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Abstract: The rapid expansion of aquaculture has increased the
need for sustainable nutritional strategies that support fish
growth, health, welfare, and resilience to environmental and
infectious stressors. In this context, algac and algae-derived
bioactive compounds have attracted considerable attention
because of their diverse nutritional and functional properties.
Microalgae and macroalgae provide proteins, omega-3
polyunsaturated fatty acids, carotenoids, polysaccharides,
polyphenols, vitamins, minerals, peptides, and other bioactive
compounds that may influence antioxidant defense, immune
responses, intestinal function, gut microbiota, stress tolerance,
and disease resistance. Recent studies indicate that dietary algae
can improve growth performance, feed utilization, physiological
condition, and resistance to stress and disease in several cultured
fish species. However, their effects depend on algal species and
strain, chemical composition, processing, fish species, inclusion
level, feeding duration, and environmental conditions. This
review summarizes current knowledge on algae and algae-
derived bioactive compounds in aquaculture, with particular
emphasis on fish nutrition, health, welfare, intestinal function,
antioxidant defense, stress tolerance, and disease resistance. The
potential and limitations of major compounds, including
fucoidan, laminarin, astaxanthin, omega-3 fatty acids,
phycobiliproteins, polyphenols, and bioactive peptides, are also
discussed. Overall, algae represent multifunctional and
promising resources for developing sustainable nutritional
strategies and improving fish health and resilience in modern
aquaculture.
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I. INTRODUCTION

Macroalgae,

Aquaculture has become a major component of the
global aquatic food system, driven by increasing demand for
animal protein, declining wild fish stocks, and advances in
farming and hatchery technologies. According to the Food and
Agriculture Organization, global aquaculture production
reached a record level in 2022, and aquaculture surpassed
capture fisheries in the production of aquatic animals for the first
time (FAO, 2024). However, the rapid intensification of
aquaculture has also increased the need to improve the health,
welfare, sustainability, and efficiency of farmed fish. Farmed
fish are frequently exposed to stressors such as high stocking
density, handling, transportation, temperature fluctuations, poor
water quality, hypoxia, nutritional deficiencies, and pathogen
exposure. Persistent or repeated stress can impair physiological
balance, antioxidant defenses, intestinal function, metabolism,
and immune responses, increasing disease susceptibility and
negatively affecting growth and survival. Therefore, modern
aquaculture increasingly focuses on preventive strategies that
improve fish resilience rather than relying mainly on treatments
after disease outbreaks. Nutrition plays a central role in this
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approach. Aquafeeds provide not only essential nutrients for
growth but also bioactive compounds that can support digestion,
antioxidant capacity, intestinal health, metabolism, stress
tolerance, and host-microbiota interactions. As a result,
functional feed ingredients such as probiotics, prebiotics,
phytochemicals, organic acids, peptides, vitamins, minerals, and
marine-derived compounds have received increasing attention
(Siddik et al.,, 2023). Among these resources, algae have
considerable potential because they combine nutritional value
with a wide range of bioactive compounds. Microalgae can
provide proteins, essential fatty acids, long-chain
polyunsaturated fatty acids, carotenoids, polysaccharides,
vitamins, minerals, and antioxidant compounds. Macroalgae, or
seaweeds, including brown, green, and red algae, are
particularly rich in polysaccharides such as fucoidan, laminarin,
alginate, ulvan, agar, and carrageenan, as well as polyphenols,
pigments, proteins, minerals, and other bioactive molecules.
These compounds may contribute to fish health by supporting
antioxidant defense, intestinal function, microbial balance,
stress tolerance, immune responses, and resistance to disease.
However, their effects should not be considered simply as
“immune stimulation.” Fish health depends on the interaction of
nutrition, metabolism, immunity, oxidative status, intestinal
microbiota, stress physiology, and environmental conditions.
Algae are therefore better viewed as multifunctional dietary
resources that can support physiological homeostasis and
resilience. This review summarizes current knowledge on the
use of algae and algae-derived bioactive compounds in
aquaculture, with particular emphasis on fish nutrition, health,
welfare, intestinal function, antioxidant defense, stress
tolerance, immune competence, and disease resistance. The
potential limitations related to species specificity, dosage,
bioavailability, processing, safety, and commercial application
are also discussed (Siddik et al., 2024; Ma and Hu, 2024).

IL. ALGAL DIiVERSITY AND THEIR POTENTIAL iN
AQUACULTURE

Algae represent a highly diverse group of aquatic
organisms and include both microalgaec and macroalgae
(seaweeds). They have considerable potential in aquaculture
because they combine high nutritional value with a wide range
of biologically active compounds. Depending on their species
and biochemical composition, algae can provide proteins,
essential amino acids, omega-3 long-chain polyunsaturated fatty
acids (LC-PUFAs), carotenoids, polysaccharides, polyphenols,
vitamins, minerals, peptides, and other metabolites. These
compounds may contribute to fish growth, metabolism,
antioxidant defense, intestinal function, stress tolerance, and
disease resistance. Therefore, algae can be considered not only
as feed ingredients but also as multifunctional resources for
improving fish health and supporting sustainable aquaculture
(Mohan et al,, 2019). Microalgae include genera such as
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Chlorella,  Nannochloropsis,  Tetraselmis,  Scenedesmus,
Chlamydomonas, and Haematococcus, while Arthrospira
(commonly known as Spirulina) is a cyanobacterium frequently
included in aquaculture research within the broader microalgal
group. Macroalgae are generally classified into green, red, and
brown seaweeds and include genera such as Ulva, Gracilaria,
Kappaphycus, Laminaria, Saccharina, Ascophyllum, and
Sargassum. The chemical composition of these organisms varies
substantially according to species, strain, geographical origin,
season, cultivation conditions, harvest stage, and processing
method. Consequently, the biological effects of algae cannot be
generalized across all species or products. Microalgae are
increasingly investigated as alternative or complementary
sources of protein and lipids in aquafeeds. Many species contain
substantial amounts of protein and essential amino acids, while
others are particularly valuable for their lipid and fatty acid
profiles. Chlorella, Arthrospira, and Scenedesmus are generally
recognized as protein-rich biomass sources, whereas
Nannochloropsis is particularly attractive because of its EPA
content. In contrast, Schizochytrium is widely investigated as a
DHA-rich lipid source. These long-chain omega-3 fatty acids
are important for membrane structure, cellular signaling,
metabolism, reproduction, and stress adaptation (Eladl et al.,
2024).

The nutritional value of microalgae, however, depends
not only on their crude nutrient content but also on digestibility
and nutrient accessibility. Some species possess resistant cell
walls that can limit the availability of intracellular proteins and
lipids. Processing techniques such as mechanical disruption,
enzymatic hydrolysis, and fermentation may therefore improve
nutrient accessibility and utilization. In addition, the potential of
microalgae to complement plant-based ingredients is
particularly relevant because they can contribute essential amino
acids, fatty acids, micronutrients, and bioactive compounds that
may compensate for some limitations of terrestrial plant proteins
(Ma and Hu, 2024). Beyond their nutritional value, algae are
important sources of diverse bioactive compounds. Carotenoids,
phycobiliproteins, polysaccharides, polyphenols, peptides, and
omega-3 fatty acids have received particular attention because
of their potential biological effects. Carotenoids such as
astaxanthin, B-carotene, lutein, zeaxanthin, and canthaxanthin
can contribute to antioxidant protection and pigmentation.
Astaxanthin is especially important in aquaculture because of its
role in pigmentation and its antioxidant properties. However, the
effectiveness of algal pigments depends on their concentration,
chemical form, stability during feed processing, and
bioavailability (Siddhnath et al., 2024; Mirzapour-Kouhdasht et
al., 2024). Phycobiliproteins, including phycocyanin and
phycoerythrin, are another important group of algal compounds.
Phycocyanin, particularly from Arthrospira, has attracted
attention because of its antioxidant and other biological
activities. Its stability can be affected by processing and storage,
making extraction and stabilization technologies important for
maintaining its functional properties (Yu et al., 2024; Ashaolu,
2024). Macroalgae are particularly rich in structurally diverse
polysaccharides. Brown seaweeds contain fucoidan, laminarin,
and alginate; green seaweeds contain ulvan; and red seaweeds
are important sources of carrageenan and agar. These
compounds may influence intestinal function, microbial
communities, oxidative balance, and host defense. Their
biological activity depends strongly on molecular characteristics
such as molecular weight, sulfation, monosaccharide
composition, and extraction method. Thus, different algal
sources or extraction procedures may produce substantially
different physiological responses (Mohan et al., 2019). The
intestine is a major target of algal bioactive compounds because
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it integrates digestion, nutrient absorption, barrier function,
microbial ecology, and immune surveillance. Some algal
polysaccharides are poorly digested and can reach the lower
gastrointestinal tract, where they may interact with intestinal
microorganisms. Their potential prebiotic effects may promote
favorable microbial communities and support intestinal barrier
function and nutrient utilization. Studies with seaweed-derived
ingredients have reported changes in digestive enzyme activity
and gut microbiota, suggesting that algae may influence
gastrointestinal  health beyond their direct nutritional
contribution. Algal antioxidants may also help maintain
physiological redox balance. Compounds such as carotenoids,
polyphenols, phycobiliproteins, and certain peptides can
contribute to antioxidant defense and may reduce oxidative
damage associated with intensive farming conditions. However,
antioxidant activity demonstrated in vitro should not
automatically be interpreted as a physiological benefit in fish.
Absorption, metabolism, dosage, and interactions with
endogenous antioxidant systems must be considered when
evaluating the actual effects of these compounds (Siddik et al.,
2023).

Algae may also influence immune and inflammatory
processes. Dietary algal products have been associated with
changes in hematological and immune parameters, including
lysozyme activity, phagocytosis, complement activity, cytokine
expression, and other indicators of host defense. For example,
Laurencia caspica extract has been reported to influence
immune-related gene expression and improve resistance to
Aeromonas hydrophila in rainbow trout. Nevertheless, these
effects are highly dependent on the algal species, compound
composition, dietary dose, exposure period, and fish species.
Overall, algae should be considered multifunctional biological
resources rather than single-purpose feed additives. Microalgae
can provide valuable proteins, amino acids, omega-3 fatty acids,
pigments, vitamins, and minerals, while macroalgae are
particularly rich in polysaccharides, polyphenols, and minerals.
These components may collectively support fish growth,
intestinal  function, antioxidant protection, physiological
resilience, and disease resistance. However, their successful
application requires appropriate species selection, optimized
processing, controlled inclusion levels, and a better
understanding of bioavailability and mechanisms of action.
Future research integrating nutritional trials, molecular
analyses, microbiome studies, and economic assessments will
be essential for translating the biochemical diversity of algae
into reliable and sustainable applications in modern aquaculture
(Siddik et al., 2023).

III. MAJOR BIOACTiVE COMPOUNDS DERIVED
FROM ALGAE

The biological potential of algae in aquaculture is largely
associated with their ability to synthesize and accumulate a wide
diversity of bioactive compounds. Unlike conventional feed
ingredients, which primarily provide nutrients such as proteins,
lipids and carbohydrates, algae can simultaneously supply
nutritionally valuable molecules and compounds capable of
influencing physiological and metabolic processes in fish. The
composition and concentration of these compounds vary
considerably among algal taxa and are affected by
environmental conditions, cultivation systems, geographical
origin, season, harvesting stage and processing methods.
Consequently, the biological effects of an algal ingredient
depend not only on the amount incorporated into the diet but
also on its species-specific biochemical profile and the
preservation and bioavailability of its active constituents (Siddik
et al., 2024; Eladl et al., 2024; Mirzapour-Kouhdasht et al.,
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2024). Recent studies have identified polysaccharides,
carotenoids and other pigments, polyphenols, proteins and
bioactive peptides, polyunsaturated fatty acids,
phycobiliproteins, vitamins, minerals and other secondary
metabolites as the major groups responsible for the functional
properties of algae in animal nutrition and aquaculture
(Siddhnath et al., 2024; Ma and Hu, 2024).

A. Polysaccharides

Algal polysaccharides are important bioactive compounds,
particularly in macroalgae. Brown, green, and red seaweeds
contain  different polysaccharides, including fucoidan,
laminarin, ulvan, carrageenan, and agar. These compounds may
support fish health by influencing intestinal function,
antioxidant capacity, gut microbiota, and host defense (Mohan
et al.,, 2019; Bakky et al., 2022). Among them, fucoidan,
laminarin, and ulvan have received considerable attention.
Fucoidan may improve antioxidant and intestinal responses,
while laminarin, a f-glucan, may influence innate defense and
microbial balance. Ulvan from green seaweeds has also shown
potential effects on antioxidant status and intestinal health.
However, their biological activity depends strongly on
molecular structure, algal source, extraction method, dose, and
fish species (Abdel-Latif et al., 2022). An important feature of
these polysaccharides is their potential prebiotic effect. Because
many are poorly digested in the upper gastrointestinal tract, they
can reach the intestine and interact with microorganisms,
potentially promoting beneficial bacteria and supporting
intestinal barrier function and nutrient utilization. Nevertheless,
responses vary according to the algal product, dietary level, and
existing gut microbiota (Mota et al., 2023). Overall, algal
polysaccharides  represent  promising  multifunctional
compounds for improving gut health, antioxidant protection,
microbial balance, and physiological resilience in farmed fish.

B. Carotenoids and Other Pigments

Carotenoids are important bioactive compounds
produced by microalgae and include astaxanthin, p-carotene,
lutein, zeaxanthin, and canthaxanthin. In aquaculture, these
pigments are valuable not only for improving fish coloration but
also for their antioxidant and protective functions. Astaxanthin
is particularly important in fish nutrition because it contributes
to pigmentation and may help protect cells against oxidative
stress caused by intensive farming conditions such as handling,
temperature fluctuations, hypoxia, and pathogen exposure
(Siddik et al., 2024). Microalgae such as Chlorella, Dunaliella,
and Haematococcus are promising natural sources of
carotenoids. [P-carotene may also contribute to vitamin A
metabolism, while lutein and other carotenoids can support
antioxidant defense. However, their effectiveness depends on
algal species, cellular accessibility, processing, and
bioavailability. Algae also contain phycobiliproteins,
particularly phycocyanin and phycoerythrin. Phycocyanin from
Arthrospira (Spirulina) has received considerable attention
because of its antioxidant and functional properties. Cultivation
conditions, extraction methods, and stabilization processes
strongly influence its quality and biological activity (Mao et al.,
2024; Yu et al, 2024). Overall, algal pigments represent
promising functional ingredients that may simultaneously
contribute to pigmentation, antioxidant protection, and
physiological health in cultured fish.

C. Polyphenols and Phlorotannins

Polyphenols constitute another important class of algal
secondary metabolites. Seaweeds, particularly brown algae,
contain distinctive polyphenolic compounds known as
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phlorotannins, which are polymers of phloroglucinol. These
compounds can exhibit antioxidant, antimicrobial and anti-
inflammatory properties and are therefore of considerable
interest in the context of fish health. Their concentration can
vary substantially according to algal species, environmental
conditions, season and extraction procedure. From an
aquaculture perspective, the antioxidant activity of algal
polyphenols is particularly relevant. Fish continuously generate
reactive oxygen species through normal metabolic activity, and
this production can increase markedly during environmental or
biological stress. If the production of reactive oxygen species
exceeds the capacity of endogenous antioxidant systems,
oxidative damage may occur to lipids, proteins and nucleic
acids. Dietary compounds with antioxidant properties may help
maintain the balance between oxidant production and
antioxidant defenses. Seaweed-derived polyphenols may
therefore complement endogenous antioxidant enzymes such as
superoxide dismutase, catalase and glutathione peroxidase.
However, the biological activity of polyphenols should not be
interpreted solely on the basis of chemical antioxidant assays.
The ability of a compound to neutralize free radicals in vitro
does not necessarily indicate that the compound will exert the
same effect following ingestion. Absorption, metabolism,
transformation by the intestinal microbiota and interactions with
dietary components all influence physiological activity.
Consequently, future aquaculture studies should increasingly
combine chemical characterization with measurements of
oxidative biomarkers, tissue responses and molecular
mechanisms in vivo (Andriopoulos et al., 2022).

D. Proteins, Bioactive Peptides and Amino Acids

Algae are also valuable sources of proteins and peptides.
Depending on species and cultivation conditions, microalgae
can contain substantial amounts of protein with a relatively
favorable amino acid composition. Species such as Chlorella,
Arthrospira, Nannochloropsis and Tetraselmis have therefore
been investigated extensively as alternative protein sources for
aquafeeds. The contribution of algal proteins to fish nutrition is
important in the context of reducing dependence on fishmeal
and other conventional protein sources. However, the biological
value of algal protein depends on digestibility, amino acid
profile, cell-wall characteristics and processing method (Siddik
et al., 2024). In addition to intact proteins, enzymatic hydrolysis
of algal proteins can generate peptides with biological activities
that differ from those of the parent proteins. Algal-derived
peptides have been reported to exhibit antioxidant, antimicrobial
and other physiological activities. Such peptides may potentially
interact with oxidative and inflammatory pathways or contribute
directly to antimicrobial defense. The increasing application of
enzymatic hydrolysis, fermentation and other processing
technologies has consequently created opportunities for
producing more concentrated functional ingredients from algal
biomass. The distinction between nutritional protein and
bioactive peptide fractions is important in aquaculture research.
A fish may exhibit improved growth simply because an algal
ingredient supplies digestible amino acids, whereas an observed
improvement in oxidative or immune parameters may arise from
peptides or other non-protein compounds. Controlled
experiments using protein isolates, hydrolysates and purified
fractions can therefore help determine whether a biological
response results from improved nutrition or from specific
bioactive molecules. Recent reviews of algae-derived
compounds emphasize peptides as one of the major functional
compound classes with potential antioxidant, anti-inflammatory
and other biological activities (Mirzapour-Kouhdasht et al.,
2024).
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E. Polyunsaturated Fatty Acids

Lipids represent another major functional component of
microalgae. Many microalgal species are rich in polyunsaturated
fatty acids (PUFAs), including o-linolenic acid, linoleic acid
and, importantly, the long-chain omega-3 fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
These fatty acids have essential physiological roles in membrane
structure, neural development, vision, reproduction and cellular
signaling. Their role in regulating inflammatory processes is
also highly relevant to fish health. Microalgae are particularly
attractive because they provide a more direct biological source
of long-chain omega-3 fatty acids than terrestrial plant oils.
Species such as Nannochloropsis are recognized as valuable
EPA sources, whereas certain microalgae and thraustochytrid
organisms are particularly rich in DHA. The incorporation of
algal oils into aquafeeds may therefore contribute not only to the
nutritional quality of the diet but also to maintaining appropriate
tissue fatty-acid profiles when marine-derived oils are reduced.
The relationship between dietary PUFAs and fish health is
complex. Omega-3 fatty acids influence the composition and
fluidity of cellular membranes and serve as precursors for
signaling molecules involved in inflammatory and immune
processes. Therefore, dietary manipulation of algal lipids may
influence how fish respond to environmental and infectious
challenges. Recent reviews of microalgae in aquafeeds identify
long-chain PUFAs among the major health-promoting
compounds responsible for their value in aquaculture (Radwan
et al., 2026).

E Vitamins and Minerals

Although vitamins and minerals are not always classified
as secondary bioactive metabolites, their contribution to the
functional properties of algae should not be overlooked.
Microalgae can supply vitamins such as vitamin E, vitamin C-
related compounds, B-group vitamins and provitamin A
carotenoids, while seaweeds can provide substantial quantities
of minerals and trace elements. These micronutrients participate
in antioxidant defense, energy metabolism, immune function,
tissue development and enzymatic reactions. Vitamin E is
particularly relevant to oxidative stability because it protects
cellular membranes from lipid peroxidation. Selenium, zinc,
iron, copper and manganese are also essential for the activity of
various antioxidant and metabolic enzymes. However, mineral
concentrations in seaweeds can vary considerably and may
occasionally be associated with excessive accumulation of
undesirable elements depending on the cultivation environment.
Thus, the use of algae as a micronutrient source requires
appropriate quality control and compositional monitoring.
Reviews of microalgae in aquafeeds emphasize that vitamins
and minerals contribute substantially to their nutritional and
functional value, although their specific effects depend on
species and dietary context (Siddik et al., 2024).

G. Sterols, Terpenoids and Other Secondary Metabolites

In addition to the major compound classes discussed
above, algae synthesize numerous lower-abundance secondary
metabolites, including sterols, terpenoids, halogenated
compounds and other specialized metabolites. These molecules
are often species-specific and may contribute to antimicrobial,
antioxidant or anti-inflammatory activities. Brown, red and
green seaweeds differ markedly in their secondary-metabolite
profiles, which partly explains why biological responses can
vary considerably among algal species (Eladl et al., 2024). Some
of these compounds may have considerable potential as
functional feed ingredients, but they remain less extensively
characterized in aquaculture than polysaccharides, carotenoids
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and PUFAs. Furthermore, the presence of biologically active
secondary metabolites does not automatically indicate
nutritional safety. Certain algal species can accumulate
undesirable compounds or environmental contaminants, and
therefore species identification, cultivation conditions and
quality control are critical considerations before commercial
application. The development of algae-derived functional feed
additives should consequently consider both beneficial and
potentially adverse bioactive constituents (Mirzapour-
Kouhdasht et al., 2024).

H. Synergistic Effects of Algal Bioactive Compounds

One of the most important considerations when
evaluating algae in aquaculture is that their biological activity
rarely originates from a single compound. Whole algal biomass
represents a complex mixture of proteins, lipids,
polysaccharides, pigments, minerals, vitamins and secondary
metabolites. These components may interact synergistically and
produce physiological effects that are not reproduced by an
isolated molecule. For example, an algal meal may
simultaneously provide EPA, carotenoids, proteins and
polysaccharides, thereby influencing membrane composition,
antioxidant status, intestinal microbiota and nutrient
metabolism. This multifunctionality is one of the principal
advantages of algae over many conventional single-compound
feed additives. At the same time, it creates difficulties in
identifying the exact mechanisms responsible for observed
responses. A dietary treatment that improves fish health may
produce this effect through several interconnected pathways,
including improved nutrient supply, reduced oxidative stress,
altered intestinal microbiota and modulation of host signaling
pathways. Recent reviews emphasize that seaweed-derived
metabolites can affect growth, antioxidant responses, disease
resistance, stress physiology and gut microbial communities
simultaneously (Radwan et al., 2026). The concept of synergism
is particularly relevant when considering the use of whole algae
versus purified extracts. Whole biomass may be less
concentrated in a particular bioactive compound but may
provide a broader spectrum of biological activities. In contrast,
an extract may allow a more predictable dose of a target
compound but may lose interactions with other constituents
present in the original biomass. The optimal approach will
therefore depend on the intended application, target fish species,
dietary formulation and desired physiological response.

L. Bioavailability, Processing and Standardization

The biological effectiveness of algal compounds depends
not only on their concentration but also on their bioavailability
and stability. Cell-wall structure, molecular properties,
processing, and storage can influence the absorption and
utilization of proteins, lipids, pigments, polyphenols, and other
bioactive compounds. Technologies such as cell disruption,
enzymatic  hydrolysis, fermentation, extraction, and
encapsulation can improve their accessibility and stability
(Mirzapour-Kouhdasht et al., 2024). Standardization is also
essential because algal products can vary considerably in their
chemical composition. Detailed characterization of proteins,
fatty acids, carotenoids, polysaccharides, and phenolic
compounds is therefore necessary to improve reproducibility
and determine appropriate dietary doses. Overall, algae provide
diverse bioactive compounds that can support antioxidant
defense, intestinal health, metabolism, and physiological
resilience. However, their effects depend on algal species,
processing, dosage, exposure duration, and fish species,
highlighting the need for standardized products and mechanistic
research (Radwan et al., 2026).
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IV. MiCROALGAE AS NUTRITiONAL AND
FUNCTIONAL FEED INGREDIENTS

Microalgae are promising aquafeed ingredients because
they provide both essential nutrients and bioactive compounds.
They can supply proteins, amino acids, lipids, omega-3 LC-
PUFAs, carbohydrates, pigments, vitamins, and minerals,
supporting fish growth, metabolism, health, and product quality
(Ma and Hu, 2024). Their nutritional composition varies
considerably with species, strain, and cultivation conditions. For
example, Arthrospira and Chlorella are rich in protein,
Nannochloropsis provides EPA, while Schizochytrium is a
valuable source of DHA. Therefore, microalgac should be
selected according to the specific nutritional or functional
purpose rather than treated as a single feed ingredient (Siddik et
al., 2024).

A. Microalgal Protein as an Alternative Protein Source

Microalgae are promising alternative protein sources for
aquafeeds because of their relatively high protein content and
diverse essential amino acid profiles. Species such
as Arthrospira, Chlorella, Nannochloropsis,
and Tetraselmis have been investigated as partial replacements
for fishmeal (Radwan et al., 2026; Ma and Hu, 2024). However,
their nutritional value depends not only on protein content but
also on amino acid composition, digestibility, cell-wall
structure, and processing methods. Cell disruption and other
processing techniques can improve nutrient accessibility and
utilization (Agboola et al., 2019). Fishmeal replacement levels
vary considerably among species and depend on both the algal
product and dietary formulation. Therefore, microalgae are best
considered as complementary ingredients that can improve the
nutritional quality of aquafeeds rather than as universal
substitutes for fishmeal.

B. Microalgal Lipids and Long-Chain Polyunsaturated Fatty
Acids

Lipids constitute another major nutritional advantage of
microalgae. Depending on species and cultivation conditions,
microalgae can accumulate considerable quantities of lipids,
including neutral lipids, phospholipids and polyunsaturated fatty
acids. Of particular importance for aquaculture are the omega-3
LC-PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). These fatty acids are essential components of
cellular membranes and play important roles in growth,
development, neural function, vision, reproduction and
regulation of inflammatory processes. The dependence of
aquaculture on fish oil as a source of EPA and DHA has
generated considerable interest in algal-derived lipids.
Microalgae occupy a fundamental position at the base of aquatic
food webs and are natural sources of the LC-PUFAs that
subsequently accumulate in zooplankton and fish. The use of
microalgal biomass or extracted algal oils can therefore provide
a more direct route for introducing these fatty acids into
aquafeeds while reducing dependence on finite marine
resources. Species such as Nannochloropsis are particularly
valuable sources of EPA, whereas DHA-rich algal oils can be
obtained from several heterotrophic microalgal and
thraustochytrid organisms (Radwan et al, 2026). The
significance of algal lipids extends beyond their nutritional
contribution. The fatty acid composition of the diet directly
affects the fatty acid composition of fish tissues and cellular
membranes. Changes in membrane fatty acids can influence
membrane fluidity, receptor function and the synthesis of lipid
mediators involved in inflammatory and stress responses.
Consequently, dietary microalgae may influence fish physiology
through both direct nutrient supply and modification of cellular
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lipid metabolism. This characteristic is particularly relevant
when plant oils are used to reduce fish-oil inclusion, because
many terrestrial plant oils contain high levels of C18 fatty acids
but relatively low levels of EPA and DHA. Algal oils may
therefore help maintain the desired omega-3 fatty acid profile of
aquafeeds and edible fish tissues (Ma and Hu, 2024).

C. Carbohydrates, Polysaccharides and Dietary Fiber

Although microalgae are generally discussed primarily
as protein and lipid sources, their carbohydrate fraction can also
have important nutritional and functional consequences.
Microalgal carbohydrates include storage compounds as well as
structural  polysaccharides and extracellular polymeric
substances. The digestibility of these carbohydrates varies
considerably according to their chemical structure and the
digestive capacity of the target species. Some algal
polysaccharides may reach the lower gastrointestinal tract
relatively intact and interact with the intestinal microbial
community. This property provides a potential link between
microalgal carbohydrates and gut health. Rather than serving
exclusively as energy sources, specific polysaccharides may act
as fermentable substrates or functional molecules capable of
influencing  microbial composition and host—microbe
interactions. This is particularly relevant in intensive
aquaculture, where maintenance of intestinal integrity and
microbial balance is increasingly recognized as a key
component of fish health. Microalgae-derived [-glucans
represent one of the most interesting examples of this functional
potential. B-glucans can interact with innate immune recognition
pathways and have been investigated extensively as dietary
components capable of influencing host defense. In the context
of microalgae, their contribution may occur alongside
carotenoids, proteins, vitamins and other bioactive molecules,
making whole-cell biomass potentially different from purified
B-glucan preparations. Recent reviews have specifically
identified B-glucans among the major microalgal biomolecules
with potential applications as functional aquafeed additives (Ma
and Hu, 2024).

D. Microalgae as Sources of Antioxidant Compounds

One of the most important functional properties of
microalgae is their high content of antioxidant compounds.
Intensive aquaculture exposes fish to multiple stressors,
including high stocking densities, handling, transportation,
temperature fluctuations, hypoxia, suboptimal water quality and
infectious agents. These conditions can increase the generation
of reactive oxygen species and disrupt the normal balance
between oxidant production and antioxidant defense.
Microalgae contain several compounds that may contribute to
antioxidant protection, particularly carotenoids, chlorophyll-
related pigments, phycobiliproteins, polyphenols, tocopherols
and other secondary metabolites. Astaxanthin, B-carotene, lutein
and zeaxanthin are among the most extensively studied
carotenoids. Their antioxidant activity can help limit lipid
peroxidation and oxidative damage, while some carotenoids
may additionally influence cellular signaling and other
physiological processes. Consequently, the inclusion of
carotenoid-rich microalgal biomass or extracts may have effects
that extend beyond simple pigmentation. The antioxidant
properties of microalgae are particularly relevant because
oxidative stress is closely interconnected with immune function,
inflammation and disease susceptibility. Excessive oxidative
stress can impair cellular membranes, proteins and nucleic acids
and can alter the activity of immune cells. By contributing
antioxidant compounds to the diet, microalgae may support the
endogenous antioxidant system of fish and potentially improve
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physiological resilience during periods of stress. Experimental
and review literature has reported associations between
microalgal dietary inclusion and changes in antioxidant-related
parameters in aquatic animals, although the magnitude of the
response depends on species, dose and the biochemical
composition of the algal preparation (Siddik et al., 2024).

E. Effects on Growth Performance and Feed Utilization

The nutritional and functional properties of microalgae
can ultimately influence growth performance and feed
utilization. When appropriately formulated and processed,
microalgal ingredients may provide amino acids, fatty acids,
vitamins and minerals that support tissue synthesis and
metabolic activity. In addition, functional compounds may
indirectly affect growth by improving intestinal condition,
reducing oxidative stress or supporting physiological
homeostasis. However, positive growth responses should not be
assumed solely because an ingredient is rich in bioactive
compounds. Excessive inclusion of some microalgae can reduce
feed intake or nutrient digestibility because of high ash content,
cell-wall components, unusual polysaccharides, nucleic acids,
pigments or other factors. Consequently, the optimal dietary
inclusion level is determined by the balance between nutritional
benefits and potential limitations. The literature on fishmeal
replacement demonstrates this principle clearly: moderate
inclusion levels can be beneficial or neutral, whereas excessive
substitution may reduce growth and feed efficiency (2024). This
dose-dependent response is especially important when whole
microalgal biomass is used. A relatively low inclusion level may
provide sufficient amounts of functional compounds while
contributing only modestly to the total indigestible fraction of
the diet. At higher inclusion levels, however, the same biomass
may introduce nutritional constraints that offset its health-
promoting properties. Therefore, the objective should not
necessarily be to maximize microalgal inclusion but to
determine the biologically and economically optimal inclusion
level for each fish species and production system (Hachimi et
al., 2026).

E Microalgae and Fish Health

Microalgae  are  increasingly  recognized  as
multifunctional feed ingredients because their bioactive
compounds can simultaneously influence antioxidant defense,
intestinal health, inflammatory responses, and host protection.
Carotenoids, polysaccharides, B-glucans, vitamins, EPA, and
DHA may interact with different physiological pathways, and
experimental studies have reported improvements in antioxidant
activity, hematological and immune parameters, and resistance
to some pathogens. However, these effects vary according to
algal species, processing method, dietary dose, feeding period,
fish species, and environmental conditions. Therefore,
microalgae should be considered a supportive nutritional
strategy rather than a replacement for good husbandry and
disease management (Siddik et al., 2024; Ma and Hu, 2024). The
gastrointestinal tract is one of the main targets of algal bioactive
compounds. Microalgal proteins and lipids support intestinal
tissues, while polysaccharides and other compounds may
influence the gut microbiota, epithelial integrity, nutrient
utilization, and resistance to opportunistic pathogens. EPA and
DHA can regulate membrane and inflammatory pathways,
whereas carotenoids and polyphenols may contribute to
antioxidant protection. These combined effects may explain the
broader benefits observed with whole microalgal biomass.
However, changes in gut microbial composition do not
necessarily indicate improved fish health. Future studies should
therefore combine microbiome analyses with intestinal
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morphology, barrier-function markers, metabolomics, and
growth and health parameters to better understand the
mechanisms involved (Mahfuj et al., 2026).

G. Whole Biomass versus Algal Extracts

Microalgae can be used in aquafeeds as whole biomass,
extracts, oils, or purified compounds. Whole biomass provides
a wide range of nutrients and bioactive compounds and may
benefit from their combined effects. However, resistant cell
walls and the relatively low concentration of individual
compounds can limit their utilization. In contrast, extracts and
concentrated products allow specific compounds such as
carotenoids, omega-3 fatty acids, and phycobiliproteins to be
supplied at lower inclusion levels and with greater formulation
precision, although their production is more costly and may alter
the properties of the target compounds (Ma and Hu, 2024;
Siddik et al., 2024). Processing is therefore a key factor
determining the nutritional and functional value of microalgae.
Harvesting, drying, cell disruption, enzymatic treatment, and
fermentation can improve nutrient accessibility and
bioavailability, whereas excessive heat or inappropriate
processing may degrade sensitive lipids and pigments. High
production costs, variable digestibility, and differences in algal
composition remain important limitations. Consequently,
species selection, optimized processing, standardization, and
appropriate inclusion levels are essential for the successful
application of microalgae. Overall, properly processed
microalgal products have strong potential as multifunctional
feed ingredients supporting fish growth, health, antioxidant
defense, intestinal function, and physiological resilience (Naya
et al., 2026).

CONCLUSION

Algae have strong potential to support sustainable and
health-oriented aquaculture because they provide both essential
nutrients and diverse bioactive compounds. Microalgae and
macroalgae can contribute proteins, omega-3 fatty acids,
pigments, polysaccharides, vitamins, minerals, and
polyphenols, which may support growth, antioxidant defense,
intestinal health, stress tolerance, and disease resistance.
However, the effects of algal products vary considerably
according to species, cultivation conditions, processing, dose,
and fish species. Future research should therefore focus on
standardization, bioavailability, dose optimization, safety, and
understanding the mechanisms of action of specific algal
compounds. Reducing production and processing costs will also
be essential for commercial application. An important future
approach is the integration of algae into circular aquaculture
systems, where nutrients from aquaculture effluents can be
recovered and converted into algal biomass. This could
simultaneously support wastewater treatment, biomass
production, and resource recycling. Overall, rather than
completely replacing conventional feed ingredients, the most
practical strategy is likely to use whole algae or specific algal
fractions according to their nutritional and functional properties.
With further advances in biotechnology, feed technology,
environmental assessment, and economic analysis, algae-
derived ingredients could become valuable components of more
resilient, efficient, and environmentally sustainable aquaculture
systems.
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