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Abstract

Aquaculture currently supplies over half of the world’s fish and relies heavily on feed
additives to enhance growth, improve feed efficiency, and increase disease resistance. This
review consolidates peer-reviewed studies identified through targeted searches of Web of
Science, Scopus, and Google Scholar, focusing on aquaculture feed additives. It emphasizes
the principal classes of additives employed in finfish and shrimp cultivation, such as nat-
ural immunostimulants (including beta-glucans and nucleotides), probiotics, prebiotics,
synbiotics, phytogenics, enzymes, and synthetic nutrients. For each, it summarizes their
mechanisms of action, commonly reported inclusion rates, production outcomes, environ-
mental risks, and regulatory statuses. Evidence indicates that immunostimulants enhance
innate defences (including phagocyte activity and cytokine responses). Probiotics and
prebiotics, on the other hand, regulate gut microbiota and barrier function. Phytogenics
offer antimicrobial and antioxidant effects, and synthetic additives provide targeted nu-
trients or functional compounds that support growth and product quality. Where data
are available, typical application ranges include probiotics in the order of 104–109 CFU
per gram, prebiotics at approximately 2–10 g per kilogram, and pigments or antioxidants
(such as astaxanthin) at 50–100 mg per kilogram. Significant gaps exist, notably the absence
of species-specific dose–response data for tropical and subtropical aquaculture species,
as well as limited experimental evidence regarding additive–additive interactions under
commercial rearing conditions. Additional gaps include long-term ecological fate, re-
gional regulatory discrepancies, and species-specific dose–response relationships. It is
recommended that mechanistic studies employing omics approaches, standardised dose–
response trials, and harmonized risk assessments be conducted to promote the sustainable
and evidence-based application of feed additives.

Keywords: aquaculture; feed additives; fish nutrition; shrimp nutrition; fish health;
immune response

Key Contribution: This paper offers a comprehensive overview of traditional and emerg-
ing feed additives in aquaculture, incorporating mechanistic insights, typical application
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ranges, and measurable indicators of performance and health. It provides a critical as-
sessment of factors influencing the practical adoption of these technologies, including
efficacy, cost-effectiveness, availability, regulatory constraints, and environmental con-
siderations. Notable contributions include a comparative table that details conventional
additives alongside next-generation approaches (e.g., bacteriophage–probiotic cocktails,
postbiotics, and nano-encapsulated bioactives). We also provide a summary of key research
gaps and strategic recommendations for sustainable application across various species and
production systems.

1. Introduction

Fish and shrimp aquaculture continue to grow rapidly due to increasing global de-
mand [1,2]. According to the FAO SOFIA 2024 report, global fisheries and aquaculture
production in 2022 reached a record 223.2 million tonnes, including 130.9 million tonnes
from aquaculture. This marks the first time aquaculture has surpassed capture fisheries in
aquatic animal production (94.4 million tonnes vs. 91.0 million tonnes) [3].

Furthermore, unlike most land-based agricultural food production systems, over
95% of global aquaculture output occurs in developing countries, with a yearly growth
rate of 6.13% [3]. However, the intensification of aquaculture has raised various envi-
ronmental concerns regarding its potential effects on aquatic life, amid efforts to achieve
sustainability [4].

In response to the growing demand for fish and shrimp, there is an increasing interest
in using diverse feed additives to enhance the health and performance of these species [5].
Additionally, fish and shrimp production has experienced significant growth due to tech-
nological advancements, improved breeding methods, and the availability of high-quality
feed [6]. Specifically, various feed sources, including plant and animal products, minerals,
and other additives, are utilised to meet the growing demands of this industry. These feed
additives have been shown to reduce reliance on natural aquatic products, resulting in
higher yields per unit of water surface area or volume at grow-out facilities [7]. This is
due to their various component ingredients, which are formulated to meet the nutritional
requirements of aquatic animals, support their immune system function, and promote
growth [5].

Globally, aquaculture feeds account for approximately 3.6% of the total compound
feed volume used in animal production [7]. Despite their relatively modest proportion,
the importance of aquaculture feeds should not be overlooked [8]. Feed additives in
aquaculture play a crucial role in maintaining health, reducing costs, promoting robust
growth, and enhancing yield potential across various aquatic species. These feeds are
formulated to provide balanced nutrition, thereby meeting the dietary needs of aquatic
animals [5,9].

For this review, feed additives are defined as intentionally added, non-nutritive or
functional substances. They are included in formulated aquafeeds or delivered as sup-
plements to modulate growth, feed utilisation, health, product quality, or feed stability.
Different feed additives are employed to optimise the intake, digestion, absorption, and
transportation of dietary nutrients in aquatic feeds. These feed additives encompass a
wide range of substances, including probiotics, prebiotics, immunostimulants, enzymes,
and essential nutrients [9]. They are typically incorporated into aquafeed formulations to
supplement the nutritional requirements of farmed fish and shrimp [9]. Feed additives
can further enhance growth rates and feed conversion efficiency by supporting digestive
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health and nutrient utilisation, ultimately leading to improved production outcomes for
farmers [8].

Furthermore, certain additives have demonstrated immune-stimulatory properties,
enhancing the disease resistance of farmed species and reducing the need for antibiotics [10].
These additives are crucial for optimising the digestion and absorption of nutrients, lead-
ing to enhanced overall health and performance [9]. Feed additives, such as probiotics,
prebiotics, enzymes, and organic acids, work together to support a balanced microbial
community within the digestive systems of animals [9,11]. Probiotics introduce beneficial
bacteria that assist in digestion and improve nutrient absorption. Moreover, prebiotics
nourish these helpful microorganisms by boosting their growth and activity levels [12].

On the other hand, enzymes are essential for breaking down complex feed components,
such as fibres and non-starch polysaccharides, into simpler forms that fish and shrimp can
more easily absorb [13]. Additionally, organic acids like formic, propionic, and butyric
acids help establish an optimal pH environment in the digestive systems of these aquatic
animals [14]. This balanced environment not only suppresses the growth of harmful
bacteria but also encourages the growth of beneficial bacteria [14].

However, the utilisation of feed additives in aquaculture, encompassing fish and
shrimp farming, poses some challenges. Recent research has focused on understanding the
impact of feed additives on the aquatic environment [15]. This emphasizes the importance
of carefully selecting suitable additives and ensuring the correct dosage to prevent adverse
environmental impacts [15,16]. Earlier studies documented that certain additives can have
a negative impact on the environment when released into aquatic ecosystems. Therefore,
responsible use and sustainable practices are essential, involving the careful consideration
of various key factors [8,15,16].

Environmental concerns linked to the use of additives now include documented
outbreaks of antibiotic-resistant infections in aquaculture systems. In Southeast Asia,
the presence of multi-drug-resistant E. coli and other pathogens has been linked to feed
containing antibiotics and poor waste management. This is particularly notable in shrimp
farms in Thailand and integrated fish–chicken systems in Vietnam [17,18]. These findings
highlight the need to adopt sustainable practices, implement rigorous monitoring, and
enforce regulatory measures. Taking these steps is essential for tackling these challenges
and ensuring the sustainability of aquaculture in the long term.

Although several additive classes have demonstrated benefits for growth and immu-
nity, inconsistencies in comparisons across species and formulations hinder the standard-
ization of dosages. Furthermore, the environmental fate and long-term ecological effects of
many additives are not well understood, and regulatory approaches are inconsistent across
regions. This limits the safe and uniform use of these additives. Therefore, this review
provides a comprehensive overview of the impact of feed additives on the health and
growth of fish and shrimp. It focuses on natural immunostimulants, probiotics, prebiotics,
synthetic feeds, and phytogenics. The specific objectives are (1) to synthesize experimental
and regulatory evidence on the main classes of aquafeed additives and their typical appli-
cation ranges; (2) to summarize known mechanisms of action and measurable endpoints
used to assess additive efficacy and safety; and (3) to identify key knowledge gaps and
propose research and regulatory priorities for sustainable use. This study aims to assist
fish and shrimp farmers, researchers, policymakers, and stakeholders in the aquaculture
industry in making evidence-based decisions for sustainable aquafeed use.

To ensure a comprehensive and balanced synthesis, relevant literature was identified
through searches of Scopus, Web of Science, and Google Scholar using combinations of
keywords such as “aquaculture,” “feed additives,” “immunostimulants,” “prebiotics,” “pro-
biotics,” “synbiotics,” “phytogenics,” and “postbiotics.” Studies were included if they were
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published in English and addressed fish or shrimp species of aquacultural relevance. Prior-
ity was given to research that reported measurable outcomes related to growth performance,
feed utilisation, immune modulation, physiological responses, or environmental impact.

2. Natural Immunostimulants as Feed Additives in Fish and Shrimp
Diets

Natural immunostimulants are compounds that enhance or stimulate the immune
system upon exposure to foreign agents [19]. These substances are derived from diverse
sources, including plants such as herbs, seaweed, fruits, and vegetables, as well as other
naturally occurring compounds [20]. Among the natural immunostimulants, polysaccha-
rides (beta-glucans) and nucleotides have undergone extensive research concerning their
application in fish and shrimp to sustain or improve their health [21].

Several polysaccharides, including beta-glucans, mannan oligosaccharides (MOS),
chitosan, and alginates, have demonstrated immunomodulatory properties in fish and
shrimp [22–26]. Beta-glucans are complex polysaccharides found abundantly in the cell
walls of bacteria, fungi, and the extracellular matrix of yeast [21]. They induce immune
cells, such as neutrophils and macrophages, thereby activating and stimulating the immune
response [27]. Beta-glucan binds to pattern-recognition receptors, including Dectin-1
(CLEC7A), complement receptor 3 (CR3), and Toll-like receptors (TLRs), on immune
cells. This receptor engagement triggers intracellular signalling cascades, particularly via
Syk kinase, PKCδ, and the CARD9–BCL10–MALT1 (CBM) complex, leading to NF-κB
activation, the production of inflammatory cytokines, a respiratory burst, and enhanced
phagocytosis [28,29].

Recent research on beta-glucan has revealed promising findings regarding its im-
munomodulatory effects in fish and shrimp [30]. In channel catfish (Ictalurus punctatus),
exposure to beta-glucan significantly increased the phagocytic rates of neutrophils and
macrophages, accompanied by the upregulation of genes related to phagocytosis and
receptor signalling pathways [31]. The most important aspect of beta-glucan is its ability to
substantially enhance the activity of phagocytes. This includes granulocytes and mono-
cytes, which then differentiate into macrophages and dendritic cells. These phagocytes play
a crucial role in preventing infections by ingesting potentially dangerous pathogens [32].
Stimulating phagocytes via beta-glucans triggers a series of events that improve immune
defence mechanisms. This increases the immunity and resilience of aquatic organisms
against various pathogenic agents [33].

The profound impact of beta-glucans on modulating immunological responses within
cells derived from the intestinal mucosa cannot be overemphasised. This is important
considering their significance for maintaining optimal well-being among fish and shrimp
species [30]. Moreover, beta-glucan modifies diet activity levels, which can enhance fish
resistance to infections transmitted through the primary route (i.e., the gut) [34,35]. Further-
more, beta-glucans have demonstrated favourable immunomodulatory effects in fish and
shrimp [35,36]. This suggests that beta-glucans may be a valuable supplement for enhanc-
ing resistance to infectious diseases and improving productivity in fish and shrimp farming.

Besides beta-glucans and polysaccharides, nucleotides are essential components of
DNA and RNA, playing a crucial role in the biological processes of many animals. Nu-
cleotides substantially enhance the immune response by stimulating the production of
antibodies and other essential immune cells in juveniles of the Pacific white shrimp Litope-
naeus vannamei [37]. The immunomodulatory effects of these compounds on aquatic
animals have been recently investigated, yielding promising results for their efficacy when
administered at optimal dosages and for suitable species and durations that support im-
mune enhancement without adverse effects [38,39]. Furthermore, the administration of
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dietary supplements containing high levels of nucleotides augmented the immune response,
thereby facilitating the production of essential antibodies, known as immunoglobulins,
which are active during viral episodes [39].

Research has further demonstrated that the inclusion of nucleotide supplements can
enhance activity levels responsible for pathogen eradication during infection, while con-
currently promoting the growth of beneficial bacteria to support balanced microbiota
processes [40]. Consequently, maintaining an optimal microbiota balance promotes robust
intestinal health, minimises disease susceptibility, and fosters overall well-being [12]. In
aquatic species, such immunostimulants may be administered through various methods,
including incorporation into feed, immersion, or injection, to attain targeted immunologi-
cal effects.

Fish and Shrimp Immune Response to Natural Immunostimulants as a Feed Additive

Despite anatomical differences between vertebrate and invertebrate immune systems,
dietary polysaccharides stimulate comparable innate immune mechanisms in fish and
shrimp. In both groups, supplementation enhances phagocytic activity, respiratory burst,
lysozyme and complement activity, and pathogen resistance [22,41–46]. In fish populations,
administering beta-glucans through immersion, food inclusion, or injection is effective in
enhancing immunological responses [47,48]. A strong immune system in fish protects them
against diseases; therefore, boosting their immune response with beta-glucans can enhance
overall health and reduce susceptibility to diseases [24,30]. Nevertheless, further research
is required to ascertain the optimal dosages and methods of administration. Thus, it is
necessary to investigate the long-term effects and interactions with other essential dietary
components to evaluate the practical application of beta-glucans as immunostimulants
specifically within the contexts of ichthyological and crustacean aquaculture. Addition-
ally, the inclusion of specific polysaccharides in fish and shrimp feed enhances growth
performance by improving nutrient uptake and stimulating immune responses [25]. These
polysaccharides provide an ecologically sustainable alternative to synthetic options, owing
to their low toxicity levels and easy biodegradability, making them a safe choice for use in
aquaculture [23].

In shrimp, the immune response to natural immunostimulants is a relatively new
research area that has gained significant global attention in recent years [49]. Beta-glucans
have also shown promising results for enhancing a shrimp’s immune response; however,
they exhibit limitations when treating certain infections [34,50]. Despite these limitations,
a significant understanding of their complex immune system is crucial for developing
robust strategies that enhance disease resistance in shrimp. In addition, plant extracts and
compounds derived from algae have demonstrated potential as immunostimulant sources,
with studies revealing an increase in antibody production [49,51,52]. For instance, supple-
mentation with algae extract significantly increased antibody cell synthesis in shrimp [53].
These consistent patterns suggest that mechanistic insights from one taxon can often inform
application in the other, although dose optimisation remains species-specific. However,
efficacy may vary across species and life stages, and long-term effects are not yet fully
understood, requiring further research.

3. Probiotics and Prebiotics as Feed Additives in Fish and Shrimp Diets

There is a rapidly growing body of literature indicating the success of probiotics and
prebiotics in immunomodulation (innate, cellular, and humoral immune responses). Probi-
otics are considered to be living microorganisms administered orally for health benefits [54].
They can alter the microflora (by implantation or colonisation) in a specific host’s compart-
ment, exerting beneficial health effects on the host [55]. On the other hand, prebiotics are
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indigestible fibres that enhance the growth of beneficial commensal gut bacteria, resulting
in improved host health [56]. These beneficial effects of prebiotics are due to by-products
derived from the fermentation of intestinal commensal bacteria [57].

Among the many health benefits attributed to probiotics and prebiotics, the mod-
ulation of the immune system is one of the most anticipated benefits (Figure 1), and it
can stimulate systemic and local immunity [58] by directly enhancing the innate immune
response, including phagocytosis, neutrophil activation, alternative complement system
activation, and lysozyme activity [59]. In some cases, they improve growth, such as increas-
ing size and weight gain, and could act as alternative antimicrobial compounds in fish and
shrimp [60].

Figure 1. The cellular/humoral immunity interactions in fish and shrimp.

3.1. Immune Response of Fish to Probiotics and Prebiotics as Feed Additives

The integration of probiotics into the diets of fish and shrimp has been shown to have
a positive impact on both cellular and humoral immunity, thereby significantly enhanc-
ing the immune system’s functionality [61]. These beneficial microorganisms have the
capacity to activate T and B lymphocytes, which are essential elements of the adaptive
immune response [62]. The interaction between these two cell types results in an improved
defence mechanism against pathogens and supports the development of long-lasting immu-
nity [58,63]. Moreover, probiotics can augment antibody production by stimulating B cells
that generate specific antibodies targeting pathogens within a humoral immune response,
ultimately reducing the risk of infections in fish [64]. Furthermore, probiotics influence
T-cell activity, a vital facet of the immune system. T lymphocytes are responsible for recog-
nising and eliminating infected cells while mediating other immune responses, indicating
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that probiotics facilitate a more efficacious cellular immune response by modulating various
T cell subsets in fish [65].

Probiotics can directly affect the immune cells and indirectly support their function by
strengthening the gut barrier [66]. This is important in fish health, as the gut serves as a vital
interface between the body’s external environment and its immune system. Thus, having a
robust intestinal barrier ensures pathogenic microorganisms cannot enter, grow, or survive
in the fish’s body systems [67]. Primarily, probiotics impact fish immune system through
various mechanisms, including enhancing the integrity of the gut barrier by promoting
mucus production, strengthening tight junctions between cells, and inhibiting the growth
of harmful bacteria [58]. These actions ultimately lead to improved immune responses on
both innate and adaptive levels. However, not all strains of probiotics produce identical
effects when used as feed additives [68,69].

The dosage of probiotic supplements in fish may influence their efficacy in boosting
immunological function [70] (Table 1). Each fish has a distinctive composition of gut
microbiota, which may further influence individual responses to probiotic treatments for
immune support [71]. Notably, probiotics impact humoral immunity, and certain strains
of probiotics have been reported to positively influence immunoglobulin production,
specifically secretory IgA [58,72]. These findings emphasize the significance of probiotics
as feed additives for fish and shrimp, promoting improved health [73]. Despite promising
findings regarding the potential benefits of probiotics for immune enhancement, further
comprehensive studies are needed to elucidate their mechanisms and optimise their safe
and effective use.

Table 1. Probiotic dosage and immunological effects in fish. Arrow facing upwards indicate an
increase.

Probiotic Strain
(Fish Species)

Dosage Observed Immune Effects Source

Bacillus subtilis E20
(Epinephelus coioides)

1 × 104–1 × 108 CFU g−1

feed

↑ Lysozyme, phagocytosis,
superoxide dismutase (SOD),

serum ACP
[74]

B. subtilis +
fructooligosaccharides—FOS

(Trachinotus ovatus)

1.05–5.62 × 107 CFU g−1

feed + 0.2% or 0.4% FOS

↑ Specific growth rate (SGR),
lysozyme, disease resistance, serum

ACP
[7]

B. subtilis + B. licheniformis
(Oreochromis niloticus) 0–10 g kg−1 feed

↑ Lysozyme, SGR protease,
anti-protease, SOD, and

immunoglobulin
[75]

Lactobacillus plantarum (Ep-M1)
(Litopenaeus vannamei) 5 × 108 CFU g−1 feed

↑ SGR, SOD, immunometabolism,
survival

[76]

Enterococcus casseliflavus
(EC-001) (Cyprinus carpio)

1 × 107–1 × 109 CFU g−1

feed
↑ SGR, lysozyme, disease resistance,

serum Acid Phosphatase (ACP)
[77]

Lactobacillus rhamnosus
(Oncorhynchus mykiss) 1 × 106 CFU g−1 feed

↑ Weight gain, SOD,
immunometabolism, lysozyme,

disease resistance
[78]

Shewanella putrefaciens (Pdp11)
(Solea senegalensis) 1 × 107 CFU g−1 feed

↑ Stress tolerance, disease
resistance, and gut microbiota

modulation
[79]

On the other hand, prebiotics serve as an energy source for the gut microbiota, thereby
improving the immune system of aquatic animals and promoting general growth [24,80].
One good example of prebiotics that can stimulate an immune response is immunosaccha-
rides [81]. Immunosaccharides can be considered an alternative to antibiotics in managing
the health of aquatic animals in aquaculture [82,83].
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Controlling fish diseases involves the use of vaccination rather than antibiotic treat-
ments in aquaculture [84]. However, some diseases still lack available vaccines or are still
under development. Therefore, alternative strategies have gained interest in recent years
as supplements to vaccination and to reduce unnecessary antibiotic use. One strategy to
supplement vaccination is the use of prebiotics, given their role in intestinal microbiota in
fish and shrimp [85]. The microorganisms found within the caeca-colon ferment prebiotics,
leading to the modification of the colonic microbiota and changes in the gut. This results
from the utilisation of oligosaccharides by anaerobic bacteria, especially bifidobacteria, as
a substrate, thereby eliminating the growth of harmful and putrefactive bacteria that can
cause diseases [86].

Additional strategies to complement vaccination through the use of prebiotics encom-
pass the stimulation of gut microbiota development or the activation of innate immune
mechanisms [67]. The microbiota generate substances that activate the immune system and
bolster the host’s defences against infections [87]. For instance, the non-specific immune
system of grass carp (Ctenopharyngodon idella), gilt-head seabream (Sparus aurata), and
hybrid catfish (Pangasianodon gigas × Pangasianodon hypophthalmus) showed a positive re-
sponse to the supplementation of mannan oligosaccharides in their diet [88–90]. Moreover,
incorporating mannan oligosaccharides at a rate of 0.4% into the diet of gilt-head seabream
improved their immune system. It increased their resistance to bacterial infections when
directly introduced into the gut, a common site of infection in fish [91,92].

3.2. The Immune Response of Shrimps to Probiotics and Prebiotics as Feed Additives

The shrimp aquaculture sector is experiencing rapid growth, and the utilisation of
prebiotics and probiotics is becoming increasingly popular [93]. Studies have shown the im-
mune response of shrimps to probiotics, including the effects of short-chain fructooligosac-
charides (FOS) supplementation on Pacific white prawn (Litopenaeus vannamei) [94]. Fur-
thermore, Grobiotic®, a prebiotic dietary supplement for growth and health management in
Pacific white shrimp (Litopenaeus vannamei), showed improved survival rates when cultured
in a low-salinity water level of 2 ppt [95]. However, the specific mechanisms responsible for
this enhanced survival under low-salinity conditions have yet to be determined [96], as the
optimal salinity for their growth and survival is between 20 and 25 ppt [97]. Furthermore,
prebiotics have been demonstrated to alter the microbial community in the gastrointestinal
tract, improving non-specific immune responses [12].

Research has shown that probiotics can improve shrimp’s immunity against pathogenic
bacteria and viruses [98]. For instance, it was observed that Lactobacillus plantarum could
enhance the non-specific immune response in Litopenaeus vannamei when it is exposed to
Vibrio harveyi. Further research has demonstrated that Bacillus subtilis WB60 enhanced the
growth performance and immune response of shrimps [99]. Pediococcus pentosaceus has also
been recognised as a potential probiotic for shrimps, exhibiting positive impacts on growth
performance and immune response [100]. This also includes minimising disease recurrence
and increasing the enzymatic activities associated with feed ingestion, growth, and shrimp
survival (Figure 2) [101].

A comprehensive evaluation of Bacillus coagulans and Bacillus firmus, in both live and
lyophilised forms, revealed significant improvements in growth parameters, including
weight gain, length increase, and specific growth rate (SGR), when these probiotics were
administered either independently or in combination with spirulina and yeast. Notably,
the combined probiotic diet also led to improved survival rates and feed conversion ratios
(FCR) [102]. Further investigation isolated Bacillus subtilis and Bacillus licheniformis from
Penaeus monodon, demonstrating that their inclusion in the diet significantly increased the
activities of digestive enzymes, such as protease, amylase, and cellulase, which indicates
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enhanced digestive efficiency [103]. The incorporation of hydrolysed squid by-products
alongside Bacillus subtilis BF12 in a plant-based diet for P. monodon resulted in substantial
improvements in growth performance, feed efficiency, nutrient retention, and immune re-
sponses. This combination not only enhanced digestive enzyme activity but also promoted
beneficial gut microbiota, suggesting a multifaceted impact on shrimp health [104].

 

Figure 2. Methods of delivering probiotics to Litopenaeus vannamei shrimp. Adapted with permission
from Amiin et al. [98]. Copyright 2023—under the terms of the Creative Commons Attribution
4.0 license.

A cost-effective probiotic formulation containing Bacillus cereus has demonstrated no-
table improvements in growth rates, immune parameters, and survival rates within shrimp
diets [105,106]. Supplementing shrimp ponds with Streptococcus phocae PI80, administered
through both feed and water, has been documented to significantly enhance growth and
immune responses while reducing the prevalence of pathogenic bacteria [107]. Similarly,
the incorporation of Clostridium butyricum into shrimp diets has been shown to enhance
growth, increase digestive enzyme activity, and strengthen antioxidant defences, all of
which contribute to increased resilience against nitrite stress [108]. Moreover, the applica-
tion of Bacillus sp. Mk22 has shown dual benefits by promoting growth and survival while
simultaneously reducing infections associated with Vibrio spp. and white spot syndrome
virus (WSSV), highlighting its potential in disease management strategies [109]. Finally,
the Bacillus isolate P11, identified as Bacillus subtilis, has demonstrated improved growth
performance, feed efficiency, and an enhanced immune response against Vibrio harveyi, thus
underscoring its effectiveness as a probiotic agent [110].

These studies have shown that when used as dietary supplements, probiotics enhance
the competitive elimination of pathogens from aquaculture systems and improve the
shrimp’s immunological parameters. Thus, probiotics serve as a sustainable alternative
to antibiotics with enhanced environmental protection and stability. However, there are
some constraints to their use in shrimp aquaculture due to their expense, which leads to
high production costs and complications in administering precise probiotics as dietary
additives [111]. Table 2 summarises the constraints and potentials of probiotics, prebiotics,
and synbiotics in shrimp aquaculture.
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Table 2. Constraints and potentials of probiotics, prebiotics, and symbiotics in shrimp aquaculture.

Potentials Constraints References

PROBIOTICS

Improve gut health and nutrient uptake.
Challenges in strain selection and dosage

optimisation.
[112–114]

Enhance disease resistance, immune response,
and the secretion of antibacterial compounds

and antitoxins.
Environmental conditions impacting efficacy. [112–116]

Maintain a balanced microbial community in
ponds.

An overdose can cause immunosuppression. [112,113,117]

Reduce pathogen levels and enhance water
quality.

There is limited understanding of
mechanisms in aquaculture systems.

[112–115,117]

Enhance feed efficiency, stimulate digestive
enzyme activity, and promote growth and

reproduction.
Storage and maintenance of live cultures. [118,119]

Regulate the immune system and manage
allergic responses.

Potential environmental incompatibility with
aquatic hosts.

[112,116,120]

PREBIOTICS
Improve water quality and decrease

pollution.
Limited research on specific prebiotic effects

in shrimp.
[121,122]

Enhance growth and survival rates, increase
stress resistance and health status, and

modulate enteric microbiota and immune
responses.

There is a need for further studies to
understand the molecular impacts.

[121,122]

SYMBIOTICS
Combine the benefits of probiotics and

prebiotics.
Complexity in formulation and application. [123,124]

Improve metabolic pathways and energy
metabolism, boost growth performance and
immune function, and decrease the severity
of infections, thereby raising survival rates.

There is a need for more research on specific
symbiotic combinations.

[123–125]

3.3. Growth Response of Fish to Probiotics and Prebiotics as Feed Additives

According to the Food and Agriculture Organization (FAO), probiotics are live micro-
bial feed supplements that confer health benefits to the host by modifying the gastrointesti-
nal microbial community [111,126]. Conversely, prebiotics are non-digestible feed additives
that stimulate the activity of beneficial gut microorganisms [111,127]. Probiotics produce
beneficial enzymes that facilitate digestion and safeguard the gastrointestinal tract in
fish [128,129]. Additionally, they enhance the balance of intestinal microbes, resulting in in-
creased digestive enzyme activity, improved nutrient absorption, and decreased pathogenic
issues within the gastrointestinal tract when administered at appropriate dosages [130].
Probiotics function synergistically with digestive enzymes in the fish gastrointestinal tract,
serving as supplements to optimise nutrition [131]. Consequently, fish feed efficiency and
growth rates are augmented, while also preventing antinutritional factors in ingredients,
reducing intestinal disorders, and aiding pre-digestion [129].

In Atlantic salmon (Salmo salar), the addition of mannanoligosaccharide, fructooligosac-
charide, and galactooligosaccharide at 10 g kg−1 of prebiotics to a fish meal-based diet
did not impact growth and digestibility. This finding suggests that adding prebiotics at a
particular concentration may not enhance growth or digestive efficacy. In other studies, a
diet containing 2 g kg−1 mannanoligosaccharide has been shown to improve fish growth,
feed efficiency, and survival rates compared to those fed the basal diet [132,133]. These
findings highlight the superior growth performance of mannanoligosaccharide compared
to other prebiotics, such as fructooligosaccharide and galactooligosaccharide [58,91,134].
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The consequences of prebiotic intake extend beyond typical biological networks, in-
fluencing the composition of fish gut microbiota; they also actively participate in this
process [135]. The process goes both ways, as diverse materials present within the gut can
affect microbial communities while simultaneously affecting those components directly
or indirectly [119]. By feeding prebiotic oligosaccharides, such as inulin and oligofruc-
tose, populations of beneficial bacteria can be initiated, enhancing gut performance while
eliminating harmful bacterial competition, as they find these substrates unsuitable [136].

Similarly, prebiotics promote the growth of beneficial bacteria without undergoing
digestion [137]. By facilitating the proliferation of these microorganisms within aquatic
fauna, it becomes feasible to sustain optimal gastrointestinal conditions across various fish
species without dependence on costly or complex treatments typically associated with
conventional methods [138]. Beneficial microorganisms flourish in environments with
proper nutrition, which stimulates their growth and activity [131]. Prebiotics demonstrate
a remarkable potential to uphold optimal fish health by modulating gut microbiota balance,
enhancing nutrient utilisation, and promoting gastrointestinal health [139].

4. Feed Additives in Fish and Shrimp Diets

Feed additives are widely used in fish and shrimp diets to enhance growth perfor-
mance, feed efficiency, and overall health [140]. These additives are specifically formulated
to provide essential nutrients, vitamins, and minerals that may be deficient in conventional
feed ingredients. They can be utilised to reduce the costs associated with specialized feeds
(e.g., soybean meal and rice bran in fish feed pellets) and to improve the feed’s taste and ap-
peal, making it more palatable to fish and shrimp. Table 3 provides an overview of various
feed additives used in fish and shrimp aquaculture, along with their respective dosages.

Table 3. Different types of synthetic feed additives in fish and shrimp diets.

Feed Additives Function Fish Species
Dosage Recom-

mendation
Environmental

Risk
References

Antibiotics

Growth and feed
efficiency,

reduced disease
occurrence

Various fish species,
shrimp

Varies with
antibiotic type

High risk [141]

Astaxanthin
Pigmentation,
growth, and
antioxidant

Atlantic salmon
(Salmo salar), Rainbow

trout (Oncorhynchus
mykiss), Discus fish
(Symphysodon spp.).

50–100 mg kg−1

of feed

Limited
information, but

likely
biodegradable

[142,143]

Beta-carotene
Pigmentation,
growth, and
antioxidant

Nile tilapia
(Oreochromis niloticus),
African catfish (Clarias

gariepinus), shrimp

50–100 mg kg−1

of feed

Limited
information, but

likely
biodegradable

[142]

Betaine

Osmoregulation,
nutrient

utilisation, and
stress resistance

Barramundi (Lates
calcarifer), prawn

500–1000 mg
kg−1 of feed

Limited
information, but

likely
biodegradable

[144]

Butylated
Hydroxytoluene

(BHT)
Preservative

Channel catfish
(Ictalurus punctatus),

lobster (Homarus
gammarus)

50–100 mg kg−1

of feed

Potential risk due
to low

biodegradability
[143]
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Table 3. Cont.

Feed Additives Function Fish Species
Dosage Recom-

mendation
Environmental

Risk
References

Choline Chloride
Growth

promoter
Various fish species,

shrimp
500–1000 mg
kg−1 of feed

Limited
information, but

likely
biodegradable

[5]

Enzymes (e.g.,
Phytase)

Digestive
enhancer

Various fish species,
shrimp

As per the
enzyme activity

levels

Generally
considered safe

[5,145]

Ethoxyquin Antioxidant
Rainbow trout

(Oncorhynchus mykiss),
crab (Brachyura spp.)

100–200 mg kg−1

of feed

Potential risk due
to low

biodegradability
[146,147]

Mould Inhibitors
(e.g., Propionic

Acid)
Antifungal agent Various species 2–4 g kg−1 of

feed

Limited
information, but

likely
biodegradable

[148,149]

Sodium
Bicarbonate

pH regulator
Carp (Cyprinus carpio),

shrimp
1–2 g kg−1 of

feed

Limited
information, but

likely
biodegradable

[150,151]

Synthetic
Arginine

Amino acid
supplement

Atlantic salmon
(Salmo salar), Rainbow

trout (Oncorhynchus
mykiss), African
catfish (Clarias

gariepinus), shrimp

Varies with
species

Limited
information, but

likely
biodegradable

[46,152]

Synthetic Lysine
Amino acid
supplement

Nile tilapia
(Oreochromis niloticus),
African catfish (Clarias

gariepinus), shrimp

Varies with
species

Limited
information, but

likely
biodegradable

[153]

Synthetic
Methionine

Amino acid
supplement

Various fish species,
shrimp

2–4 g kg−1 of
feed

Limited
information, but

likely
biodegradable

[154]

Synthetic
Phospholipids

Emulsifiers,
chemoattraction

Various fish species,
shrimp

-

Limited
information, but

likely
biodegradable

[155]

Synthetic
Taurine

Cellular and
physiological

processes

Atlantic salmon
(Salmo salar), Rainbow

trout (Oncorhynchus
mykiss), African
catfish (Clarias

gariepinus),

-

Limited
information, but

likely
biodegradable

[156,157]

Vitamin C
Immune booster,
antioxidant, and
stress resistance

Various fish species,
shrimp

100–300 mg kg−1

of feed
Generally

considered safe
[158,159]

5. Phytogenics as Feed Additives in Fish and Shrimp Diets

Phytogenics, a novel category of feed additives, are increasingly attracting attention
in the aquaculture sector [160]. Phytogenics offer several advantages as feed additives
for aquatic animals, such as the potential to enhance feed digestibility, particularly with
proteins and amino acids [161] (Table 4). Phytogenic feed additives (PFAs) are plant-derived
substances incorporated into animal feed to enhance their performance. In aquatic feeds,
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aromatic plant essential oil-based feed additives are widely used as the predominant type
of phytogenic product due to their antimicrobial and antioxidant properties, stability, ease
of formulation, and regulatory acceptance in many regions [9,162,163].

Growing evidence supports the potential benefits of phytogenics in aquaculture, par-
ticularly for species such as fish and shrimp [9,164]. Phytogenic feed additives have been
shown to positively impact the growth and health of fish and shrimp [165]. Fish and
shrimp fed diets containing phytogenics experienced improved feed conversion, enhanced
growth, and increased innate immunity factors [166]. Phyllanthus niruri leaf extracts en-
hanced specific and non-specific immune responses in Mozambique tilapia (Oreochromis
mossambicus) [167]. The extract also enhanced the growth performance of the fish through
enzymatic and antibody-mediated mechanisms.

Dietary supplementation with white mustard (Sinapis alba) seed oil at concentrations
of 0.5%, 1% and 1.5% for 42–63 days significantly enhanced growth performance in rainbow
trout (Oncorhynchus mykiss), with the 1.5% inclusion level yielding the most significant
growth response [168]. The use of extracts from plants such as Aegle marmelos, Cynodon
dactylon, Withania somnifera (ashwagandha or winter cherry), and Zingiber officinale (ginger),
as feed additives, also improved feed efficiency and growth performance in Oreochromis
mossambicus [169]. Table 4 summarizes the benefits of different phytogenic compounds in
aquaculture.

Table 4. Phytogenics as feed additives in aquaculture.

Phytogenic Compounds Benefit Description References

Ginger, oregano, thyme,
garlic

Growth promotion
Enhances feed intake and

digestion, leading to improved
growth performance

[170,171]

Carvacrol, thymol
Antimicrobial activity, growth

promotion
Inhibits pathogenic bacteria

and fungi in the gut
[172]

Echinacea, garlic, turmeric Immune system enhancement
Stimulates innate immune

responses and disease
resistance

[173]

Curcumin, flavonoids,
polyphenols

Antioxidant properties, disease
resistance, reproductive, and

growth performance

Reduces oxidative stress and
improves cellular health,

survival, and growth
[174]

Fennel and anise essential
oils

Antibacterial, antioxidant, growth
performance, lipid metabolism

Enhanced growth
performance and well-being

[175,176]

Liquorice
Antioxidant properties,

disease-resistant,
immunostimulant

Enhances growth and survival,
reduces oxidative stress

[177]

Herbal blends
immune responses, antioxidants,

and disease resistance
Enhanced growth and survival [178]

Further studies have demonstrated that phytogenic additives can positively impact
fish growth, although their mechanisms and effectiveness vary widely. For example, Zin-
giber officinale (ginger) has been shown to enhance the growth of African catfish (Clarias
gariepinus), as reflected by growth metrics such as weight gain, specific growth rate, and
protein efficiency ratio [179,180], with 20% supplementation producing the most notable
growth increase. Including 20% as a supplement may not be economically feasible for com-
mercial feed production compared to traditional additives, due to the high cost. However,
lower supplementation levels (2–3%) have been shown to significantly improve growth
performance and health metrics, offering a more cost-effective solution [181,182]. Therefore,
it is recommended to use ginger at these lower levels to achieve economic and health
benefits in commercial aquaculture operations. While feed additives have demonstrated
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benefits for growth, feed efficiency, and disease resistance, their adoption in commercial
aquaculture largely depends on considerations of cost-effectiveness and environmental
sustainability. For example, in fish, the inclusion levels of phytogenic additives must be eco-
nomical relative to traditional feeds, and their uptake is influenced by ingredient availability
and regional market dynamics [179,180]. Moreover, some additives raise environmental
concerns; antibiotic-based additives, in particular, have been linked to antimicrobial re-
sistance in intensive aquaculture, highlighting the necessity for safer alternatives [17,18].
Even natural compounds and innovative delivery methods encounter challenges such as
variable efficacy under different conditions or the potential accumulation of residues in the
environment. Conversely, Aloe vera crude polysaccharide extracts have also been found
to improve growth performance and protein efficiency ratio in the same species, even at
much lower levels (0.5–4.0%) [183], suggesting that certain phytogenics may be effective at
lower, more cost-effective doses.

Moreover, a study on channel catfish (Ictalurus punctatus) demonstrated that including
matrix-encapsulated phytogenics in their diets improved weight gain and reduced the
feed conversion ratio, providing practical alternatives for improving feed efficiency for
feed manufacturers [161]. Garlic–cinnamon blends have also been shown to enhance
the immune response and overall well-being in shrimp [184]. Supplementing the diet of
striped catfish (Pangasianodon hypophthalmus) with different cinnamon products increased
the specific growth rate and protein retention [185]. Carvacrol supplementation has also
resulted in significant improvements in the growth performance of Nile tilapia (Oreochromis
niloticus) [186], emphasizing that the effectiveness and function of phytogenic additives
may be species-specific.

These studies highlight the importance of PFAs in aquafeed and their potential to
enhance growth performance and overall health in fish and shrimp. They also suggest that
adding phytogenics as feed additives to fish and shrimp diets could reduce reliance on
fish meal as a feed ingredient, potentially leading to a more sustainable and cost-effective
approach [187–189]. However, the effectiveness of these extracts may vary depending on
the plant type, the extraction method used, and the concentration of the extract [9].

5.1. Emerging and Next-Generation Feed Additives in Aquaculture

In addition to conventional immunostimulants and probiotics, recent years have seen
the emergence of innovative additives and engineered methodologies aimed at enhancing
the specificity, stability, and sustainability of health interventions in aquaculture. These
advanced, next-generation feed additives are designed to enhance animal health and pro-
ductivity while addressing issues related to antibiotic resistance. The developments encom-
pass bacteriophage–probiotic combinations, postbiotics, nano- and micro-encapsulation
techniques for targeted delivery, and the development of engineered microbial strains.

Bacteriophage therapy has demonstrated considerable potential in reducing pathogen
carriage within animals, particularly when administered immediately prior to slaughter to
target “super-shedders” [190]. However, the transient nature of bacteriophages and the pos-
sibility of phage-resistant subpopulations necessitate meticulous application. Conversely,
multi-species probiotics are increasingly employed in aquaculture to enhance the health,
growth, and disease resistance of aquatic organisms [191,192]. They operate through mech-
anisms such as competitive exclusion of pathogens and stimulation of the host immune
system, thereby rendering them more effective than single-strain probiotics [193,194]. Thus,
their application can be facilitated via various methods, primarily as feed additives. A
summary of the comparative advantages and limitations of conventional and emerging
feed additives in aquaculture is presented in Table 5.
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Table 5. Comparative overview of emerging and conventional feed additives in aquaculture.

Additive Main Action Advantages
Limitations and

Risks
Cost-

Effectiveness
Environmental

Impact
Reference

Conventional
probiotics

Microbiome
modulation,
competitive exclusion

Widely available,
several validated
strains

Strain survival,
variable effects Moderate Low–moderate [195]

Bacteriophage–
probiotic

Targeted pathogen
lysis

Antibiotic
alternative;
specificity

Host range,
regulatory, and
environmental
concerns

Moderate–high Low–moderate [196]

Nano-encapsulated
phytogenics

Protected delivery,
controlled release

Lower dose,
improved
bioavailability

Cost and potential
nano-ecotoxicity Moderate–high

Potential
accumulation
risk

[197]

Engineered/
CRISPR probiotics

Precision metabolic
modulation

High specificity
potential

Genetically modified
organism regulation;
public acceptance

Currently high Unknown [198]

Postbiotics Bioactive metabolites,
immune modulation

Storage stability, no
live microbes

Need to identify
active compounds High Low [199]

Synbiotics/
microencapsulated
probiotics

Enhanced survival +
prebiotic support

Improved stability
and colonisation

Cost, formulation
complexity High Moderate [197,200]

Postbiotics, comprising preparations of inanimate microorganisms and their con-
stituents, confer health benefits while circumventing the risks associated with live probi-
otics. They have the capacity to improve gastrointestinal health, decrease inflammation,
and exhibit antimicrobial properties [201,202]. The potential applications of postbiotics are
presently being investigated within the scope of active food packaging to prolong shelf life
and serve as bio-preservatives, thereby demonstrating their adaptability in both animal
health and food safety sectors [203].

Innovative encapsulation methods, including hydrogels, electrospinning, and 3D
bioprinting, are being developed to enhance the delivery and viability of probiotics and
postbiotics [204]. These nano- and micro-encapsulation technologies serve to protect active
ingredients from adverse environmental conditions and facilitate their targeted delivery
within the gastrointestinal tract [204]. By ensuring the probiotics reach the intestinal
environment in an active state, encapsulation can markedly enhance their stability and
functional efficacy.

Engineered microbial strains, including next-generation probiotics (NGPs) and
CRISPR-edited strains, represent a significant advancement in the field of feed addi-
tives [205]. Next-generation probiotics (NGPs), such as Akkermansia muciniphila and Bac-
teroides spp., are being developed to confer specific health benefits, including modulation of
gut microbiota, reduction of inflammation, and enhancement of metabolic health [206,207].
These strains require more nutritional resources and exhibit increased sensitivity to aer-
obic conditions, thereby necessitating the implementation of sophisticated delivery sys-
tems [208]. Furthermore, engineered strains, such as Lactobacillus plantarum engineered to
express antimicrobial peptides, demonstrate considerable potential in improving disease
resistance and growth performance in aquaculture, through the targeted expression of
beneficial compounds [205].

For industry adoption, evaluations of new additives must address key factors: (1) ef-
fectiveness and reproducibility across species and scales, as laboratory results may not
translate to cages or ponds; (2) a cost–benefit analysis covering production, storage, and
administration costs, as well as benefits like improved growth or lower mortality; (3) supply
chain and availability for producers in low- and middle-income countries; (4) regulatory
approval and consumer acceptance, especially for options like phages, nanoparticles, and
genetically modified microbes; (5) ecological risks and residue concerns, such as phage
persistence, nanoparticle buildup, and antibiotic-resistance gene mobilization. While cur-
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rent research is promising, few studies combine biological effectiveness with economic and
environmental assessments. Addressing this gap should be a focus for future trials and
evaluations.

5.2. Mechanisms of Action and Measurable Biomarkers

Natural immunostimulants, particularly beta-glucans and nucleotides, play a pivotal
role in enhancing the immune response of fish. Beta-glucans, which are polysaccharides
derived from yeast and fungi, activate the innate immune system by binding to specific
receptors on immune cells, such as macrophages and neutrophils. This interaction triggers
a cascade of immune responses, including increased phagocytic activity and the production
of reactive oxygen species, which are crucial for combating pathogens [30,209]. Further-
more, beta-glucans have been shown to upregulate the expression of cytokines, such as
interleukin-1β and interleukin-10, thereby modulating the immune response and enhanc-
ing the fish’s ability to resist infections [210–212]. This immunomodulatory effect not only
improves disease resistance but also contributes to overall growth performance by reducing
the energy expenditure associated with immune challenges.

Nucleotides, on the other hand, serve as essential building blocks for nucleic acids and
play a critical role in cellular metabolism and energy transfer. Their supplementation in fish
diets has been linked to improved gut health and enhanced growth performance [213–215].
Nucleotides can stimulate the proliferation of intestinal epithelial cells, thereby improv-
ing gut integrity and nutrient absorption. They have been shown to modulate the gut
microbiota, promoting a favourable microbial balance that supports digestion and immune
function [216,217]. The synergistic effects of beta-glucans and nucleotides underscore the
importance of a comprehensive approach to immunostimulation in aquaculture, where
enhancing both innate immunity and gut health can lead to substantial improvements in
fish growth and resilience (Figure 3).

Figure 3. Mechanisms of action and measurable endpoints for feed additives in aquaculture.

Probiotics enhance nutrient utilisation and improve growth performance by increasing
digestive enzyme activity and promoting a balanced gut microbiome [218,219]. The pres-
ence of probiotics in the gastrointestinal tract can inhibit the growth of pathogenic bacteria
through competitive exclusion and the production of antimicrobial substances [220,221].
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This not only improves the overall health of the fish but also reduces the incidence of
disease, thereby minimising the need for antibiotic interventions. Prebiotics, on the other
hand, selectively stimulate the growth of beneficial gut bacteria, complementing the effects
of probiotics by fostering a healthy microbial environment [222,223]. The fermentation of
prebiotics in the gut results in the production of short-chain fatty acids (SCFAs), which serve
as an energy source for intestinal cells and exhibit anti-inflammatory properties [223,224].
Thus, the combined use of probiotics and prebiotics can significantly enhance the gut
health of fish, leading to improved feed conversion ratios and growth rates. This micro-
biome modulation is particularly significant in aquaculture, where the stress of farming
conditions can disrupt the natural balance of gut microbiota, resulting in health issues and
reduced growth.

Phytogenics enhance the immune response in aquaculture species by modulating
cytokine production and activating immune-related genes [225–227]. They possess an-
timicrobial properties that help control bacterial and parasitic infections by penetrating
microbial cells and causing dysfunction [227,228]. These compounds reduce oxidative
stress through their antioxidant activity, upregulating antioxidant enzymes to protect
tissues from damage [229,230]. Phytogenics facilitate growth by enhancing digestive en-
zyme activity and nutrient absorption, thereby improving feed conversion ratios [225,229].
They additionally demonstrate anti-inflammatory properties through the downregulation
of pro-inflammatory cytokines, contributing to overall health and resilience against dis-
ease [227,229,230]. Furthermore, phytogenics may influence reproductive performance
through interactions with hormone receptors and modulation of hormone levels, thereby
improving gonadal development and sperm quality [230].

Enzymes in aquaculture enhance protein digestibility and nutrient utilisation by
breaking down proteins into smaller peptides and amino acids, facilitating better absorp-
tion [231,232]. They also improve gut health and immune response, contributing to overall
fish health and reducing waste, which benefits water quality [231,232]. Organic acids
primarily operate through their antimicrobial effects, suppressing the proliferation of detri-
mental bacteria within the digestive system and reducing stomach pH levels to augment
the activity of digestive enzymes [233,234]. This facilitates improved nutrient absorption
and enhances growth performance.

6. Environmental Concerns About Aquatic Feed Additives

Concerns about the environmental effects of fish and shrimp farming relate to the
improper use of feed additives. Although these additives offer certain benefits, their misuse
and improper disposal can lead to adverse environmental impacts [235]. For instance,
the improper disposal and accumulation of florfenicol in the aquatic environment have
been documented with significant environmental and health implications [236,237]. Conse-
quently, addressing these issues requires a combination of improved practices, alternative
treatments, and stringent regulatory measures to ensure the sustainability and safety of
aquaculture. Antibiotics or antimicrobials are commonly used feed additives to control
bacterial diseases and promote growth in fish and shrimp farming [238,239]. However, their
use in aquaculture and livestock farming is increasingly restricted in regions such as the
European Union and the United States due to worries about antimicrobial resistance and
food safety. These resistant bacteria can spread to the surrounding environment through
effluent discharge, potentially contaminating water bodies and harming other organisms
that interact with them [240].

Fish feed is enriched with essential nutrients, including vitamins, minerals, and amino
acids, to meet the nutritional needs of farmed fish and shrimp [241]. Improper application or
excessive use of supplements in aquaculture can cause nutrient buildup and eutrophication
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in nearby water bodies [242]. These effects include decreased oxygen levels, the death of
aquatic organisms, and disruptions to the ecosystem [243].

Several measures can effectively reduce the negative environmental impacts of feed
additives [244]. Implementing strategies to reduce antibiotic use in aquatic animal feed
has proven highly effective [245]. This is especially important in addressing misuse and
overuse in regions like Asia, the Middle East, and Africa. Promoting alternative feed
additives, such as probiotics and prebiotics, which have similar benefits for animal health
and growth, can help achieve this goal [246]. Overall, developing and applying effective
strategies that meet both environmental and sustainable needs for using aquatic animal
feed additives is crucial. These strategies should consider environmental and public health
issues, necessitating collaboration among stakeholders, including farmers, researchers, and
policymakers [247], while also taking economic factors into account. A summary of the
impact of antibiotics used as aqua feed additives on the aquatic environment is presented
in Table 6.

Table 6. Impact of antibiotics used as aquafeed additives on the aquatic environment.

Antibiotic Environmental Impact References

Doxycycline

- Causes a significant decrease in glycogen and protein levels in fish tissues.
- Results in scale loss, mucus hypersecretion, and abnormal swimming

patterns.
- Concentrations above 10 mg/L raise public health concerns due to the

presence of antibioticresistant genes.

[248]

Sulfonamides
- Inhibits periphyton growth and alters microbial community structure.
- Increases the abundance of resistance genes (sul1 and sul2).
- Causes genotoxicity and histopathological changes in aquatic organisms.

[249,250]

Florfenicol
- Detected in high concentrations in aquaculture water, posing a significant

risk to algae.
- Inhibits the growth of marine microalgae Tetraselmis suecica.

[251,252]

Oxytetracycline
- Inhibits the growth of marine microalgae Tetraselmis suecica.
- Accumulates in sediments and nontarget organisms, impacting biodiversity.

[251,253]

Chloramphenicol - Inhibits the growth of marine microalgae Tetraselmis suecica. [251]

Enrofloxacin;
Ciprofloxacin

- High transportability from plasma to muscle and liver in fish.
- Detected in high concentrations in mariculture water, posing resistance risks.

[254,255]

Erythromycin - Detected in high concentrations in mariculture water, posing resistance risks. [252,255]

7. Regulatory Framework for the Use of Feed Additives in Fish and
Shrimp Farming

Aquatic feed additives have become crucial to ensure efficient and sustainable opera-
tions within the aquaculture industry [256]. Regulatory measures and oversight are critical
in ensuring that aquatic feed additives are used safely, effectively, and sustainably [257].
Such measures include monitoring and enforcing guidelines for the use of feed additives
to enhance pigmentation, growth, and antioxidant function [258]. This is essential for
consumer safety and the protection of the aquatic species’ environment.

7.1. International Regulatory Framework

At the international level, various organizations have played a key role in establish-
ing regulations and standards for the proper use of feed additives in aquaculture across
different countries [259]. The Food and Agriculture Organization (FAO) and the World
Health Organization (WHO) are well-known global bodies involved in such efforts. They
jointly established the Codex Alimentarius Commission (CAC/GL 3-1989), which carefully
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oversees food standards, focusing on setting guidelines related to aquafeed and other feed
additives [260,261]. The regulation CAC/GL 3-1989 provides a detailed method for screen-
ing and assessing dietary exposure to food additives using accessible data, including food
consumption patterns and maximum permitted levels. This helps evaluate compliance
with Acceptable Daily Intake values effectively and supports risk management decisions,
emphasizing the need for further evaluation or monitoring of additives [260,262].

Another key regulatory authority is the World Organisation for Animal Health (OIE),
which aims to strictly enforce responsible use practices within animal production systems
worldwide, especially those related to aquatic animals [263]. This organization also em-
phasizes the importance of maintaining animals’ well-being throughout their lifecycle and
ensuring that production remains sustainable and within the bounds of food safety [264].
Table 7 summarizes the different regulatory aspects of aquaculture feed additives in the
European Union, the United States, and China.

Table 7. A comparison of regulatory approval timelines or safety thresholds (EU vs. US vs. China) of
feed additives used in aquaculture.

Aspect European Union (EU) United States (US) China Reference

Regulatory
Body

- European Food Safety
Authority (EFSA)

- Food and Drug
Administration (FDA)
and Association of
American Feed Control
Officials (AAFCO)

Ministry of Agriculture
and Rural Affairs (MARA)

[265–267]

Approval
Process

- Comprehensive assessment
of safety for animals,
consumers, the environment,
and handlers

- Compulsory authorization
for all additives

- Guidance documents
provided by EFSA

- FDA and AAFCO
regulate safety and
efficacy

- Approval based on
scientific evidence and
safety data

- Proactive
government policies

- Focus on reducing
feed cost and waste
discharge

[265–271]

Safety
Thresholds

- Specific safety assessments
for each additive

- Acceptable Daily Intake
(ADI) levels are defined for
certain additives

- Safety and efficacy must
be demonstrated

- Specific safety thresholds
for additives like acetic
acid

- Emphasis on accurate
nutrient supply and
reducing toxicity

[265,266,269,
271–273]

Legislation

- Regulation (EC) No
1831/2003

- Food Improvement Agent
Package (FIAP)

- REFIT program for
evaluating legislation

- Federal Food, Drug, and
Cosmetic Act (FFDCA)

- Specific regulations for
genetically engineered
animals

- Policies for
sustainable
development and
food safety

[265,268,270,
274–276]

Focus Areas

- Safety for target animals,
consumers, the environment,
and handlers

- Efficacy of additives

- Safety and efficacy for
animal health and
productivity

- Environmental impact
assessments for GE
animals

- Reducing feed cost
and waste discharge

- Ensuring food safety

[265,269–
271,274]

Challenges

- Ambiguities in guidance
documents

- Need for better endpoints for
data collection

- Concerns about the
adequacy of regulatory
safeguards for GE
animals

- Coordination among
governmental
organizations

- Ensuring compliance
with regulations

[270,274]
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7.2. Regional and National Regulatory Frameworks

The rules for incorporating feed additives in aquaculture vary significantly by region
or country [263]. For instance, Regulation (EC) No. 1831/2003 oversees the management of
nutritional supplements within the European Union (EU) territories, covering everything
from authorization and product labelling to distribution through marketing channels [277].
Whenever a new feed additive enters the EU market, it undergoes a thorough evaluation
by the European Food Safety Authority (EFSA) before approval; safety requirements also
extend to post-approval issues like environmental impact and human safety, making sure
no adverse effects occur once it is approved and distributed across various markets [278].

In the United States, regulations regarding feed supplements are overseen by the
Food and Drug Administration (FDA), which operates under the authority of the Fed-
eral Food, Drug, and Cosmetic Act. The Association of American Feed Control Officials
(AAFCO) guides each state in regulating its respective feed supplements [279]. Among
other responsibilities, the FDA regulates finished dietary supplement products and dietary
ingredients under rules that are different from those governing “conventional” foods and
drug products [280]. The FDA also enforces a mandatory safety program for fish and
fishery products, and manufacturers of dietary supplements must follow current good
manufacturing practices [281].

Furthermore, in China, the Ministry of Agriculture of the State Council, now called
the Ministry of Agriculture and Rural Affairs, oversees the regulation of national feed and
feed additive administration. It manages the classification and approval of feed additives
in accordance with the outlined legislation. At the local level, this responsibility falls to the
relevant administrative departments under county governments [282].

While each country has its standards for feed supplements in the global aquaculture
industry, countries in the European Union follow a unified legal framework that supports
intra-EU trade. Regardless of jurisdiction, assessing the safety, potential risks, and overall
effectiveness of an additive remains a key part of regulatory oversight [283]. During the
approval process, scientific committees from leading regulatory agencies review ‘dossiers,’
which include scientific data, toxicological information, and detailed environmental risk
assessments of the additives before approval.

8. Key Issues and Measurable Endpoints in the Application of Feed
Additives

The practical application of feed additives in aquaculture is associated with several
key issues that must be addressed to ensure their sustainable use. These include variability
in additive efficacy across species and environments, inconsistent quality and availability,
potential adverse effects on fish physiology, consumer safety concerns regarding residues,
and ecological impacts such as antimicrobial resistance or nutrient loading.

To evaluate these challenges systematically and comparably, future studies should
adopt standardized, measurable endpoints. Core growth and production metrics include
feed conversion ratio (FCR), specific growth rate (SGR), protein efficiency ratio (PER), and
survival rate. Health and welfare indicators encompass haematological and biochemical
profiles, innate immune markers (e.g., lysozyme, complement, phagocytic activity, phe-
noloxidase), gut histomorphology, and stress enzyme activities (e.g., superoxide dismutase
(SOD), catalase (CAT), malondialdehyde (MDA)). Environmental endpoints should en-
compass residue accumulation in water and sediments, shifts in microbial community
composition, and quantification of antibiotic resistance genes (ARGs) in effluents. Eco-
nomic outcomes, such as the incremental cost per ton of feed and the return on investment
per kilogram of biomass produced, should also be consistently reported.
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Integrating these measurable endpoints across trials will facilitate comparability, fa-
cilitate meta-analyses, and ultimately inform evidence-based policy on additive use in
aquaculture (Table 8).

Table 8. Recommended endpoints and standard assays for feed additive trials.

Parameters Why Assays When

Growth and
performance

Primary production metric WG, SGR, FCR, PER
Weekly or biweekly during
trials (typical 4–12 week trials)

Survival and disease
resistance

Real-world production
viability

Cumulative survival, post-challenge
survival curves; challenge tests with
common pathogens

End of trial + challenge
follow-up

Innate immunity
Mechanism and
prophylactic value

Serum lysozyme activity, alternative
complement (ACP), phagocytic activity,
respiratory burst, SOD, and CAT

Baseline, mid-trial, end-trial,
and post-challenge

Adaptive immunity Longer-term protection
Specific antibody titres, lymphocyte
proliferation, and cytokine gene
expression

Later timepoints (weeks) and
post-vaccination/challenge

Gut health and
microbiome

Central to nutrient uptake
and immunity

Intestinal histology, digestive enzyme
activities, 16S rRNA gene sequencing
(alpha/beta diversity), SCFA
quantification

Mid and end trial

Digestibility and
nutrient retention

Feed efficiency and waste
output

Apparent digestibility coefficients (ADC),
nutrient retention indices, and faecal
nutrient analysis

Final phase ± periodic
sampling

Oxidative stress and
tissue health

Phytogenic and
antioxidant effects

SOD, MDA, CAT in liver/muscle;
histopathology

End trial

Residues and
environmental fate

Public health and
environmental risk (esp.
antibiotics, antioxidants)

Antibiotic residues in
tissue/water/sediment; ARGs (qPCR);
chemical residuals (LC-MS)

During and after the feeding
period, sediment sampling for
benthic accumulation

Product quality and
composition

Market value
Fillet colour, lipid profile, proximate
composition

Harvest

Environmental metrics
eutrophication/ecosystem
impact

Dissolved inorganic nitrogen and
phosphorus, chlorophyll a, BOD, and
benthic oxygen demand

Regular pond/pen/effluent
monitoring

Economics/LCA Adoption decisions
Cost per kg gain, feed cost ratio, basic
LCA endpoints if available

End of trial and scenario
modelling

Legend: Weight gain (WG), Specific Growth Rate (SGR), Feed Conversion Ratio (FCR), Protein Efficiency Ratio
(PER), Life cycle assessment (LCA), Short-Chain Fatty Acids (SCFA), Biochemical Oxygen Demand (BOD).

9. Knowledge Gaps and Research Priorities

Our review identifies several gaps: (1) a deficiency in long-term and field-scale research
concerning ecological fate and accumulation, as most studies are limited to short laboratory
experiments or small pond trials; (2) an absence of systematic studies on additive–additive
and additive–ingredient interactions that could reveal synergy or antagonism; (3) inad-
equate dose–response data for many commercially relevant species on a species-specific
basis; (4) a paucity of mechanistic studies linking additive application to molecular path-
ways, such as those employing omics approaches; and (5) regional disparities in regulation
and enforcement that impede harmonised efforts and recommendations. It is therefore
recommended to prioritise (i) standardised, multi-site dose–response trials with agreed end-
points; (ii) integrative mechanistic studies (transcriptomics, metabolomics, microbiomics)
to establish modes of action and biomarkers of efficacy; (iii) long-term ecotoxicology and
residue studies (water, sediment, non-target organisms); (iv) economic and life-cycle assess-
ments for promising additives; (v) development of harmonised, evidence-based guidance
documents and registries of authorised additives with species-specific dose ranges.
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10. Conclusions and Future Outlook

Fish feed additives provide numerous benefits in aquaculture, including promoting
growth, controlling diseases, and enhancing nutritional value. Natural immunostimulants
have shown great potential as feed additives, boosting disease resistance and improving
the innate immune response in fish and shrimp. Probiotics and prebiotics also have positive
effects on the health of fish and shrimp in aquaculture. Synthetic feed additives provide
a well-balanced diet tailored to meet the specific nutritional needs of various fish and
shrimp species. These meals supply targeted nutrition to support the health of aquatic
animals. However, the unregulated or improper use of these additives can lead to harmful
environmental effects. Therefore, responsible use of aquatic feed additives should be a
priority in sustainable aquaculture practices. This includes promoting environmentally
friendly alternatives and protecting the long-term health of aquatic ecosystems.

Given the increasing interest in sustainable and eco-friendly practices, future research
may explore innovative feed additives derived from natural sources, such as plant extracts,
prebiotics, probiotics, and synbiotics. Studying their effectiveness, safety, and mechanisms
of action can offer alternatives to traditional feed additives, thereby decreasing reliance on
synthetic compounds (Figure 4). Researchers might focus on enhancing nutrient utilisation
and minimising waste in aquaculture systems. This could involve examining how feed
additives affect nutrient digestion, absorption, and retention, as well as their impact on
waste composition and nutrient excretion. The goal is to optimise feed formulas and
feeding strategies for improved efficiency and reduced environmental impact.

Figure 4. Schematic summary of feed additive mechanisms, benefits, risks, and future perspectives in
aquaculture.

This review highlights new opportunities, but advancing requires a shift from broad
speculation to targeted, empirical research. Future studies should test hypotheses support-
ing the use of sustainable feed additives in aquaculture. By 2030, well-developed symbiotic
formulations could reduce synthetic additives by over 50% without compromising growth
or survival, as confirmed through controlled farm trials that evaluated growth, immune
markers, microbiome, and costs. Bacteriophage–probiotic combinations are expected to
reduce Vibrio and Aeromonas infections by at least 40% and lower antibiotic resistance genes
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in effluent by 1 log10, as validated through farm studies on outbreaks, survival, antibiotic
use, and resistance profiles. Nano-encapsulated phytogenic blends may offer growth and
health benefits at half the standard dose, while reducing environmental residues by at least
30%, as demonstrated in pond trials and chemical residue analyses.
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