environments (Morales et al.,
2024b).

Prior research has demonstrated that extracts from these plants
exhibit significant antifouling activity against bacterial biofilms and
invasive species without showing toxicity to key aquatic organisms at
tested concentrations (Morales et al., 2024b), as well as biotechnological
applications such as bioremediation, biogas and biofuel production
(Amarilla et al., 2024; Dilshad et al., 2024; Su et al., 2018). Also,
P. crassipes and T. domingensis have an early effect by inhibiting bacterial
biofilm to affect intercellular communication - quorum sensing (Morales
et al., 2024b). Current antifouling alternatives seek inhibition by this
type of action, as they do not affect bacterial planktonic growth and
reduce the likelihood of bacterial resistance (Agostini et al., 2019a;
Martin-Rodriguez et al., 2015; Neves et al., 2024).

Pontederia crassipes (water hyacinth) species are native to the
Amazon basin in South America (Ayanda et al., 2020) and have subse-
quently been introduced to all continents (Guimaraes et al., 2017).
Typha domingensis (cattail) is native to Brazil, but is currently distributed
worldwide (Cruz et al., 2023), in tropical and temperate climate regions
(Gomes et al., 2014). Both species are invasive in many regions due to
their rapid growth and adaptability, but their high biomass yield, and
resilience across diverse ecosystems, making them readily available re-
sources for biotechnological applications (Amarilla et al., 2024; Ayanda
et al., 2020; Cruz et al., 2023; Guimaraes et al., 2017; Hegazy et al.,
2011; Su et al., 2018).

Recent in vitro studies have demonstrated that aqueous extracts from
P. crassipes and T. domingensis inhibit the formation of bacterial biofilms
and the attachment of the golden mussel without exhibiting toxicity to
non-target organisms, such as Pseudopediastrum boryanum and Daphnia
magna, at concentrations of up to 35 % (Morales et al., 2024b). Despite
these promising findings, the efficacy of P. crassipes and T. domingensis
extracts under natural field conditions remains unexplored, in this same
sense, studies to control limnic biofouling are scarce. Laboratory-based
studies, while essential for initial evaluations, fail to account for the
complex interactions and hydrodynamic forces present in natural envi-
ronments (Romeu and Mergulhao, 2023). Thus, field experiments are
essential for validity of their efficacy and the longevity of antifouling
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compounds present in new solutions (Ghattavi et al., 2024). We also
emphasize that conducting in situ experiments is critical to bridge this
gap, providing a more accurate assessment of the antifouling potential of
these natural compounds, where factors such as nutrients, concentra-
tions, temperature, and biotic interactions vary significantly and influ-
ence the efficacy of antifouling solutions.

To carry out these tests and their commercial application, natural
compounds can be incorporated into paints (Hamidi et al., 2022).
Among these, epoxy coatings are widely used for this purpose, due to
their excellent mechanical properties, chemical resistance (Vijayan
et al., 2022) and release of the antifouling compounds over time through
leaching (Pereira et al., 2024). Thus, the present study aimed to evaluate
the antifouling efficacy of extracts of P. crassipes and T. domingensis
associated with epoxy coating in a natural environment, the Salto
Grande Hydroelectric reservoir, Uruguay river. This location was
selected due to its complex hydrological dynamics, diverse ecological
conditions, and the presence of significant biofouling challenges, espe-
cially due to the golden mussel (L. fortunei) invasion (Boltovskoy et al.,
2021), making it a representative site for testing antifouling solutions
applicable to similar freshwater environments worldwide. Contributing
in this way to the global effort to develop environmentally friendly
antifouling technologies.

2. Materials and methods
2.1. Painting preparation

Aqueous extracts of P. crassipes and T. domingensis were prepared
according to Morales et al. (2024b). In summary, 6 g of dry plant mass
was (mashed/powder) and mixed with 300 mL of sterile natural water
(collected from a pond and filtered - 0.2 pm (cellulose acetate filter) and
autoclaved). Then the solid phase was separated by (cen-
trifugation/filtration) and then the solution was lyophilized (LIOTOP,
L101). The remaining dry mass was then mixed with Hempadur Base
15579 epoxy paint (Hempel - 15570) to obtain the treatments 2.5, 5 and
10 g L7! (g of lyophilizate L™! of paint). These concentrations were
chosen because they present antifouling activity and are within the safe
concentration for non-target organisms (Morales et al., 2024Db).

This paint base is widely used by professionals in the aquatic industry
in South America and in addition to epoxy resin, it contains xylene, talc,
titanium dioxide, butan-1-ol, n-butyl acetate, 1,3-bis benzene, and
toluene (as per product description). Epoxy paint is one of the most
recommended polymeric materials because it is very resistant and long-
lasting, due to its chemical and mechanical resistance and anticorrosive
properties, as well as the potential for antifouling agents to be released
slowly, resulting from its entrapment in epoxy paint (Akhter et al., 2025;
Pereira et al., 2024; Tonelli et al., 2021; Vijayan et al., 2022). In addition
to these treatments, two control treatments were also used: the control
with the original substrate, without coating (control A); and the control
coated only with epoxy paint (control B). These controls were chosen to
establish baseline conditions for biofouling development without
intervention (control A) and to evaluate the effects of the paint itself
without the active compounds (control B). This approach ensures that
any observed differences can be attributed to the antifouling properties
of the extracts.

2.2. Experimental procedure

With the aid of a polyester foam roller, these treatments (explained
in 2.1) were used to coat stainless steel substrates (12.5 c¢cm?). The
substrates were placed in frames (Fig. 1B) and exposed vertically at a
depth of 1m (Agostini et al., 2021a, 2019b) in the aquatic environment
(Fig. 1A) near the Salto Grande Reservoir, Lacustrine Zone — Uruguay
river (31°16'11.8" S 57°56'44.7" W) for 165 h(Fig. 1C) in April 2023.
Samples were taken daily to analyze different variables. This depth and
vertically exposure were used because they are already consolidated
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Fig. 1. Experimental site location, surroundings of the Salto Grande International Bridge — Uruguay/Argentina (A) and submerged frames with the substrates painted

with antifouling treatments (B-C).
characteristics that guarantee biofouling (Agostini et al., 2019b).
2.3. Study area

Salto Grande is a subtropical fluvial reservoir of approximately 750
km? within 100 km of the main channel of the Uruguay River, with an
average depth of 6.4 m and a maximum of 35 m, an average annual
temperature of 19 °C and annual precipitation of 1,260 mm. It is char-
acterized by a period of ebb and flow from December to March and
floods from April to November, with a maximum discharge of 22.000
m? s~ ! and a minimum of 5.563 m> s! (O’Farrell et al., 2012). The
reservoir is primarily used for power generation, but also for drinking
water supply and recreational activities, including sports and fishing.
The system is also characterized by the proliferation of cyanobacterial
blooms, which varies according to the hydrological conditions of ebb
and water level and attains great abundances on the right bank of the
reservoir and in the coastal areas closest to the dam (O Farrell et al.,
2012). Just like the Salto Grande reservoir (Boltovskoy et al., 2021), the
other main rivers in the Rio de la Plata Basin have a high abundance of
the golden mussel L. fortunei (Fabian et al., 2021; Silva et al., 2021). This
species is one of the most harmful macrofoulers for aquatic industries
(Pereira et al., 2022).

2.4. Monitoring of environmental and biological data

For each sampling period (23, 46, 70, 94, 118, 142 and 165 h) in
surface (0-1 m), the environmental variables: temperature (°C), dis-
solved oxygen (mg L™1), electrical conductivity (uS cm™1), pH, and
turbidity (NTU) were assessed using a multiparameter probe (YSI
DSpro). Water transparency (cm) was also evaluated using the Sechi
method (30 cm ). Biological variables: Chlorophyll-a (mg m3), sus-
pended solids (mg L™1), phosphate (mg L™1), total phosphorus (mg L™1),

total nitrogen (mg L_l), total ammoniacal nitrogen (TAN) (mg LD,
nitrogen dioxide (mg L’l), nitrate (mg L’l), and abundance of Micro-
cystis spp. (cell mL™1), Dolichospermum spp. (cel mL™') and cyanobac-
teria (cel mL 1), were obtained from data collected by the ecology sector
of the Environmental Management area of the Mixta Grande Technical
Commission (https://www.saltogrande.org/organizacion.php).

2.5. Biofouling analysis

At exposure times of 23, 46, 70, 94, 118, 142 and 165 h, three rep-
licates (three substrates) per treatment were removed for each micro-
fouling (MIC) and macrofouling (MAC) analysis and stored in falcon
tubes with 40 mL of 0.4 % sterile saline solution for MIC and tubes
containing 40 mL of 4 % formaldehyde for MAC, respectively. Before
storing the substrates in the container, they were washed 3x with sterile
saline solution (0.4 %) to remove loose material or planktonic organisms
from the samples. The MIC samples were stored in the dark and refrig-
erated at —18 °C, while the MAC samples were refrigerated at —18 °C
and processed later. All methodological procedures are summarized in
Fig. 2. The exposure time of up to 165 h was chosen because the bac-
terial biofilm of the biofouling has already reached its maturation stage
II, and this is a critical factor for subsequent ecological succession
(attachment of micro and macroorganisms) (Agostini et al., 2021a; Ma
et al., 2017; Sauer et al., 2022).

2.5.1. Microfouling analysis

Before being stored, for MIC analysis, immediately after collection,
the substrates were scraped with the aid of a sterile metal microbio-
logical loop into a falcon tube and manually stirred. For each analysis, 3
replicates were performed per treatment. An aliquot (1.8 mL) of the
samples was taken and stored in a cryotube containing para-
formaldehyde/glutaraldehyde (1:0.05 %) for approximately 1-2 weeks
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Fig. 2. Scheme of procedures adopted to evaluate the antifouling effect of aqueous extracts of macrophytes in the field.

at —20 °C (Krock et al., 2015), for analysis of total heterotrophic bac-
teria. Total heterotrophic bacteria were analyzed using flow cytometry,
a highly sensitive and rapid method for quantifying bacterial pop-
ulations (Gasol et al., 1999). Autotrophic organisms were assessed by
measuring total chlorophyll and photosynthetic activity, which provide
key insights into the productivity and biomass of photosynthetic
biofouling communities.

After thawing, samples were sonicated (40 KHz) to improve cell
dispersion for 5 min in an SB 3200 DTN ultrasonic cleaner (Krock et al.,
2015). Prior to downstream analyses, the cells were stained with
SYBR-Green I (SYBR-I, 1:30 dilution of commercial stock; Invitrogen,
USA) diluted in dimethyl sulfoxide (DMSO, Merck, Germany) (Marie
et al., 2005) in a ratio of 0.001:1 stain:sample for 15 min in the dark at
room temperature. The analyses were performed on the Apogee-A40
flow cytometer (Apogee Flow Systems, UK) equipped with argon laser
(488 nm). Total bacteria were determined following Krock et al. (2015)
by gating and counting cytometric populations events in a scatter plot of
488Green (peak, DNA signal) x 488Red (peak, chlorophyll signal)
fluorescence, taking into account the sample volume processed and by
using the software FlowJo (v.10.10).The results were expressed as cell
cm ™2 for each treatment.

Subsequently, the remaining samples in the falcon tubes were ho-
mogenized for the analysis of autotrophic organisms (in vivo) by
measuring total, chlorophyll-a total (ug L) and photosynthetic activity
(%) of green algae, blue-green (cyanobacteria), diatoms/dinoflagellates,
cryptophytes with the Algae Online Analyser II (bbe Moldaenke GMBH).
Photosynthetic activity was measured by evaluating photosystem II
activation.

2.5.2. Macrofouling analysis

To verify the presence of macroorganisms (>50 pm) on the surface of
the substrates, three replicates of each treatment were analyzed indi-
vidually under a stereomicroscope (magnification 40x). To avoid the
loss of organisms (principally L. fortunei larvae) in the substrate storage
solution, the liquid was also analyzed in a Bogorov chamber under the
stereoscope. Macroorganisms found were identified, photographed and
quantified. The species were identified using specialized literature
described by Agostini et al. (2021a, 2019). The presence of

macroorganisms in each substrate was used to calculate the quantity
(org cm™2) of organisms present in each treatment.

2.6. Fouling community composition

The community composition of fouling organisms was analyzed
using metabarcoding techniques for substrates removed at 165 h, which
had been stored in sterile 0.4 % saline solution. To investigate the
composition of bacteria, fungi, algae and invertebrates, the sequencing
of the 16S, ITS and 18S genes was performed by Neoprospecta Micro-
biome Tecnologia, Brazil. Composite samples (pooled) were made by
mixing in equal parts the three replicates per treatment. Amplification
were performed with 100 thousand reads with primers 16S rRNA v3/v4
region was performed using 341F (5-CCTACGGRSGCAGCAG-3") and
806R (5-GGACTACHVGGGTWTCTAAT-3) primers (Christoff et al.,
2017), ITS1 region amplification was performed using the primers ITS1
(GAACCWGCGGARGGATCA-3) and ITS 2 (5-GCTGCGTTCTTCA
TCGATGC-3") (Schmidt et al., 2013), and 18S rRNA v9 region amplifi-
cation was performed using the 1510r primer (5-CCTTCYGCAGGT
TCACCTAC-3) (Bradley et al., 2016).

Libraries were sequenced using the NextSeq 1000/2000TM
sequencing system (Illumina Inc., EUA) with NextSeq 1000/2000 P1
600-Cycle Kit. The removal of chimeric sequences and grouping of
operational taxonomic units (OTU) were performed using UPARSE
(Edgar, 2013). Taxonomic identifications were carried out using Blastn
v.2.6.0 (Altschul et al., 1990), as well as the reference Silva (v 138.2)
(Quast et al., 2012) and Greengenes (De Santis et al., 2006) databases.
Rarefaction (normalization) of the metagenomic data (OTUs) was per-
formed using the sample with the lowest number of sequences. Then,
based on the relative abundance of sequences in each sample, the fre-
quency of taxa and the richness were calculated for each treatment.

2.7. Chemical characterization of extracts

The chemical composition of the P. crassipes and T. domingensis ex-
tracts was characterized using liquid chromatography (LC-MS) and
Fourier transform infrared (FTIR) spectroscopy. LC-MS identified non-
volatile and high-molecular-weight compounds, and FTIR provided
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functional group analysis. These complementary methods ensured a
comprehensive understanding of the extracts’ chemical profiles. Results
were correlated with antifouling efficacy to identify key bioactive
compounds.

For LC-MS, the extracts were resuspended in 30 % acetonitrile (30 %
acetonitrile/70 % water). A Shimadzu Shim-Pak GIST HP C18 3 pm 4.5
x 150 mm column equipped with a UV detector was used, using a
moving phase gradient of 10 % water and 90 % acetonitrile, both con-
taining 1.1 % formic acid at a flow rate of 1 mL/min. The recorded mass
spectra were identified using the standard MASSBANK (http://www.
massbank.jp/index-e.html) mass spectra (Tohge and Fernie, 2009).
For FTIR, lyophilized samples of the extracts (2 mg) were mixed with
200 mg KBr. Afterwards, the samples were analyzed by Bruker Alpha II
infrared spectroscopy (Parameters: ATR Diamond-1 Bounce, 24 back-
ground scans, 24 sampling scans, range 4000-400 cm-1 with a resolu-
tion of 4 cm-1) and processed with the Opus spectroscopy software. The
functional groups of the samples were identified using infrared spectrum
tables provided by Sigma-Aldlrich (Naicker, 2024; Sukreem, 2024).

2.8. Statistical analysis

A two-way ANOVA was used for each paint (containing P. crassipes or
T. domingensis), to verify the difference between the treatments (Control
A, Control B,2.5,5and 10 g L~ and the exposure times (23, 46, 70, 94,
118, 142 and 165 h) in the microfouling assays. In all cases, the as-
sumptions of normal distribution of the residues (Shapiro-Wilk test) and
homoscedasticity (Levene test) were verified. When alternative hy-
potheses with a significance level of 95 % were accepted, Tukey’s post-
hoc test was performed. This method was chosen to simultaneously
assess the interaction between treatment types and exposure times,
providing a robust framework to address the study’s hypotheses
regarding the efficacy of antifouling treatments over time and under
different conditions. In addition, Hedges’g analysis (method for small
samples) was performed in order to show how large the statistical dif-
ference is, categorizing the value of g according to Cohen (2013).

Explanatory analyses were performed with the frequency of taxo-
nomic groups (metabarcoding, Bray-Curtis similarity matrix) and total
bacteria and autotrophic data (Euclidean distance) through non-metric
multidimensional scaling (NMDS). Permutational analysis of multivar-
iate variance (PERMANOVA) was performed to verify differences among
groups of treatments for multivariate data. Similarity percentage anal-
ysis (SIMPER) was also performed to verify the individual contribution
of variables for treatment groups. Statistical analysis was conducted
with the use of software Past 4.03.

3. Results
3.1. Monitoring of environmental and biological data

The environmental variables showed minimal variation between the
experimental period (Table 1). The water temperature remained at an
average of 21.24 °C (+0.56), dissolved oxygen was 8.35 mg L ™! (+0.56),
chlorophyll-a was 9.40 mg m~3 (+£0.53) and concentrations below the
detection level were found for Microcystis and Dolichospermum species
and cyanobacteria (Table 1).

3.2. Microfouling

The microfouling data are summarized in Table 2. The chlorophyll-a
concentration (ug L™1) of the analyzed groups varied during the expo-
sure time and the treatments (Fig. S1). Total chlorophyll a (Fig. S1A-F)
and green algae (Fig. S1B-G) increased in concentration from 118 h
onwards (p < 0.05, Hedge’s g = 1.83, high effect), diatoms/di-
noflagellates (Fig. S1D-I) from 70 h onwards (p < 0.05, Hedge’s g =
0.81, high effect) and the cryptophytes (Fig. SIE-J) from 142 h onwards
(p < 0.05, Hedge’s g = 1.26, high effect). Cyanobacteria (Fig. S1C-H)
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Table 1

Mean + SD of environmental and biological variables at the point where the
field experiment was carried out. <LQ = below detection limit. TAN = total
ammoniacal nitrogen; DL = detection limit. Environmental variables were
measured daily throughout the sampling period, while biological variables were
evaluated once a week.

Environmental Mean SD Biological variables Mean SD
variables
Temperature (°C) 21.24 056  Chlorophyll-a(pgL™")  9.40 0.53
Dissolved oxygen (mg  8.35 0.18  Microcystis spp. (cell <DL <DL
LY mL )
Electrical 66.14 177  Cyanobacteria (cell <DL <DL
conductivity (pS mL™)
em™)
pH 7.68 0.09  Dolichospermum spp. <DL <DL
(cell mL™)
Turbidity (NTU) 11.58 1.03
Water transparency 87 7
(cm)
Suspended solids (mg 5.70 0.50
LY
Total phosphorus (mg  0.04 0.00
LY
Total nitrogen (mg 0.63 0.16
LY
Phosphate (mg L") 0.03 0.01
TAN (mg L™%) 0.12 0.02
Nitrogen dioxide (mg. = <DL <DL
LY
Nitrate (mg. L™1) 0.38 0.32
Table 2

Summary of the effects on biofouling on substrates painted with aquatic
macrophyte Pontederia crassipes and Typha domingensis extracts at the end of the

experiment (165 h). - = decrease, + = increase in comparison to control B.
Endpoints P. crassipes (g L) T. domingensis (g L")
2.5 5 10 2.5 5 10
Total chlorophyll a (ug. L™1)
no - - no + no
effect effect effect
Green algae - - no no - +
chlorophyll a effect effect
Cyanobacteria - - - + no no
chlorophyll a effect effect
Diatoms/ + no no + + no
Dinoflagellates effect effect effect
chlorophyll a
Cryptophytes + + + + + no
chlorophyll a effect
Total + - + no + no
heterotrophic effect effect
bacteria (cells
cmz)
Presence of L. Present  present absent absent  absent  absent
fortunei larvae
Frequency (%);
richness
Algae - 5 -5 - - 5
Bacteria +;- +; no —+;- +;- +; + +; +
effect
Fungi +5- +5- +5- +5- +5- +5-
Presence of Absent + Absent  absent  absent
Mollusca
(Sinomytilus
harmandi)

showed a decrease in their concentration between 40 and 70 h (p < 0.05,
Hedge’s g = 0.65, moderate effect), but then increased from 94 h on-
wards (p < 0.05, Hedge’s g = 1.43, high effect). The diatoms/di-
noflagellates showed a higher concentration of chlorophyll in relation to
the other groups analyzed (Fig. S1D-I).
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For P. crassipes extracts, at the end of the experiment (165 h), the
concentration of total chlorophyll a (Fig. S1A) was lower in the 10 g L™}
treatment (p < 0.05, Hedge’s g = 0.89, high effect), while the chloro-
phyll a of green algae was lower in the 2.5 g L™ treatment compared to
control B (Table 2; Fig. S1B) (p < 0.05, Hedge’s g = 0.67, moderate
effect). For cyanobacteria chlorophyll (Fig. S1C), there was a decrease
with the increase in extract concentrations (p < 0.05, Hedge’s g = 1.65,
high effect). For the diatoms/dinoflagellates chlorophyll (Fig. S1D)
there was an increase in the 2.5 g L™! treatment compared to the control
B treatment (p < 0.05, Hedge’s g = 0.42, small effect) and for crypto-
phytes chlorophyll a (Fig. S1E) there was an increase for all extracts
concentration (p < 0.05, Hedge’s g = 1.86, high effect), particularly for
5.0gLL

Following treatments with varying concentrations of T. domingensis
extracts, and comparison to the control group B at 165 h (Table 2), the
total chlorophyll a (Fig. S1F) increased in the 5.0 g L™} (p < 0.05,
Hedge’s g = 1.34, high effect), the green algae chlorophyll a (Fig. S1G)
decreased in the 5 g L™! treatment but increased with the 10 g L™*
treatment (p < 0.05, Hedge’s g = 1.70, high effect), and the cyano-
bacteria chlorophyll a (Fig. S1H) increased with the 2.5 g L™ treatment
(p < 0.05, Hedge’s g = 0.98, high effect). For diatoms/dinoflagellates
(Fig. S11) and cryptophytes (Fig. S1J), both 2.5 and 5.0 g L™! treatments
yielded an increase compared to the control B treatment (p < 0.05,
Hegde’s g = 0.90 and 1.20 respectively, high effect).

Photosynthetic activity was detected only for the diatoms/di-
noflagellates group for treatments containing P. crassipes and
T. domingensis extracts from 118 h onwards and for control B treatment
at 165 h only. There was no significant difference in photosynthetic
activity between treatments with P. crassipes and T. domingensis extracts
and control B at 165 h (p > 0.05) (Table S1).

A general increase in total heterotrophic bacterial counts (cells
cm2) was observed starting at 70 h (p < 0.05, Hedge’s g = 0.80 — high
effect). This was followed by a decline at 142 h, before rising again at
165 h (p < 0.05, Hedge’s g = 0.77, moderate effect) (Fig. 3 and Table 2).
For the P. crassipes treatments (Fig. 3A), during the 165-h period, the 2.5
and 10 g ™! treatments showed a significant increase in total bacteria
(p < 0.05, Hedge’s g = 0.65 and 0.70 respectively, moderate effect)
compared to the control B treatment, while the 5 g L™! treatment
exhibited a significant decrease (p < 0.05, Hedge’s g = 0.85, high ef-
fect). For the T. domingensis treatments (Fig. 3B), the 2.5 and 10 g L™*
treatments showed no significant change compared to the control
treatment (p > 0.05), whereas the 5 g L™! treatment resulted in a sig-
nificant increase in total bacteria (p < 0.05, Hedge’s g = 1.28, very high
effect).
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3.3. Macrofouling

Regarding macro-organisms, a single pediveliger larva of L. fortunei
was observed at 165 h in the 2.5 g L™} P. crassipes treatment (Fig. 4A),
while an umbonate larva of L. fortunei was found at the end of the
experiment in the 5 g L'P crassipes treatment (Fig. 4B). No represen-
tatives of macro-organisms were found in the other treatments or
exposure times (Table 2). Additionally, the org cm™2 ratio for each
treatment is shown in Fig. S2, where at 165 h, the P. crassipes 2.5and 5 g
L~! treatments exhibited the highest value of 0.08 org cm 2 (Fig. S2).

3.4. Fouling community composition

A total of 12 taxa were recorded, with the bacteria, fungi and algae
being the most representative of all samples (Fig. 5A). The control B
treatment presented greater richness with 83 taxonomic groups, while
the 10 g L1 P. crassipes and 2.5 g L™! T. domingensis treatments were less
rich with only 20 groups each (Fig. 5A). Among bacteria (Fig. 5B), Bacilli
were the most frequent for all treatments, followed by Desulfovibrione
and Alphaproteobacteria. The 2.5 g L™} T. domingensis and 10 g L™!
P. crassipes treatments exhibited lower richness compared to the control
B treatment (Fig. 5B).

For fungi, eight different classes were identified, with Micro-
botryomycetes, Eurotiomycetes and Tremellomycetes being the most
frequent (Fig. 5C). The control B treatment exhibited the highest rich-
ness with seven distinct classes, while the 10 g L' T. domingensis
treatment demonstrated the lowest richness, containing only three
classes, with Microbotryomycetes being highly predominant (Fig. 5C).
Regarding algae (Fig. 5D), the Bacillariophyceae class was the most
common across all treatments, and was the sole class found in the 10 g
L~ P. crassipes, and the 2.5 and 10 g L™ T. domingensis treatments
(Fig. 5D). The control B treatment again displayed the greatest richness,
with 38 taxonomic groups, while all the other treatments showed a
reduction in richness (Fig. 5D). The abundance of taxa for each treat-
ment is detailed in Table S2.

3.5. Biofouling community analyses

The NMDS analysis of taxa abundance (Fig. S3A) identified eight
distinct groups for the tested treatments (STRESS = 0.17), which were
supported by the PERMANOVA results (p < 0.001). Notably, similarities
were observed between the 5 with 10 g L ™! T. domingensis treatments, as
well as between control A and 5 and 10 g L™! P. crassipes treatments
(Fig. S3A). Bacillariophyceae, Microbotryomycetes and Bacilli contrib-
uted 14.02 %, 11.60 % and 11.41 %, respectively, to the formation of
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Fig. 4. Macroorganisms found in biofouling samples of different treatments of Pontederia crassipes at the exposure time of 165 h by stereoscope microscopy.
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these groups (Table S3A). In the NMDS analysis of total bacteria and
chlorophyll data (Fig. S3B), eight groups were also identified (STRESS =
0.05), with PERMANOVA confirming the result (p < 0.001). Similarities
were observed between the treatments of 2.5 g. L' T. domingensis, 2.5, 5
and 10 g L™ P. crassipes, and control B (Fig. S3B). In this case, total
chlorophyll a and chlorophyll a from diatoms/Dinophyceae contributed
55.25 % and 32.06 %, respectively, to the formation of this grouping
(Table S3B).

3.6. Chemical characterization of extracts

For the LC-MS analysis, the three main compounds identified in the
T. domingensis extract were 4-methylphenethylamine (55.45 %), D-
cysteine (15.59 %), and L-lysine hydrochloride (10.73 %) (Table S4). In
the P. crassipes extract, the primary compounds were 4-

methylphenethylamine (63.00 %), betaine-aldehyde (18.21 %), and
carbamoyl-DL-aspartic acid (14.81 %) (Table S4). Detailed data,
including retention times and chromatographic peaks, are provided in
the supplementary material (Table S5 and Fig. S4).

FTIR analysis revealed distinct functional groups for the two extracts
(Table S6). The T. domingensis extract contained functional groups such
as amine, alcohol, aliphatic nitro, aromatic ether, and halo compounds.
In contrast, the P. crassipes extract primarily exhibited functional groups
including alcohol, halo compound, nitro compound, aromatic ether,
halide, and alkane.

4. Discussion

Current antifouling alternatives primarily aim to inhibit bacterial
biofilm formation, a critical early step that facilitates the adhesion of
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other organisms during the successional process of biofouling (Agostini
et al, 2021a). In this study, the incorporation of P. crassipes and
T. domingensis extracts into the epoxy coating effectively inhibited both
heterotrophic and autotrophic components of microbial biofilms.
However, this biofilm inhibitory effect diminished by the end of the
experiment (165 h), which might result from a decline in the activity of
bioactive compounds. It is important to stress that the half-life of the
bioactive present in the extracts is unknown, and loss of efficacy cannot
be ruled out. Future studies should incorporate stability testing under
various environmental conditions to better understand the degradation
rates and persistence of these bioactive compounds. It is also possible
that biofilms, once developed and mature, confer protection against
chemicals and other abiotic stresses (Chattopadhyay et al., 2022; Davey
and O’toole, 2000). This may also have happened since the time of 165h
the biofilm is already in its maturation stage II, where its maximum
thickness is reached and contains a stable microbial community, in
which the extracellular polymer matrix and QS are already well estab-
lished (Ma et al., 2017; Sauer et al., 2022, 2002). These findings un-
derscore the need to investigate bioactive compound stability and
delivery mechanisms to sustain long-term antifouling effects.

Treatments with P. crassipes extracts demonstrated greater inhibition
of heterotrophic bacterial density, and autotrophic bacteria and algae
chlorophyll compared to T. domingensis extracts. Laboratory studies
attribute this effect to its chemical profile, which likely interferes with
bacterial biofilm formation and bacterial quorum sensing pathways
(Morales et al., 2024b). Autotrophic bacteria, primarily blue-green
cyanobacteria, were the first to exhibit growth; however, their prolif-
eration slowed and then resumed. The same pattern was observed for
total bacteria populations, indicating that cyanobacteria likely consti-
tuted most of the bacteria via flow cytometry. When compared to control
A, treatments with macrophyte extracts delayed the lag phase of mi-
crobial growth. Specifically, growth commenced at 94 h on P. crassipes
coatings and at 70 h for T. domingensis coatings. The lag phase represents
a period of microbial latency without stable growth, which is then fol-
lowed by the exponential (log) growth phase (Reischke et al., 2015,
2014). This delay in microbial growth could have practical implications
for biofouling management by providing an extended window of time to
implement antifouling strategies or treatments before biofilm formation
becomes more resistant to interventions. Besides, the rapid lag phase of
T. domingensis can be explained by the presence of more nutrients in its
extract, when compared to P. crassipes extract. However, we did not
analyze the composition of nutrients present in these extracts, and
further studies related to this topic are needed.

Substrates with P. crassipes and T. domingensis extract-epoxy coatings
demonstrated a dose-dependent inhibition for cyanobacteria (blue-
green chlorophyll), which was not observed for other photosynthetic
organisms. This cyanobacteria inhibition effect is consistent with
competition mechanisms reported in prior studies (Neilen et al., 2017;
Yu et al., 2019). Chemical compounds in macrophyte extracts can alter
cell morphology and enzymatic activity or disrupt photosynthetic ma-
chinery by reducing chlorophyll-a and damaging photosystem II
(Eigemann et al., 2013; Liu et al., 2021; Tan et al., 2019). However, in
our study, due to the low concentration of chlorophyll, it was not
possible to detect the photosynthetic activity of cyanobacteria and other
taxa. Therefore, to confirm the action of the extracts on the mechanisms
of photosynthetic activity, more tests must be performed. However, it is
possible to speculate that such effects of the extracts may have inhibited
the cyanobacteria by decreasing blue-green chlorophyll, due to possible
damage to photosystem I and/or II, effects on decreasing chlorophyll
synthesis and/or blocking electron transfer, which may influence
adenosine triphosphate (ATP) synthesis (Tan et al., 2019).

Our study documented a distinct succession pattern: autotrophic
(cyanobacteria) and heterotrophic bacteria initially proliferated, fol-
lowed by diatoms (70 h), green algae (118 h), and cryptophytes (142 h).
This sequential colonization aligns with reports that diatoms pave the
way for adhesion of other photosynthetic organisms (Franca et al.,
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2011), with their ability to produce adhesive EPS. Variations in suc-
cessional biofilm stages can arise from interspecies competition and
environmental factors (Zhu et al., 2024), emphasizing the complexity of
biofilm dynamics. The initial 48-h phase of biofouling is critical for
surface conditioning and nutrient adsorption, and together with tem-
perature strongly influences bacterial adhesion and biofilm develop-
ment (Rao, 2010). Rao (2010) observed a positive relationship between
the concentration of chlorophyll and fouling algae, and between par-
ticulate matter and biofouling organisms. Though this was not the pri-
mary focus of our study, the environmental variables exhibited minimal
variation and remained similar with previous studies in these systems
(Boltovskoy et al., 2021). Still in this context, we emphasize that un-
derstanding the influence of environmental factors on the dynamics of
biofilm formation may be essential for designing antifouling strategies
targeting initial succession stages of biofouling.

The extracts of P. crassipes and T. domingensis reduced the microbial
taxonomic richness while altering the taxonomic composition of bacte-
rial, fungal and algal communities. This pattern has previously been
observed on surfaces coated with chemical substances, where a decrease
in the taxonomic richness of bacterial biofilm communities has been
noted (Agostini et al., 2021a; Ammon et al., 2018; Flach et al., 2017).
Bacterial communities showed increased frequency of Bacilli, Alphap-
roteobacteria, and Desulfovibrionia while experiencing decreases of
Betaproteobacteria and Gammaproteobacteria. These changes reflect
tolerance to environmental stressors such as heavy metals and elevated
temperatures (Huang et al., 2024a, 2024b; Keshri et al., 2024).

In the marine environment, Betaproteobacteria and Gammaproteo-
bacteria have a high positive correlation with the settlement of macro-
organisms, especially the genus of Littorinidae and Amphibalanus sp.
(Agostini et al., 2021a). Proteobacteria are recognized for their high
diversity and abundance in natural and artificial substrates (Agostini
etal., 2021a; Bergo et al., 2021; Morales et al., 2024b), being considered
the primary colonizers of substrates (Dang and Lovell, 2016; Salta et al.,
2013). Thus, inhibiting the bacterial adhesion of this group of bacteria is
extremely relevant for the development of new antifouling agents, as
noted in Fig. 6, bacterial inhibition of some taxonomic groups can lead
to inhibition of the rest of the successional process of biofouling. How-
ever, we emphasize that studies to understand the dynamics of the
successional process of biofouling in freshwater environments are
incipient.

Also in this same context, the anti-biofilm effects of P. crassipes and
T. domingensis extracts on Gammaproteobacteria were previously re-
ported by (Morales et al., 2024b). The response of Gammaproteobac-
teria was particularly noteworthy, as this group usually thrives on
surfaces coated with antifouling agents (Ammon et al., 2018; Flach
et al., 2017). Contrary to these trends, our study observed a decline in
Gammaproteobacteria, often resilient to antifouling agents, potentially
linked to the unique bioactive composition of macrophyte extracts.

Most biofouling research predominantly focuses on bacteria or in-
vertebrates (Sérvulo et al., 2023; Watson et al., 2016), with studies on
fungi and algae remaining relatively under-explored, particularly at the
class level responses. This study, however, demonstrated significant
effects not only on the richness and frequency of bacterial communities
but also on fungi and algae. These effects may be attributed to bacterial
inhibition, which potentially facilitated the proliferation of opportu-
nistic organisms (Agostini et al., 2021a). For instance, an increase in the
frequency of Microbotryomycetes and diatoms (Fragilariophyceae and
Bacillariophyceae) alongside a decrease in Dothideomycetes and green
algae was observed. The predominance of diatoms, as indicated by
metabarcoding data and chlorophyll concentrations, can be attributed to
their opportunistic nature, strategic adaptability and specialized traits
that facilitate their adhesion, making them the most dominant benthic
organisms on substrates (Felisberto and Rodrigues, 2012; Franca et al.,
2011).

The inhibition of bacterial richness observed in the biofilm could also
contribute to reduced adhesion of macro-organisms. This suggests that
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surfaces treated with chemical coatings may foster distinct biofilm
communities, which in turn influence the selection of unique macro-
organism communities (McNamara et al., 2009). Agostini et al.
(2021a) highlighted the positive association between Gammaproteo-
bacteria and macrofouling. In our study, we observed minimal adhesion
of macroorganisms (0.08 org. cm %) on substrates treated with
P. crassipes at concentrations of 2.5 and 5 g.L ™! over 165 h. This could be
possibly explained by the effects on reducing Gammaproteobacteria
frequency. Another plausible explanation is the low environmental
abundance of L. fortunei larvae during the study period, as suggested by
the absence of macro-organisms even in control treatments. Addition-
ally, it is worth mentioning that during the experimental period, pre-
cipitation was moderate, ranging from 0 to 11 mm (Salto, 2025). Thus,
further testing is needed to confirm larval abundance in the environ-
ment. It is important to note that the experiment coincided with a period
typically marked by high larval abundance of L. fortunei in the Salto
Grande reservoir (Boltovskoy et al., 2021; Cataldo et al., 2022, 2012).

Substrates coated with epoxy paint but without extracts were more
prone to biofouling compared to uncoated stainless steel. This finding
suggests that the chemical and physical properties of epoxy paint, such
as its surface roughness or chemical composition, may inadvertently
enhance the colonization of biofouling organisms. Zinc present in low
concentrations in stainless steel is essential for bacterial biofilm meta-
bolism, enhancing its attractiveness for organisms (Bongo et al., 2010).
However, zinc at high concentrations can be toxic to organisms (Eisler,
1998). Additionally, the surface roughness of stainless steel facilitates
the adsorption and absorption of organic and inorganic particles, further
facilitating colonization (Patil and Anil, 2005). Therefore, incorporating
bioactive compounds, such as macrophyte extracts, into epoxy coatings
could mitigate this effect, guiding the design of more effective anti-
fouling paints that balance structural integrity with reduced suscepti-
bility to fouling.

Epoxy bases, a category of polymeric materials containing high
molecular weight binders, are often utilized for contact leaching coat-
ings (Pereira et al., 2024). These materials form the basis for antifouling
additives (Pereira et al., 2024; Vijayan et al., 2022), due to their me-
chanical strength, chemical resistance, and anti-corrosive properties, as
well as their potential to continuously release antifouling agents
(Vijayan et al., 2022). However, the organic solvents used in epoxy
paints are currently being discussed in the literature (Akhter et al., 2025;

Dey and Shetranjiwalla, 2025; Pereira et al., 2024), such as the toluene
and xylene present in the epoxy paint used in the present study. As much
as these solvents are being used in biodegradable polymeric coatings
(Pereira et al., 2024), they are volatile and contribute to the formation of
toxic volatile organic components (Dey and Shetranjiwalla, 2025).
However, its cost is justified due to the fast-drying time in its applica-
bility (Dey and Shetranjiwalla, 2025). Thus, as much as this is still
debated, we suggest the use of another type of epoxy paint to add the
antifouling agent based on P. crassipes or T. domingensis.

Treatments using epoxy paint with 5 g L™ of P. crassipes were more
effective in mitigating biofouling compared to those with T. domingensis.
The lack of a clear dose-dependent response can be attributed to the
survival of certain microbial taxa at both higher and lower concentra-
tions, while intermediate concentrations lead to a reduction in their
density. The observed dose-dependent non-response can be explained by
the fact that some microbial taxa survive at higher and lower concen-
trations, and at intermediate concentrations end up decreasing their
density, also known as the eagle effect (Eagle, 1948; Eagle and Mus-
selman, 1948; Prasetyoputri et al., 2019). This phenomenon highlights
the complexity of designing antifouling treatments that balance con-
centration and efficacy, as suboptimal concentrations might inadver-
tently select for resistant taxa while reducing the density of others.
Addressing this effect requires detailed studies to determine optimal
dosing strategies that minimize biofouling in the field, without fostering
resilience among microbial communities. For example, field antifouling
studies should focus on testing a wide range of concentrations of the
treatments tested to verify the effective concentration for biofouling
reduction. Besides, in antifouling tests with plant extracts, this effect had
already been documented by Agostini et al. (2020, 2019a).

Furthermore, the chemical compounds found in macrophyte extracts
may have contributed to the biofouling inhibition observed. Both ex-
tracts contained 4-methylphenethylamine, which are recognized for
their antimicrobial properties (Rambaran et al., 2024) and are
commonly found in high concentrations in aquatic macrophyte extracts
like Cabomba caroliniana and Schoenoplectus californicus, known for their
antifouling properties (Morales et al., 2025). In addition, other com-
pounds in lower concentrations in our extracts (P. crassipes and
T. domingensis) are also highlighted in the literature for having antimi-
crobial, antifungal, antioxidant, and anti-inflammatory activity, as dis-
cussed in Table S7. While these compounds likely contributed to the
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observed antifouling effects, mainly related to QS inhibition and biofilm
formation (Fig. 6), further research is required to clarify their specific
roles in biofouling inhibition. It is worth noting that the inhibition of
bacterial biofilm, either by direct inhibition of biofilm formation or in-
hibition of QS, is indicated as an antifouling strategy, due to the biofilm
being a prerequisite for the attachment of macrofouling species (Sathicq
et al., 2025).

Additionally, the primary chemical groups in the extracts were pre-
dominantly alkanes and alcohols, which are integral plant constituents
with significant roles in plant physiology. These compounds are often
linked to plant-herbivore interactions, such as attracting or repelling
pollinators (Lal and Biswas, 2023). Identifying the compounds present
in the extracts is a fundamental step in the development of new anti-
fouling agents, as it lays the groundwork for scaling up production and
translating these findings into industrial applications. So isolated com-
pounds with high bioactivity can be combined, being possible to in-
crease the antifouling efficacy by combining one or more extracts in
different concentrations to cause a synergistic effect with different
combinations. To enhance efficiency, isolated compounds could be
incorporated directly into paint formulations, advancing the develop-
ment of a final antifouling product (Hamidi et al., 2022). Antifouling
efficacy could be optimized by using organic solvents such as ethanol,
ethyl acetate, or methanol, for extraction. These solvents target both
polar compounds and lipophilic and hydrophilic molecules, ensuring a
broader range of active compounds is extracted (Hamidi et al., 2022).

Traditional antifouling paints based on biocides and co-biocides (e.
g., Diuron and DCOIT) have limitations, such as lower efficacy in
advanced successional stages of biofouling (Agostini et al., 2019a) and
high toxicity to non-target organisms (Soroldoni et al., 2018). On the
contrary, natural antifouling alternatives offer hope for replacing
traditional biocides, providing efficient biofouling control with reduced
environmental impact (Nalini et al., 2025). Such as low and/or
non-toxicity to non-target organisms and inhibition of biofouling in its
early stage (biofilm formation), as it influences the rest of the biofouling
successional process. However though the search for environmentally
friendly antifouling alternatives, particularly those derived from natural
plant compounds has increased over the years (Agostini et al., 2021b;
Hamidi et al., 2022), research on natural compounds from aquatic
macrophytes remains limited (Morales et al., 2025, 2024b; 2024a).

Due to the strong competition of resources in the aquatic environ-
ment, throughout their evolution, macrophytes began to produce
chemical compounds capable of influencing the establishment and
growth of other organisms (Gross, 2003). These compounds are mainly
related to aspects of defense against herbivory and are reported to
contribute to playing key ecological roles in structuring the aquatic
environment (Pereira et al., 2021). Despite the knowledge that the
chemical defenses of these plants are extensive, they remain unexplored
(Gross and Bakker, 2012), mainly related to antifouling activity. In fact,
the search for ecologically correct antifouling alternatives derived from
macrophytes is explored little (Morales et al., 2025, 2024a; 2024b), and
attention has so far focused only on terrestrial plants.

There are still a few studies focused on evaluating the antifouling
efficacy of natural plant compounds in real-world field conditions (Pérez
et al., 2021). Our study is the first to test the antifouling activity of
aquatic macrophyte extracts mixed with epoxy paint in a natural envi-
ronment. Especially in freshwater environments, where the develop-
ment of new antifoulants to prevent biofouling is urgent (Sathicq et al.,
2025). This field validation strengthens the case for using natural ex-
tracts in antifouling technologies by demonstrating their efficacy under
real-world environmental conditions, thereby bridging the gap between
laboratory research and practical application. The findings from our
research not only enhance the understanding of the antifouling potential
of aquatic macrophytes but also open possibilities for developing new
environmentally friendly and sustainable antifouling solutions.
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5. Conclusion

Our study is the first to assess the antifouling efficacy of aquatic
macrophyte extracts in combination with epoxy coating under natural
environmental conditions. Over a 165-h period, the treatments with 5
and 10 g. L™! of P. crassipes extract demonstrated the most significant
effectiveness in combating biofouling, with a significant reduction for
total bacteria (34 %), cyanobacteria — blue-green chlorophyll (55 %),
total chlorophyll (44 %) and macroorganisms. Biofouling inhibition was
observed across all groups analyzed, with reductions in bacterial bio-
film, chlorophyll content, and the frequency of certain taxa (Mollusca,
Clostridia, Betaproteobacteria, Gammaproteobacteria,  Trem-
ellomycetes, Sordariomycetes, green algae and Dinophyceae).

The results highlight P. crassipes as a promising candidate for the
development of new environmentally friendly antifouling paints based
on natural products, offering new insights into the potential of such
antifouling paints. Thus, as observed in the conceptual model proposed
in Fig. 6, our extracts can act in the inhibition of biofilm formation and
in the blocking and/or inhibition of quorum sensing, triggering a
cascade inhibition for different taxonomic groups. The antifouling effect
was promising over the 165-h observation period. However, to better
understand the long-term viability, further studies are needed to
determine the half-life of the antifouling activity and assess the dura-
bility of these paints’ effects. We also recommend conducting extended
field tests (minimum of one year), to establish a more comprehensive
understanding of the long-term effectiveness and durability of these
coatings. Thus, as tests to verify the properties/processes of compounds
including: Kow, Kd, Koc, H, volatilization, speciation and hydrolysis, as
well as the performance of toxicological tests against other non-target
organisms, expanding their knowledge about their impact.

To enhance the efficacy of the treatment, we suggest isolating and
purifying the antifouling compounds present in the extracts through
chromatographic techniques. This would allow for more efficient
incorporation of these active compounds into the epoxy base, maxi-
mizing the paint’s effectiveness. Aquatic macrophytes like P. crassipes
represent a promising avenue for the development of sustainable anti-
fouling solutions, offering a fresh perspective on the future of antifouling
paints. In addition, this species is considered an invasive plant in many
locations, and its antifouling benefit can help in its management for
biotechnological use, in addition to presenting rapid growth and
consequently ease of acquisition of biomass for development on an in-
dustrial scale.
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