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Abstract: This study investigated the antibacterial activity of aqueous and organic extracts from 78
marine organisms, including seaweeds and sponges, collected from the coastal zone of Ceara, Brazil.
Biological tissue extracts were obtained by maceration using distilled water and 50% acetonitrile. The
extracts were tested against Gram-positive (Staphylococcus aureus and Staphylococcus epidermidis) and
Gram-negative (Escherichia coli) bacterial strains using the disk diffusion method and measuring
inhibition zone diameters. Results showed that 30.7% of the organisms exhibited antibacterial
activity, with greater effectiveness in organic extracts. Demonstrated remarkable bioactive potential,
particularly the genus Aplysina, Amphimedon compressa, Amphimedon viridis, Mycale sp., and
Pseudosuberites sp. Seaweeds showed no activity in aqueous extracts, but some organic extracts were
effective against Gram-positive strains, notably Amansia multifida. Most extracts were more effective
against Gram-positive bacteria, likely due to their simpler cell wall structure. These findings highlight
the biotechnological potential of marine organisms from the Brazilian coast as sources of novel
antibacterial molecules, contributing to the search for alternative therapies in response to the growing
issue of bacterial resistance.

Keywords: antibacterial activity; bioactive extracts; marine organisms

1. Introduction

Marine organisms are a promising source of natural products and bioactive compounds. Oceans
are home to a vast biodiversity of organisms that, due to exposure to environmental pressures and
influences different from those faced by terrestrial organisms, produce compounds with unique
characteristics. Bioactive compounds resulting from secondary metabolism of these organisms
include natural molecules capable of exhibiting biological activities and contributing to the
therapeutic control of various pathogens. These metabolites are not directly involved in the
organism's growth or maintenance but play a key role as mediators of ecological interactions [1-3].

Many marine bioactive compounds have been investigated for their antifungal, antibacterial,
antiviral, and anticancer potential due to their distinct structural and chemical features. Marine
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compounds, such as proteins, peptides, amino acids, alkaloids, polyketides, polyphenols, terpenoids,
sterols, naphthoquinones, and polysaccharides can serve as important sources for pharmaceutical
and medical products [4,5]. Presently, 33 marine bioactive substances are in different stages of drug
development, including preclinical, Phase I, II, and III trials, while 15 have already been approved by
the U.S. Food and Drug Administration, Australia, Japan and/or China. Among antimicrobial agents,
the nucleoside Ara-A, derived from a marine sponge, has been approved for its antiviral activity.
Additionally, 11 compounds in the preclinical phase, belonging to shikimate, peptide, polyketide,
alkaloid, and terpene classes, have demonstrated antibacterial, antifungal, antiviral, and
antiprotozoal activities and are sourced from sponges, algae, bacteria, bryozoans, and soft corals [6,7].

The increasing inefficacy of antibiotics due to bacterial resistance is a major global health
concern. It occurs when bacteria develop mechanisms to withstand the effects of drugs designed to
eliminate or inhibit their growth. This resistance can emerge through the acquisition of resistance
genes from other bacteria or genetic mutations. Overuse or misuse of antibiotics accelerate the
development of resistant strains and, as a result, infections that were once easily treatable are
becoming harder to manage, leading to a burden on health care systems and higher mortality rates
[8]. Combating resistant bacteria requires the continuous search for alternative strategies, including
the discovery of new bioactive molecules with antibacterial properties.

Recent studies have investigated the antibacterial potential of extracts from various marine
organisms, such as invertebrates and algae, against common, resistant, and multidrug-resistant
bacterial strains. This research is driven by the emergence of multidrug-resistant bacteria caused by
the improper use of antibiotics, highlighting the importance of bioprospecting for the discovery of
new compounds with biotechnological potential [9-13]. Disk-diffusion assay is widely used to detect
antibacterial activity in extracts due to its efficiency, simplicity, low cost, and ability to provide
quantitative results in a short time. In this method, sterile paper disks, soaked in the extract, are
placed on agar plates containing the bacterial culture. After an appropriate incubation period, the
diffusion of the extract into the medium is observed, and the inhibition zones around the disks are
measured [14].

In this context, the purpose of this study was to evaluate the antibacterial potential of aqueous
and organic extracts obtained from marine organisms collected along the coast of Ceard, in
Northeastern Brazil.

2. Materials and Methods

2.1. Material Collection

Marine macroalgae and sponges were manually collected from the beaches of Pacheco and
Paracuru, and by autonomous diving at the Parque da Pedra da Risca do Meio, along the coast of
Ceara, Brazil (Tables 1-3). Fragments of the collected organisms were individually placed in plastic
tubes and kept cool in a thermal box during transportation to the Marine Biotechnology Laboratory
(BioMar-Lab) at the Department of Fisheries Engineering, Federal University of Ceara. All collections
and use of biological material were authorized and certified by the competent environmental
institutions SISBIO (Biodiversity Authorization and Information System, ID: 33913-10, 33913-11) and
SISGEN (National System for Genetic Heritage and Associated Traditional Knowledge Management,
ID: AC14AF9, A9D15EA, A1792FE, AC71058, A625FEE, ACC97AD).

Algae were identified at the Department of Fisheries Engineering, Federal University of Ceara,
and sponges were identified at the Department of Zoology, Federal University of Pernambuco.

2.2. Aqueous Extraction

Different tissues from marine organisms were macerated with or without liquid nitrogen,
depending on the tissue type, followed by homogenization in distilled water at a ratio of 1:3 for
macroalgae and 1:2 for sponges (w/v) using a refrigerated shaker TH 6430B (Thoth Equipments, BRA)
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at 170 rpm for 4 h at 25 °C. Resulting extracts were then centrifuged at 9000xg for 15 min, and

supernatants were transferred to new tubes and stored at -20 °C until further use.

2.3. Organic Extraction

Tissues of macroalgae and sponges were macerated as described in the previous section.

Macerated tissues were homogenized in 50% acetonitrile at the same ratio as the aqueous extracts

and subjected to constant agitation at 170 rpm for 4 h at 25°C. Aliquots of 2 mL of the extracts were

separated into microtubes for the removal of acetonitrile and concentration of the samples through

evaporation in a vacuum concentrator (Labconco, USA) at 35°C for 2 h. Finally, the organic extracts

were transferred to new microtubes and stored at -20 °C until further use.

Table 1. Marine organisms collected from Parque da Pedra da Risca do Meio, Ceara.

Marine Organism Order Species
. Agelas sp.
Agelasida Agelas sventres
Dictyoceratida Ircinia strobilina
Amphimedon compressa
Haplosclerida Callyspongia vaginalis
Niphates erecta
Poecilosclerida Clathria nicoleae
. Mycale sp.
Marine Sponges ;
... Pseudosuberites sp.
Suberitida 5 - -
Topsentia ophiraphidites
Tetractinellida Erylus [ LIRS
Geodia sp.
Aiolochroia crassa
Verongiida Aplysina cauliformis

Aplysina fistularis

Aplysina lactuca

Table 2. Marine organisms collected from Pacheco Beach, Ceara.

Marine Organism Phylum or Order

Species

Dictyoceratida

Ircinia felix

Marine Sponges Haplosclerida

Amphimedon viridis

Haliclona implexiformis

Verongiida

Aplysina fulva

Tethyida

Tethya sp.

Chlorophyta

Caulerpa cupressoides

Caulerpa prolifera

Caulerpa racemosa

Caulerpa sertularioides

Ulva fasciata

Ulva lactuca

Phaeophyta

Dictyopteris delicatula

Lobophora variegata

Marine Macroalgae

Rhodophyta

Amansia multifida

Botryocladia occidentalis

Cryptonemia crenulata

Cryptonemia luxurians

Cryptonemia sp.

Dictyurus occidentalis

Gracilaria domingensis

Gracilariopsis sjoestedtii

Halymenia sp.

Hypnea musciformis

Osmundaria obtusiloba
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Pterocladiella capillacea
Solieria filiformis

2.4. Bacteria and Culture Conditions

To assess antibacterial activity, the strains Escherichia coli ATCC 11303, Staphylococcus aureus
ATCC 25923, and Staphylococcus epidermidis ATCC 12228, were obtained from the microbial
collection of the Laboratory at the Integrated Biomolecules (LIBS), Department of Fisheries
Engineering, Federal University of Ceara. Bacterial colonies were isolated from cultures on Petri
dishes containing Tryptic Soy Agar (TSA, Sigma Aldrich, MO, USA) and inoculated into tubes
containing 15 mL of Tryptic Soy Broth (TSB, Sigma Aldrich, MO, USA). Tubes were incubated in an
incubator (Panasonic, USA) for 18 h at 37°C for bacterial growth.

Table 3. Marine organisms collected from Paracuru Beach, Ceara.

Marine Organism Phylum or Order Species
Chondrillida Chondrilla caribensis
Clionaida Placospongia sp.
. . Haliclona caerulea
Marine Sponges Haplosclerida Haliclona melana
Poecilosclerida Tedania ignis
Tetractinellida Cinachyrella alloclada

Anadyomene stellata
Bryopsis pennata
Bryopsis sp.
Caulerpa mexicana
Chlorophyta Codium isthmocladum
Dictyosphaeria cavernosa
Enteromorpha prolifera
Udotea flabellum
Valonia aegagropila
Dictyota dichotoma
Dictyota mertensii
Phaeophyta Padina gymnospora
Sargassum vulgare
Spatoglossum schroederi
Acanthophora spicifera
Bryothamnion seaforthii
Bryothamnion triguetum
Corallina panizzoi
Corynomorpha clavata
Digenea simplex
Galaxaura sp.
Rhodophyta Gel.idie.lla acerosa_
Gracilaria cervicornis
Gracilaria ferox
Gracilaria ramosissima
Gracilaria wrightii
Gracilaria sp.
Laurencia sp.
Meristiella echinocarpum
Ochtodes seundiramea

Marine Macroalgae

2.4.1. Antibiogram Assay

Bacterial concentration was adjusted to 2 x 108 cells.mL-1, by dilution using a spectrophotometer
at a wavelength of 620 nm, according to previously determined calibration curves for each bacterial
strain. The antibacterial test was conducted using disk-diffusion method, as proposed by Nugroho,
Harahap, Ardiansyah, Bayu, Rasyid, Murniasih, Setyastuti and Putra [12], with modifications.
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Samples and controls were exposed to ultraviolet light for 15 min to eliminate any residual
contaminants. Sterile white disks (6 mm, Laborclin, BRA) were placed on TSA plates seeded with
respective bacteria, and 10 uL of sample extracts were applied to each disk. As negative controls, 10
pL of distilled water and 50% acetonitrile were used. For positive control, ampicillin (50 pg) was
used. Plates with the disks were incubated at 37°C for 20 h, and inhibition zone sizes were then
measured. Strains that presented inhibition zones were considered susceptible, indicating that
samples had antibacterial activity. In contrast, the absence of inhibition zones indicated resistant
strains, and samples were considered without antibacterial activity.

3. Results

A total of 78 marine organisms were collected, with the majority being marine algae,
representing 65.4% of the total collected. Among these, red algae were the most abundant, accounting
for 56.9% of the algae collected and 37.2% of the total organisms. Marine sponges represented 34.6%
of the collected samples. Of the 78 aqueous and organic extracts tested, the antibacterial assay
revealed that 10 aqueous extracts and 23 organic extracts exhibited activity against at least one of the
bacterial species analyzed, corresponding to 12.8% and 29.5% of the total extracts tested, respectively
(Tables 4 and 5). Among aqueous extracts, 37% of sponge species showed antibacterial activity, while
no marine algae extract was active. In contrast, antibacterial activity was more frequent in organic
extracts, observed in 48.1% of sponge extracts and 19.6% of algae extracts.

Antibacterial activity against the Gram-negative bacterium E. coli was detected in 10.2% of the
species tested. For Gram-positive strains, activity was higher, with 24.4% and 23.1% of extracts
inhibiting S. aureus and S. epidermidis, respectively.

Most significant inhibition zones among aqueous extracts were observed in the extract from
sponge Pseudosuberites sp., with diameters of 15.0 mm (E. coli), 19.3 mm (S. aureus), and 14.7 mm (S.
epidermidis) (Figure S1). Six aqueous extracts from marine sponges (Amphimedon compressa, Aplysina
fistularis, Aplysina fulva, Aplysina lactuca, Mycale sp., and Pseudosuberites sp.) were effective against all
three tested strains, representing 60% of the active aqueous extracts. Conversely, sponge Agelas
sventres showed the lowest activity, inhibiting only S. aureus with a 9.0 mm halo. Additionally,
sponges Tedania ignis and Topsentia ophiraphidites did not exhibit activity against E. coli.

The genus Aplysina exhibited the highest number of positive results in both types of extracts,
with inhibition halos ranging from 8.3 to 23.0 mm and activity against all tested bacteria. Sponges
Moycale sp. and Topsentia ophiraphidites also demonstrated significant activity, with larger inhibition
zones in the organic extracts. Four sponges (Aiolochroia crassa, Aplysina cauliformes, Erylus formosus,
and Ircinia felix) that showed no activity in aqueous extracts were effective against at least one strain
in their organic extracts. In contrast, only Tedania ignis, which exhibited activity in its aqueous extract,
lost activity in the organic extract, while other nine sponge species maintained or enhanced their
inhibition zones in organic extraction.

Aqueous extracts from marine algae did not exhibit activity against the tested bacteria. However,
19.6% of organic extracts were effective, primarily against Staphylococcus strains, with inhibition
zones ranging from 8.3 to 12.0 mm. The only exception was the extract of Amansia multifida, which
showed a notable inhibition zone of 24 mm against S. aureus. Only two algae extracts (Dictyota
mertensii and Gracilariopsis sp.) were active against both Staphylococcus strains, with inhibition zones
ranging from 8.0 to 9.3 mm.

Table 4. Results of the disk diffusion antibiogram assay for aqueous extracts of marine organisms — average

inhibition zone diameter (mm).

Bacterial strains

Marine Organism Species E. coli S. aureus S. epidermidis
Agelas sventres - 9,0 -
Marine Sponges Amphimedom compressa 8,7 9,7 8,7

Amphimedon viridis 8,0 - 8,0
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Aplysina fistularis 10,0 14,0 13,0
Aplysina fulva 11,3 15,0 14,0
Aplysina lactuca 12,3 14,0 15,3
Mycale sp. 7,0 11,3 8,7
Pseudosuberites sp. 15,0 19,3 14,7
Tedania ignis - 15,7 9.3
Topsentia ophiraphidites - 16,0 10,7
Positive Control Ampicillin 16,7 26,7 18,3

Negative Control Distilled water - - -

Each disk contained 5 uL of ampicillin (50 pg) and 10 uL of the samples and the negative control.

Organic extracts from Amansia multifida (24.0 mm), Dictyota dichotoma (8.0 mm), Sargassum
vulgare (11.0 mm), and Valonia aegagropila (12.0 mm) were active exclusively against S. aureus. In
contrast, extracts from Corallina panizzoi (9.0 mm), Cryptonemia crenulata (10.0 mm), Gracilaria
ramosissima (8.7 mm), and Laurencia sp. (8.3 mm) exhibited activity only against S. epidermidis. Among
the algae species, 42.8% of tested brown algae showed active extracts, followed by red algae, with
20.7%, while only 6% of the green algae exhibited antibacterial activity in their extracts.

Among organic extracts from sponges, most significant inhibition zones were observed in
Aplysina fulva (23 mm) and Mycale sp. (22.7 mm) against S. aureus (Figure S2). Organic extracts that
inhibited Gram-negative E. coli include those from the sponges Amphimedon compressa, Amphimedon
viridis, species from the genus Aplysina, Mycale sp., and Pseudosuberites sp., with inhibition halos
ranging from 9.0 to 17.7 mm. Five organic extracts from sponges (Amphimedon compressa, Amphimedon
viridis, Aplysina fulva, Aplysina lactuca, and Mycale sp.) were effective against all three tested strains,
representing 21.7% of organic extracts and 38.5% of extracts of the sponges evaluated.

Table 5. Results of the disk diffusion antibiogram assay for organic extracts of marine organisms — average

inhibition zone diameter (mm).

Bacterial strains

Marine Organism Species E. coli S. aureus S. epidermidis
Agelas sventres - 15,0 12,3
Aiolochroia crassa - 9,3 -
Amphimedon compressa 9,0 10,3 9,3
Amphimedon viridis 9,0 9,0 9,3
Aplysina cauliformes 15,7 15,7 -
Aplysina fistularis 14,3 16,0 -
Marine Sponges Aplysina fulva 16,3 23,0 18,0
Aplysina lactuca 16,3 19,0 8,3
Erylus formosus - - 15,0
Ircinia felix - 10,3 8,0
Mycale sp. 16,3 22,7 18,3
Pseudosuberites sp. 17,7 - -
Topsentia ophiraphidites - 18,3 14,0
Amansia multifida - 24.0 -
Corallina panizzoi - - 9,0
Cryptonemia crenulata - - 10,0
Dictyota dichotoma - 8,0 -
Marine Macroalgae Di?lyo.ta mertel.asi.i - 8,0 8,3
Gracilaria ramosissima - - 8,7
Gracilaria sp. - 9,3 8,3
Laurencia sp. - - 8,3
Sargassum vulgare - 11,0 -
Valonia aegagropila - 12,0 -
Positive Control Ampicillin 16,7 26,7 18,3
Negative Control Evaporated acetonitrile - - -

Each disk contained 5 uL of ampicillin (50 pg) and 10 uL of the samples and the negative control.
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In total, extracts from seven sponge species exhibited activity against all three tested bacterial
strains, representing 9% of the collected organisms. Among them, four species were effective against
all strains in both types of extracts, accounting for 5% of the total.

4. Discussion

Bioprospecting studies on marine organism extracts with antibacterial activity are essential for
detecting and discovering new molecules with biotechnological potential. The preparation of these
extracts ranges from aqueous extraction using water to the use of various organic solvents to extract
molecules with different polarity levels [9,11,13,15]. In this study, in addition to water, acetonitrile
was used as an organic solvent. This choice was based on literature reports regarding the isolation of
biomolecules using reversed-phase high-performance liquid chromatography and its miscibility with
water, enabling the dissolution of a wide range of polar and non-polar compounds. This approach
aims to facilitate future assays for the isolation and identification of potential antibacterial molecules
[16-18].

The extracts in this study revealed that 30.7% of the evaluated marine organisms contain active
molecules with antibacterial activity, highlighting the potential of molecules from marine organisms
along the Brazilian coast. Aqueous extracts from seaweeds showed no activity against the tested
strains, consistent with other reports on aqueous seaweed extraction [13,15,19,20]. However, sponges
exhibited active molecules in aqueous extracts. Organic extraction was effective for both seaweed and
sponge species, demonstrating the efficiency of solvents in extracting promising molecules from
marine organisms.

Both aqueous and organic extracts were more effective against Gram-positive bacteria. In
antibiogram testing with organic extracts, macroalgae exhibited inhibitory activity only against S.
aureus and S. epidermidis. Organic solvent-based extractions are commonly used to assess the
antibacterial potential of marine species. Studies on Haliclona spp. extracts using methanol, ethanol,
dichloromethane, and ethyl ether have shown effectiveness against various pathogenic bacteria,
including Mycobacterium, Bacillus subtilis, Enterococcus, E. coli, S. aureus, and Pseudomonas aeruginosa
[21-25]. However, acetonitrile extraction was not effective in extraction of antibacterial compounds
from the three Haliclona species tested in this study (H. caerulea, H. implexiformis, and H. melana).

For sponges collected in Rio de Janeiro, Brazil (Aplysina fulva and Amphimedon viridis), and in
Punta Fornelos, Spain (Ircinia sp.), extraction using acetone showed no antibacterial activity against
the same strains tested in our study, S. aureus and E coli [26]. However, in our study, antibacterial
activity was detected in both extracts of A. fulva and A. viridis. Meanwhile, Ircinia felix, in the aqueous
extract, exhibited activity against the tested Gram-positive strains.

Extracts from marine sponges of the Aplysina genus exhibited the highest number of positive
results against all tested strains. Other studies have shown that species from this genus, collected
from different locations, also contain molecules with antibacterial activity in their extracts. Morales,
et al. [27] tested the antibacterial activity of organic extracts from A. fistularis against Gram-positive
and Gram-negative strains and found that crude extracts with ethyl acetate and chloroform, as well
as fractionated samples, effectively inhibited E. coli and S. aureus growth. The same species used in
this study for organic extraction with acetonitrile also exhibited antibacterial activity against both
strains.

Afifi and Khabour [28] demonstrated that extracts from Aplysina fulva, Phyllospongia lamellosa,
Piona vastificata, and Callyspongia crassa exhibited significant activity against B. subtilis and S. aureus.
The authors noted that the environment where the sponges were collected contained these bacterial
strains, suggesting that the sponges may have developed defense mechanisms against local
microorganisms.

A. sventres, which exhibited activity against Staphylococcus strains, is known to host a dense and
diverse bacterial community and is classified as a high-microbial-abundance sponge [29]. Chu, et al.
[30] reported that approximately 355 bioactive compounds have been isolated and characterized from
the Agelas genus over the past 50 years, including alkaloids with antibacterial, antifungal, and
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cytotoxic activities. Scientific interest in this genus is driven not only by its bioactive metabolites but
also by its broad geographic distribution in tropical and subtropical regions and ease of access.

Amphimedon compressa exhibited activity in both extracts against all tested strains, supporting
the findings of Lhullier, et al. [31], who observed the bioactivity of organic extracts from this sponge
species against E. coli, P. aeruginosa, and Enterococcus faecalis, along with assays demonstrating its
potential antiprotozoal and antiviral properties. Organic extract from A. viridis was also active against
all tested strains, while its aqueous extract showed no activity against S. aureus. Shady, et al. [32]
reported antibacterial activity in other Amphimedon species, highlighting alkaloids as predominant
metabolites.

Moycale sp. also exhibited activity against all tested strains, with larger inhibition zones observed
in the organic extract compared to aqueous extraction, suggesting the presence of antibacterial
molecules that interact more effectively with organic solvents. A study on Mycale vansoesti extracts
using methanol, ethanol, hexane, and trichloromethane reported inhibition zones like those found in
this study Widyani, ef al. [33].

Aqueous extract from Pseudosuberites sp. was active against all tested strains, while the organic
extract showed activity only against E. coli. However, a study reported that organic extracts of
Pseudosuberites clavatus using dichloromethane and methanol were not effective against S. aureus or
E. coli, suggesting that organic extraction may not efficiently extract active antibacterial molecules
from species of this genus [34].

Both aqueous and organic extracts from Topsentia ophiraphidites showed no effect against
Escherichia coli in this study. However, previous research has reported that extracts obtained using
methanol and a combination of dichloromethane and methanol exhibited activity against the same
strain [35,36].

The results for Tedania ignis, which did not exhibit activity in the organic extract, corroborate the
findings of Bianco, Krug, Zimath, Kroger, Paganelli, Boeder, dos Santos, Tenfen, Ribeiro and
Kuroshima [26], who reported the absence of antibacterial activity in the dichloromethane extract of
this species collected in Santa Catarina, Brazil. However, other species of the genus Tedania have
shown antibacterial activity in their organic extracts. A study on Tedania stylonychaeta using ethyl
acetate extract observed inhibition halos ranging from 11 to 20 mm in diameter against MRSA,
Pseudomonas, Clostridium, and Candida. Extracts from Tedania massa and T. oxeata also demonstrated
the ability to inhibit the growth of resistant strains of E. coli, Pseudomonas, Acinetobacter, and
Staphylococcus aureus [37,38].

Organic seaweed extracts were effective in inhibiting the growth of tested Gram-positive strains.
Studies using organic solvents have demonstrated the efficiency of this method in extracting active
molecules against bacteria. For example, methanolic and hexanic extracts from Halymenia durvillei
inhibited Salmonella typhi and Aeromonas hydrophila growth. Other studies have shown that
methanolic extracts from Caulerpa racemosa and Ulva intestinalis and ethanolic extracts of Gracilaria
gracilis were effective against Vibrio species [39-41]. Bacterial strains of the genera Aeromonas and
Vibrio are frequently associated with diseases in aquaculture, leading to serious health issues in
farmed stocks and economic losses [42,43].

Organic extracts from Dictyota species analyzed in this study exhibited activity against Gram-
positive strains. Other studies on species of this genus have also reported active organic extracts.
Ghafari and Taheri [44] reported that the hexane extract from Dictyota cervicornis was effective against
Listeria monocytogenes. Listeria is a bacterial genus associated with systemic infections in
immunocompromised individuals and complications in pregnant women [45]. Additionally,
methanolic extracts revealed bioactive sterols in Dictyota dichotoma and Sargassum granuliferum, which
were capable of inhibiting Bacillus subtilis, Vibrio alginolyticus, V. mimicus, and V. parahemolyticus
strains [46]. Al-Saif, et al. [47] also demonstrated that the ethanolic extract of Dictyota ciliolata exhibited
activity against Escherichia coli and Staphylococcus aureus.

A bioprospecting study using organic extracts of dichloromethane with methanol, obtained
from 27 species of marine algae collected along the southern and northeastern coasts of Brazil,
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showed that only five extracts exhibited activity against bacterial strains. Among them, Osmundaria
obtusiloba, a species also analyzed in our study, demonstrated activity against Pseudomonas aeruginosa
but not against Escherichia coli and Staphylococcus aureus, a result similar to that observed in our
research [21].

Extracts from Dictyota mertensii, Sargassum vulgare, Padina gymmnospora, Gracilaria sp., Hypnea
musciformis, and Laurencia dendroidea, collected from the coast of Pernambuco, Brazil, exhibited
antibacterial activity against S. aureus. However, in our study, only the acetonitrile extracts from D.
mertensii, S. vulgare, Gracilaria sp., and Laurencia sp. demonstrated activity against this strain.
Gracilaria sp. was the only species that exhibited activity against E. coli, an effect not observed in any
of the algae extracted with acetonitrile. Laurencia variegata was the only species common to both
studies that did not show antibacterial activity against S. aureus or E. coli. However, all the mentioned
algae demonstrated antimollicute activity against Mycoplasma genitalium, M. capricolum, and M.
pneumoniae [26].

Another study conducted along the coast of Pernambuco showed that ethyl acetate extracts from
Caulerpa racemosa and Ulva lactuca exhibited antibacterial activity against the strains Bacillus subtilis,
Micrococcus luteus, Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae [48]. However, in
our study, the same species were evaluated using acetonitrile extracts and did not exhibit
antibacterial activity against any of the three bacterial species tested.

Organic extract from Amansia multifida exhibited the most significant inhibition zone (24 mm) in
its organic extract against S. aureus. This result supports a 2002 short communication that evaluated
the antibacterial activity of six algae from the Ceara coast [49]. The extract of this alga, obtained using
hexane as a solvent, showed antibacterial activity against S. aureus (18.5 mm), while no activity was
observed against E. coli, as in our study, and testing against S. epidermidis was not performed.
Additionally, antibacterial activity was also observed against enteric Gram-negative species such as
Enterobacter aerogenes, Salmonella typhi, S. cholerae-suis, Serratia marcescens, and Vibrio cholerae, as well
as Gram-positive Bacillus subtilis.

In addition to Amansia multifida, Caulerpa cupressoides exhibited antibacterial activity in its hexane
extract against Morganella morganii, Bacillus subtilis and S. epidermidis, the latter being the same species
tested in this study. However, acetonitrile extract showed no activity. Ulva fasciata, Caulerpa prolifera
and Gracilaria domingensis, which were also evaluated in this study, did not exhibit antibacterial
activity in their extracts, as reported by Lima-Filho, Carvalho, Freitas and Melo [49].

Several authors suggest that antibacterial activity of marine species' extracts is related to
phenolic compounds, fatty acids or other secondary metabolites. Others propose that sponge- and
algae-associated microorganisms, such as bacteria and fungi, may be responsible for the observed
antimicrobial activity [49-55].

Most aqueous and organic extracts exhibited greater activity against Gram-positive bacteria.
These strains have a less complex cell wall structure compared to Gram-negative bacteria, consisting
mainly of teichoic acid and peptidoglycans [56]. The outer membrane of Gram-negative bacteria
contains porins, phospholipids, lipopolysaccharides, and lipoproteins, which hinder the entry and
action of antibiotics or antibacterial molecules [57]. Limited permeability is often due to porin
alterations, reducing the efficacy of drugs against Gram-negative microorganisms [58].

Antibiotic-resistant bacteria were responsible for 1.27 million direct deaths and contributed to
4.95 million deaths in 2019. Estimates suggest that these infections could cause up to 10 million deaths
per year by 2050 [59]. The emergence of new resistant strains against various classes of synthetic
antibiotics highlights the urgent need to develop novel therapeutic agents and explore alternative
approaches for treating bacterial infections.

This study highlights the biotechnological potential of marine organisms from the northeastern
coast of Brazil as sources of antibacterial compounds. Approximately 30.7% of the tested extracts
exhibited inhibitory activity, with organic extracts demonstrating greater efficiency. Sponges from
the genera Aplysina and Amphimedon, as well as the species Mycale sp. and Pseudosuberites sp., were
the most promising, while Amansia multifida was the most notable among marine algae, showing a
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significant inhibition halo against Staphylococcus aureus. Higher sensitivity of Gram-positive bacteria
confirms their greater structural vulnerability compared to Gram-negative bacteria.

Given the increasing issue of bacterial resistance, bioprospecting of marine bioactive molecules
represents a promising approach for the development of new therapeutic agents. Future studies
should focus on isolation and characterization of active compounds, as well as the assessment of their
toxicity for potential pharmaceutical and biotechnological applications.

Supplementary Materials: Figure S1 — Selected results of the disk diffusion antibiogram assay for aqueous
extracts of marine organisms at different concentrations against Escherichia coli, Staphylococcus aureus, and
Staphylococcus epidermidis. Figure S2 — Selected results of the disk diffusion antibiogram assay for organic extracts
of marine organisms at different concentrations against Escherichia coli, Staphylococcus aureus, and Staphylococcus

epidermidis.
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