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Abstract
Over the past decade, re-

search has established macroalgae-associated
microbial communities as a rich and largely un-
tapped source of structurally unique bioactive
compounds. Key findings indicate that these
symbiotic microbes exhibit high taxonomic and
functional diversity, producing a wide range of
secondary metabolites with potent biological
activities, especially antimicrobial, anti-den-
gue, and immunostimulatory activities. Ad-
vances in extraction and screening techniques
have significantly enhanced the recovery and
characterization of these compounds. Nota-
bly, microbial-derived metabolites demonstrate
broad-spectrum antimicrobial properties, includ-
ing antifungal, antibacterial, anti-dengue, immu-
nostimulatory, and antitumor activities. These
allelochemicals play dual roles: they protect
macroalgal hosts from surrounding pelagic mi-
croorganisms and help stabilize host—microbe

interactions. The narrative review emphasizes
that marine microbial metabolites are emerg-
ing as promising candidates for pharmaceutical
and biotechnological applications, particularly
as novel antimicrobial and antiviral agents with
immunomodulatory properties. Furthermore,
metagenomic approaches are highlighted as
transformative tools for discovering previously
inaccessible biosynthetic pathways and nov-
el compounds without the need for culturing.
Overall, macroalgae-associated microbial com-
munities represent a frontier in drug discov-
ery, offering significant potential for identifying
innovative therapeutic agents and addressing
current challenges such as antimicrobial resis-
tance and emerging viral diseases. This opens
up great opportunities to identify innovative and
potential drug targets from macroalgae-associ-
ated microbial communities in the future, sup-
porting marine biotechnological strategies for
compound and drug discovery.
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Introduction

Marine waters are habitats with very
high microbial diversity, including bacteria,
fungi, viruses, spores, and actinomycetes.
These organisms not only live freely in the
sea, but also form special associations with
marine animals and plants, including mac-
roalgae. These associated microorganisms
utilize nutrients produced by their hosts and
protect the production of bioactive com-
pounds that play a role in protecting the host
from surrounding pests (1,2,3). Macroal-
gae are highly productive ecosystems that
provide habitat for various microorganisms,
which in turn produce bioactive compounds.
These compounds are known to exhibit mul-
tiple biological activities, including antimicro-
bial, antifungal, antiparasitic, and anticancer
properties. For example, several strains of
bacteria from the surface of the macroalgae
Ulva spp exhibit strong anti-colonization and
antimicrobial activities (4,5,6).

Microorganisms that produce bio-
active compounds thrive in highly competi-
tive environments due to the limited space
and nutrients available on the host surface.
This condition triggers the production of al-
lelochemicals that prevent secondary coloni-
zation by other microorganisms. These bio-
active compounds are secondary metabolites
with unique molecular structures compared
with those of metabolites from terrestrial mi-
croorganisms. Their potential applications
have been demonstrated in various fields,
including pharmaceuticals, industry, agri-
culture, and biotechnology (7,8,9). In recent
years, research on macroalgae-associated
microorganisms has increased, particularly
in the analysis and identification of bacterial
and fungal communities and the characteri-
zation of their bioactive properties. However,
most research still focuses on bacteria and
fungi, while other microorganisms, such as

viruses and protists, remain underexplored.
Therefore, it is important to continue devel-
oping isolation methods and metagenomic
approaches to discover new bioactive com-
pounds from these microbial communities
(10,11,12).

This microbial consortium is a prom-
ising source of antimicrobial, antiviral, and
immunomodulatory agents. The alarming rise
in antimicrobial resistance (AMR), the emer-
gence of viral pandemics, and the persistent
threat of vector-borne diseases, such as den-
gue fever, have created an urgent need for
alternative therapeutic strategies (13) with
the forecast of 10 million deaths per year
globally by 2050. AMR occurs when viruses,
bacteria, fungi and parasites do not respond
to antimi-crobial treatments in humans and
animals, thus allowing the survival of the
microorgan-ism  within the host. The
prominent cause contributing to the current
crisis remains the overuse and misuse of
antimicrobials, particularly the inappropriate
usage of antibiotics, increasing the global
burden of antimicrobial resistance. The
global consumption and use of antibiotics
are therefore closely monitored at all times.
This review provides a current overview of
the implications of strategies used by
international governmental organizations,
including the UN’s 17  Sustainable
Development Goals (SDGs). Dengue virus
(DENV), in particular, remains a significant
public health burden in tropical and subtropi-
cal regions, with no specific antiviral therapy
currently available and limited efficacy from
existing vaccines (14). Concurrently, there is
growing interest in immunostimulant agents
that can enhance host defenses against in-
fectious diseases, especially in immunocom-
promised populations.

Marine-derived bacteria associated
with macroalgae have shown the capacity to
produce compounds with potent antimicrobi-
al activity against multidrug-resistant (MDR)
pathogens and antiviral activity against fla-
viviruses, including DENV. Additionally, sev-
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eral of these microbial metabolites exhibit
immunostimulatory properties by modulating
both innate and adaptive immune responses.
These multifaceted bioactivities highlight the
potential of macroalgae-associated microbio-
ta as a rich reservoir for drug discovery and
development.

This narrative review provides an
overview of current knowledge on antimicro-
bial and antiviral dengue compounds isolat-
ed from macroalgae-associated microbial
communities. It discusses their mechanisms
of action, screening methodologies, and
biotechnological advances supporting their
identification and application. The potential of
these marine microbial bioactive metabolites
in addressing global health challenges is ex-
amined, with a focus on their diagnostic and
therapeutic relevance and translational pros-
pects, especially for antimicrobial and anti-vi-
ral dengue compounds.

Methods used for literature source search
and collection

A systematic literature review was con-
ducted following the PRISMA 2020 guidelines.
Multiple academic databases were comprehen-
sively searched, including PubMed, Science-
Direct, MDPI, Google Scholar, Wiley Online
Library, SpringerLink, Web of Science, Scopus,
and ResearchGate. The search strategy em-
ployed combinations of keywords such as “sec-
ondary metabolites of macroalgae-associated
bacterial and fungal communities,” “antimicro-
bial,” “anti-dengue,” and “bioactive compound
structures.” All retrieved records were export-
ed, and duplicate entries were removed before
screening. Titles and abstracts were screened
using predefined inclusion and exclusion cri-
teria, with an emphasis on English-language
publications and relevance to marine micro-
bial bioactive compounds, particularly those
from macroalgae. Full-text articles were then
assessed for eligibility, focusing on studies re-
porting antimicrobial or anti-dengue activity,
immunostimulatory activity, compound char-
acterization, and methodological rigor. Studies

meeting the inclusion criteria were subjected to
qualitative synthesis, including structured data
extraction, critical methodological evaluation,
and thematic categorization. The final selection
comprised 132 references from a total of 1850
studies, which were systematically analyzed
to provide an integrated overview of bioactive
metabolites derived from macroalgae-associat-
ed bacteria and fungi, as well as their potential
applications in marine biotechnology and drug
discovery. The detailed selection procedure is il-
lustrated in the PRISMA flowchart shown in Fig.
1.
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Fig. 1. PRISMA framework illustrating the litera-
ture selection process leading to the 132 articles
used in the systematic analysis of antimicrobial,
anti-dengue, and immunostimulatory bioactive
compound structures from macroalgae-symbi-
otic bacteria

Results and discussion

Bioactivity of macroalgae-associated bac-
teria

Among the microorganisms attached
to the surface of macroalgae, bacteria are
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the most frequently found group. These bac-
teria can live outside the host cell or in the
cytoplasm of active cells and play an essen-
tial role in regulating various stages of the
life cycle of macroalgae, such as Ulva and
Gracilaria (15,16,17). Several studies have
shown that bacteria symbiotic with macroal-
gae significantly influence the formation of
regular shape, growth, and development of
their hosts (18,19). As an example, Zhang
et al. (2021) reported that the bioactive com-
pound thallusin triggers morphogenesis in
Monostroma oxyspermum (19).

Macroalgae provide an abundant
source of nutrients for microbes, which caus-
es fierce competition between microbial com-
munities living on their surface (20,21). This
condition encourages bacteria to adapt by
producing specific antimicrobial compounds
that enable them to survive in the face of com-
petition. This natural selection suggests that
bacteria associated with macroalgae have
the potential to create new drug compounds
that are superior to those of other microbes in
the environment, thereby helping them main-
tain a symbiotic relationship with their hosts
(22,23).

Macroalgae-associated bacteria gen-
erate a wide range of bioactive compounds,
including haliangicin, violacein, pelagiomycin
A, koromycin, macrolactin, and chlorophyll-d.
These metabolites exhibit diverse biologi-
cal activities, including antifungal, antiproto-
zoal, antisettlement, and antibacterial effects
against both Gram-negative and Gram-posi-
tive bacteria, as well as roles in photosynthe-
sis (24-27). In recent decades, the extraction
of bioactive compounds from microorganisms
living in association with macroalgae has
increased significantly, by almost six times
compared to the previous century (28,29,30).
Recent evidence suggests that marine bacte-
ria associated with macroalgae are capable
of producing novel molecules with high value
and great potential as pharmaceutical drug
candidates (31,32,33).

In one study, approximately 18% of 250 bac-

terial isolates from five species of green and
brown algae demonstrated antibacterial activ-
ity (34). Kanagasabhapathy and colleagues
(2021) observed that 22% of epiphytic bac-
terial isolates from nine brown algal species
exhibited antibiotic properties (21,22,34). Pe-
nesyan et al. (2020) reported that 13% of 330
bacterial isolates from Delisea pulchra and
Ulva australis showed antibacterial effects
(35). The proportion of antimicrobial-produc-
ing isolates was notably high; for instance,
around 35% of epiphytic bacterial isolates
from nine red algal species displayed antibi-
otic activity (21,22,27,34). Furthermore, Bur-
gess et al. (2020) found that 37% of bacte-
ria residing on macroalgal surfaces possess
antibacterial activity (20,27,28,36). Wiese et
al. (2021) investigated bacterial isolates from
the brown alga Saccharina latissima and
discovered that half of the isolates inhibited
Gram-negative bacteria, Gram-positive bac-
teria, and yeast/fungi (37). In another study,
Ma et al. (2020) isolated 200 bacterial strains
from Ulva lactuca and found that 33% exhib-
ited anti-adhesion and anti-larval activities
(38). Meanwhile, Janaki Devi et al. (2022) re-
ported that all 130 bacterial isolates obtained
from five macroalgal species showed anti-
bacterial activity, with inhibition zones ranging
from 3 to 17 mm against various pathogenic
test strains, including Escherichia coli, Staph-
ylococcus sp., Klebsiella pneumoniae, Pseu-
domonas aeruginosa, and Vibrio cholerae
(39).

Recent studies have demonstrated
that epiphytic bacterial communities associat-
ed with macroalgae, particularly Ulva lactuca,
have significant potential to produce antimi-
crobial and antifouling compounds for use in
pharmaceutical and environmental applica-
tions. Research by Sciutteri et al. (2022) re-
vealed that the surface of Ulva is inhabited by
various groups of bacteria from the classes
Alphaproteobacteria, Gammaproteobacteria,
Firmicutes, Actinobacteria, and Bacteroide-
tes, which play an important role in host de-
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fense against biofouling and marine patho-
gens (24,27,28,36). One study revealed that
among 69 epiphytic bacterial isolates identi-
fied through 16S rRNA gene sequencing fol-
lowed by bioactivity tests, approximately 45%
exhibited potent antibacterial activity (40),
while 18% had a significant impact on bio-
film modulation (23,24,27,28). Several genera
of epiphytic bacteria, such as Pseudoalter-
omonas, Bacillus, Vibrio, and Shewanella,
are known to produce effective antimicrobial
compounds (41). An example is Pseudoal-
teromonas luteoviolacea producing L-ami-
no acid oxidase (LAAQO), an enzyme whose
antimicrobial action via hydrogen peroxide
production contributes to the growth and dis-
persal of biofilms (42). In addition, secondary
metabolite compounds such as hexadeca-
noic acid (palmitic acid), isolated from Ulva
lactuca, have shown significant antibiofilm
activity against marine bacteria, including
Pseudomonas aeruginosa, as well as inhib-
iting biofilm formation and colonization by
other fouling organisms (43). Another study
by Oubihi et al. (2024) showed that aqueous
extracts and silver nanoparticles synthesized
using Ulva lactuca have strong antibacterial
activity against various human pathogens, in-
cluding Staphylococcus aureus, Escherichia
coli, and Klebsiella pneumoniae (44).

Overall, the bioactivities of macroal-
gae-associated bacterial genera show great
potential for pharmaceutical applications,
particularly in the development of environ-
mentally friendly antimicrobial and antifouling
compounds for supporting drug discovery
strategies.

Pseudoalteromonas

Marine macroalgae-associated
Pseudoalteromonas species are known for
producing diverse bioactive compounds, es-
pecially secondary metabolites that inhibit
colonization on host surfaces and serve as
chemical defenses against biofouling (45).
Another study showed that Pseudoaltero-
monas luteoviolacea from Padina australis

(Fig. 2) produces cyclo-(L-prolyl-L-glycine),
cyclo-(L-phenylalanyl-4R-hydroxy-L-proline),
and 2,4-dibromo-6-chlorophenol, which ex-
hibit antibacterial activity against Burkholde-
ria cepacia and methicillin-resistant Staphylo-
coccus aureus (MRSA) (46).

Additionally, korormicin (Fig. 2a), first
isolated from Pseudoalteromonas sp. F-420,
associated with Halimeda sp., effectively
inhibits marine Gram-negative bacteria, in-
cluding Vibrio alginolyticus and Salinivibrio
costicola. It disrupts bacterial respiration by
inhibiting the Na-translocating NADH-qui-
none reductase (Na-NQR) enzyme complex
(47). This mechanism is specific to marine
bacteria, sparing terrestrial bacteria and thus
offering opportunities for the development of
selective and eco-friendly antibacterial agents
(48).
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Fig. 2: Several structurally promising bioactive
compounds have been identified from bacteria
associated with macroalgae. Basic structure
of a) Korormicin; b) Tetrodotoxin; c) 2,4-dia-
cetylphloroglycinol; d) Haliangicin; e) Tropoditi-
etic acid; and f) Phlorotannins

Recent studies highlight Pseudoal-
teromonas J010, isolated from the calcareous
alga Neogoniolithon fosliei, as a source of di-
verse bioactives. The morphology of the genus
Pseudoalteromonas is shown in Fig. 3. This
bacterium produces a novel bromopyrrole com-
pound (4-((3,4,5-tribromo-1H-pyrrol-2-yl)meth-
yhphenol) and five novel coromycins (G—K),
all of which exhibit antimicrobial activity (49). It
also produces tetrabromopyrrole (TBP), which
is known to induce coral larval metamorpho-
sis (36,46,50,51) and exhibits broad-spectrum
activity against bacteria, fungi, and protozoa
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(36,49). Studies in 2023—2024 reinforced TBP’s
potential for coral restoration, though its stability
and optimal concentration remain under investi-
gation (Frontiers, 2024; ResearchGate, 2023).

Fig. 3: Morphology of Pseudoalteromonas
tetraodonis

Two bioactive compounds from Ulva
australis associated with Pseudoalteromonas
tunicata are violacein and the pigment YP1.
Violacein, an alkaloid produced by P. tunica-
ta and P. ulvae, exhibits potent antiprotozoal
effects against Acanthamoeba castellanii at
nanomolar concentrations (22). It also induc-
es apoptosis-like death in predatory protozoa
(52) and shows pro-apoptotic activity in mam-
malian cell lines, supporting its potential as an
anticancer candidate (53). A recent study (54)
demonstrated that violacein synergizes with
azithromycin and kanamycin against Salmo-
nella typhi and Staphylococcus aureus, with
fractional inhibitory concentration (FIC) val-
ues indicating strong synergy. Additionally, P.
tunicata produces YP1, a tambjamine-class
yellow pigment with a 2,2-bipyrrole ring and
a 12-carbon unsaturated alkyl chain. YP1 ex-
hibits significant antifungal activity, helping
protect algal surfaces from fungal infections
(8,55). Pseudomonas

The genus Pseudomonas produces
various antimicrobial compounds that protect
host algae from pathogens. The morphology
of the genus Pseudomonas is shown in Fig. 4.
One key compound is tetrodotoxin (TTX), a po-
tent neurotoxin first identified in pufferfish and

now known to be produced by Pseudomonas
associated with the alga Jania sp. (56). TTX
selectively binds to voltage-gated sodium chan-
nels in neuronal membranes, blocking nerve
impulse transmission and action potential gen-
eration (57), leading to neurological dysfunction
and target organism death (58).

Recent research by Liu et al. (2023)
showed that DAPG derivatives inhibit MRSA
growth (MIC 0.5-2 pg/mL) without detectable
resistance over two months (59). Their mech-
anism involves disruption of the bacterial cell
membrane, leading to lysis and death. DAPG
also synergizes with oxacillin against MRSA.
Additionally, Wei et al. (2022) reported that a
cyclic peptide from Pseudomonas sp. inhibits
MRSA biofilms by disrupting biofilm structure
and increasing membrane permeability, ulti-
mately causing cell death (60).
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Fig. 4: Morphology of Pseudomonas Lung In-
fection

Tran et al. (2020) showed that mas-
setolid A from Pseudomonas fluorescens con-
trols Phytophthora infestans (61), a pathogen
causing leaf blight, by inhibiting mycelial growth
and spore formation while enhancing plant re-
sistance. Rungprom et al. (2008) isolated two
cyclic peptides from Pseudomonas sp. asso-
ciated with the alga Diginea sp., cyclo-[phe-
nylalanyl-prolyl-leucyl-prolyl] and cyclo-[iso-
leucyl-prolyl-leucyl-alanyl], with antibacterial
activity against S. aureus, Micrococcus luteus,
Bacillus subtilis, E. coli, and Vibrio spp. (62). Ad-
ditionally, macrolactin XY from Bacillus subtilis
damages bacterial cell membrane integrity (63).
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Other macrolactins, including mac-
rolactin S from marine Bacillus and macro-
lactin W from Bacillus strain 091D194, exhibit
broad-spectrum activity against Gram-positive
and Gram-negative pathogens (64). A novel
polyketide, 7-O-methyl-5"-hydroxy-3'-hepte-
noic-macrolactin, from Bacillus subtilis MTCC
10403 (associated with Anthophycus longifoli-
us), inhibits Vibrio species with inhibition zones
of 12-22 mm (65).

Furthermore, bacteriocins such as li-
chenicidin (a lantibiotic) from Bacillus licheni-
formis highlight Bacillus as a source of novel
bacteriocins (66). Additionally, an 8-kDa bac-
teriocin from Staphylococcus haemolyticus
MSM (macroalgae-associated) exhibits strong
antibacterial activity against human pathogens
(67).

Bioactivity of several other groups of bacte-
ria associated with macroalgae

Other bacterial species have also been
identified as producers of bioactive compounds
with promising pharmaceutical potential. For in-
stance, the Gram-negative halophilic bacterium
Pelagiobacter variabilis, isolated from the brown
alga Pocockiella variegata, synthesizes pelagi-
omycin A, a phenazine antibiotic active against
both Gram-positive and Gram-negative bacte-
ria, and demonstrates notable antitumor effects
against HelLa, BALB3T3, and BALB3T3/H-ras
cells, with low IC,, values (68).

In addition, the antifungal compound
haliangicin produced by the Haliangium lute-
um associated with macroalgae has the poten-
tial as a strong antifungal agent, with activity
equivalent to amphotericin B and nystatin. The
mechanism of action of haliangicin is believed
to be through the inhibition of electron flow in
the mitochondrial electron transport chain, and
it exhibits cytotoxic effects on P388 mouse cells
(67).

Epiphytic bacteria Pseudovibrio sp.
D-323 isolated from the algae Delisea pulchra
produces tropoditietic acid (TDA), a broad-spec-
trum antibacterial compound that inhibits vari-
ous bacterial groups, including Proteobacteria,

Actinobacteria, Firmicutes, and Bacteroidetes.
Only strains that produce TDA show resis-
tance to this compound, whereas non-produc-
ing strains remain susceptible, suggesting the
presence of a resistance mechanism that is still
not completely understood (56). Furthermore,
recent studies have identified several bioactive
compounds from Streptomyces strains associ-
ated with macroalgae and coral, including Strep-
tomyces cyaneofuscatus M-27 and Staphylo-
coccus carnosus M-40. The compounds found
include daunomycin (anticancer), cosmomycin
B and galtamycin B (antitumor), maltophylline
(antifungal), and lobophorin, which has anti-in-
flammatory, anti-BCG, and antituberculosis ac-
tivities (69).

Recent studies have reported the isola-
tion of numerous bacteria from various habitats,
including macroalgae, sediment, and soil, with
the majority of isolates originating from the mac-
roalgal surface. Approximately 40% of these
isolates were Bacillus sp., and the bacteria
producing the most bioactive compounds were
found in epibiotic and endobiotic communities
of macroalgae, compared with seawater and
sediment. The antimicrobial compounds pro-
duced by these isolates were effective against
plant pathogens, including Xanthomonas ax-
onopodis pv. citri, X. oryzae pv. oryzae, and
Ustilaginoidea virens. The antibacterial activity
of extracellular proteins was optimal at pH 7.0
and remained active at temperatures up to 40
°C, while antifungal activity persisted up to 60
°C. The non-polar lipophilic compounds derived
from these isolates exhibited activity exclusively
against fungi (70).

Screening of bacterial isolates obtained
from brown algae revealed that a small number
of isolates were able to inhibit the quorum-sens-
ing mechanism in Serratia rubidaea, which
controls the production of the red pigment pro-
digiosin through the acyl-homocysteine lactone
molecule. Genetic analysis showed that these
inhibitory isolates came from the Bacillaceae,
Pseudomonadaceae, and Pseudoalteromonad-
aceae families (71).
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Furthermore, the isolation of actino-
mycete Streptomyces cinnabarinus and bac-
terium Alteromonas sp. from the macroalgae
rhizosphere revealed that Alteromonas sp. can
enhance the production of lobocompactol in S.
cinnabarinus. This compound demonstrates
strong antifouling activity against the alga Ulva
pertusa and the diatom Navicula annexa at low
effective concentrations, and also exhibits an-
tifouling effects against bacteria (72). Sever-
al bacterial strains isolated from macroalgae,
such as Cc51, Sm36, and Eb46, associated
with Centroceras clavulatum, Sargassum mu-
ticum, and Endarachne binghamiae, showed
significant anticancer activity with ICso values of
approximately 6.49, 5.53, and 2.84 ug/mL, re-
spectively (57).

Bioactive activities of fungi associated with
macroalgae

Macroalgae have been identified as
one of the primary habitats for marine fungal
diversity, ranking second in terms of diversity
after other marine ecosystems (73). Fungi as-
sociated with macroalgae are typically classi-
fied into three main categories: parasites that
can cause disease in the host, saprobes that
function as decomposers of organic matter, and
endosymbionts that live symbiotically without
causing symptoms in the macroalgae (74). Var-
ious genera of macroalgae from the Phaeophy-
ceae class, such as Sargassum and Padina,
the Rhodophyceae class, including Gracilaria
and Pyropia, and the Chlorophyceae class, in-
cluding Ulva and Caulerpa, have become the
focus of global research to study their interac-
tions with marine fungal communities (75).

Recent studies have shown that the as-
comycetes and anamorphic fungi groups are the
most dominant endosymbionts found in mac-
roalgae (76). In addition, the diversity of fungi in
red and brown macroalgae is higher compared
to green macroalgae, which is likely due to the
shorter life cycle of green macroalgae and the
slower growth of endosymbiont fungi, thus limit-
ing the diversity of fungi that can grow on these
macroalgae (77).

Multiple fungal genera, such as Acre-
monium, Alternaria, Arthrinium, Aspergillus,
Cladosporium, Fusarium, Geomyces, Penicil-
lium, and Phoma, are consistently reported as
the most common endosymbionts associated
with diverse macroalgae species across differ-
ent regions (56,57). Recent studies have shown
that these fungi play a crucial role in marine
ecosystems as producers of bioactive metabo-
lites and protectors of macroalgae hosts from
environmental stress (78).

Like bacteria, fungi associated with mac-
roalgae are recognized for producing diverse
novel bioactive metabolites with wide-ranging
activities, including anticancer, antibacterial,
antimalarial, anti-inflammatory, nematicidal, an-
tiviral, and antiangiogenic properties (79,80).
Recent studies have also revealed that fungal
isolates from brown, red, and green macroalgae
produce metabolite compounds with antifungal
and insecticidal properties that function to inhib-
it the colonization of other microbes on the algal
thallus, thereby helping to reduce competition
and protect macroalgae from herbivore attacks
(81,82).

Endophytic fungi enhance host stress
tolerance via antioxidants, protecting against
pathogens, drought, and heavy metals (83). Hu
et al. (2022) showed that Aspergillus, Cladospo-
rium, and Trichoderma from seagrass protect
against Labyrinthula spp. Amina et al. (2019)
reported that Aspergillus rhizopodus from Thai
macroalgae inhibits S. aureus, E. coli, and S.
weltevreden (MIC 3.90 ug/mL) (84).

El-Sayed et al. (2022) found that ex-
tracts of Aspergillus sydowii, A. flavus, and
Lasiodiplodia theobromae have larvicidal ef-
fects (LC,, <100 pg/mL) (85). Arunpanichlert
et al. (2013) showed endophytic fungi from
seagrasses inhibit human and fish pathogens
(>10 mm inhibition) (86). Gomes et al. (2024)
reported that Antarctic macroalgae endophytes
(Monostroma hariotii, Pyropia endiviifolia) have
antifungal activity against Candida albicans, C.
krusei, and Cladosporium sphaerospermum.
Pseudogymnoascus sp. and Metschnikowia
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australis extracts showed 61-96% inhibition.
Bioactive compounds from Penicillium steckii
inhibited yellow fever and DENV virus by 96%
(87).

Endophytic fungi produce diverse sec-
ondary metabolites: aromatic [B-polyketides,
alkaloids, sesquiterpenes, terpenes with antimi-
crobial, antioxidant, cytotoxic activities (88,89).
Chaetomium globosum from green algae pro-
duces chaetoglobosin (cytotoxic) (90). Penicil-
lium aculeatum produces sulfonyl metabolites
(antibacterial). Aspergillus ochraceus from
brown algae yields antibacterial and antioxidant
compounds (89). Aspergillus ustus produces
sesterterpenoids (cytotoxic) (91). Penicillium
polonicum from red algae produces indole alka-
loids (cytotoxic) (92). Asperqgillus versicolor pro-
duces phenolic antioxidants (93). The bioactivi-
ties of Aspergillus and Penicillium isolated from
macroalgae are summarized for pharmaceutical
and industrial applications.

Aspergillus

Marine Aspergillus fungi that live on
macroalgae are widely considered a major bi-
ological source for finding bioactive compounds
with valuable pharmacological activities. Their
occurrence in marine settings, particularly on
the surface or within algae such as Sargassum
and other macroalgae, enables the production
of various secondary metabolites. These me-
tabolites both contribute to the host organism’s
defense and hold considerable promise for drug
development.

One of the prominent species is Asper-
gillus ustus, which is known to produce phe-
nylahistine compounds, namely cyclic metabo-
lites that show strong cytotoxic activity against
various human cancer cell lines. The cytotoxic
activity of this compound is mediated by inhibi-
tion of cell cycle progression, particularly in the
G2/M phase, by interfering with tubulin polymer-
ization, an important component of microtubule
formation during cell division. This process oc-
curs through the binding of the compound to the
colchicine binding site, making phenylahistine a

strong candidate for an antimitotic agent in can-
cer therapy (94).

Other species, such as Asperqgillus
ochraceus from the brown alga Sargassum
kjellmanianum, also show pharmacological
promise. It produces 2-hydroxycircumdatin C,
a benzodiazepine analog with high antioxidant
activity. In the DPPH test, this compound scav-
enges free radicals 8.9 times more effectively
than BHT, a synthetic antioxidant used in phar-
maceuticals and food (95). This activity offers
hope for preventing oxidative stress-related dis-
eases like heart disease, cancer, and neurode-
generative disorders.

Further research on Aspergillus sp. as-
sociated with Sargassum sp. also yielded other
interesting findings, including two new deriva-
tives of terpeptin compounds, namely JBIR-81
and JBIR-82, as well as one previously known
terpeptin derivative. All three compounds
demonstrated protective activity against L-glu-
tamate toxicity in cells, a model used to assess
the potential for neurodegenerative disorders.
The IC;5, values of these compounds were very
low (0.7—1.5 yM), indicating strong potential as
neuroprotective agents, even showing compa-
rable or better effectiveness than a-tocopherol,
the active form of vitamin E that acts as a natural
antioxidant (96). Several structurally promising
bioactive compounds have been isolated from
fungi associated with macroalgae, as shown in
Fig. 5.

Overall, the results of this latest study
provide strong evidence that marine endophyt-
ic fungi of the genus Aspergillus are a potential
source of new bioactive compounds. The diver-
sity of secondary metabolites produced exhibits
a broad spectrum of biological activities, includ-
ing cytotoxic, antioxidant, and neuroprotective
properties. This potential supports further ex-
ploration efforts in marine bioprospecting, es-
pecially in the context of developing innovative
and environmentally friendly natural drug candi-
dates (97).
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Fig. 5: Several structurally promising bioactive
compounds have been isolated from fungi as-
sociated with macroalgae. a) phenylahistine; b)
pseudodeflectusine; c) 7-Norergosterolide; d)
citrinal A; e) chromanone A; and f)
cottoquinazo-line

Recent studies show that Aspergillus
fungi from macroalgae produce bioactive com-
pounds with antibacterial and cytotoxic activ-
ities. Epoxidone and gentisyl alcohol, derived
from Aspergillus sp. and isolated from the red
alga H. asidana, demonstrated strong inhibi-tion
of MRSA and drug-resistant Staphylococ-cus
aureus, with low MIC values. Meanwhile,
Aspergillus versicolor isolated from the brown
macroalga Sargassum thunbergii produces bre-
vianamide M and methylaverufin, which are ac-
tive against E. coli and S. aureus. Additionally,
the ethyl acetate extract of Aspergillus terreus
showed high cytotoxicity against HepG2 cancer
cells (Glso < 10 pg/mL) with strong lethality (99).

Penicillium

Marine fungi of the genus Penicillium
associated with macroalgae have been iden-
tified as important sources of secondary me-
tabolites with broad pharmacological potential.
The morphology of the genus of Penicillum are
shown in Fig. 6. Recent studies have shown
that species such as Penicillium terrigenum are
capable of producing compounds PTL-2 and
7-ethylcamptothecin that exhibit significant an-
tiproliferative activity against liver and lung can-
cer cells (100). In addition, Penicillium rubens
BTBU20213035 has been reported to produce
penubenone A and B, as well as penubenam-
ide A and B, which have antimicrobial potential
against Candida albicans, Staphylococcus au-
reus, and Escherichia coli (90).

Fig. 6: Morphology of Penicillium

Furthermore, Penicillium citrinum was
found to produce bioactive compounds such
as penicitrinone A, which exhibited cytotoxic ef-
fects against A549 and A375 cancer cells, and
antimicrobial activity against Mycobacterium
smegmatis (54), Penicillium chrysogenum was
also found to produce penicitrinone F, which
showed potential as an antiviral agent against
enterovirus 71 (97). These findings confirm that
Penicillium from marine environments can pro-
duce compounds with unique chemical struc-
tures and potent biological activities, making
them a promising source in the search for new
drugs based on natural compounds (93).

Recent studies isolated various bioac-
tive compounds from Penicillium chrysogenum
associated with the red alga Laurencia sp. The
tetracyclic diterpene conidiogenone B showed
strong antibacterial activity against MRSA, S.
epidermidis, P. aeruginosa, and P. fluorescens
(MIC ~8 ug/mL), but weak antifungal activity
against C. albicans (MIC 128 ug/mL) (101). Co-
nidiogenol was active against P. fluorescens and
S. epidermidis (MIC 16 pg/mL) (70). Penicitide
A, a polyketide, exhibited cytotoxicity against
HepG2 cells (IC5o 30-35 pg/mL) (78). Penici-
monoterpenes inhibited the plant pathogen Al-
ternaria brassicae with large inhibition zones at
low concentrations (102). Additionally, penicis-
teroid A, a novel steroid with tetrahydroxy and
acetoxy groups, showed strong antifungal activ-
ity against Aspergillus niger and selective cyto-
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toxicity against HeLa, SW1990, and NCI-H460
tumor cells (IC5o 15—40 pg/mL) (103).

Two pinophilin compounds from the
hydrogenated azaphilone group, along with the
co-isolated metabolite Sch 725680, were ob-
tained from Penicillium pinophilum associated
with the macroalgae Ulva fasciata. These com-
pounds specifically inhibit the activity of various
DNA polymerase families in mammals, includ-
ing pol A/g, pol B/a, pol D, pol ¢, and pol Y/h, i,
and k. In addition, these compounds show po-
tential for suppressing the growth and prolifera-
tion of several human cancer cell lines (104).

Bioactive activities of several other macroal-
gae-associated fungal groups

Various types of fungi also produce bio-
active compounds that have pharmacological
potential. For instance, ascosalipyrrolidinone
A, isolated from the obligate endophytic fungus
Ascochyta salicorniae associated with Ulva sp.,
exhibited strong antimalarial activity against
Plasmodium falciparum K1 and NF54 strains,
with ICs, values of 0.74 and 0.38 pg/mL, re-
spectively. This compound also exhibits antimi-
crobial effects against several microorganisms,
including Bacillus megaterium, Microbotryum
violaceum, and Mpycotypha microsporum, at
a concentration of 50 yg per disc. In addition,
ascosalipyrrolidinone A is able to inhibit the
activity of the tyrosine kinase enzyme p56 in
a dose-dependent manner. Furthermore, from
Chaetomium globosum associated with Poly-
siphonia urceolata, a new compound derived
from 2H-benzopyran was found, called chaeto-
pyranin, which has moderate antioxidant activ-
ity based on the DPPH test (ICs, of 35 ug/mL)
and mild to moderate cytotoxic activity against
HMEC, SMMC 7221, and A549 cells with ICs,
values of 15.4, 28.5, and 39.1 pg/mL, respec-
tively (66).

Over the past five years, studies on
marine fungi of the genus Penicillium asso-
ciated with macroalgae have uncovered a
range of secondary metabolites with significant
pharmacological activity. As an illustration, pe-
nirubenones A and B, as well as penirubenam-

ides A and B, isolated from Penicillium rubens
BTBU20213035, showed antibacterial prop-
erties against Staphylococcus aureus and
collaborated to produce antifungal activity
against Candida albicans (90). Furthermore,
new polyketides, bisorbicillaetones A-C, were
derived from Penicillium sp. SCSIO06868,
demonstrated inhibition of nitric oxide produc-
tion in LPS-activated RAW264.7 cells, with ICs,
values of 80.3 + 3.6 yM and 38.4 + 3.3 uM,
respectively (105). Other metabolites, such as
chrysopyrones A and B produced by Penicillium
chrysogenum SCSIO07007, showed inhibitory
activity against human protein tyrosine phos-
phatase, an enzyme involved in various disease
processes (106). Additional research identified
penithoketone and penithochromones A-L from
Penicillium thomii YPGAS3, with penithoketone
displaying cytotoxicity against multiple cancer
cell lines, including MCF-7 and MDA-MB-468.
Meanwhile, peniterphenyls A-C, isolated from
Penicillium sp. SCSIO4103 exhibited antiviral
activity against HSV-1 and HSV-2, with ECs,
values ranging from 1.4 + 0.6 to 9.3 + 3.7 UM
(15). Collectively, these findings confirm that
marine-derived Penicillium species are a prom-
ising source of secondary metabolites with di-
verse biological activities, including antibacteri-
al, antifungal, antiviral, and cytotoxic properties,
that warrant further exploration as novel drug
candidates.

Compounds from macroalgae-associated
microbials with anti-dengue and immuno-
modulatory activity

Dengue fever, caused by DENV and
transmitted by Aedes aegypti and Aedes al-
bopictus mosquitoes, remains a major mos-
quito-borne disease that threatens nearly half
of the global population, especially in tropical
regions. Available vaccines such as Dengvax-
ia and TAK-003 have limited efficacy owing to
serotype specificity and differences in host im-
mune responses (107). The lack of targeted
antivirals highlights the necessity for alternative
therapeutic approaches. Marine environments,
particularly macroalgae-associated microorgan-
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isms, are promising yet insufficiently explored
reservoirs of bioactive metabolites. These bac-
teria that live symbiotically on algal surfaces
generate antibacterial, antifungal, and antiviral
compounds, including those with anti-dengue
activity. Their chemical diversity, influenced
by complex marine conditions, makes them a
valuable resource for the discovery of novel an-
ti-dengue drugs (108).

Macroalgae host diverse bacterial
communities on their surfaces and internal tis-
sues. These bacteria contribute to nutrient cy-
cling, morphogenesis, and chemical defense
(109). Common symbiotic genera include Ba-
cillus, Streptomyces, Vibrio, Pseudomonas,
Micrococcus, Alteromonas, and Roseobacter.

Table 1 summarizes anti-dengue compounds
from these bacteria, their classes, and mech-
anisms. Many produce bioactive metabolites
with antimicrobial, anti-inflammatory, cytotoxic,
and antiviral properties. Notably, extracts from
marine-derived Penicillium steckii showed 96%
inhibition against yellow fever virus and DENV,
outperforming interferon alpha (68% inhibition)
(87). Isolation of macroalgae-associated bacte-
ria typically involves using marine agar supple-
mented with sea salts, followed by 16S rRNA
sequencing. Recent advances in metagenom-
ics and metabolomics have enabled the iden-
tification of unculturable symbionts and novel
biosynthetic gene clusters, expanding the dis-
covery of marine metabolites.

Table 1: Classes and Mechanism Action of Anti-Dengue Compounds from Macroalgae-Asso-

ciated Microbial

. Producer
Compound Representative (Seaweed- Propose_d References
Class Examples . Mechanism
Symbiont)
Indole and Streptomvces Inhibit DENV NS3
Alkaloids pyrrole plomyces, protease and (110)
L Bacillus spp. o
derivatives replication
Surfactin. iturin Bacillus subtilis, Disrupts viral
Lipopeptides C ’ Bacillus envelope; (111)
fengycin ) , ) .
amyloliquefaciens immunostimulant
. Macrolides, Streptomyces, BIO(.:k D.ENV
Polyketides replication and (112)
polyenes Alteromonas o
protease activity
Phenolic Bromophenols, Antioxidants
flavonoid-like Vibrio, Micrococcus | modulate oxidative | (113)
Compounds
analogs stress
Marine Pseudomonas Inhibit viral-
Terpenoids diterpenes, ’ host interaction (114)
. Roseobacter
sesquiterpenes pathways
Marine . . Induction of
. . . Marine-derived .
Triterpenoids triterpenes, . .. interferon alpha (87)
; Penicillium steckii
sesquiterpenes (IFN-a)

Compounds from macroalgae-asso-
ciated bacteria can act through direct antiviral
and indirect immunomodulatory mechanisms:

a. Direct Antiviral Actions:

Inhibition of viral entry: Some bacterial metab-
olites can block viral attachment or fusion with
host cell membranes by interacting with the viral
envelope (E) protein.
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Suppression of viral replication: Certain metab-
olites target non-structural proteins (NS3 prote-
ase, NS5 polymerase) essential for DENV ge-
nome replication.

Disruption of virion assembly: Amphi-
philic compounds, such as lipopeptides, may in-
terfere with membrane integrity, leading to loss
of viral infectivity.

b. Immunomodulatory Effects:

= Activation of interferon-stimulated genes
(ISGs) and enhancement of innate immune
responses.

= Modulation of macrophage and natural killer
(NK) cell activity.

= Reduction of oxidative stress and inflamma-
tory cytokine overproduction.

These combined effects make macroal-
gae-associated bacterial metabolites promising
candidates for both prophylactic and therapeu-
tic interventions against dengue infection.

Surfactin from Bacillus subtilis on Sar-
gassum sp. disrupts viral envelopes and boosts
interferon responses, while indole derivatives
from Streptomyces on Gracilaria corticata inhib-
it DENV NS2B/NS3 protease in silico, suggest-
ing their potential for antiviral drug design (110).

Experimental studies on marine-de-
rived bacterial metabolites have employed cell-
based assays using Vero, Huh7, or C6/36 cell
lines infected with DENV. Antiviral efficacy is
typically measured through plaque reduction
assays, viral RNA quantification, or inhibition of
cytopathic effect (CPE).

Computational methods like molecular
docking, ADMET prediction, and QSAR model-
ing are now widely used to predict how bacterial
metabolites bind to dengue viral targets (115).
For example, docking studies have shown that
certain bromophenols and indole compounds
bind strongly to DENV NS3 protease and NS5
polymerase. Furthermore, pharmacokinetic
analyses suggest many marine-derived com-
pounds have good oral bioavailability and low
toxicity. However, challenges remain in devel-

oping these metabolites Into clinical antivirals
for dengue, such as low yields from natural cul-
tures, difficulties in growing marine symbionts in
the lab, and complex purification and structural
identification processes (45).

In response to these challenges, cur-
rent studies focus on genome mining, synthetic
biology, and heterologous expression as strate-
gies to increase metabolite production. Integrat-
ing metabolomics, transcriptomics, and in silico
methods can greatly accelerate the discovery
and identification of bioactive compounds. Fu-
ture studies should also explore synergistic
effects between bacterial metabolites and ex-
isting antivirals or immunomodulators. Macroal-
gae-associated bacteria are a rich but underuti-
lized source of antiviral metabolites against
dengue virus (116). Their diverse compounds,
including lipopeptides, alkaloids, phenolics, and
polyketides, act through multiple mechanisms,
such as direct viral inhibition and immune mod-
ulation (117). Advancing research on these
marine symbionts using modern omics and bio-
informatics will be essential for developing in-
novative, effective, and sustainable anti-dengue
therapies.

Biotechnological approaches to discover
potential new bioactive products

Approximately 99% of environmental
microorganisms fail to grow optimally under
standard laboratory conditions due to specific
nutritional needs, complex environmental fac-
tors, and symbiont interactions that are difficult
to replicate (118,119). Thus, most remain inac-
cessible for phylogenetic and functional analysis
using classical culture methods. However, ad-
vances in Next Generation Sequencing (NGS)
and metagenomics have revolutionized micro-
bial community studies. These techniques allow
direct analysis of genetic material from environ-
mental samples, bypassing isolation and culti-
vation (120,121). This accelerates the discovery
of novel enzymes and bioactive compounds for
biotechnology, healthcare, and environmental
applications. A key application is the study of
microorganisms associated with marine mac-
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roalgae such as Ulva sp. Recent studies show
that epiphytic bacteria on Ulva australis or Ulva
ohnoi produce enzymes and secondary metab-
olites, including antimicrobial and antioxidant
compounds, useful for drug and anticancer de-
velopment (19,122). These findings confirm that
the ocean, particularly macroalgae and their mi-
crobiota, is an untapped biological resource for
future bioactive exploration.

In recent years, metagenomic ap-
proaches have developed rapidly in revealing
the diversity and functions of microbial com-
munities associated with macroalgae. Recent
studies have shown that, despite significant
taxonomic variations in bacterial communities
associated with macroalgae across different
environments, their functional potential remains
relatively stable. For example, metagenomic
analysis of Ulva species along a 2000 km sa-
linity gradient revealed that, despite significant
changes in taxonomic composition, functional
variation was only approximately 17%, high-
lighting the conservation of metabolic functions,
such as carbon, nitrogen, and vitamin metabo-
lism, across microbial communities (123).

Furthermore, studies on the microbi-
omes of macroalgae, such as those of Macro-
cystis pyrifera and Nereocystis luetkeana, have
revealed that associated bacteria can degrade
complex polysaccharides, including alginate
and laminarin. This ability is supported by the
presence of genes such as algL and alg17C,
which are widely distributed in various bacterial
phyla, including Bacteroidetes and Proteobacte-
ria. These findings indicate that macroalgae mi-
crobial communities have great potential in ma-
rine biogeochemical cycles and the production
of bioactive compounds. However, challenges
remain in exploiting this potential. One of the
main obstacles is the low frequency of heterol-
ogous gene expression across different hosts,
which can be caused by incompatible gene ex-
pression or toxic effects of the gene products.
Additionally, specific metagenomic screening
approaches may fail to detect target genes if
they are not evenly distributed throughout the
microbial community (124). For example, out

ot thousands ot bacterial clones obtained trom
various marine environments, only a small frac-
tion exhibits antimicrobial activity, as reported in
a metagenomic study of mangrove sediments,
where out of 15,000 clones screened, only five
were active, with one clone (PS49) producing
significant antibacterial compounds against
multiple pathogens (125). Recently, a metag-
enomic library construction approach based
on macroalgae-associated microbial DNA has
shown potential for generating bioactive com-
pounds, and a bioactivity-based screening pro-
cess has identified clones with both antibacteri-
al and antifungal properties (126). These results
reinforce previous findings that pre-selecting
genomes or biosynthetic gene clusters capable
of producing bioactive compounds can increase
the hit rate in metagenomic exploration (127).

The successful application of functional
metagenomics to discover bioactive compounds
from macroalgae-associated bacteria remains
limited. However, this can be improved by using
suitable expression host strains with compatible
codon usage or biosynthetic pathways. For in-
stance, Ralstonia metallidurans effectively ex-
presses antibacterial genes from metagenomic
libraries that fail to express in E. coli (128). Ad-
ditionally, codon harmonization enhances het-
erologous gene expression by adjusting codon
frequency to the host’s translation system (129).
Shotgun metagenomics has also identified nov-
el genes from type | PKS and NRPS involved
in bioactive compound biosynthesis (130). One
study, for example, found more than 35,000 ke-
to-synthase domains of type | PKS across 137
global metagenomic datasets, demonstrating
the vast biosynthetic potential of microbes in
natural environments (131).

Despite these encouraging successes,
further metagenomic development is needed to
overcome bottlenecks in heterologous expres-
sion and improve bioactive compound detection
(132). A visual summary of macroalgal microbes
producing antimicrobial, anti-dengue, and im-
munomodulatory compounds for drug discovery
is provided in Fig. 7.
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Fig. 7: Visual overview of macroalgae-associated microbes producing antimicrobial, anti-dengue,
and immunomodulatory compounds for drug discovery (This figure was created by the author using
Dreamina Al and modified with BioRender.com, on 23 April 2026).

Conclusion ti-inflammatory, anticancer, and antiangiogenic
activities. However, most studies remain limited
to screening activities and do not identify spe-
cific molecules. With continued investment in
marine biotechnology and interdisciplinary col-
laboration, these microbes may yield next-gen-
eration antimicrobial, antiviral, and immuno-
modulatory therapies for dengue.

Marine ecosystems, especially those
involving macroalgae, are vital sources of bioac-
tive compounds for pharmaceuticals. Macroal-
gae-associated bacteria offer a new frontier for
the discovery of antimicrobial, anti-dengue, and
immunostimulant agents. Their unique metabol-
ic traits make them valuable for drug discovery.
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