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Abstract
Red seaweeds (Rhodophyta) and their polysaccharides represent promising, sustainable solutions for boosting aquaculture productivity. 
Rich in bioactive compounds such as carrageenan, agar, and sulfated galactans, these seaweeds have demonstrated the ability to improve 
growth, health, and disease resistance in various aquaculture species. This review examines the applications, benefits, and limitations of 
red seaweeds in aquaculture, with particular attention to their roles as feed binders, partial fishmeal replacements, feed supplements, and 
immunostimulants. Species such as Gracilaria, Kappaphycus, and Porphyra have been shown to enhance immune responses, promote gut 
health, and mitigate nutrient pollution in aquaculture systems. Despite these advantages, challenges remain, including high cultivation 
costs, variability in bioactivity, and supply chain constraints. This review highlights the growing potential of red seaweeds for sustainable 
aquaculture while identifying research needs related to dosage optimization, delivery strategies, and elucidating the molecular mecha-
nisms of their effects. Supplementation with red seaweeds aligns with the United Nations’ Sustainable Development Goals, offering an 
eco-friendly alternative to antibiotics with the potential to yield both environmental and economic benefits in aquaculture.
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Aquaculture is one of the fastest-growing sectors in 
global food production and plays a crucial role in ensur-
ing nutritional security worldwide (FAO, 2020; Gabriel 
et al., 2024 a). With an estimated 109 million tons (MT) 
of fish projected to be produced by 2030, the demand 
for sustainable, affordable, and functional feed ingredi-
ents is more pressing than ever. The continued reliance 
on fishmeal and synthetic additives is being re-evaluated 
due to escalating costs, environmental concerns, and 
health risks associated with the overuse of antibiotics and 
chemotherapeutics (Allameh et al., 2016; WHO, 2006; 
Kamble et al., 2018; Daunde et al., 2025). Consequently, 
natural, and sustainable alternatives, such as red sea-
weeds, are gaining attention for their multifaceted roles 
in aquaculture, including promoting growth, enhancing 
immunity, supporting gut health, and contributing to en-
vironmental sustainability. 

Despite these advancements, aquaculture continues 
to face major challenges from both infectious and non-

infectious diseases (Vatsos and Rebours, 2015), substan-
tially impact productivity and profitability. Disease out-
breaks alone are estimated to cost the global aquaculture 
industry over US$6 billion annually (Stentiford et al., 
2017). Although antibiotics and chemotherapeutics have 
traditionally been employed to manage these issues, their 
widespread use raises concerns regarding antimicrobial 
resistance, environmental contamination, and residue ac-
cumulation in aquatic species, posing risks to both hu-
man and ecosystem health (Allameh et al., 2016; WHO, 
2006; Kamble et al., 2024 a, b, c). 

These limitations have accelerated the search for eco-
friendly, health-promoting alternatives. Among these, 
marine macroalgae, particularly red seaweeds, have 
emerged as promising candidates (Karnjana et al., 2019; 
Soowannayan et al., 2019 a, b; Yatip et al., 2018; Romero 
et al., 2012; Kamble et al., 2024 d, 2022; Yostawonkul 
et al., 2023; Trullàs et al., 2022). Globally, seaweeds are 
integral components of marine ecosystems, with produc-
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tion reaching approximately 35.8 MT in 2023, 98% of 
which is concentrated in Asia (World Bank, 2023). Red 
seaweeds (Rhodophyta), distinguished by the pigment R-
phycoerythrin, are widely used in the food, pharmaceu-
tical, and aquaculture sectors (Hoffman and Dubinsky, 
2010).

Dominant genera such as Porphyra, Gelidium, Eu-
cheuma, and Gracilaria lead global red seaweed produc-
tion, primarily serving the carrageenan and agar industries 
(Chopin and Tacon, 2020). In aquaculture, red seaweeds 
have been explored as feed binders, dietary supplements, 
and alternative protein sources (Valente et al., 2006; Bam-
baranda et al., 2024), offering benefits such as improved 
growth, enhanced disease resistance, stress mitigation, and 
nutrient recycling in intensive systems (Chen et al., 2012; 
Fu et al., 2007; Sirirustananun et al., 2011; Lin et al., 2011; 
Kanjana et al., 2011; Troell et al., 1999).

Red seaweeds are increasingly valued for their rich 
nutritional and biochemical composition, including high-
quality proteins, essential polyunsaturated fatty acids 
(PUFAs) such as eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA), vitamins, minerals, and a wide 
range of bioactive compounds like sulfated polysaccha-
rides, polyphenols, and phycobiliproteins (Holdt and 
Kraan, 2011). These constituents are linked to diverse 
pharmacological properties including immunomodula-
tory (de Jesus Raposo et al., 2015; Hamed et al., 2015; 
Rudtanatip et al., 2017, 2018, 2015; Kamble et al., 2024 
d), antibacterial (Karnjana et al., 2020, 2019; Kamble et 
al., 2022), and antioxidant properties (Díaz-Rosales et 
al., 2007; Li et al., 2009). 

Multiple studies have demonstrated that dietary in-
clusion of red seaweeds improves growth performance, 
immune response, gut health, antioxidant status, and 
disease resistance in a variety of aquaculture species 
(Díaz-Rosales et al., 2007; Safavi et al., 2019; Mendoza 
Rodriguez et al., 2017; Bakky et al., 2023; Ferreira et al., 
2022). Their integration into aquaculture practices not 
only supports animal health but also aligns with global 
sustainability goals, offering economic and environmen-
tal advantages.

Given their broad-spectrum benefits, red seaweeds 
contribute meaningfully to the United Nations Sustain-
able Development Goals (SDGs), including Zero Hunger 
(Schubel and Thompson, 2019), Good Health and Well-
Being (Doumeizel and Aass, 2020), and Climate Action 
(Sangsayan et al., 2025; Ross et al., 2023). The review 
aims to provide a comprehensive evaluation of the roles 
and applications of red seaweeds and their derived poly-
saccharides as sustainable feed additives in aquaculture. 
It critically examines their effects on growth, immunity, 
oxidative balance, gut health, and disease resistance, 
while addressing current challenges such as bioactivity 
variability, cultivation costs, and regulatory constraints.

Composition of red seaweeds
Red seaweeds possess a unique and diverse biochem-

ical composition that underpins their functional value in 

aquaculture. They are particularly rich in sulfated poly-
saccharides, such as agar, carrageenan, and agaran, which 
can comprise up to 50% of their dry weight. These com-
pounds exhibit gelling, emulsifying, and immunostimu-
latory properties, contributing to improved gut health, 
immune modulation, and prebiotic activity in aquatic 
animals (Holdt and Kraan, 2011; Cian et al., 2015).

In terms of macronutrients, red seaweeds typically 
contain 10–44% protein and offer a well-balanced amino 
acid profile, including essential amino acids like lysine 
and methionine. This makes them promising alternative 
protein sources in aquafeeds (Fleurence et al., 2018). Ad-
ditionally, they are rich in PUFAs, particularly EPA and 
DHA, which are vital for immune function and develop-
ment in fish and shrimp (Wells et al., 2017).

Red seaweeds are also excellent sources of micronu-
trients, providing vitamins (A, C, E, and B-complex) and 
minerals such as iodine, iron, calcium, magnesium, and 
zinc, each critical for metabolic and physiological pro-
cesses in aquatic organisms (El-Beltagi et al., 2022). Fur-
thermore, they are abundant in antioxidant compounds 
like polyphenols, flavonoids, and phycobiliproteins (e.g., 
phycoerythrin), which help combat oxidative stress and 
strengthen cellular defense mechanisms in aquaculture 
species (Čmiková et al., 2024; Freitas et al., 2021; Hejna 
et al., 2024).

Significance of red seaweeds in aquaculture prac-
tices

Red seaweeds are widely utilized in aquaculture due 
to their unique biochemical composition, offering nota-
ble advantages over brown and green seaweeds. Species 
such as Gracilaria, Kappaphycus, and Porphyra are rich 
in valuable polysaccharides like agar and carrageenan, 
which are extensively used in both the food industry and 
aquaculture. These compounds function as binders and 
functional additives that enhance pellet quality and sta-
bility (McHugh, 2003). Additionally, they contribute to 
improved gut health and immunity in aquatic species, 
making red seaweeds particularly suitable for aquafeed 
formulation (Villamil et al., 2019; Van Doan et al., 2023). 

Red seaweeds generally possess higher protein con-
tent than brown seaweeds, making them more nutritious 
feed ingredient for fish and shellfish (Fleurence et al., 
2018). Their bioactive constituents, including antioxi-
dants, vitamins, and essential fatty acids, further enhance 
growth performance, health, and disease resistance in aq-
uaculture species (Holdt and Kraan, 2011).

Moreover, red seaweeds thrive in tropical and sub-
tropical regions, ensuring their availability in many ar-
eas where aquaculture is practiced (Hafting et al., 2012). 
They are also well-suited for integration into multi-
trophic aquaculture systems (IMTA), where they play a 
critical role in nutrient management by absorbing excess 
nitrogen and phosphorus from fish farming operations 
(Chopin and Tacon, 2020). In comparison, brown sea-
weeds are primarily valued for alginates and green sea-
weeds for their chlorophyll-rich biomass, but their use 
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is often constrained by regional preferences, processing 
complexities, or comparatively lower economic returns 
(Tiwari and Troy, 2015). Consequently, the versatility, 
abundance, and functional benefits of red seaweeds make 
them a preferred choice for enhancing both sustainability 
and productivity in modern aquaculture systems.

The VOSviewer network visualization (Figure 1) 
further illustrates the interconnected research areas sur-
rounding red seaweed applications in aquaculture. At 
the center of the network is “seaweed”, with specific 
emphasis on red algae (Gracilaria) and its polysaccha-
rides, such as carrageenan and agar, linked to key con-
cepts like aquaculture, growth rate, biomass, and photo-
synthesis. The green cluster highlights the associations 
with aquaculture systems and nutritional supplements 
for fish health. The red cluster connects red algae to 
marine environments, eutrophication, and bioremedia-
tion, indicating its role in water quality management. 
Meanwhile, the blue cluster explores the biological at-
tributes of red algae, particularly their antioxidant-rich 
polysaccharides, reinforcing their contribution to both 
environmental sustainability and economic viability in 
aquaculture.

Growth-promoting effects of red seaweeds in aq-
uaculture

In aquaculture, numerous studies have investigated 
the incorporation of feed additives to enhance the growth 
performance of aquatic animals. Dietary supplementa-
tion with red seaweeds and their polysaccharides has 
demonstrated beneficial effects across various aquatic 
species (Figure 2; Tables 1 and 2).

Feed binders
Feed binders are essential in aquaculture for improv-

ing feed stability, minimizing nutrient leaching, reducing 
water contamination, and boosting overall production ef-
ficiency (Paolucci et al., 2012). Red seaweeds such as 
Gracilaria and Kappaphycus are particularly effective in 
stabilizing feed, owing to their high polysaccharide con-
tent. Red seaweeds, once washed, dried, and ground, of-
fer fish farmers an affordable and practical feed additive.

Gracilaria heteroclada and Kappaphycus alvarezii 
are among the most extensively studied red seaweeds 
for their binding properties and ability to enhance wa-
ter stability in feed pellets when used at inclusion levels 
of 5–10%. Incorporating G. heteroclada and K. alvarezii 
into diets for species such as giant tiger prawn (Penaeus 
monodon) and Asian seabass (Lates calcarifer) has sig-
nificantly improved pellet water stability, reduced pellet 
fragmentation, and prevented nutrient leaching, ultimate-
ly enhancing feed uptake (Peñaflorida and Golez, 1996; 
Shapawi et al., 2015). Notably, studies indicate that K. 
alvarezii achieves optimal results at a 5% inclusion rate 
without compromising the digestibility.

Despite their advantages, limitations have been ob-
served when red seaweeds are included at high levels. 
For example, inclusion of Gracilaria sp. above 10% has 
been shown to impair growth performance in species 
such as striped snakehead (Channa striatus), likely due 
to increased nutrient leaching and reduced feed integrity 
(Hashim and Saat, 1992). Therefore, maintaining an op-
timal balance between binder effectiveness and digest-
ibility is crucial for maximizing feed performance while 
controlling costs.

 

 
 

Figure 1. Bibliometric network analysis of red seaweed, polysaccharides, and their applications in aquaculture
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Polysaccharides such as carrageenan, κ-carrageenan, 
and sulfated galactans, extracted from red seaweeds like 
Chondrus crispus and K. alvarezii, play a key role in feed 
binding. Carrageenan enhances feed stability under the 
high heat and pressure typical of feed extrusion processes 
(Won et al., 2018; Hashim and Saat, 1992). In particular, 
κ-carrageenan has been shown to improve pellet quality 
and reduce nutrient leaching, contributing to improved 
growth and health in species such as sea cucumber 
(Apostichopus japonicus) and striped snakehead.

These stabilizing effects have been demonstrated us-
ing both whole dried seaweed and extract. For instance, 
6% dried K. alvarezii inclusion in Asian seabass diets im-
proved feed water stability without compromising growth 
metrics like feed conversion ratio (FCR) (Shapawi et al., 
2015). Similarly, administering 5% oral carrageenan in 
sea cucumber and fish diets has been associated with in-
creased pellet durability and enhanced growth. Despite 
the higher cost of some of these binders, their capacity to 
reduce fragmentation and dust during feed manufactur-
ing significantly reduces loss, and helps maintain water 
quality. Looking ahead, the use of polysaccharide-rich 
red seaweeds, particularly Gracilaria and Kappaphycus 
spp., as natural feed binders is expected to grow. Their 
documented benefits in stabilizing feed and supporting 
growth and health of a wide range of aquaculture species 
make them a promising alternative to synthetic binders.

Feed ingredients (partial replacement of fishmeal)
Fishmeal and fish oil are primary protein and lipids 

sources in aquaculture diets due to their rich nutritional 
profiles (Teves and Ragaza, 2016; Ataguba et al., 2017; 
Medhe et al., 2025). However, red seaweeds present viable 

alternative protein sources, offering significant potential 
for partial fishmeal replacement, albeit with certain limi-
tations related to amino acid profiles and anti-nutritional 
factors (ANFs) (Silva et al., 2015; Gabriel et al., 2024 b). 
Red seaweed species, such as Gracilaria, Porphyra, and 
Kappaphycus, have been evaluated in various forms, in-
cluding dried seaweed and ethanol or methanol extracts, 
with studies showing diverse impacts on fish growth and 
health. The efficacy of red seaweeds depends on process-
ing and administration techniques such as dried seaweed, 
lyophilized algae, and solvent-based extracts. For instance, 
incorporating dried Gracilaria arcuata at dietary levels of 
10%, 20% and 30% showed no significant differences in 
growth performance metrics, such as specific growth rate 
(SGR) and FCR, in African catfish (Clarias gariepinus), 
suggesting its limited potential as a complete nutritional 
replacement (Al Asgah et al., 2016).

The method of administration, particularly oral feeding, 
plays a crucial role in determining the efficacy of red sea-
weed as a feed component. Dried forms of Gracilaria spp. 
and Porphyra spp. are often incorporated directly into diets 
to enhance functional benefits such as immune stimulation 
and improved disease resistance (Niu et al., 2019). Dosages 
vary widely depending on species and the intended out-
comes. For example, Porphyra haitanensis, when included 
at 1–6% in the diet of whiteleg shrimp (Penaeus vannamei), 
yielded positive growth results without negatively affecting 
body composition or immune response, supporting its use 
as a feed ingredient (Niu et al., 2019). Conversely, high in-
clusion levels, such as 39% mixtures of Hypnea cervicornis 
and Cryptonemia crenulate, have been less favorable due 
to ANFs that reduce digestibility and growth (da Silva and 
Barbosa, 2009; Seyedalhosseini et al., 2024 a).

 

 
Figure 2. Applications of red seaweed and their polysaccharides in sustainable aquaculture
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The effectiveness of red seaweeds as feed ingredi-
ents depends largely on their amino acid and fatty acid 
profiles. While Gracilaria spp. contain essential amino 
acids, unfavorable ω-6 to ω-3 PUFA ratios can nega-
tively affect growth, limiting their inclusion in aquafeeds 
(Pereira et al., 2012). Additionally, some species, such 
as Porphyra dioica, when included at 10% or 30% in 
aquafeed, have been linked to stable FCR but suppressed 
growth in Nile tilapia (Oreochromis niloticus) and rain-
bow trout (Oncorhynchus mykiss), likely due to imbal-
anced nutrient composition (Silva et al., 2015; Pereira et 
al., 2012). Combining multiple seaweed species in bal-
anced proportions could help overcome these limitations 
by providing a more complete nutritional profile. ANFs – 
such as phlorotannins and certain polysaccharides – can 
further reduce digestibility at higher inclusion rates. For 
example, G. arcuata at 20–60% inclusion in Nile tila-
pia diets caused reduced growth performance, primarily 
due to these ANFs (Younis et al., 2018). Nevertheless, 
techniques like co-cultivation and targeted extraction can 
decrease ANF content, thereby improving the overall nu-
tritional value of seaweeds as feed ingredients.

Feed supplements
Red seaweeds and their polysaccharide derivatives 

have been widely studied for their potential as natural 
growth promoters in aquaculture. Species such as Graci-
laria, Asparagopsis, Kappaphycus, and Gelidium, used in 
dried forms, extracts, or co-culture systems, have shown 
improvements in growth and health when administered 
at optimal doses and via suitable delivery methods. 
Among these, oral administration of dried red seaweeds 
remains the most practical and widely adopted method, 
consistently enhancing growth performance and FCR in 
commercial-scale aquaculture. For example, Gracilaria 
lemaneiformis, when added at 2% of the diet in whiteleg 
shrimp, significantly improved SGR, FCR, and immune 
responses, including increased lysozyme (Lyz) activity 
and antioxidant enzyme levels (Niu et al., 2019). Simi-
larly, dried K. alvarezii at 5–10% inclusion enhanced 
growth and reduced FCR across various fish species 
(Peñaflorida and Golez, 1996). In shrimp farming, spe-
cies like Gracilaria corticata and Gracilaria verrucosa 
have been integrated into co-culture systems, which re-
duce waste emissions and improve shrimp productivity 
by maintaining water quality and achieving optimal bio-
mass density (Fourooghifard et al., 2017; Izzati, 2011; 
Tayade et al., 2024). An optimal co-culture density of 
2.0 kg/m3 for Gracilaria tenuistipitata has been shown to 
maximize shrimp growth and survival (Anh et al., 2020). 
While injection of seaweed-derived polysaccharides may 
be effective, it is less practical for routine use and better 
suited to experimental conditions or high-value species. 
In shrimp and shellfish, immersion and injection methods 
have been used for extracts such as κ-carrageenan from 
Eucheuma cottonii, which improved immune responses 
and relative percentage survival (RPS) under bacterial 
challenge (Yeh and Chen, 2008).

The effects of red seaweed supplementation are dose-
dependent. Lower inclusion levels typically yield posi-
tive outcomes, while higher concentrations may produce 
adverse effects. For example, a 2% inclusion of G. le-
maneiformis was found optimal for whiteleg shrimp, en-
hancing growth, feed efficiency, and immune modulation 
(Yu et al., 2016; Niu et al., 2019). In contrast, inclusion 
rates above 10% reduced growth and nutrient digest-
ibility in carnivorous fish like European seabass (Dicen-
trarchus labrax) and rainbow trout (Valente et al., 2006; 
Peixoto et al., 2019 b, 2016 a, b; Soler-Vila et al., 2009). 
Doses between 2 and 5% have shown to enhance immune 
responses, including increased serum protein levels, an-
tioxidant enzyme activity, and immune gene expression, 
contributing to improved disease resistance in fish and 
shrimp (Rudtanatip et al., 2017, 2022; Kanjana et al., 
2011; Murthy et al., 2017; Chen et al., 2014). 

Polysaccharides like κ-carrageenan and sulfated ga-
lactans from red seaweeds such as K. alvarezii and Graci-
laria spp., when orally administered at concentrations of 
0.5–2%, have been particularly effective in improving 
growth, immunity, and disease resistance (Jumah et al., 
2020; Villamil et al., 2019). These supplements signifi-
cantly enhanced Lyz activity, phagocytic function, and 
antioxidant enzyme levels in various aquatic species, 
including shrimp, fish, and prawns (Rudtanatip et al., 
2017). Notably, herbivorous and omnivorous fish species 
tolerate plant-derived polysaccharides more effectively 
than carnivorous species, which often struggle to digest 
higher levels of plant-based materials (Yu et al., 2016; 
Niu et al., 2019)​.

Red seaweeds as immunostimulants, antibacteri-
als, antivirals, and gut health alternatives in aquacul-
ture

The use of red seaweed as an immunostimulant in 
aquaculture has drawn significant attention due to its 
potential to enhance the immune system of aquatic spe-
cies. Rich in bioactive compounds such as sulfated poly-
saccharides, phenolics, and proteins, red seaweeds have 
demonstrated immunomodulatory effects by enhancing 
innate and adaptive immunity (Figure 2 and Tables 1  
and 2). 

Immunostimulatory activity 
Red seaweeds are applied in various forms, includ-

ing dried powders, ethanolic extracts, hot-water extracts, 
and polysaccharide derivatives, each with different ef-
ficacies. Dried seaweed is frequently incorporated into 
diets due to its cost-effectiveness and convenience. For 
instance, a 2% dietary inclusion of G. lemaneiformis in 
golden pompano (Trachinotus ovatus) improved antioxi-
dant defenses (Xie and Niu, 2022). Similarly, Halymenia 
dilatata enhanced hemoglobin, hematocrit, and white 
blood cell counts (WBCs) in Nile tilapia, demonstrating 
improved immunity (Vinosha et al., 2020). In whiteleg 
shrimp, P. haitanensis (2%) upregulated immune genes 
such as prophenoloxidase (ProPO) and transforming 



886 M.T. Kamble et al.

growth factor-beta (TGF-β), while enhancing gut health 
(Niu et al., 2019). A dietary supplementation of 3% 
Gracilaria lichenoides enhanced both total hemocyte 
count (THC) and phenoloxidase (PO) activity in giant 
tiger prawn (Tian et al., 2024). Ethanolic extracts offer 
concentrated bioactive compounds suitable for adminis-
tration through oral or injectable formulations. For ex-
ample, ethanolic extracts of Chondrococcus hornemanni 
injected into clownfish (Amphiprion sebae) significantly 
increased WBCs and respiratory burst activity, achiev-
ing a 75% RPS against Vibrio parahaemolyticus (Gane-
shamurthy et al., 2014). Similarly, ethanolic extracts of 
Gracilaria fisheri enhanced THC and PO activity in gi-
ant tiger prawns, resulting in an RPS of 82.6% follow-
ing challenge with Vibrio harveyi (Kanjana et al., 2011). 
Polysaccharide derivatives such as sulfated galactans and 
carrageenans are particularly effective immunostimu-
lants. Sulfated galactans from G. fisheri upregulated im-
mune genes like ProPO-I and penaeidin 4 (PEN-4), im-
proving pathogen resistance in Asian seabass (Sakthivel 
et al., 2015). κ-Carrageenan improved Lyz activity and 
resulted in an RPS of 80%, whereas sulfated polysaccha-
rides from Gracilaria birdiae achieved an RPS of 95% 
in shrimp challenged with white spot syndrome virus 
(WSSV) (Cantelli et al., 2019). 

Oral delivery is the most common method for admin-
istering red seaweed bioactives, as it easily integrates into 
commercial feeds and is well-suited for enhancing long-
term immunity. A 2% dietary inclusion of G. verrucosa 
improved Lyz activity, antioxidant enzyme levels, and 
RPS in rainbow trout (Mendoza Rodriguez et al., 2017). 
Similarly, G. tenuistipitata polysaccharides at 1.5% di-
etary inclusion enhanced immune gene expression (e.g., 
interleukin-1β (IL-1β) and tumor necrosis factor-alpha 
(TNF-α)) and enzymatic activity in Nile tilapia over 60 
days (Vazirzadeh et al., 2020). A 0.5% dietary inclusion of 
sulfated polysaccharides from G. birdiae boosted hemo-
cyte activity and reactive oxygen species (ROS) produc-
tion, improving resistance to white spot syndrome virus 
(Cantelli et al., 2019). Injection delivers immunostimu-
lants rapidly, yielding immediate immune responses, but is 
labor-intensive, making it suitable for high-value species 
or trials. Injectable κ-carrageenan (6 µg/g) in Asian sea-
bass enhanced Lyz activity and respiratory burst, achiev-
ing 80% RPS against V. parahaemolyticus (Sakthivel et 
al., 2015). Sulfated polysaccharides from G. fisheri upreg-
ulated immune genes in whiteleg shrimp (Rudtanatip et al., 
2017). Ethanolic extracts of G. fisheri improved THC and 
antioxidant activity in giant tiger prawns, boosting resist-
ance to V. harveyi (Kanjana et al., 2011). λ-Carrageenan 
injections elevated immune responses in whiteleg shrimp 
(Chen et al., 2014). Immersion delivery is particularly ef-
fective for early developmental stages and stress mitiga-
tion, as it ensures uniform bioactive exposure. Sulfated 
galactans from G. fisheri (400–600 mg/L) enhanced an-
tioxidant enzymes (superoxide dismutase (SOD), catalase 
(CAT)) and immune responses in clownfish (Ganeshamur-
thy et al., 2014). G. tenuistipitata (600 mg/L) improved 

innate immune markers (PO, THC) in rainbow trout (Lin 
et al., 2011). Polysaccharides from Grateloupia sp. (600 
mg/L) boosted THC, PO, and ROS in shrimp, enhanc-
ing resistance to Vibrio alginolyticus (Chen et al., 2014). 
Gracilaria amansii (400 mg/L) improved oxidative stress 
resistance and immunity, reducing pathogen-induced mor-
tality (Fu et al., 2007).

The immunostimulatory effects of red seaweed de-
pend on dosage and duration, as both inadequate and 
excessive doses can reduce efficacy. Sulfated galactans 
from G. fisheri at 2% in diets improved immune respons-
es and survival in Nile tilapia under stress (Vazirzadeh 
et al., 2020). Injectable λ-carrageenan (0.5 mg/kg) en-
hanced immune gene expression and disease resistance 
in Asian seabass during bacterial challenges (Sakthivel et 
al., 2015). A 0.3% dietary inclusion of G. birdiae sulfated 
polysaccharides boosted THC and achieved 95% RPS in 
whiteleg shrimp during WSSV outbreaks (Cantelli et al., 
2019). Immersion treatment using polysaccharides from 
Grateloupia sp. (600 mg/L) enhanced immunity and sur-
vival of whiteleg shrimp challenged with viral and bacte-
rial pathogens (Chen et al., 2014). Both short- and long-
term immersion treatments have proven effective across 
multiple species, improving immune responses and dis-
ease resistance. 

Mechanisms of action
Red seaweeds exert immunostimulatory effects in fish 

and shellfish through a range of biochemical and physi-
ological mechanisms. These include the enhancement of 
hematological and serological parameters, stimulation 
of enzymatic and antioxidant defenses, modulation of 
immune-related gene expression, and improvement of 
both cellular and humoral immunity, ultimately leading 
to increased pathogen resistance. 

Hematological and serological effects
Red seaweed supplementation has been shown to 

enhance key hematological parameters associated with 
immune competence. Notable improvements include 
elevated THC, enhanced blood protein profiles, and in-
creased levels of red and white blood cells. For instance, 
ethanolic extracts of G. fisheri significantly increased 
THC in giant tiger prawns, correlating with improved 
immune responsiveness to V. harveyi infection (Kan-
jana et al., 2011). Similarly, dietary inclusion of G. li-
chenoides raised THC in whiteleg shrimp, demonstrating 
the capacity of dried red seaweed to stimulate hemato-
logical responses (Tian et al., 2024). Sulfated polysac-
charides from G. birdiae also increased total protein (TP) 
in shrimp, contributing to systemic defense via enhanced 
immune protein production (Cantelli et al., 2019). In Nile 
tilapia, dietary H. dilatata supplementation improved red 
blood cell (RBC) and WBC counts, bolstering oxygen 
transport and immune cell circulation during pathogen 
challenges (Vinosha et al., 2020). These findings collec-
tively highlight systemic benefits of red seaweed on im-
mune readiness across multiple aquatic species.
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Antioxidant enzyme activity
Red seaweeds strengthen the antioxidant defense 

system by increasing the activity of key enzymes such 
as SOD, CAT, and glutathione peroxidase (GPx). These 
enzymes help mitigate oxidative damage induced by im-
mune activation or environmental stressors. For exam-
ple, dietary G. lemaneiformis improved SOD and CAT 
activity in rabbitfish (Siganus canaliculatus), enhanc-
ing oxidative resilience (Bakky et al., 2023). Sulfated 
galactans from G. fisheri also enhanced GPx activity in 
shrimp, maintaining cellular integrity under oxidative 
stress (Rudtanatip et al., 2017). In addition, Grateloupia 
sp. polysaccharides lowered lipid peroxidation (LPx) 
levels, preserving membrane stability during immune re-
sponses (Chen et al., 2014). The activation of antioxidant 
defenses is a critical mechanism through which red sea-
weeds improve health and survival during immunologi-
cal or environmental stress.

Modulation of immune-related gene expression
Bioactive compounds in red seaweed modulate the 

expression of genes involved in innate and adaptive im-
munity (Kamble et al., 2024 e). Polysaccharides from G. 
fisheri upregulated ProPO-I and PEN-4 gene in shrimp, 
enhancing melanization and encapsulation mechanisms 
(Rudtanatip et al., 2017). Likewise, dietary P. haitan-
ensis increased ProPO expression in whiteleg shrimp, 
critical for pathogen recognition and defense (Niu et al., 
2019). In Nile tilapia, H. dilatata elevated proinflamma-
tory cytokines such as IL-1β and TNF-α improving im-
mune signaling (Vinosha et al., 2020). Additionally, G. 
lichenoides activated the Hippo signaling pathway and 
oxidative stress response genes like nuclear factor eryth-
roid 2–related factor 2 (Nrf2), indicating broad systemic 
benefits (Tian et al., 2024). These gene-level responses 
reflect the molecular basis of red seaweed’s immu-
nomodulatory effects and their broad potential in aqua-
culture immunity.

Enhancement of cellular and humoral immunity
Red seaweed stimulates both cellular immunities, 

through increased hemocyte proliferation and phago-
cytic activity (Pha), and humoral immunity via elevated 
Lyz and immunoglobulin levels. For example, sulfated 
polysaccharides from G. lichenoides stimulated hemo-
cyte activity in whiteleg shrimp (Tian et al., 2024), while 
κ-carrageenan elevated Lyz, and immunoglobulins in 
Asian seabass, reinforcing pathogen defenses (Sakthiv-
el et al., 2015). Together, these responses illustrate red 
seaweed’s capacity to activate both arms of the immune 
system, leading to better disease resistance and health 
outcomes.

Disease resistance
Antibacterial mechanisms
Red seaweed-derived powders, extracts, and poly-

saccharides have demonstrated strong antibacterial 
properties in aquaculture species by enhancing immune 

responses and improving resistance to bacterial infec-
tions. The efficacy of these seaweed products depends 
on factors such as the species used, concentration, route 
of administration (oral, injection, or immersion), dosage, 
and duration.

Dietary supplements including Asparagopsis taxi-
formis, G. fisheri, G. verrucosa, Laurencia snyderia, 
and K. alvarezii, have been shown to enhance disease 
resistance in whiteleg shrimp and tiger prawns against 
Vibrio infections (Manilal et al., 2013; Kanjana et al., 
2011; Rudi et al., 2019; Sivakumar et al., 2014). These 
effects are dose-dependent, with higher concentrations 
leading to improved survival rates through increased 
Pha activity, Lyz activity, and other immune parame-
ters. For instance, dietary enrichment with Gracilaria 
spp. enhanced immune responses in European seabass, 
increasing resistance to Photobacterium damselae  
(Peixoto et al., 2019 a). Optimal dosage and duration 
were critical, with effective conditions varying across 
seaweed species.

The mode of administration significantly influences 
efficacy. Immersion treatments using K. alvarezii and 
Portieria hornemannii at low concentrations over ex-
tended durations improved survival in giant tiger prawns 
and Mozambique tilapia (Oreochromis mossambicus) 
challenged with V. harveyi and V. parahaemolyticus  
(Sivakumar et al., 2014; Fatima et al., 2016). Gradual ex-
posure to seaweed bioactives enabled optimal immune 
activation. In contrast, immersion with A. taxiformis was 
ineffective for Asian seabass exposed to Streptococcus 
iniae, likely due to overwhelming infection pressure 
(Mata et al., 2013; Rasch et al., 2004).

Injection of red seaweed extracts has shown promise 
for enhancing bacterial resistance. Extracts from G. fish-
eri, G. tenuistipitata, and C. hornemanni administered 
via injection significantly increased Pha activity and 
bacterial clearance in whiteleg shrimp, tiger prawn, and 
clownfish (Ganeshamurthy et al., 2014; Hou and Chen, 
2005; Kanjana et al., 2011). This improved innate im-
mune response underscores the potential of injected sea-
weed bioactivities in aquaculture disease management.

While some trials showed limited efficacy with low 
molecular weight agar (LMWA) and κ-carrageenan 
supplementation against Aeromonas hydrophila and  
V. alginolyticus, κ-carrageenan positively influenced fish 
growth and gut health by modulating intestinal microbi-
ota (Cheng et al., 2008; Van Doan et al., 2014 a; Villamil 
et al., 2019). These microbiome shifts may enhance resil-
ience to secondary infections even if primary resistance 
is limited (Li and Gatlin III, 2004; Villamil et al., 2019). 

Furthermore, dietary supplementation with G. li-
chenoides improved growth performance, gut health, 
and resistance to bacterial infections. Fish fed with this 
seaweed exhibited significant increases in antioxidant 
enzyme activities, including total antioxidant capacity, 
CAT, and SOD, thereby reducing oxidative stress dur-
ing pathogen exposure (Tian et al., 2024). These find-
ings highlight the importance of selecting the appropriate 
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seaweed species, concentration, and delivery method to 
maximize immune benefits in aquaculture.

Antiviral mechanisms
Viral diseases such as WSSV and infectious hypo-

dermal and hematopoietic necrosis virus (IHHNV) pose 
serious threats to aquaculture operations. Red seaweeds, 
especially those rich in sulfated polysaccharides like ga-
lactan and carrageenan, exhibit potent antiviral proper-
ties primarily by enhancing host immune responses. This 
immunomodulatory effect is particularly valuable, con-
sidering the high mutation rates and complex life cycles 
of aquatic viruses, which often complicate direct treat-
ment approaches.

Sulfated polysaccharides derived from species such 
as G. fisheri, K. alvarezii, Hypnea musciformis, and E. 
cottonii have demonstrated strong antiviral activity 
against WSSV in whiteleg shrimp. When administered 
orally or via immersion, these compounds have been 
shown to elevate ProPO activity, Lyz levels, and the ex-
pression of immune-related genes such as inhibitor of nu-
clear factor kappa-B kinase (IKKβ), crustin, and PEN-
4. These immune effectors are essential for recognizing 
viral particles, inhibiting viral replication, and activating 
host defense pathways (Chen et al., 2014; Wongprasert et 
al., 2014; Mariot et al., 2021). 

Sulfated galactans from G. fisheri exhibit strong an-
tiviral effects by directly binding to viral envelope pro-
teins (VP) like VP26 and VP28, which are critical for 
virus-host cell attachment. This interaction impedes vi-
ral entry and reduces infection rates (Wongprasert et al., 
2014; Rudtanatip et al., 2014). In addition, these poly-
saccharides upregulate several immune genes, including 
Immune deficiency (IMD), inhibitor-κB kinase ε (IKKε) , 
dicer, PEN-4, and crustin, thereby boosting antiviral de-
fenses (Rudtanatip et al., 2015). Supplementation with 
P. haitanensis has also been shown to enhance whiteleg 
shrimp immunity against WSSV, increasing proPO ac-
tivity and the expression of inhibitor of nuclear factor 
kappa B alpha (IkBα), and TGF-β (Niu et al., 2019). El-
evated proPO activity plays a key role in melanization,  
a primary invertebrate defense mechanism.

Beyond shrimp, red seaweed-derived polysaccha-
rides have proven effective in other aquatic species. 
Oral administration of sulfated polysaccharides from G. 
birdiae in giant tiger prawn significantly boosted THC, 
PO activity, and SOD levels, leading to increased RPS 
against WSSV (Wongprasert et al., 2014). Likewise, 
λ-carrageenan extracted from Grateloupia sp. showed 
dual protective effects against V. alginolyticus and WSSV 
through enhanced Lyz activity, ROS production, and im-
mune gene expression (Chen et al., 2014). In fish species 
like salmon (Salmo salar), dietary supplementation with 
lyophilized Gracilaria chilensis or its cryoconcentrates 
improved immune gene expression and survival rates 
against infectious salmon anemia (ISA) virus. However, 
these effects were dose-dependent, and optimization was 
critical to maximize immune response without inducing 

stress (Muñoz et al., 2019; Lozano et al., 2016; Daunde 
et al., 2024). 

Interestingly, antiviral effects of red seaweed can also 
be indirect. For example, κ-carrageenan has been shown 
to improve gut health and enhance antioxidant enzyme 
activity, which in turn supports viral resistance by pro-
moting general physiological resilience (Yeh and Chen, 
2008; Niu et al., 2019; Yu et al., 2016). These benefits 
are particularly important in intensive aquaculture sys-
tems, where environmental stressors often compromise 
immune function.

Intestinal health
The gastrointestinal tract (GIT) plays a vital role in 

nutrient absorption, metabolism, and immunity in aquat-
ic species. Red seaweed has gained attention as a natural 
supplement that effectively promotes gut health in aqua-
culture. Used in various forms, such as dried powders 
and sulfated polysaccharides, red seaweed can influence 
gut structure, enzymatic activity, and microbial diversity.

The form of administration plays a key role in its ef-
fectiveness. Most studies have utilized dried seaweed. 
For instance, dried G. lemaneiformis at 1–5% for 8 
weeks improved intestinal microvilli length and integrity 
in whiteleg shrimp, demonstrating its role in enhancing 
gut morphology (Yu et al., 2016). Similarly, dried Graci-
laria gracilis at 2.5% for 47 days modulated intestinal 
microbiota in European seabass, suggesting prebiotic po-
tential (Gonçalves et al., 2022). In contrast, extracts have 
shown varying success. Ethanol-extracted G. gracilis at 
2.5% improved intestinal morphology in European sea-
bass (Passos et al., 2021 b), likely due to concentrated bi-
oactive compounds. Moreover, sulfated polysaccharides 
extracted from G. lemaneiformis (0.1 g/kg) proved more 
effective in enhancing enzyme activity in rabbitfish (Si-
ganus canaliculatus) compared to dried seaweed forms 
(Bakky et al., 2023). These findings underscore the im-
portance of bioavailability when selecting seaweed form.

Oral administration via direct feeding or incorpora-
tion into formulated diets, is the most common route and 
has consistently yielded positive intestinal outcomes. For 
example, oral supplementation of P. haitanensis at 1% 
for 58 days significantly enhanced the intestinal microbi-
ota of whiteleg shrimp (Niu et al., 2019). Likewise, dried 
G. lichenoides at 3% for 56 days improved lipase activity 
and gut structure in giant tiger prawn (Tian et al., 2024). 
However, no studies evaluated alternative delivery meth-
ods (e.g., injection or immersion), limiting understanding 
of how administration routes might affect red seaweed’s 
bioactivity and gut health impact.

Dose is another critical factor. Moderate inclusion 
levels (1–3%) typically yield the most promising results. 
G. lemaneiformis at 2% improved gut morphology in 
whiteleg shrimp (Yu et al., 2016), while G. gracilis at 
2.5% enhanced intestinal microbiota in European sea-
bass (Gonçalves et al., 2022). Conversely, higher doses 
may result in diminished or neutral effects. For instance,  
P. dioica at 10% for 84 days did not improve intestinal 
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morphology in Nile tilapia, suggesting a threshold be-
yond which efficacy declines (Silva et al., 2015). Simi-
larly, κ-carrageenan from K. alvarezii fed at 15–25 g for 
60 days had no effect on intestinal microbiota in whiteleg 
shrimp, likely due to oversaturation (Azhar et al., 2023).

Duration of supplementation also matters. Short to 
moderate periods (4–8 weeks) tend to show the best out-
comes. For example, 2% dried G. lemaneiformis for 8 
weeks improved gut structure in whiteleg shrimp (Yu et 
al., 2016) and 1% P. haitanensis for 58 days positively 
influenced microbiota (Niu et al., 2019). In contrast, pro-
longed feeding (over 12 weeks) may lead to neutral ef-
fects. G. gracilis at 8% for 106 days showed no improve-
ments in enzyme activity or microbiota in European 
seabass (Ferreira et al., 2022) and Gracilaria vermiculo-
phylla at 5% for 91 days had no significant impact on gut 
morphology in rainbow trout, possibly due to microbiota 
adaptation or desensitization (Araújo et al., 2016).

Practical considerations, limitations, future direc-
tions, and conclusion

The use of red seaweed and their derived polysac-
charides in aquaculture offers diverse applications, 
including immunostimulation, growth promotion, anti-
bacterial and antiviral effects. Various delivery methods 
are employed, such as oral administration, injection, 
immersion, and co-culture systems. Among these, oral 
administration is the most common and cost-effective 
approach, allowing the incorporation of bioactive com-
pounds directly into commercial feed. For instance, 
dietary inclusion of G. lemaneiformis at 2% improved 
antioxidant defenses and gut health in fish, while K. 
alvarezii enhanced THC and PO activity in whiteleg 
shrimp. Injection, often reserved for high-value species 
or targeted immunostimulation, has shown rapid effects; 
for example, κ-carrageenan injections significantly in-
creased ProPO activity and total antioxidant capacity in 
shrimp. Immersion is particularly effective during early 
developmental stages, providing uniform exposure to 
bioactive compounds; immersion with Grateloupia 
sp. polysaccharides (600 mg/L) significantly enhanced 
THC, Lyz, and SOD activities in shrimp. Co-culture 
systems, where red seaweeds such as Gracilaria spp. 
are cultivated alongside aquaculture species, serve dual 
roles as biofilters and sources of bioactives. These sys-
tems improve survival rates and growth performance 
while reducing the environmental impacts by minimiz-
ing waste. The efficacy of red seaweed-derived com-
pounds varies across species. For instance, H. dilatata 
upregulated cytokines and boosted immunity, whereas 
P. haitanensis enhanced immune gene expression in 
whiteleg shrimp. Importantly, red seaweeds offer a nat-
ural alternative to antibiotics, aligning with sustainable 
aquaculture goals by reducing disease outbreaks, envi-
ronmental degradation, and feed costs.

Despite their promise, several challenges hinder 
widespread adoption. Economic constraints are signifi-
cant; cultivating and processing red seaweed into extracts 

or polysaccharides is resource-intensive. Large-scale fea-
sibility assessments are needed to determine the econom-
ic viability. Regional shortages of specific high-value red 
seaweed species further limit consistent supply chains. 
Additionally, variations in species efficacy, such as the 
strong antiviral effects of G. fisheri compared to incon-
sistent immune responses from K. alvarezii, present hur-
dles. Experimental inconsistencies arising from differ-
ences in extraction techniques, bioactive concentrations, 
and dosage optimization further complicate application. 
Another critical limitation is the incomplete understand-
ing of molecular mechanisms. While numerous studies 
report improved immunity and pathogen resistance, the 
exact bioactive pathways remain largely undefined. En-
vironmental and health concerns also arise from poten-
tial bioaccumulation of heavy metals or contaminants in 
cultivated seaweeds, highlighting the need for stringent 
quality assessments before scaling up.

Red seaweeds and their polysaccharides represent 
a sustainable and scientifically supported alternative to 
synthetic additives in aquaculture, with well-document-
ed benefits in immune enhancement, growth promotion, 
and disease resistance. To fully harness this potential, 
future research must focus on identifying specific ac-
tive compounds, elucidating molecular mechanisms, 
and optimizing dosages and delivery systems across 
species. Emphasis should be placed on long-term, 
field-based trials, cost-benefit analyses, and their role 
within IMTA systems. Establishing standardized safety 
and efficacy protocols is also vital. Innovations such as 
encapsulation technologies and synergistic phytobiotic 
blends may further enhance functionality. In conclu-
sion, red seaweeds hold great promise in supporting 
sustainable, resilient, and economically viable aquacul-
ture practices.
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