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Aquaculture plays an important role in food production for the world population and at the same time for the

livelihood of the most needed globally. The concerns about sustainability and ecological health are growing in this

extremely diversified sector just like in the whole agriculture industry. The use of probiotics in aquaculture already

has a long history and has served from the beginning the goals of more sustainable production; however, the

expansion of intensive systems along with global climate change produces new challenges. 

probiotics  aquaculture  microbiome  metagenomics

1. Introduction

Aquaculture is one of the world’s largest and most rapidly developing food production sectors; it is practiced with a

wide variety of intensities and techniques, culturing—besides plants—a plethora of vertebrate and invertebrate

species in the sea and freshwater. It contributes significantly to the livelihood and food of the ever-increasing world

population . The Blue Food Assessment, a collaboration involving more than 100 researchers, systematically

assessed how aquatic food contributes to global food security, providing protein and other valuable nutrients for

more than 3.2 billion people . “Blue food” is a rich source of the omega-3 long-chain polyunsaturated fatty acids

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), as well as vitamins A and B  .

Since the aquaculture industry has been gradually shifting to crop-based feed ingredients that fundamentally link

aquaculture production to terrestrial agriculture, multidisciplinary research is needed to study the ecological and

environmental health implications . However, the intensification of aquaculture practices has increased the stress

for both the aquatic animals and the environment . Various chemicals and antibiotics have been applied 

 that cause serious problems and indirectly affect human health and even directly by producing antibiotic-

resistant bacterium strains. It was long ago that the European Union stated in Regulation (EC) No. 1831/2003 that

“Antibiotics, other than coccidiostats or histomonostats, shall not be authorized as feed additives”, which prompted

researchers to seek for alternatives to reduce the abuse of antibiotics, not only in Europe, and one of the most

promising was the group of probiotics. Ensuring animals’ good health and well-being remains a cornerstone in all

aquaculture systems. To achieve this goal, probiotics offer a sustainable and eco-friendly alternative by replacing

antibiotics and synthetic chemicals . Probiotics’ beneficial role in aquaculture is diverse but perhaps the best-

known effect of them is the amelioration of feed utilization of the host, easily measurable by the feed conversion

ratio (FCR). Lowering the FCR is crucial from an economic point of view but is also important to decrease the load

on the environment. Fry et al.  discuss the limitations of simply using FCR to evaluate the effectiveness of feed
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utilization concluding that using multiple measures to compare the efficiency of various types of food including

nutrient and calorie retention is advisable. Environmental footprint measures including resource use, greenhouse

gas emissions, biodiversity loss, and water pollution have also to be considered. Avadí et al.  compared the

environmental performance of different types of feed use by applying the Life Cycle Assessment (LCA), which

provided a more complex picture than the simple consideration of FCR. The consideration of the environmental

footprint of given production technologies is also a growing concern in aquaculture . The Blue Growth Strategy

of the European Union is turning out to be a global movement  and is in accordance with the United Nations

Sustainable Development Goals set in 2015 .

Probiotics are relatively simple to define correctly: “a product containing microbiota in a quantity capable of

producing a putative beneficial effect” . As will be discussed later, this effect is mainly achieved by influencing

the microbiome of the intestinal tract both in human medicine and animal husbandry. A wider definition was

provided by Verschuere et al.  suggesting that: “it is a microbial supplement with living microorganisms, with

beneficial effects on the host, by modifying its microbial community associated with the host or its cultivation

environment, by ensuring improved utilization of the artificial feed or its nutritional value, enhancing the host

response toward diseases and by improving its vigor in general”. Probiotics are the functional feed additives group

derived from different sources and include prebiotics, probiotics, seaweeds, mushrooms, microalgae, enzymes,

organic acids, mycotoxin binders, phytobiotic compounds, and yeasts .

El-Saadony et al.  also collected several works from the literature defining probiotics. Felis et al.  provide an

excellent summary of probiotics taxonomy that includes fungi. Ran et al.  found that both live and heat-

inactivated baker’s yeast had beneficial effects on Nile tilapia while live yeast showed advantages as a dietary

supplement. Abdalkareem et al.  confirmed the probiotic role of the unicellular fungi Aspergillus niger in common

carp since it improved growth, immunity, digestion, and fish hematology.

Probiotics are mostly living microbial cells, although heat-inactivated versions have also been proven to have

benefits for the host. These beneficial microbes play a pivotal role in regulating health conditions directly and by

helping the immune system, growth performance, and feed utilization of animals. Their use in aquafeeds was the

first area of intense development that continues until now. However, the application of probiotics offers effective

new and sustainable ways of maintaining good water quality and even increasing the biomass of natural food

organisms in different pond cultures  as will be discussed later. In aquaculture, the use of probiotics is similar to

that of terrestrial animals, but there are also significant differences due to the different environments. The more

direct link between aquatic animals and their environment has even led to a broader interpretation of the concept of

probiotics, including the environment . This indicates the 109 exposures to aquatic pathogenic microbes (Vibrio

sp., Plesiomonas shigelloides, Aeromonas sp.), which cause most mortality in cultivated crustacean and fish

species and are also important from a human perspective as they can cause food poisoning. Limbu et al. 

analyzed the systemic effects of antibiotics in cultured fish and their potential human health risk. In the spirit of this

more holistic approach, Infante-Villamil et al.  stress the importance of maintaining a high diversity level in the

microbiome of aquaculture animals (vertebrate and invertebrate).
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Probiotics used in aquaculture constitute a significant part of a huge market of global probiotics in animal feed. This

market was valued at USD 4.4 billion in 2020 and is estimated to reach USD 7.3 billion by 2026. The demand is

projected to remain high due to the increasing awareness of their benefits . This sound background certainly

fosters scientific research and product development, too.

Developments in microbiome science have certainly opened new frontiers of research for probiotics, prebiotics,

and postbiotics not only in human healthcare but also in aquaculture. Novel products and applications may

significantly change the profile of good practice in many fields and even portend a new era in sustainable

development. It is a difficult task to provide an overall summary of the recently published literature on this field—an

ever-growing mass of information—where even excellent reviews can be found in great numbers such as 

, not mentioning some earlier ones.

2. The Microbiome of Aquatic Animals and Its Functioning

2.1. Main Characteristics of the Aquatic Microbiome

Natural water bodies and aquatic organisms living in them are occupied by a galaxy of microorganisms. The

interaction between the microbes of the environment and the vertebrate and invertebrate organisms is constant.

The interactions with positive or negative effects among microbial species in the gut of the animals also play an

important role that profoundly affects health and vitality. The exogenous microbes also enter the host organism

through the skin and gills that harbor symbiotic, commensal, and pathogenic bacterial communities thereafter.

Protective mucous covers the surfaces that, with its resident microbiome, can protect against deleterious microbes

. The persistent microbiome provides the host with both immunogenic and metabolic integrity and functionality

.

The main site of host–microbe interactions, however, is the gastrointestinal tract (GIT) and its colonization and

functioning have major importance . The concept and role of the core microbiome resulting from the

coevolution of host and microbiota are discussed by Wuertz et al. . The GIT of fish is populated by a bacterial

load of about 108 bacterial cells per gram, which represent approximately 500 mainly aerobic or facultative

anaerobe microbes . Ringø et al. , for example, summarize results obtained using lactic acid bacteria and

bacilli (LAB) in the aquaculture of crustaceans and fish listing in 14 papers published only between 2017 and 2019

that discuss the beneficial effects of Lactobacillus and Enterococcus species. The oxygen content in the fish gut is

higher than in the human gut, which can explain the low abundance of anaerobic bacteria. Bacteroidetes,

Firmicutes, and Proteobacteria comprise the dominant proportion of the gut microbiota in most fish .

Herbivores’ guts have the most diversified microbiomes because the digestion of cellulose needs bacteria such as

Clostridium, Leptotrichia, or Citrobacter .

2.2. Probiotics’ Role in Disease Control
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Probiotics are used extensively in aquaculture for disease control, notably against bacterial diseases .

Probiotics’ pathogen antagonism works in various ways. Probiotics can produce materials that prevent the

reproduction of pathogens or kill them directly . The most important postbiotics group is bacteriocins, which are

proteinaceous or peptidic toxins produced by bacteria to inhibit the growth of similar or closely related bacterial

strain(s). Although bacteriocins have been predominantly used as food preservatives, they are now receiving better

attention as potential clinical antimicrobials and as potential immune-modulating agents . Besides

bacteriocins, the production of exoenzymes can also be an issue in the evaluation of potential probiotics .

Probiotics support the host organism’s immune system and/or inactivate toxins produced by pathogens .

Probiotics compete with pathogens for nutrients and adhesion sites .

Bacterial probiotics play a key role both in the immune responses of the host animal and in the interaction between

these responses and intestinal bacterial communities . Montalban-Arques et al.  extensively describe the

potential microbial strategies that improve the gut mucosal immunity in fish. According to them, the therapeutic

approach mechanisms include a competitive exclusion for binding sites and translocation, enhanced barrier

function by reversing the increased intestinal permeability, enhanced mucosal immunoglobulin IgT/Z response to

enteral antigens, reduction in secretion of inflammatory mediators, stimulation of innate immune functions,

stimulation of the release of antimicrobial peptides (AMPs) at the mucosal layer, enhancement of the availability of

anti-inflammatory mediators by regulatory immune cells, production of metabolic health-enhancers such as SCFAs

by non-digestible prebiotics, and diffusion of SCFAs through the enterocytes to improve mucosa barrier functions.

2.3. Probiotics for Enhancing Feed Utilization

Probiotic supplementation enhances feed utilization and weight gain in aquatic animals and stimulates the host’s

appetite and feed palatability by breaking down indigestible components, producing vitamins, and detoxifying

poisonous compounds in the diet. Probiotics increase aquatic animals’ resistance to stress caused by

environmental and technological hazards . Wang et al.  mention another important application of beneficial

bacteria, namely serving alternative aquaculture feeds that provide micronutrients such as vitamins, fatty acids,

and essential amino acids in addition to macronutrients to support the healthy growth of aquatic animals.

2.4. Concept of Synbiotics

Prebiotics play an important role in the effective functioning of probiotics, so it is justified to use the common name

“synbiotics”, which is frequently used in the medical and veterinary literature. Montalban-Arques et al.  explain

the interactions during the preventive and curative probiotic treatments, stressing that adding a diet of exogenous

microbial sources may increase fish health through a host–microbe positive loop. Commensal gut microbes might

be modulated by dietary administration of target microbes, non-digestible elements, or a mix of both. The expected

output should turn into preventive or curative strategies. The use of synbiotics is expected to restore the

homeostatic stage, which is illustrated in Figure 1. The assessment of the selected approach might be quantified,

modeled, or dissected using omics tools, germ-free models, and microbiome analyses.
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Figure 1. The action of synbiotics under health and dysbiosis (modified after Montalban-Arques et al. ).

Wuertz et al.  also profoundly discussed the probiotic action modes as illustrated and simplified below (Figure

2). Several reviews discuss in great detail all aspects involved in the beneficial effects of the probiotics mentioned

above, providing lists of the microbe species responsible .
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Figure 2. Probiotic modes of action (modified after Wuertz et al. ).

A recently published excellent review by Mougin and Joyce  provides an elucidating summary of disease

etiology as a preliminary step toward the development of new prevention methods, underscoring the importance of

the early identification of dysbiosis-associated biomarkers prior to any physical signs of the disease.
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