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Abstract: The rapid expansion of aquaculture has intensified the need for sustainable strategies to
improve productivity and disease control, particularly amid growing concerns about antibiotic use.
Probiotics have emerged as a promising alternative; however, conventional sources, primarily
derived from aquatic animal guts, often exhibit inconsistent performance under field conditions. In
this context, seaweed-associated microbiota represents a relatively underexplored but potentially
valuable source of probiotic candidates. This review synthesizes current knowledge on the diversity
and functional traits of seaweed-associated bacteria and evaluates their relevance to probiotic
application in aquaculture. Key traits discussed include stress tolerance, antimicrobial activity,
competitive exclusion and colonization ability, enzymatic capabilities, and the production of
bioactive compounds linked to growth promotion and immunomodulation. Evidence indicates that
these bacteria possess adaptive features suited to dynamic marine environments and exhibit multiple
functions consistent with established probiotic mechanisms. However, most studies remain trait-
specific, with limited in vivo validation and insufficient integration of functional assessments.
Consequently, there is a need for more comprehensive and systematic evaluation of these
microorganisms. Overall, seaweed-associated bacteria present a promising yet underutilized
resource, and further research is essential to fully establish their role as next-generation probiotics in

Article history:

Received 12 April 2026
Accepted 3 May 2026

Available online 25 August 2026

Keywords:
Seaweed-associated bacteria
Probiotics

Aquaculture

Functional traits

sustainable aquaculture systems.

Introduction

The aquaculture industry has undergone a rapid and
significant growth over the past few decades. In the
2024 State of World Fisheries and Aquaculture
(SOFIA) report, global aquaculture production
increased significantly by 204%, rising from 43
million tons in 2000 to 87.9 million tons in 2022
(FAO, 2024). This marked increase in production has
been largely driven by the rapidly growing global
population, resulting in a surge in demand for seafood
as a sustainable and high-quality source of protein and
nutrients (Thilsted et al., 2016; Ahmad et al., 2021;
Bjgrndal et al., 2023). Combined with the continuing
stagnation of the global capture fisheries production
and the increasing annual growth rate of the global
aquatic food consumption, aquaculture
production must increasingly rely on the expansion
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and intensification of its operational systems in order
to ensure long-term food security and meet rising
economic demands (Béné et al., 2015; Costello et al.,
2020; Ahmad et al., 2021).

The adoption of intensified production systems,
however, usually necessitates increased stocking
densities in farming promoting the
emergence of disease outbreaks and spread of
infectious pathogens (Aly and Fathi, 2024; Lambert et
al., 2024). To remediate this problem, many farming
operations resort to chemical inputs, such as
antibiotics. While this practice has been adopted for
several decades and proven effective in managing
bacterial infections and mitigating disease outbreaks,
its excessive use and unregulated disposal have raised
significant biosecurity and public health concerns
(Defoirdt et al., 2011; Lulijwa et al., 2020). Not only

systems,
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do antibiotics have bio-accumulative effects in the
environment and can disrupt microbial community
dynamics, but they can also promote the emergence
and spread of antibiotic-resistant bacteria and
antibiotic resistance genes (ARGs) (Cabello et al.,
2013; Lulijwa et al., 2020). As a result, there has been
growing interest in adopting more sustainable
management strategies that reduce reliance on
antibiotics while maintaining effective disease control
in aquaculture systems (Defoirdt et al., 2011;
Hoseinifar et al., 2018). Among these approaches,
probiotics have emerged as one of the most widely
studied and promising alternatives to antibiotics in
aquaculture research (Defoirdt et al., 2011; Hoseinifar
et al., 2018; Hai, 2015; Mohammed, 2025).

Probiotics are generally defined as beneficial
microorganisms that, when administered in adequate
amounts, confer health benefits to the host.
Traditionally, probiotics have been widely used in
humans and terrestrial animals to improve gut health
and enhance disease resistance (Markowiak and
Slizewska, 2017; Hoseinifar et al., 2018). More
recently, probiotics have been shown to provide
multiple benefits in aquaculture systems. Some of the
most commonly reported effects are: improvement of
growth performance and feed utilization (Hai, 2015;
Mugwanya et al., 2022); enhancement of immune
responses by stimulating innate defenses, leading to
increased resistance against bacterial pathogens
(Defoirdt et al., 2011; Hoseinifar et al., 2018); and
disease control through competitive exclusion and the
production of antimicrobial compounds (Balcdzar et
al., 2006; Hai, 2015).

Probiotics in aquaculture are mostly isolated from
the guts of healthy aquatic animals- such as fish,
shrimp, and mollusks as they are already adapted to
the host’s internal environment and are therefore more
likely to survive, colonize, and exert beneficial effects
when reintroduced (Hoseinifar et al., 2018). However,
several limitations continue to affect their
effectiveness, reliability, and long-term viability
under field conditions. Several key requirements must
be satisfied to be considered effective and sustainable
probiotic candidates, which includes: (1) being non-

pathogenic; (2) tolerate environmental and
physiological stressors such as temperature, salinity,
pH, and digestive conditions commonly encountered
in aquaculture systems; (3) presence of clear
functional properties, such as antagonistic activity
against pathogens, competition for nutrients or
adhesion  sites, production of
compounds; and, the capacity to colonize or persist in
the host gastrointestinal tract or culture environment
(Zorriehzahra et al., 2016; Rahayu et al., 2024;
Elsegeny et al., 2025).

In recent years, aquaculture microbiology research
has expanded the search for probiotic candidates.
Many studies now explore diverse sources in marine
environments, including the internal structures of
marine animals other than fish and shrimp,
surrounding water, sediments, biofilms, and the
surfaces of marine organisms. This shift is driven by
the need to identify strains naturally adapted to aquatic
conditions, thereby increasing their likelihood of
survival, colonization, and effective functioning in
aquaculture systems (Kesarcodi-Watson et al., 2007;
Hai, 2015).

One of the relatively unexplored areas of
unconventional potential probiotic candidates in
aquaculture is macroalgae or seaweeds. Seaweeds
harbor complex communities of epiphytic and
endophytic microorganisms, including bacteria, fungi,
and microalgae, which play critical roles in seaweeds’
overall health, growth, and defense (Egan et al., 2008;
Singh and Reddy, 2014). These microbes are known
to provide essential functions, including nutrient
cycling, morphogenesis, and protection against
biofouling and pathogens (Hollants et al., 2013).
Many seaweed-associated bacteria produce a wide
range of bioactive compounds
antibacterial, antioxidant, and antifouling activities, as
well as antagonistic effects against pathogens such as
Vibrio spp., which are among the most common
threats in aquaculture (Goecke et al., 2010). The
complex association between seaweeds and their
associated microbiota, together with the unique
physicochemical
environment, suggests that these microorganisms may
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possess specialized adaptive traits advantageous for
probiotic applications. Despite this, only a limited
number of studies have explored the potential of
seaweed-associated microorganisms as probiotics in
aquaculture. Most studies have instead focused on the
use of seaweeds as prebiotic supplements or as
fermentation substrates for the production of lactic
acid bacteria (LAB)-based probiotics. Thus, this
review seeks to synthesize current knowledge on
seaweed-associated microbiota and assess their
potential as emerging probiotic candidates for
aquaculture applications.

Limitations and selection challenges of probiotics
in aquaculture

Although gut-derived probiotics from marine animals
have gained increasing attention in aquaculture, their
performance under field
inconsistent, with several factors limiting their
effectiveness, stability, and long-term applicability.
Many bacterial strains show promising probiotic-
related traits in vitro or in short-term laboratory trials;
however, only a limited number consistently meet the
stringent requirements needed to function effectively
in complex, dynamic aquaculture environments.
These limitations have highlighted the need for
rigorous selection criteria and have driven interest
toward alternative microbial sources that may be
better adapted to aquaculture conditions. Below are
some of the major limitations that affect the consistent
performance and long-term viability of gut-derived
probiotics under aquaculture conditions.

Safety and absence of pathogenicity: A fundamental
requirement for probiotic application is that candidate
microorganisms must be non-pathogenic to humans
and other hosts and should not carry virulence factors
or transferable antibiotic resistance genes. However,
screening studies consistently demonstrate that a
substantial proportion of gut-derived isolates fail to
meet these safety criteria. Kesarcodi-Watson et al.
(2007) reported that bacterial isolates initially
identified as potential probiotics exhibited resistance
to clinically relevant antibiotics, resulting in their
exclusion Similarly,
Kuebutornye et al. (2019) observed that while several

conditions remains

from further evaluation.

Bacillus isolates exhibited strong antagonistic activity
against Vibrio spp., many were resistant to
tetracycline or erythromycin,
inhibitory concentrations exceeding established safety
thresholds. These findings indicate that antimicrobial
activity alone is insufficient for probiotic selection and
that biosafety screening remains a major bottleneck in
the development of reliable probiotic strains.
Tolerance to environmental and gastrointestinal
stressors: Probiotic candidates must withstand
physicochemical stresses associated with processing,
storage, and application, as well as environmental
fluctuations in aquaculture systems, including changes
in temperature, salinity, pH, and dissolved oxygen. In
addition, feed-administered probiotics must survive
gastrointestinal conditions such as low gastric pH and
bile exposure. Quantitative assessments have shown
that many gut-derived isolates experience substantial
losses in viability under these conditions. Studies have
reported that exposure to simulated gastric and
intestinal environments can significantly reduce the
viability of probiotic candidates, thereby limiting their
capacity to colonize the host intestine (Hoseinifar et
al., 2018; El-Saadony et al., 2021). Furthermore,
variability in tolerance to bile salts and other stressors
among probiotic strains contributes to inconsistent
performance in terms of growth promotion and
immune modulation wunder farming conditions
(Balcazar et al., 2006; Golder et al., 2022). Such
variability contributes to the inconsistent efficacy of
probiotics when applied beyond
experimental settings.

Functional effectiveness and  strain-specific
performance: Functional effectiveness is a central
criterion in probiotic selection because probiotics are
expected to exert direct or indirect biological effects
that suppress pathogens,
communities, and enhance host health in aquaculture
systems (Hai, 2015). Core mechanisms underlying
these effects include antagonism against pathogens,
competition for nutrients or adhesion sites, production
of antimicrobial compounds, and modulation of host
immune responses. While these mechanisms provide
a strong theoretical foundation for probiotic use, their
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effectiveness under practical farming conditions is
often constrained by ecological, environmental, and
host-related factors, leading to highly strain-specific
and context-dependent outcomes (Hoseinifar et al.,
2018).

Antagonism against pathogens is particularly
important because bacterial diseases caused by Vibrio,
Aeromonas, and related genera remain among the
primary causes of mortality in fish and shrimp
aquaculture (Defoirdt et al., 2011; Austin and Austin,
2016). Probiotic-mediated antagonism can reduce
pathogen abundance through inhibitory metabolites or
direct microbial competition, and several in vivo
studies have demonstrated reductions in microbial
loads, including Vibrio spp., in the gut or rearing water
of probiotic-treated shrimp and fish (Ramirez et al.,
2021; Gustilatov et al.,, 2023; Hu et al., 2023).
However, this mechanism becomes limiting because
antagonistic effects are strongly dependent on
probiotic cell density and sustained spatial proximity
between probiotics and pathogens. In open or semi-
open aquaculture systems, water exchange, dilution,
and complex microbial interactions often reduce
probiotic-pathogen contact, thereby diminishing
antagonistic efficacy under field conditions (Defoirdt
etal., 2011).

Competition for nutrients or adhesion sites 1is
another key probiotic mechanism because successful
colonization of the gastrointestinal tract can prevent
pathogen attachment and proliferation through
competitive exclusion (Kesarcodi-Watson et al., 2008;
Hoseinifar., 2018). Adhesion to intestinal mucus or
epithelial surfaces is therefore commonly used as an
indicator of probiotic persistence. This mechanism,
however, becomes limiting under aquaculture
conditions because poorly or moderately adherent
strains are rapidly displaced by resident microbiota
once supplementation ceases, particularly in systems
characterized by high microbial turnover and
continuous environmental exposure (Defoirdt et al.,
2011; Hai, 2015; Balcazar et al., 2006). As a result,
competitive exclusion is often transient and difficult
to maintain without continuous probiotic input.

The production of antimicrobial compounds,

including  organic acids, bacteriocins, and
lipopeptides, is also considered an important probiotic
trait because these compounds can directly inhibit
pathogen growth (Balcdzar et al., 2006; Hai, 2015).
However, this mechanism poses limitations in
practical aquaculture systems because antimicrobial
production is concentration-dependent and sensitive
to environmental conditions. Dilution effects,
sedimentation, and nutrient limitation frequently
prevent probiotics from maintaining the cell densities
required to sustain antimicrobial activity, while
stressful conditions may downregulate metabolite
production (Hai, 2015; Hoseinifar et al., 2018). These
constraints reduce the consistency of antimicrobial-
mediated pathogen control in field applications.
Modulation of host immune responses is an indirect
but important probiotic mechanism, as enhanced
innate immunity can increase resistance to infection
even in the absence of direct pathogen suppression
(Hoseinifar et al., 2018). Probiotic supplementation
has been associated with increases in immune
parameters, including activity,
phenoloxidase activity, phagocytic capacity, and
immune-related gene expression (El-Saadony et al.,
2021; Golder et al., 2022). Nevertheless, immune
modulation becomes a limitation because responses
are highly strain-, dose-, and host-dependent. Weak or
transient immune stimulation may provide little
protection, whereas excessive or prolonged activation
can impose energetic costs on the host, potentially
affecting growth and stress tolerance (Hoseinifar et
al., 2018; El-Saadony et al., 2021). These factors limit
the predictability and transferability of immune-based
probiotic effects across species and production
systems.
Colonization, persistence, and ecological
compatibility: An additional challenge in probiotic
application is the ability of introduced
microorganisms to colonize or persist in the host
gastrointestinal tract or culture environment long
enough to exert sustained benefits. Successful
colonization is important because many probiotic
mechanisms—such as  competitive  exclusion,
antimicrobial production, and immune modulation—
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Table 1. Common bacterial genera isolated from seaweeds.

Bacterial Genus Seaweed Source(s)

References

Pseudoalteromonas Ulva lactuca, Ulva australis, Ulva spp. Saccharina japonica,

spp. Padina pavonica

Egan et al. (2008); Bernborn et al. (2011); Ling et al. (2022); Kumar et al.
(2022); Ismail et al. (2016); Imai et al. (2006)

Padina pavonica, Mastophora rosea, Gracilaria corticata, Ulva

Vibrio spp. spp., Fucus sp., Laminaria sp. Porphyra sp., Undaria sp.,

Saccharina japonica

Ismail et al. (2016); Karthick et al. (2018); Lu et al. (2023); Kumar et al.
(2022); Mahmud et al. (2007); Ma et al. (2023); Imai et al. (2006)

Padina pavonica, Gracilaria corticata, Ulva lactuca , Ulva sp.,

Sargassum sp., Hypnea valentiae, Sargassum wightii,
Sargassum myriocystum; Laurenciae papillosa, Gracilaria
edulis. Eucheuma cottonii

Bacillus spp.

Ismail et al. (2016); Karthick et al. (2018); Kumar et al. (2022); Naufal et
al. (2025); Vairagkar and Mirza (2021); Chakraborty et al. (2021, 2016);
Suji et al. (2024); Trivedi et al. (2010); Suvega and Arunkumar (2019);
Indraningrat et al. (2023)

Padina pavonica , Ulva sp., Ulva prolifera, Sargassum spp.,

Alteromonas . o . g
Delisea pulchra, Gracilaria corticate, Gelidium sp.

Ismail et al. (2016); Karthick et al. (2018); Kumar et al. (2022); Lv et al.
(2025); Imai et al. (2006)

Grateloupia sp., Ulva spp., Ulva australis Saccharina sp.,

Roseobacter clade X - .
Cystoseira compressa, Fucus spiralis, Eucheuma okamurai

Lu et al. (2023); Mancuso et al. (2016); Hahnke et al. (2024); Yin et al.
(2022); Breider et al. (2019); Deutsch et al. (2023)

Flavobacterium

Ulva prolifera, Ulva rigida, red alga, marine algae, Porphyra

Supty et al. (2024); Bolinches et al. (1988); Muhammad et al. (2022);
Khan et al. (2020); Lavin et al. (2016); Miyashita et al. (2009)

require prolonged presence at sufficient cell densities.
However, numerous studies have demonstrated that
many probiotics fail to establish stable populations
under aquaculture conditions and are rapidly
outcompeted by resident microbiota or diluted in open
or semi-open systems (Balcdzar et al., 2006;
Kesarcodi-Watson et al., 2008; Hai, 2015). Han et al.
(2021) reported that probiotics generally exhibit
transient colonization in the gastrointestinal tract, with
their effects on gut microbiota diminishing after
supplementation ceases, often returning toward
baseline composition. Moreover, Hu et al. (2023)
reported that probiotic bacterial counts in rearing
water declined to near-background levels within a few
days following application, necessitating repeated
dosing to maintain measurable effects. Together, these
findings indicate that ecological compatibility with
both the host and the surrounding culture environment
is a critical determinant of probiotic success.

The seaweed microbiome

The composition of bacterial communities associated
with seaweeds is enumerated in Table 1. This reveals
a consistent dominance of several genera, particularly
Pseudoalteromonas, Vibrio, Bacillus, Alteromonas,
clade, and
Flavobacterium. Among these, Pseudoalteromonas
and Vibrio appear to be the most frequently reported
across multiple studies, reflecting their strong
ecological association with macroalgal surfaces (Egan
et al.,, 2008; Ismail et al., 2016; Lu et al., 2023).
Bacillus spp. are also widely documented, particularly

members of the Roseobacter

in studies focusing on bioactive compound production
and antimicrobial activity (Karthick et al., 2018;
Chakraborty et al., 2021).

In terms of host distribution, Ulva spp. (green
algae) and Sargassum spp. (brown algae) are among
the most frequently studied and reported sources of
bacterial isolates, followed by red algae such as
Gracilaria, Gelidium, and Porphyra (Karthick et al.,
2018; Kumar et al., 2022; Lu et al., 2023). Brown
algae, particularly Saccharina japonica and Padina
pavonica, also host a diverse range of bacterial taxa,
including  Pseudoalteromonas, Vibrio, and
Alteromonas (Ismail et al., 2016; Ling et al., 2022).
Notably, these bacterial genera are not restricted to a
single algal group but are distributed across green,
brown, and red seaweeds, indicating a broad
ecological adaptability and potential functional
importance within the seaweed holobiont.

Functionally, as presented in Table 2, many of
these seaweed-associated bacterial genera exhibit
established  probiotic
mechanisms in aquaculture systems. Among these,
Bacillus spp. remain the most extensively validated.
For example, supplementation of Bacillus subtilis has
been shown to significantly improve growth
performance, survival, and stress tolerance in fish,
with Neissi et al. (2024) reporting enhanced resistance
of Oncorhynchus mykiss under hypoxic conditions.
Similarly, Hu et al. (2023) demonstrated that Bacillus-
based probiotic formulations improved survival and
water quality parameters in Penaeus vannamei culture

traits  consistent  with
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Table 2. Probiotic functions of seaweed-associated genera.

Bacterial Genus

Documented Probiotic Functions

Supporting Studies

Bacillus spp.

Enhances growth performance, immune response, and survival; improves
water quality and modulates microbial communities

Neissi et al. (2024); Hu et al. (2023); Kuebutornye et
al. (2019); El-Saadony et al. (2021)

Pseudoalteromonas spp.

Produces antimicrobial compounds; inhibits Vibrio spp.; improves host
survival and disease resistance; exhibits antibiofilm activity

Gustilatov et al. (2023); Wu et al. (2024); Handayani
et al. (2021)

Roseobacter clade

(Phaeobacter) infections; improves larval survival

Produces antibacterial metabolites (e.g., tropodithietic acid); suppresses Vibrio Sonnenschein et al. (2020); Gram et al. (2015);

Grotkjeer (2015)

Vibrio spp. (non-pathogenic Competitive exclusion of pathogens; colonization of host surfaces; improved Kesarcodi-Watson et al. (2007); Hossain et al.

strains) survival under pathogen challenge

(2024); Ramirez et al. (2021); Hai (2015)

Alteromonas spp.

Improves larval survival under pathogen challenge; reduces virulence of
pathogens through quorum-quenching and microbial interactions

Kesarcodi-Watson et al. (2010); Torres et al. (2019)

systems, alongside shifts in microbial community
structure. These consistent findings across studies
support the robustness of Bacillus as a probiotic
candidate in intensive aquaculture environments.

Marine-derived genera such as Pseudoalteromonas
spp. and members of the Roseobacter clade, on the
other hand, are more frequently associated with
antimicrobial activity against key pathogens. In a
biofloc-based shrimp system, Pseudoalteromonas
piscicida significantly increased the survival of P.
vannamei  following  Vibrio  parahaemolyticus
challenge (Gustilatov et al., 2023). Likewise, Wu et al.
(2024) reported that Pseudoalteromonas flavipulchra
not only inhibited multiple Vibrio strains but also
enhanced microalgal growth, suggesting dual
functional roles in aquaculture systems. For
Roseobacter clade bacteria, particularly Phaeobacter
inhibens, the production of tropodithietic acid (TDA)
has been shown to effectively suppress Vibrio
pathogens and improve survival rates in marine larvae
(Sonnenschein et al., 2020).

Interestingly, even genera that include well-known
pathogens, such as Vibrio, may harbor strains with
beneficial effects. Ramirez et al. (2021) demonstrated
that non-pathogenic strains, including V. diabolicus,
were able to colonize both internal and external
surfaces of shrimp larvae and significantly improve
survival under V. parahaemolyticus challenge.
Similarly, Hossain et al. (2024) reported that selected
non-pathogenic Vibrio strains contributed to disease
control in shrimp aquaculture systems, likely through
competitive exclusion mechanisms. However, the
dual nature of this genus necessitates careful strain-
level selection and validation prior to application.

Meanwhile, Alteromonas spp. represent a distinct
functional strategy. Kesarcodi-Watson et al. (2010)
demonstrated that A. macleodii improved the survival
of hatchery-reared mussel larvae (Perna canaliculus)
under pathogen pressure. In addition, genomic
analyses
quenching-related traits that can interfere with
pathogen potentially
reducing virulence expression (Torres et al., 2019).
These findings suggest that, rather than directly
inhibiting pathogens, some Alteromonas strains may
act by disrupting pathogenic signaling pathways.
Functional traits of seaweed-associated bacteria
and their probiotic potential
Stress tolerance and environmental adaptation:
Seaweed-associated bacteria are shaped by some of
the most dynamic and stressful marine environments.
They are exposed to drastic fluctuations in
temperature, salinity, light, and nutrient availability,
especially in shallow coastal and intertidal zones. As
a result, these microbes tend to develop traits that
increase tolerance to a wide range of environmental
stressors. These traits are exactly what’s needed for
probiotics to survive and function in aquaculture
systems, making these microbes potential candidates.
A summary of the environmental stress adaptation of
seaweed-associated bacteria is seen in Table 3.

Several studies have demonstrated tolerance of
epiphytic microbes on macroalgae to environmental
stressors. For instance, environmental studies show
that bacterial communities associated with seaweeds
remain stable under pronounced environmental
fluctuations, such as shifts in temperature and salinity
across intertidal zones and salinity gradients from

of A. stellipolaris revealed quorum-

communication  systems,
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marine to brackish waters (Van Der Loos et al., 2022;
Nahor et al., 2024). More direct experimental
evidence further supports their tolerance, with several
isolates, particularly from genera such as Bacillus,
Pseudomonas, and Vibrio, demonstrating the ability to
grow across a wide temperature range (approximately
0-45°C) while maintaining viability under saline
conditions (Saha et al., 2024). Likewise, seaweed-
associated lactic acid bacteria have been shown to
tolerate elevated salinity levels up to ~7.1% NaCl,
with evidence of adaptive improvement under
prolonged exposure (Papadopoulou et al., 2023). In
terms of pH tolerance, isolates from seaweeds have
been reported to grow across broad pH ranges
(approximately pH 4-10), demonstrating strong acid—
alkaline adaptability (Ibrahim et al., 2015). For
example, specific seaweed-derived bacteria, such as
Phycicoccus jejuensis, exhibit growth across pH 5.1-
10.1, further supporting their physiological flexibility
(Lee, 2006).

Despite this strong body of evidence on general
environmental tolerance, a notable gap remains in the
literature. Specifically, very few studies have directly
evaluated the tolerance of seaweed-associated bacteria
to digestive enzymes, such as pepsin, trypsin, or
pancreatin. While traits such as pH and salinity
tolerance are often used as indirect indicators of
probiotic potential, they do not fully confirm these
bacteria's ability to survive and function in the
gastrointestinal tract of aquatic animals. This
highlights an important limitation in current research
and underscores the need for more targeted studies.
Antimicrobial and antagonistic activity: Seaweed-
associated bacteria also play an important role in
surface defense. Seaweed thalli are constantly
exposed to fouling organisms and opportunistic
microbes, and many associated bacteria produce
antimicrobial compounds that inhibit the settlement
and growth of competitors and pathogens (Goecke et
al., 2010). These defensive functions are directly
relevant to probiotic use, as they are particularly
important in mitigating disease outbreaks and
controlling pathogen spread in aquaculture.

Among these, Bacillus velezensis isolated from

marine macroalgae has been shown to inhibit
multidrug-resistant pathogens such as Staphylococcus
aureus and Pseudomonas aeruginosa, with relatively
large inhibition zones and low minimum inhibitory
concentrations (Chakraborty et al., 2021). The same
strain also produces siderophores and bioactive
compounds with higher antibacterial activity than
some conventional antibiotics, indicating its strong
antagonistic capacity. Similar observations have been
reported for other seaweed-associated bacteria, in
which members of
Gammaproteobacteria, including Bacillus and
Pseudoalteromonas, exhibit measurable inhibitory
activity against drug-resistant strains (Kizhakkekalam
and Chakraborty, 2020). In addition, several studies
have identified specific compounds responsible for
these antagonistic effects. For example, seaweed-
derived Bacillus spp. have been found to produce
lichenicidin, a two-peptide bacteriocin with strong
activity against Gram-positive bacteria (Prieto et al.,
2012). Likewise, B.
Sargassum myriocystum produces O-heterocyclic
compounds that show antibacterial activity against
human pathogens (Chakraborty et al.,, 2017).
Antagonistic activity is not limited to laboratory
assays but is also evident in natural host systems. In
seaweeds affected by bleaching disease, Vibrio
alginolyticus X-2 has been shown to reduce disease
progression by suppressing pathogenic
microorganisms, thereby improving host conditions
(Ma et al., 2023). These findings show that seaweed-
associated bacteria inhibit competing microorganisms
through diverse mechanistic pathways, supporting
their role in host defense and potential probiotic
applications (Egan et al., 2013; Hollants et al., 2013).
Table 4 presents the summary of the antimicrobial and
antagonistic activity of seaweed-associated bacteria.

Competitive exclusion and colonization ability:
Competitive exclusion and colonization ability are
fundamental ecological traits that enable seaweed-
associated bacteria to establish, persist, and regulate
microbial communities on algal surfaces. Seaweeds
provide a nutrient-rich yet competitive habitat in
which microbial colonizers must rapidly attach, form

Firmicutes and

subtilis associated with
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stable associations, and effectively exclude competing
or potentially harmful microorganisms. In this
context, colonization is not merely a passive process
but involves active mechanisms such as adhesion,
biofilm formation, and chemical interference, which
collectively contribute to persistence and community
structuring (Saha and Weinberger, 2019). Table 5
summarizes the functional traits of seaweed-
associated bacteria involved in surface colonization,
biofilm formation, and competitive exclusion.
Experimental evidence from seaweed-associated
systems demonstrates that early colonization and
biofilm formation play a central role in establishing
dominance on host surfaces. For instance, epiphytic
bacteria associated with Ulva australis rapidly attach
to algal surfaces and form structured biofilms, leading
to the dominance of specific strains that outcompete
less-adapted colonizers (Rao et al., 2006). This rapid
surface colonization limits available space and
resources, thereby restricting the establishment of
subsequent microorganisms and promoting the
formation of stable microbial communities. In
addition to physical occupation, chemical-mediated
interactions further reinforce competitive exclusion
among seaweed-associated bacteria. Yasim et al.
(2022) demonstrated that isolates exhibited both
antibacterial activity and inhibition of quorum sensing
(QS), as evidenced by suppression of violacein
production in Chromobacterium violaceum without
affecting bacterial growth. Similarly, Muthukrishnan
et al. (2023) reported that bacteria associated with
Gracilaria changii significantly reduced biofilm
biomass and disrupted QS-regulated behaviors in
Pseudomonas aeruginosa, highlighting the role of
chemical interference in preventing the establishment
of competing microbes. Beyond direct antagonism,
colonization by resident microbiota can confer
resistance against secondary settlement. Surfaces of
Ulva  reticulata  with  established
communities showed significantly reduced settlement
of fouling organisms compared to sterile controls,
indicating effective colonization resistance through
space occupation and surface-mediated exclusion
(Dobretsov and Qian, 2002). Collectively, these

bacterial

findings demonstrate that competitive exclusion in
seaweed-associated bacteria is a multifactorial process
involving rapid colonization,
persistence, and both physical and chemical
interference mechanisms (Saha and Weinberger,
2019).
Enzymatic activity: It is a key functional trait enabling
seaweed-associated bacteria to utilize complex algal
substrates and maintain stable associations on host
surfaces. Marine macroalgae contain structurally
diverse polysaccharides, including alginate, agar,
carrageenan, and cellulose, that require specialized
hydrolytic enzymes for degradation. Consequently,
epiphytic bacteria typically possess a wide range of
extracellular enzymes that support nutrient acquisition
and ecological fitness within the seaweed holobiont
(Saha and Weinberger, 2019). Table 6 summarizes the
enzymatic activities of seaweed-associated bacteria
and their functional roles in substrate degradation.
Experimental studies consistently show that these
bacteria are not limited to a single enzymatic function
but instead exhibit a broad, integrated capacity to
degrade multiple substrates. For example, isolates
reported by Kumar et al. (2022) produced agarase,
alginate lyase, cellulase, and protease within the same
system, allowing simultaneous breakdown of major
seaweed polymers. This multifunctionality is further
reflected in the work of Gu et al. (2021), where a
single enzyme exhibited activity on agar, carrageenan,
cellulose, and alginate, while Sun et al. (2020)
demonstrated that combining alginate lyase and
cellulase enhanced hydrolysis of Laminaria japonica,
thereby emphasizing cooperative  degradation.
Alongside these broad-spectrum activities, more
specialized enzymes such as carrageenase (Li et al.,
2022) and dual agarase—alginate lyase systems (Lavin
et al., 2016) highlight adaptation to specific substrates,
whereas the presence of proteases and lipases
(Gonzalez et al., 2021; Saravanan et al., 2024) extends
this capacity to non-polysaccharide components
associated with algal surfaces.

This level of enzymatic versatility has clear
implications for probiotic potential. Bacteria capable
of breaking down complex polysaccharides, proteins,

biofilm-mediated
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and lipids can enhance nutrient availability within
host-associated
aquaculture systems where feed efficiency is critical
(Ringg et al., 2010). By facilitating the degradation of
otherwise indigestible compounds, these microbes can
complement host digestion and improve nutrient
utilization (Balcazar et al., 2006). At the same time,
the ability to metabolize a wide range of substrates
supports their persistence and activity within dynamic
microbial communities, allowing them to remain
functionally relevant over time (Saha and Weinberger,
2019).

Growth promotion and immunomodulatory effects:
Growth promotion and immunomodulatory effects are
key traits expected of probiotic bacteria, yet direct
evidence for these functions in seaweed-associated
bacteria remains limited. Only a few studies have
explicitly demonstrated such effects. For example,
Sathishkumar et al. (2024) showed that
exopolysaccharides from a seaweed-associated
Bacillus megaterium stimulated immune responses,
including macrophage activation and cytokine
production. In a similar context, Hu et al. (2023)
reported improved survival and overall condition in
Penaeus vannamei following administration of a
Bacillus probiotic, reflecting outcomes commonly
associated with enhanced immune status and
microbial balance. More consistent evidence comes
from algal host systems, where bacteria play a direct
role in growth and development. Ghaderiardakani et
al. (2017) demonstrated that specific bacterial partners
are required for normal morphogenesis in Ulva, while
Gemin et al. (2019) and Suvega and Arunkumar
(2019) reported increased biomass in Ulva clathrata
and Gracilaria edulis, respectively, following
bacterial association. These findings suggest that
seaweed-associated bacteria can actively regulate host
growth, rather than simply coexist on the surface.

At the same time, much of the current evidence
remains indirect. Seaweed-associated bacteria are
known to produce bioactive compounds such as
exopolysaccharides, antimicrobial proteins, and
secondary metabolites, many of which are involved in
host defense and physiological regulation. These

environments,  particularly in

compounds can function as signaling molecules or
immune elicitors, capable of activating defense-
related pathways and enhancing resistance to stress or
infection (McKenna et al.,, 2025). In addition,
bioactive metabolites derived from seaweeds and their
associated microbiota have been shown to improve
immune responses, antioxidant status, and disease
resistance in aquatic organisms (Siddik et al., 2023).
Even when immune parameters are not directly
measured, these functional traits point toward
downstream benefits for host health. While direct
studies remain relatively scarce, the available
evidence indicates a clear potential for seaweed-
associated bacteria to influence host growth and
immune responses. Their combined traits highlight a
promising but underexplored area that warrants
further investigation through targeted in vivo and
functional studies.

Challenges and future directions

Despite the growing interest in alternative probiotic
sources, research on seaweed-associated bacteria
remains relatively underdeveloped compared to other
marine or gut-derived systems. As noted earlier, most
studies have focused on using seaweeds as prebiotic
supplements or fermentation substrates for lactic acid
bacteria (LAB) rather than directly investigating the
associated microbiota as probiotic candidates. While
many studies report promising functional traits,
particularly antimicrobial activity, these are often
assessed in isolation and are rarely linked to actual
probiotic performance in vivo.

More importantly, even among commonly reported
traits, there is a clear lack of comprehensive functional
validation. Although seaweed-associated bacteria
have shown potential in areas such as stress tolerance,
competitive exclusion, colonization, and bioactive
compound production, these traits are not consistently
evaluated with standardized assays. For example,
tolerance to gastrointestinal conditions (e.g., bile salts,
digestive enzymes) is rarely tested, despite being a
fundamental requirement for probiotic survival.
Similarly, while
colonization ability are often inferred from
antimicrobial or biofilm studies, direct evidence

competitive  exclusion and
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demonstrating stable persistence in host systems
remains limited. The same pattern is observed for
growth promotion and immunomodulatory effects,
where only a few studies have been conducted in vivo
or immune-based assessments, leaving much of the
evidence indirect or inferred. This lack of integrated
testing makes it difficult to determine whether these
bacteria can reliably function as probiotics under real-
world conditions (Kesarcodi-Watson et al., 2007).

Another key challenge lies in the lack of integrated
functional validation. Many studies report traits such
as antagonism, enzyme production, or biofilm
formation, but few assess how these traits translate
into host-level outcomes, such as improved growth,
immune response, or disease resistance. As seen in
conventional probiotic research, strain performance is
highly context-dependent and influenced by host
species, environmental conditions, and microbial
interactions (Kesarcodi-Watson et al., 2007). Without
in vivo validation, it remains difficult to determine
whether seaweed-associated bacteria can consistently
meet the requirements of effective probiotics in
aquaculture systems.

Moving forward, there is a clear need to actively
explore seaweed-associated microbiota as a distinct
and valuable source of probiotic candidates. Future
studies should prioritize not only the identification of
these microbes but also the systematic evaluation of
their functional traits using integrated and host-
relevant approaches. This includes combining in vitro
screening with in vivo validation, and using omics-
based tools to better understand their interactions
within the host and surrounding environment. Given
their demonstrated ecological adaptability and
metabolic versatility, seaweed-associated bacteria
remain a promising but underexplored resource.
Addressing these gaps will be essential to fully
establish their role as next-generation probiotics in
sustainable aquaculture systems.

Conclusion

Seaweed-associated bacteria represent a diverse and
functionally rich microbial group with considerable
potential for probiotic application in aquaculture.

Across the different functional traits discussed—
ranging from stress tolerance and antimicrobial
activity to enzymatic capability, colonization ability,
and bioactive compound production—these bacteria
consistently demonstrate characteristics that align
with established probiotic criteria. In particular, their
adaptation to dynamic marine environments and their
close association with host surfaces suggest a strong
capacity for persistence and functional activity under
aquaculture conditions. Despite these promising traits,
research on seaweed-associated bacteria remains
largely fragmented and trait-specific, with few studies
directly linking these properties to host-level
outcomes, including growth promotion, immune
modulation, and disease resistance. This highlights a
critical gap between identifying functional potential
and validating probiotic efficacy. Future research that
integrates multiple functional assays with in vivo
validation will be essential to bridge this gap. With
more targeted and systematic investigation, seaweed-
associated bacteria could emerge as a valuable and
sustainable source of next-generation probiotics for
aquaculture systems.
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