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Introduction

One of the areas of food production that is expanding the quickest in the world is aquaculture, which is essential to supplying the need for fish and
shellfish protein. However, growth, immunity, and general well-being are all impacted by adequate nutrition, which is crucial for aquatic species’
production and health. In this regard, the usage of prebiotics and probiotics has grown in popularity as environmentally friendly substitutes for chemical
therapies and antibiotics. Probiotics are live microorganisms that improve immune responses and alter the gut microbiota to provide health advantages
when given in the right proportions. Conversely, prebiotics are indigestible food ingredients that specifically promote the development or activity of
advantageous gut microorganisms, enhancing nutrient absorption and digestion.

In aquaculture, probiotics are good living bacteria that colonize the digestive tract, improve gut microbial balance, and boost immunity when given in
sufficient quantities. Common probiotic strains that are well-known for their capacity to suppress harmful bacteria, enhance gut health, and boost nutrient
utilization include Lactobacillus species, Bacillus species, and Enterococcus species. Conversely, prebiotics are indigestible substances such inulin,
fructo-oligosaccharides (FOS), and mannan-oligosaccharides (MOS) that specifically promote the development of healthy gut flora, improving digestion
and preventing disease. Probiotics and prebiotics work together to improve gut health, increase immunity, and maximize nutrient absorption, which
improves feed efficiency and growth performance.

This review aims to investigate the function of prebiotics and probiotics in aquaculture nutrition, emphasizing their advantages for environmental
sustainability, disease resistance, and growth performance. It will also cover issues related to their application, like the fact that different species and
environmental circumstances have varying degrees of efficacy. The goal of the review is to offer ideas for future improvements to enhance aquafeeds
and aquaculture operations in general by analyzing existing research and finding shortcomings.

Concept of Probiotics and Prebiotics in Aquaculture

Probiotics and prebiotics have become indispensable tools in aquaculture nutrition, providinglong-term solutions to improve the health and production
of aquatic species. Probiotics are live bacteria that improve immune responses and alter the gut microbiota to promote the host's health when given in
sufficient quantities. Probiotic strains such as Lactobacillus species, Bacillus species, Enterococcus species, and Pediococcus species are frequently
employed in aquaculture. These advantageous microorganisms outcompete harmful bacteria, colonize the gastrointestinal tract, and enhance the
absorption of nutrients. Beyond digestion, they also affect the immune system, stress tolerance, and even the ability of farmed fish and shellfish to
reproduce.
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Figure 1: Benefits of Probiotics

Prebiotics, on the other hand, are indigestible dietary ingredients that specifically promote the development and activity of advantageous gut microbes,
hence boosting nutrient absorption and gut health. Prebiotics are substances that intestinal microorganisms can digest to create short-chain fatty acids,
such as mannan-oligosaccharides (MOS), fructo-oligosaccharides (FOS), inulin, and B-glucans. These fatty acids lessen the colonization of dangerous
infections, enhance energy metabolism, and strengthen gut integrity. By promoting the growth of advantageous bacteria like Bifidobacteria and
Lactobacillus and preserving a balanced microbial environment, prebiotics also help fish's immune systems.

The use of Synbiotics, which mix probiotics and prebiotics to produce synergistic benefits, is a recent development in aquaculture nutrition. Synbiotics
increase the environment for probiotic survival and growth in addition to increasing microbial stability in the gut. Synbiotics improve immune responses,
increase resistance to disease, and improve digestion by delivering live beneficial bacteria and the prebiotic chemicals they feed on at the same time. In
a variety of aquaculture settings, these formulations have demonstrated promise, particularly in the face of difficult circumstances like high stocking
densities and environmental variations.

Mechanism of Action

Probiotics and prebiotics have a variety of biological routes via which they support the health of fish and shellfish in aquaculture. By encouraging the
colonization of good bacteria and preventing the growth of dangerous pathogens through competitive exclusion, probiotics serve a critical role in
regulating the gut microbiota and preserving microbial equilibrium. This procedure successfully reduces bacterial infections by preventing pathogens
from accessing nutrients and binding sites on gut surfaces. Probiotics create antimicrobial substances like bacteriocins and organic acids, which further
suppress dangerous bacteria, in addition to pushing out pathogens. Additionally, probiotics boost both innate and adaptive immune responses by
stimulating the host's immune system. Contrarily, prebiotics work by acting as substrates for the good gut bacteria and promoting their growth in a
targeted manner. Short-chain fatty acids (SCFAs), such acetate, propionate, and butyrate, are produced when gut bacteria ferment prebiotics and have
several health advantages. In addition to serving as energy sources for intestinal cells and lowering intestinal pH, SCFAs also promote healthy gut function
by making the environment less conducive to infections. Furthermore, by promoting enzyme activity and aiding in the absorption of vital minerals like
calcium, magnesium, and phosphorus, prebiotics enhance nutritional digestion and absorption. By altering tight junction proteins, decreasing gut
permeability, and stopping the movement of pathogens and toxins into the circulation, prebiotics help improve the function of the intestinal barrier.

By increasing growth performance, strengthening immunity, and lowering reliance on antibiotics, the combination of these mechanisms—by probiotics
and prebiotics—offers a sustainable strategy for increasing aquaculture output. Their influence goes beyond the health of individual fish; by encouraging
improved water quality and lowering disease outbreaks, they support environmental sustainability. However, the strain used, the dietary makeup, and the
environmental conditions can all affect how effective these functional feed additives are. This underscores the need for more research to create
formulations that are optimized for various aquatic species and farming systems.
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Figure 2: Physicochemical-Biological factors favorable for probiotics

Key Probiotic and Prebiotic Strains Used in Aquaculture

Certain probiotic and prebiotic strains are essential for enhancing health, nutritional absorption, and disease resistance in aquaculture. Probiotics such as
Lactobacillus species, Bacillus species, Pediococcus species, and Enterococcus species are frequently utilized. Through the enhancement of beneficial
microbial populations and the reduction of intestinal pH, which makes the environment unfriendly for infections, Lactobacillus species boost gut health.
under addition to secreting digestive enzymes like amylases and proteases to improve nutritional absorption, Bacillus species are frequently used for their
capacity to generate spores, which provide stability under a variety of environmental circumstances. While Enterococcus strains provide antimicrobial
peptides that improve gut microbial balance and pathogen control, Pediococcus strains are known to activate the immune system. Furthermore, the effects
of prebiotics on aquaculture nutrition, including mannan-oligosaccharides (MOS), fructo-oligosaccharides (FOS), inulin, and B-glucans, are being
extensively researched. To lower the risk of infection, MOS has been shown to bind pathogenic bacteria and stop them from adhering to the gut lining.
By encouraging the development of good gut bacteria that digest these fibers into short-chain fatty acids that boost intestinal health and metabolic function,
fructooligosaccharides (FOS) and inulin contribute to microbial diversity. Conversely, B-glucans are known to have immunostimulatory qualities that
increase fish tolerance to illness and environmental stress.
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Figure 3: Probiotic and Prebiotic Strains Used in Aquaculture

The selection of probiotics for aquaculture is based on key criteria to ensure safety, colonization efficiency, and functional performance. The strains must
be non-pathogenic, safe for the host and humans, and compatible with other microbes in the aquatic environment. Effective colonization is essential to
allow the probiotics to maintain their presence in the gastrointestinal tract over time. Furthermore, the strains should demonstrate measurable benefits,
including improved growth rates, disease resistance, and better nutrient utilization. Prebiotic selection also depends on compatibility with the gut
microbiota of specific aquatic species, as well as the ability to enhance the survival and activity of probiotic strains when used together in synbiotic
formulations.

Benefits of Probiotics and Prebiotics in Aquaculture

It has been demonstrated that adding probiotics and prebiotics to aquaculture has a number of important advantages that improve fish farming methods'
sustainability and production. The enhanced growing performance of aquatic species is one of the main benefits. According to research, adding these
functional feed additives can improve feed conversion ratios (FCR) and speed up growth rates. Probiotics increase the digestion and absorption of
nutrients, which leads to more effective feed usage and, eventually, increased biomass accumulation in farmed fish.
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Advantages of Adding Probiotics and Prebiotics to | Details
Aquaculture

Enhanced Growth Performance Improves feed conversion ratios (FCR) and accelerates growth
rates. Probiotics enhance digestion and nutrient absorption,
leading to more effective feed usage and increased biomass
accumulation in farmed fish.

Disease Resistance Strengthens immune systems of fish and shellfish, providing better
defense against bacterial, viral, and parasitic illnesses. Specific
probiotic strains reduce occurrences of diseases like Aeromonas
and Vibrio infections. Promotes a healthy gut microbiota to
protect against pathogens.

Water Quality Management Regulates ammonia, nitrate, and hazardous chemical levels in
aquaculture systems. Encourages growth of beneficial bacteria
that break down toxic chemicals, crucial for maintaining water
quality in intensive aquaculture.

Improved Digestive Efficiency and Gut Health Enhances gut structure, including increased villi height and
surface area, improving nutrient absorption and digestive
efficiency. Reduces intestinal inflammation and improves
microbial balance, leading to better feed utilization and thriving
fish.

Overall Benefits Higher growth rates, increased disease resistance, better water
quality control, and improved digestive health, all contributing to
sustainable aquaculture practices.

Table 1: Benefits of Probiotics and Prebiotics in Aquaculture

Case Studies and Experimental Evidence

Probiotic and prebiotic use in aquaculture has demonstrated encouraging outcomes for a number of species, including salmon, tilapia, and shrimp. For
example, research on shrimp (Litopenaeusvannamei) has shown that adding probiotics such Lactobacillus plantarum and Bacillus subtilis to their meals
significantly improves their growth performance and survival rates. In addition to accelerating development rates, these probiotics also improved
resistance to Vibrio infections, which are a frequent risk in shrimp farming. The shrimp's development and health were greatly aided by the probiotics'
improvement of the gut's microbial balance. Similarly, numerous research investigating the advantages of prebiotics such as mannan-oligosaccharides
(MOS) have been conducted in tilapia (Oreochromisniloticus). According to research findings, adding MOS to tilapia diets increased immune responses
and feed conversion ratios. Prebiotic use has the potential to increase tilapia's resistance to disease since it has been associated with improved nutrient
absorption and lower mortality rates under stressful situations when gut microbiota is modulated. Experimental data demonstrated the advantages of
employing synbiotic formulations that incorporate both probiotics and prebiotics in the instance of salmon (Salmosalar). A study showed that adding a
synbiotic combination to the meal boosted the fish's immune system and improved development performance, especially when the environment was
stressful, like when the water quality was poor. In comparison to control groups, the combined benefits of probiotics and prebiotics led to improved
general health and a greater survival rate.

It is imperative to acknowledge the constraints and variances in the efficacy of probiotics and prebiotics among various animals and environmental
circumstances. The results of these food interventions can be influenced by variables including water temperature, salinity, and the natural microbial
makeup of the aquatic habitat.

Not all probiotic strains are equally successful for all species, according to research, and what works well for one species might not work the same way
for another. The effectiveness of probiotics and prebiotics can also be impacted by changes in environmental factors, such as pH shifts or the presence of
pollutants. Therefore, to maximize the use of probiotics and prebiotics in aquaculture, a customized strategy that takes into account particular species and
their environmental contexts is crucial, even though the potential advantages are significant.

Challenges and Limitations

Probiotics' efficacy and commercial feasibility may be greatly impacted by the difficulties and restrictions associated with their use in aquaculture. Due
in large part to the absence of standardization in probiotic formulations, one significant problem is the variance in strain performance. Aquatic organisms'
development, health, and resistance to illness can be significantly impacted by strains of the same species. This discrepancy results from a number of
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variables, including the strains' origin, preparation techniques, and the particular testing setting. Because of this, aquaculture producers find it difficult to
choose the best probiotic for their unique requirements, which forces them to rely more on anecdotal evidence than on scientific confirmation. The
effectiveness of probiotics is also greatly influenced by environmental conditions. The activity and survivability of probiotics can be negatively impacted
by factors including temperature swings, water quality measures (such as pH and dissolved oxygen levels), and the general stress that the fish are under.
For example, probiotics' positive benefits can be lessened by high temperatures and poor water quality, which can lead to less than ideal growth and
health results for cultivated species. Stress scenarios, such as handling, overcrowding, or disease outbreaks, can also weaken fish's immune systems,
reducing the potential benefits of probiotics.

Significant obstacles also exist in the areas of cost and commercialization. Effective probiotic formulations can be costly to produce and supply, which
may discourage farmers from using these advantageous supplements. The approval and labeling of probiotic products are also subject to regulatory issues,
which may make their commercialization more difficult. Regulations governing the use of probiotics in aquaculture may differ between nations, creating
ambiguity and impeding market acceptance. The further adoption of probiotics and prebiotics in aquaculture will depend on resolving these issues as the
sector looks for more effective and sustainable methods.

Future Directions and Research Gaps

To increase the production and well-being of cultivated species, more research on probiotics and prebiotics for aquaculture is essential. The creation of
species-specific strains that are adapted to the distinct microbiomes and physiological requirements of different fish and shellfish species is one important
area of focus. More disease resistance, better immunological responses, and faster development rates could result from customized formulations. Probiotic
strains from various aquatic settings must be isolated and characterized, according to recent studies, to guarantee their efficacy and compatibility for
aquaculture species. Encapsulation methods that shield probiotics from the unfavorable circumstances frequently present in aquaculture environments,
including fluctuating temperatures, salinities, and pH levels, represent another significant area of research. Cutting-edge encapsulation methods can
improve probiotics' stability and viability during transportation and storage, guaranteeing that these advantageous microbes reach aquatic animals' guts
efficiently. The overall effectiveness and durability of probiotic compositions can be greatly increased by using sophisticated encapsulation techniques.
It's also critical to discuss the safety and long-term impacts of probiotics in aquaculture. Even though a number of studies have shown promising short-
term results, full information about the long-term effects of probiotic use is still lacking. Assessing any possible negative impacts on fish health, gut
microbiome balance, and system stability is crucial. For probiotics to be accepted by regulators and used in the aquaculture sector, it will be essential to
comprehend these long-term effects.

Investigating fresh sources of probiotics is another exciting line of inquiry. Because of their innate capacity to adapt to aquatic conditions, marine bacteria
and microalgae have drawn interest as possible probiotic candidates.

These microbes may offer special advantages, such as better immune responses and increased nutrient absorption, that may even outweigh or supplement
those provided by conventional probiotics, according to preliminary research. New probiotic strains that are especially advantageous for aquaculture
applications may be produced by further research into the diversity and functions of marine microbial ecosystems.

Future studies can greatly improve our knowledge and use of probiotics and prebiotics in aquaculture by concentrating on these important areas, which
will ultimately lead to healthier and more sustainable production systems.

Conclusion

In summary, adding probiotics and prebiotics to aquaculture diets has a lot of potential to improve aquatic species' productivity and general health. Higher
growth performance, increased resistance to disease, higher absorption of nutrients, and improved intestinal health are among the possible advantages.
Their use is not without significant difficulties, though, including variations in strain efficacy, performance-affecting ambient conditions, and the
difficulties of commercial manufacture. In order to maximize the utilization of functional additives in aquaculture settings, these problems highlight the
significance of continuous research and innovation.

Furthermore, it is essential to create standardized formulations that address the unique requirements of different fish and shellfish species in order to
optimize the efficacy of probiotics and prebiotics. Technological developments in encapsulation can also aid in shielding these additives from unfavorable
environmental circumstances, increasing their viability and efficiency in aquaculture systems. Furthermore, more research is required to assess the safety
and long-term effects of probiotic use, making sure that neither fish health nor ecological balance will be jeopardized.

Lastly, the safe and long-term use of probiotics and prebiotics in aquaculture procedures depends on the development of strong regulatory frameworks.
Legislation should support research projects that investigate novel sources and formulations while working to guarantee the efficacy and quality of these
products. The aquaculture sector may fully utilize probiotics and prebiotics by tackling these issues and concentrating on regulatory support, which will
help ensure a more robust and sustainable future for aquatic farming.
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