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Today's increasing demand for aquaculture production is accompanied by various
challenges such as diseases, broodstock improvement, domestication, development
of suitable pellets and feeding methods, hatchery technology, and water quality
management. Thus, probiotic usage has been reported as the ideal alternative to
antibiotics, other chemotherapeutics, and additional supplements to other alternative
ingredients. The main beneficial roles of probiotics include the enhancement of
disease and stress resistance, immunity, promotion of growth and reproduction,
improvement of digestion, provide several nutrients, and enhancement of water
microbial composition. To guarantee safety, the probiotics provided must be non-
invasive and non-pathogenic. The use of probiotics in aquaculture, either directly or in
combination with alternative materials such as plant protein diets, vitamins,
microalgae, fermented products, and so on, has been shown to improve the health
and growth of aquatic animals and offer significant benefits to the sustainability of the
industry. There is advocacy for a systematic approach to conducting innovative
research to unearth new putative strains, which is substantial in ensuring sustainable
probiotic usage and, thus, can help in the continuous development of the aquaculture
industry especially in China. Some examples of the probiotics found in China are
mainly photosynthetic bacteria (PSB) which are autotroph bacteria capable of
photosynthesis, antagonistic bacteria (Pseudoalteromonas sp., Flavobacterium sp.,
Alteromonas sp., Phaeobacter sp., Bacillus sp., etc.), bacteria that contribute nutrients
and enzymes during digestion (lactic acid bacteria, yeasts, etc.), bacteria that improve
water quality (nitrifying bacteria, denitrifying bacteria, etc.), Bdellovibrio, and other
probiotics. This review also focuses on the potential use of probiotics in aquaculture,
especially in China, and probiotics’ prospective future role.
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1 Introduction

Over the past few years, global fish aquaculture production has
increased rapidly, reaching 82 million tons worth USD 250 billion
in 2018 from less than 1 million tons in the early 1950s.
Aquaculture’s contribution to global fish production increased
from 25.7% in the year 2000 to 46% in 2018 (Figure 1, FAO,
2023). Global food fish consumption has also increased at twice the
rate of world population growth per year and is higher than other
animal protein types (FAO, 2020). It can be concluded from the
data obtained that global fish consumption is increasing faster than
the average growth of 5.3% per year. Therefore, to meet the rapidly
growing demand, aquaculture production practices must be
intensified and developed to a higher level in terms of technology
and practice (Tuan et al,, 2013).

The word “probiotic” is derived from the Latin word “pro”
which means “for” and the Greek word “biotic” which also means
“life.” Lilly and Stillwell used the word in 1965 to describe chemicals
that stimulate microbial growth. The FAO/WHO (2001) defines
probiotics as beneficial living microorganisms that, when taken
effectively, enhance host health. They achieve this by modifying the
microbial populations associated with the host. Probiotics have
been demonstrated to improve nutrition, feed utilization, and
enhance immunity, ultimately increasing disease resistance.
Lazado and Caipang (2014) proved the practical advantages of
probiotics in aquaculture in 1986.

According to statistics released in October 2023, China accounted
for about 35% of the global aquatic product production volume in
2021, making it the world’s largest producer of aquatic products. The
consumer market for aquatic products surpassed the total retail
market revenue of USD 80 billion. The production volume of
aquatic products have increased rapidly over the years, especially in
aquaculture which while recording an estimated production volume
of 4.5 million tons in 1980 increased its production to 69 million tons
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as of 2022. Meanwhile, the production of capture fisheries has been
relatively stable at 13 to 15 million tons in same year. Therefore,
considering China as the largest consumer, the fisheries development
plan published in January 2022 seeks to further increase aquaculture
production in quality and quantity while reducing the volume of wild
fish catch by the year 2025 and probiotics application is to play
critical role.

The increasing demand for aquaculture production today is
accompanied by many challenges, such as diseases and epizootics,
improvement of broodstock and domestication, development of
compliant pellets and feeding mechanisms, hatchery and rearing
technologies, water quality management by increasing intensification
and commercialization of aquaculture production. Epizootic
Ulcerative Syndrome (EUS) is a seasonal epizootic disorder that
affects various species cultivated in freshwater and brackish water
fish, with a complicated etiology of infection. The fungus of the genus
Aphanomyces is the cause of EUS, and according to current
epidemiological data, the disease can be transmitted by water and,
in some cases, the movement of fish without sufficient quarantine and
health certification. Of all the problems facing farmers, disease
outbreaks are a major challenge factor hindering the economic and
social development of the aquaculture sector in many countries
(Qi et al,, 2009; Tuan et al., 2013). Over the past decades and even
today, antibiotics have often been used to control and prevent disease,
improve growth, and aid feed efficiency performance.

The use of antibiotics or antimicrobials in 2020 was noted to
reach 99,502 tons (95% CI: 68,535-198,052) and has been projected
to increase in 2030 by 8.0% to 107,472 tons (95% CI: 75,927-
202,661) based on the current trends. Most of the use of
antimicrobials is concentrated in Asia (67%), while less than 1%
is in Africa. These findings indicate an increase in global
antimicrobial use by 2030 compared to previous projections
based on 2017 data, likely due to revisions to antimicrobial use in
Asia/Oceania (~6,000 tons) and the Americas (~4,000 tons)
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SOURCE: FAO.
FIGURE 1
World aquaculture production from 1991-2020 (FAO, 2023).
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(Mulchandani et al, 2023). This enormous usage of antibiotics
imposes selection pressure on resistance among bacteria, which
have adapted to this situation, especially with horizontal and
unclear resistance gene flow. The resistance mechanisms may be
established by chromosome acquisition, and chromosomal
modification cannot be transmitted to the other bacteria. Some
bacterial pathogens can develop resistance mediated by plasmids
(Bondad-Reantaso et al., 2005; FAO, 2020).

Probiotics and antibiotics have quite different mechanisms of
action, and most antibiotics can only treat diseases but do not
necessarily overcome the basic problems that occur. The FAO/OIE/
WHO (The Food and Agriculture Organization of the United
Nations/Office International des Epizooties/World Health
Organization) expert meeting on antimicrobial resistance in its
application in aquaculture in 2017 concluded that two main hazards
could be caused by antimicrobials, namely antimicrobial residues
and antimicrobial resistance. While probiotics have numerous
modes of action, they play an essential role in maintaining the
health of aquatic organisms (Balcazar et al., 2006; Banerjee and Ray,
2017; Schar et al., 2020).

Probiotics can be used to enhance growth, improve feed
utilization, strengthen immune function, and improve water
quality in aquaculture (Tabassum et al., 2021). Figure 2 illustrates
the graphical representation of this review. Briefly, the figure
describes the application of probiotics in the scope of aquaculture.
Generally, there are three methods used in the application of
probiotics to aquatic animals, and these include the addition via
supplemented pellets, addition directly to the water column in
which the fish live, and addition directly via injection to the host.
According to Lauzon et al. (2014), the best way to give probiotics to
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cod farming is by adding them directly to the water column, which
is the only method that can be applied to all stages of fish. One is
bound to encounter several limitations when probiotics are added
and fed via supplemented pellet/food, which live in the early larval
stage of fish since the fish’s digestive tract at that stage is not
matured enough to aid in proper digestion. As for the method of
addition directly via injection to the host, it is feared that it will
increase stress, affecting fish development; thus, the most
recommended method is when added directly to the water
column (Sveinsdottir et al., 2009).

The primary benefits for aquatic animals after probiotic
administration can be separated into two groups such as aquatic
microbes (nitrification, denitrification, water quality, and pathogen)
and gut microbes (disease and stress resistance, improvement of
digestion, promotor of growth, promotor of reproduction, immune
function, and source of nutrients) as shown in Figure 2. The active
components of probiotics, encompassing antagonistic compounds
(which provide anti-viral, anti-biofilm, anti-virulence, anti-quorum
sensing, anti-bacterial, anti-fungal, anti-inflammatory and
siderophore effects), are presented clearly, providing information
regarding the mechanisms underlying the positive effects of
probiotics in maintaining the balance of aquatic ecosystems and
increasing disease resistance. So, the figure illustrates the great
potential of probiotics in stimulating sustainable growth and
improving fish health in aquaculture, highlighting the importance
of sustainable research and development in this area to support the
sustainability of the aquaculture industry in future.

According to Jahid et al. (2015), pathogens induce several
infections that can benefit from quorum sensing (QS) processes
through regulation based on cell density. Quorum quenching
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FIGURE 2
The graphical representation of this review.
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(QQ) is an effective and promising bio-control tool because it
disrupts QS, preventing and controlling infections. Acyl
homoserine lactones (AHLs), which are autoinducers (AI), are
reported to act as the key QS signal molecules in gram (negative)
bacteria, thus helping in coordinating gene expression to activate
several processes, including the formation of biofilm and the
production of virulence factors in some pathogens. In prior
studies conducted by Eickhoff and Bassler (2018), AHL
lactonase AiiK has been identified with diverse features and the
construction of a pELX1 constitutive expression vector to forward
heterologous protein expression in Lactobacillus casei MCJAL.
Based on research conducted by Dong et al. (2020), recombinant
strains of pELCW-AiiK/L. casei MCJAl (LcAiiK) together with
wild Aeromonas hydrophila have been co-cultured to test LcAiiK’s
ability to perform quorum quenching on A. hydrophila. An
expression vector related to the cell wall, pELCW, has been
designed for L. casei MCJAL. The results of localization testing
showed that the expressed AiiK was connected with the LcAiiK
surface via the pELCW-aiiK vector. At OD600 = 0.5, LcAiiK was
noted to reduce the concentration of 24.13 uM C6-HSL within 2
hours, 40.99 uM C6-HSL within 12 hours, and 46.63 uM C6-HSL
within 24 hours. Over 50% of LcAiiK cells successfully retained
the pELCW-aiiK plasmid after undergoing 15 generations of
cultures without erythromycin. In addition, LcAiiK was an
inhibitor of swimming motility, extracellular proteolytic activity,
hemolytic activity, and biofilm formation of A. hydrophila AH-1
and AH-4. AHL lactonase AiiK was expressed first and
constitutive in the surface layer of L. casei MCJAL. LcAiiK
demonstrated significant AHL lactonase activity as well as a
great ability to perform QQ of A. hydrophila AH-1 and AH-4,
by reducing their QS process without killing them. Based on the
results of this study, AHL lactonase AiiK showed very promising
potential to control pathogenic bacteria A. hydrophila by
interfering with the QS mechanism. LcAiik was also known to
successfully reduce the production of compounds involved during
QS, such as C6-HSL, as well as inhibitors of the biological activity
of A. hydrophila. In addition, AiiK was able to also constitutively
express on the surface layer of L. casei MCJAL. The results
suggested that LcAiiK showed potential as an alternative in
developing anti-pathogenic drugs or bio-control agents that can
be used to overcome pathogenic bacterial infections in the
aquaculture industry. However, there is a need for further
studies to confirm the effectiveness and safety of using LcAiiK
in the context of practical applications in the field.

As summarized in Figure 3, QS plays an active role against
bacteria because when the Autoinducer is in a low-density state, it
will not show any effect. On the contrary, in high-density
conditions, it will interact with QS receptors, which will then help
with biofilm formation, virulence factors, and antibiotic resistance.
QQ plays a role in the host (aquatic organisms), where it will block
the signal repression and all the steps of QS activity to help no
bacteria resistance to occur, thus inhibiting the growth of
pathogenic bacteria, and promoting the growth of the good
bacteria (competitors). This review summarizes the development
and potential of probiotics in aquaculture.
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2 The assessment of the potential of
candidates for use as probiotics

In aquaculture, probiotics must have antimicrobial activity and
be safe for the host, aquatic environment, and humans.
Microorganisms to be used as probiotics must meet the several
standard criteria set in order to be considered. There are several
characteristics to consider in the selection of probiotics, namely host
origin, strain safety, antimicrobial substance production, ability to
modulate host immune response, and efficient competition with
pathogens at an intestinal mucosal adhesion site (Balcazar et al.,
2006; Perez-Sanchez et al., 2014). Merrifield et al. (2010) advocated
increasing the list of probiotic requirements such that if additional
probiotic species exhibit more established features, the suitable
species would be considered more effective. It is very difficult to
find a probiotic candidate with all these criteria, so several types of
probiotics will be used simultaneously with prebiotics, symbiotics,
and other alternate additives (Patterson and Watts, 2003). The
simultaneous application of several types of probiotic candidates
and even prebiotics is expected to produce greater and more targeted
benefits than the application of probiotics individually. Figure 4
(modified from the works of Balcazar et al. (2006)) illustrates the
selection of probiotics as a biocontrol agent as well as its development
for commercial use in aquaculture. Table 1 also provides concise
information on some of the probiotics used in aquaculture.

Based on intensive research previously conducted (Ibrahem,
2015), it is clear probiotics play an important role in animals,
including fish. Banerjee and Ray (2017) complement this by
showing that through several studies, the beneficial effects of
probiotics on the host are highly visible, considering the positive
impacts of probiotics on bacterial, fungal, and viral diseases in fish.
Probiotic bacteria selections for aquaculture include the use of in vitro
and in vivo methods. The in vitro screening methods involve
assessing isolated probiotic strains obtained from healthy fish
species and running some tests such as auto-aggregation,
cell surface hydrophobicity, biochemical tests (e.g., DNase activity,
hemolytic activity, sorbitol, mannitol, Simon’s citrate, Vorges-
Proskauer (VP), biofilm production/formation), bacterial growth in
various media (e.g., Luria-Bertani (LB), Tryptic Soy Broth (TSB)),
biosafety screening using a challenge model, tolerance of isolates to
bile salts and high temperatures, and pathogen inhibition. Blood
hemolysis, which is an indicator of the activity of pathogens such as
Aeromonas spp. and Streptococcus spp. in the digestive tract of fish,
can be caused by virulence genes that produce hemolysin and
aerolysin (Abdel-Latif et al., 2020). Such hemolytic activity can be
evaluated using different blood types, including human, horse, sheep,
etc... (Nayak and Mukherjee, 2011). On the other hand, in vivo
characterization involves the assessment of the isolates, such as their
ability to enhance growth performance, feed utilization, increase
immune and antioxidant enzyme activities, their effects on the
whole body or muscle proximate chemical composition, effects on
intestinal morphology, effects on hematological parameters, gene
expression, and others (Figure 4). So it can be concluded that the
results of fish health screening during outbreaks using both methods
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FIGURE 3
The mechanism and application of quorum sensing (QS) and quorum quenching (QQ) in bacteria.

(in-vitro and in-vivo) can provide an understanding of various Probiotic candidates should be derived from healthy
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FIGURE 4
Development of probiotics for commercial use in aquaculture.
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TABLE 1 The potential role of probiotics in aquaculture.

Probiotic
candidate

Region

Experimental
animal
species

Source

10.3389/fmars.2024.1455905

Effects on host

References

Isolated Increase survival rate above 97%, weight gain (126.74 +
Iran Lactobacillus Oncorhynchus Freshwater from 2.29 g), thermal-unit growth coefficient (TGC) (0.201 + Soltani
\%
plantarum mykiss Acipenser 0.00), food conversion ratio (PCR) (0.96 + 0.02), protein et al. (2019)
persicus efficiency ratio, resistance against Aeromonas hydrophila
Lactobacillus Isolated Increase weight gain in L. bulgaricus about 10.34 + 2.86
plantarum and . . from Tor and in L. plantarum about 8.89 + 1.65, specific growth Alishahi
Iran ) Cyprinus carpio Freshwater . ) 0
Lactobacillus grypus rate (SGR) in L. bulgaricus about 0.14 + 0.05% day " and et al. (2018)
bulgaricus intestine in L. plantarum about 0.12 + 0.03%day ™"
Isolated Increase survival rate from 36% to 70%, percent weight
R X X L from gains (PWG) are 231.45 + 38.54 and 208.35 + 21.23, Sun
China Lactococcus lactis Cromileptes altivelis Seawater . . 1
Cromileptes  specific growth rate (SGR) are 4.27 + 0.32%day " and 4.01 et al. (2018)
altivelis gut |+ 0.24%day™", resistance against Vibrio harveyi
Increase survival rate of 50% compared with 0% without
. . Oncorhynchus Commercial | E. faecalis indicates the protective effect of the UGRA10 Banos
Spain Enterococcus faecalis ) Seawater L . . .
mykiss probiotic strain and the bacteriocin AS-48, as well as resistance et al. (2019)
against Lactococcus garvieae
I ival rate (98.5 + 0.7% day™), growth
Pediococcus . Commercial nerease survival rate ( ? .ay ). gro R Rahimnejad
Korea S Sebastes schlegelii Seawater L. performance (2.25 + 0.03%) and resistance against
acidilactici probiotic i et al. (2018)
Edwardsiella tarda
Increase in the growth rate (1.33 + 0.089), protein
efficacy rate (1.27 + 0.22), lipase, amylase, trypsin, and
. . . . Commercial | protease activities (all of these enzymes are responsible Mohammadian
Iran Lactobacillus casei Cyprinus carpio Freshwater o L
probiotic for better feed utilization and, hence, growth performance et al. (2019)
after being stimulated by probiotics), as well as resistance
against Aeromonas hydrophila
Isolate
L34b-2
X i Improves the growth (2.26 + 0.04%), disease resistance of
Lactobacillus obtained . ° . ) .
. . . . P. bocourti against a virulent A. hydrophila FW52 Meidong
Thailand  paraplantarum Pangasius bocourti Freshwater from Thai R L i K R i
o infection, innate immunity, and increased survival rate et al. (2021)
L34b-2 indigenous
from 46.6% to 76.67%
fermented
beef
Lactobacillus
plantarum,
Lactobacillus ) Improves innate immunity, growth performance (final )
. i Commercial B o Mohammadian
Iran rhamnosus, and Cyprinus carpio Freshwater robiotics weight 1.48 + 0.4 kg and 1.5 + 0.38 kg), digestive enzyme ¢ al. (2022)
et al.
commercial products P activity, and intestinal histomorphology
containing probiotics
(Synbiozyme 500®)
Bacillus coagulans .
X Increase survival rate from 81.65% to 98.35%,
ATCC 7050, Bacillus . 1
i i . . improvement of growth rate an average 4.77% day ™ (P
X licheniformis ATCC i i Commercial K . o Amoah
China Sillago sihama Seawater . value <0.001), immune response, antioxidant activities,
11946 and probiotics X i i K i et al. (2021b)
o intestinal health, and disease resistance against
Paenibacillus

polymyxa ATCC 842

Vibrio harveyi

supplemented with Lactobacillus sp. can result in higher survival
rates of 97.8% to 100%, compared to 65.6% for those not treated
(Balcazar et al., 2007; Vendrell et al., 2008; Perez-Sanchez et al.,
2011). The probiotic candidates to be used should be harmless to
the host and have beneficial effects. In order to guarantee safety,
the probiotics provided must be non-invasive and non-
pathogenic. Furthermore, they must exhibit metabolic activity to
provide an impact, maintain viability during manufacturing
processes (a critical prerequisite for commercial manufacture),
and demonstrate resilience during storage.

Frontiers in Marine Science

2.1 In vitro evaluation

Probiotic selection commonly involves in vitro antagonism tests
where candidate probiotics or their extracellular products are
exposed to pathogens in either liquid (Sotomayor and Balcazar,
2003; Vine et al., 2004a) or solid (Chythanya et al., 2002) mediums.
A previous study identified and characterized several probiotic
species based on in vitro evaluation techniques. For example,
Bacillus species such as B. tequilensis GPSAK2, B. velezensis
GPSAK4, and B. subtilis GPSAK9 with NCBI (National Center
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for Biotechnology Information) GenBank accession numbers
MW548630, MW548635, and MW548634, respectively, have been
identified and characterized (Amoah et al., 2021a). Despite the
prevalence of in vitro activity assessments in agar well-diffusion
assays and broth cultures, Gram et al. (1999) cautioned against
using them to predict in vivo effects. For instance, the in vitro
antagonism of Pseudomonas fluorescens (strain AH2) against
Aeromonas salmonicida does not necessarily translate to
protection against furunculosis in Atlantic salmon but proves
effective as a probiotic in rainbow trout, providing defense against
vibriosis (Gram et al., 2001). It is vital to consider the origin
(preferably strains isolated from the host), safety (non-
pathogenicity), and the strain’s ability to survive the host’s
gastrointestinal tract (GIT) transit (e.g., resistance to bile salts,
low pH, and proteases). The ability of microorganisms to
efficiently adhere to intestinal epithelial cells, reducing or
preventing pathogen colonization, is often a key criterion in
selecting potential probiotics (Vine et al., 2004a). In addition to
adherence, potential probiotics must demonstrate beneficial effects
such as enhanced nutrition and increased immune response within
the host. Finally, a viable probiotic should not only meet these
criteria but also be capable of surviving under standard storage
conditions and be technologically suitable for industrial processes
(e.g., lyophilization).

2.2 In vivo evaluation

The evaluation of candidate probiotics necessitates in vivo
testing, where candidate species are introduced to the host in a
controlled setting, and subsequent monitoring involving the
assessment of parameters such as growth, colonization (especially
in the gut), survival, and physicochemical aspects are conducted
(Vine et al., 2004b) (Figure 4). When seeking to control the host’s
microbiota biologically, the appropriate tool for assessing the
potential impact of probiotics is standard in vivo assessment
using high-throughput sequencing technologies. For potential
probiotics to be considered effective, they must demonstrate
beneficial effects within the host organism, such as enhanced
nutrition and an increased immune response.

Regarding pathogen inhibition or disease resistance, probiotics
produce several compounds such as bacteriocin, siderophores,
lysozyme, proteases, and hydrogen peroxide, which then aid
against pathogen growth. Although Bacillus subtilis in vegetative
and spore form has been shown to inhibit pathogens under in vivo
conditions in various fish species, it is uncertain whether this
activity is solely due to the principle of competitive exclusion or
is the result of multiple mechanisms acting simultaneously,
including competition for adhesion sites, essential nutrients,
antimicrobial inhibition, and enhancement of host immune
responses. In addition, probiotics in synbiotic form can also
promote the rapid reproduction of probiotics in the host body
and provide beneficial effects (Nayak, 2021).

Banos et al’s (Banos et al., 2019) research involving
Enterococcus faecalis UGRA10 has been shown to significantly
inhibit Lactococcus garvieae in vivo and reduce mortality in
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Rainbow trout. The continuous treatment of UGRA10 promoted
colonization in the GIT while protecting against pathogen invasion.
In addition, enterocin AS-48 displayed anti-lactococcal action in
vivo, lowering the pathogen’s fatal effects when administered via
immersion or intraperitoneal injection. These findings further
emphasize the potential of sustainable enterocin AS-48 bath
treatments as a viable therapy for controlling lactococcosis in
Rainbow trout, using a simple approach to generate semi-purified
AS-48 from inexpensive, food-based substrates. Although the
specific role of AS-48 in the preventative action of UGRA10
remains unclear, its potential synthesis within the gut of animals,
given this injection, indicates a major contribution to the
prevention of lactococcosis.

3 Mode of action of probiotics
in aquaculture

Probiotics have several mechanisms of action, though the
manner in which they employ their effects is still not completely
clarified. These mechanisms range from producing bacteriocin and
short-chain fatty acid, lowering gut pH, and competing nutrients to
stimulate mucosal barrier function and immunomodulation. There
are several hypotheses on the mode of action of probiotics in host
organisms. Some of these procedures are observed in vitro, but the
efficiency of probiotics performed in vitro may change significantly
upon administration to the host in its natural environment.
Factors affecting probiotic organisms include unique feeding
(Balcazar et al., 2006), manipulation of the intestinal tract
(Vine et al., 2006), and more complex microbial interactions and/
or the essential chemical ecosystem. These factors can serve
as benchmarks in the success and failure of probiotics’
natural physiology.

Some of the mechanisms of action of probiotics that are
commonly used in aquaculture, suggesting probiotics’ beneficial
effects include (i) competitive exclusion of pathogenic bacteria; (ii)
enhancement of host nutrition and enzymatic contributions to
digestion; and (iii) stimulation of host immune responses (Irianto
and Austin, 2002; Gomez and Balcazar, 2008; Merrifield et al., 2010)
(Figure 5). As explained in Figure 4, probiotics can have many
positive impacts on the aquaculture environment, including
increased growth, improved health and quality of aquatic
organisms, and increased overall production efficiency which can
be achieved by the following: (I) Probiotics need competitive
exclusion against pathogens by occupying intestinal surface areas
or mucus glands in aquatic organisms, thus becoming a barrier for
pathogens to live and multiply; (II) Probiotics must compete
directly with pathogenic bacteria to produce nutritional resources
in their environment, for example water-soluble or water-insoluble
nutrients that are present so that pathogens will have difficulty in
growing; (IIT) Contribute to modifying microbial populations in
their environment (water), thereby increasing the number of
beneficial microbes while suppressing harmful microbes; (IV) Act
as a breaker of complex organic compounds (feed waste and
organism carcasses) so as to improve water quality from
pollution; (V) Be a stimuli of the immune response of aquatic
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organisms, thereby increasing resistance to disease and stress to the
environment by activating immune cells or modulating the immune
response that stimulates the production of anti-
inflammatory cytokines.

The mode of action in probiotics is multifactorial or complex
and is very difficult to explain with certainty. So some of the
recommended modes of action of probiotics for aquatic
organisms are the production of inhibitory compounds,
competing for available chemicals or energy, competing for
attachment sites, inhibition of virulence gene expression or
disturbance in quorum perception, improvement of water quality,
improved immune response, macro and/or micronutrient sources,
and enzymatic contribution to digestion. Tinh et al. (2008), in a
more detailed analogy, explained that the mechanism of application
of probiotics in aquatic organisms, include having better resistance
to disease, growth performance, better use of feed, carcass
composition, gastric morphology, reduction of abnormalities,
intestinal colonization, and modulation of microbes, although
not always fully aware of the exact mode which works at a

particular time.

4 Source of probiotics

The primary sources of probiotics in aquaculture often involve
strains, such as Lactic Acid Bacteria (LAB) and Bacillus spp.,
isolated from natural aquatic environments or specific
host organisms.

Numerous studies have investigated the potential of probiotics
in aquaculture. Research by Sotomayor and Balcazar (2003) and
Vine et al. (2004a) emphasizes the importance of in vitro
antagonism tests in selecting probiotic strains that can effectively
inhibit pathogenic organisms. Chythanya et al. (2002) have
explored the efficacy of probiotics, particularly in controlling
diseases in aquaculture settings. Gram et al. (2001) demonstrated
the strain-specific nature of probiotic effects, emphasizing the need
for careful selection based on host and pathogen specificity.

Most probiotic strains are ineffective in providing the effects
aquatic organisms’ need, as they come from non-fish sources. There
have not been many studies on the potential of probiotics isolated
from the host. A previously conducted study investigated the
possibility of bacterial species isolated from the digestive tract of
hybrid groupers (Epinephelus fuscoguttatus® x Epinephelus
lanceolatus3d) and the isolation procedure included the ability of
the isolates to survive in high bile salt concentrations, low pH, high
temperatures, as well as their adhesion ability (auto-aggregation and
cell surface hydrophobicity), antimicrobial activity and safety,
compatibility among the three isolates to be used as multispecies,
hemolytic activity, and antibiotic susceptibility tests (Amoah et al,
2021b). After identification and undergoing various types of
procedures, the results obtained showed that the Bacillus strains
GPSAK2, GPSAK4, and GPSAKOY strains can be one of the potential
probiotic alternative candidates that can be used in efforts to
improve the growth and health status of aquatic animals, especially
in grouper fish species since their in vivo experiments showed
better effects on fish (Amoah et al., 2023). Similarly, a recent work
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by the same author isolated and characterized four new Bacillus
probiotic strains, namely, B. velezensis strain PGSAKO1 (accession
number OQ726606), B. stercoris strain PGSAKO5 (accession number
0Q726607), B. velezensis strain PGSAK17 (accession number
0Q726601), and B. subtilis strain PGSAKI19 (accession
number 0Q726605), based on their morphological characteristics,
biochemical properties, and 16S rRNA sequencing homology
analysis (Amoah et al.,, 2024).

Another study by Coulibaly et al. (2023) also dealt with the
isolation of probiotic strains (lactic acid bacteria, LAB) from the
intestines of nile tilapia (Oreochromis niloticus). In the study, there
were 12 LAB strains, including the genera Pediococcus (P.
acidilactici and P. pentosaceus) and Lactobacillus (L. plantarum),
with the predominance of P. acidilactici identified via
morphological and 16S rDNA gene sequence with the results
revealing that all LAB isolates showed high antagonistic activity
against bacterial pathogens such as Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Proteus mirabilis, and
Staphylococcus aureus. In addition, when tested with hexane,
xylene, and chloroform, the isolates showed various degrees of
cell surface hydrophobicity and were noted to have the ability to
produce both lipase and B-galactosidase enzymes. The effectiveness
of cryoprotective agents is isolate-dependent, with a high affinity for
D-sorbitol and sucrose. So, based on all the characteristics shown,
the LAB was noted as revealing promising probiotic properties that
could be used in the aquaculture industry.

Furthermore, studies by Vine et al. (2004b) said that probiotics
enhance the immune response of aquatic organisms in unstable
water environments, contributing to a more robust defense against
pathogens. The selection of probiotics in aquaculture also considers
factors such as the ability of strains to adhere to mucosal surfaces
and survive under environmental conditions, as highlighted in
research by Vine et al. (2004a) and Chythanya et al. (2002). The
sources of probiotics in aquaculture are diverse, often involving
beneficial bacteria derived from natural aquatic environments. The
research referenced contributes to understanding of how these
probiotics can be effectively utilized to enhance the health and
performance of aquatic organisms.

5 Potential effects of probiotics

Several reports have highlighted the beneficial roles of
probiotics, including promoting disease and stress resistance,
promoting growth, improving digestion, promoting reproduction,
enhancing immunity, providing several nutrients, and enhancing
the water microbial composition (Table 2). This section dealt deeply
with the beneficial effects of probiotics.

5.1 Disease and stress resistance

The interaction between fish and their environment is much
more complex than that of terrestrial animals. According to Irianto
and Austin (2003), microbial interaction with its host does not only
occur in the digestive tract but also the gills, skin, or environment.
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Probiotics that are administered toward the suitable target will play
an important role in improving host growth (Table 3). This happens
because probiotic bacteria act as microbial balance controllers in the
digestive tract, enhancing the absorption of feed nutrients and
improving the nutritional value of feed (Hasyimi et al., 2020).

According to Agustina et al. (2018), the in vitro bacterial
inhibition test stage analysis refers to the diameter of antibiotic
inhibition. Staphylococcus edaphicus is one of the potential
probiotics that can increase the immunity component in
Kelabau fish (Osteochilus melanopleurus) after a challenge test
with bacteria A. hydrophila AH-1 and Pseudomonas sp. PS-1. The
best results showed that the addition of intestinal bacteria isolates
(Staphylococcus edaphicus) can increase the survival rate by
86.67% in fish compared to control 56.67%, hemoglobin content
of 6.75 £ 0.25 g/dL as against the control group with 4.58 + 0.52 g/
dL, hematocrit content 16.67 + 1.53% as against the control group
with 6.83 + 0.76%, total erythrocytes of 1.35 + 0.07x10° cells/mm>
as against the control group with 0.97 + 0.07x10° cells/mm?, and
total leukocytes of 9.90 + 0.20x10* cells/mm’ as against the
control group with 12.01 + 0.54x10* cells/mm?. This proves that
giving Staphylococcus edaphicus to fish can inhibit the
proliferation of pathogenic bacteria to support the survival rate
of fish. After finding probiotic candidates in Kelabau fish,
probiotics can be optimized as a safer way to overcome red spot
disease in fish. Interestingly, previously conducted research by
Istiqgomah et al. (2019) showed that Staphylococcus sp. strain JC20
could also be a potential aquaculture probiotic. After isolating and
characterizing the bacterial strain Staphylococcus sp., it was
proven to have strong cellulolytic activity and had the potential
to be used as a candidate probiotics for fish. In this study, the
isolate was obtained with high similarity (>99.7%) to
Staphylococcus spp., and while showing no pathogenic
properties in red tilapia, also showed susceptibility to all the
four antibiotics tested (oxytetracycline, kanamycin, ampicillin,
and rifampicin). Bacteria with antibiotic-resistant gene traits
also need to be avoided because they are at risk of gene transfer
to other microorganisms in the fish farming environment, which
can have a detrimental impact.

5.2 Improvement of digestion

Recently, gut microflora has attracted substantial interest due to
its role in structure formation. It is reported to form a defense
barrier to protect the host from pathogen invasion by enhancing the
immune system (Ramirez and Dixon, 2003; Claus et al., 2017). In
this regard, probiotics have been confirmed to mainly generate
antibacterial agents by altering the gut microflora to inhibit the
growth activity of other microorganisms (Spinler et al., 2008; Miao
et al, 2018). Amoah et al. (2021b) found a significantly lower
relative abundance of supposedly pathogenic genera such as
Enterovibrio and Shewanella and a higher relative abundance of
professedly beneficial genera such as Ruegeria and Lactobacillus
after the supplementation of B. coagulans ATCC 7050, B.
licheniformis ATCC 11946, and Paenibacillus polymyxa ATCC
842 in fish diet.
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Previously conducted research by Afrilasari et al. (2016) using
gnotobiotic fish (with antibiotic treatment) and normal fish
(without antibiotic treatment) after a 30 day culture experiment
revealed an enhancement in the protease and amylase enzyme
activity, as well as specific growth rates in the treatment group
supplemented with basal feed and 1% probiotics compared to other
treatments. B. megaterium PTB 1.4 was noted to aid in increasing
the activity of digestive and growth enzymes in catfish. Probiotic
supplementation enhanced the digestive enzymes to help fish use
and digest feed nutrients properly, unlike the results obtained in the
gnotobiotics (gnotoplus) (Bairagi et al., 2002). The high digestive
enzyme activity witnessed in the treated group was presumed to
result from the probiotic bacteria’s ability to stimulate the synthesis
of endogenous digestive enzymes produced by fish. Probiotics can
increase digestive enzymes by stimulating the synthesis of
endogenous enzymes in the digestive tract (Mohapatra et al., 2012).

Information obtained by Gao et al. (2014) suggests the microbes
in the gut of A. japonicus are complex. In this study, 188,623
optimized readings were taken from ten intestinal content samples
and four surface sediment samples using the 454-pyrosequencing
technique. The number of readings of each sample varied widely,
ranging from 9,606 to 16,030, with an average of about 13,473 + 2,181
readings. The method used is 16S-based molecular microbiology, and
the results obtained show significant success. Potential probiotics
were found in the gut of A. japonicus, including sequences associated
with Bacillus, LAB (Lactobacillus, Lactococcus, and Streptococcus),
and Pseudomonas. In addition, there are characteristic differences
among bacterial communities in the contents of the anterior intestine,
posterior intestine, and surrounding sediments. So, selective feeding
of A. japonicus is thought to be the main factor affecting the
composition of bacteria in the anterior stomach contents and
surrounding sediments.

Based on some of these research results, it can be proven that
probiotic bacteria play an important role in increasing digestive
activity and health of aquatic animals. One of them is by optimizing
the work of intestinal microflora and the activity of digestive
enzymes. Therefore, applying sustainable probiotics is claimed to
be a very effective strategy for increasing the productivity and
welfare of the aquaculture industry.

5.3 Promotion of growth

Feeding in aquaculture is extremely costly, so many cultivators are
looking for ways to reduce the cost by increasing the growth rate of
aquaculture fish. There are many types of commercial probiotics, such
as EM4 (Effective), containing a mixture of fermented microorganisms,
lactic acid bacteria (Lactobacillus casei), and yeast (Saccharomyces
cerevisiae) (Ardita et al., 2015). As has been reported by Anis and
Hariani (2019), EM4 administration showed a significantly high effect
on the specific growth rate (SGR), feed conversion ratio (FCR), and
survival rate (SR) of catfish with the best treatment showing SGR
values of 5.91 + 0.04%, FCR values of 0.88 + 0.05, and SR value of 73.50
+ 1.91%. In addition, Noor and Pakaya (2018) have also reported that
administering EM4 with a dose of 3 mL shows more optimal results on
the growth rate of carp fish (Cyprinus carpio).
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TABLE 2 Numerous different uses of probiotics in aquaculture.
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. o . Probiotics . . o
Implementation Probiotics species strains Used for aquatic animals Activity References
Bacill ilus SE5 and S
actius p‘umz ue . an Gram-positive Epinephelus coioides Reduction of Vibrio levels (Sun
Bacillus clausii et al,, 2013)
Enhanced resistance to (Liu
Bacillus subtilis E20 Gram-positive Epinephelus coioides Streptococcus sp. L 2012
Disease and And iridovirus ctab )
stress resistance
Pseudomonas aeruginosa i . Enhanced resistance to (Giri
Gram-negative Labeo rohita .
VSG-2 Aeromonas hydrophila et al,, 2012)
Lactobacillus Gram-positive Labeo rohita Enhanced resistance to (Giri
plantarum VSG3 P Aeromonas hydrophila et al,, 2014)
increased the activity of
Bacillus megaterium Gram-positive Clarias sp. digestive enzymes (Afrilasari
PTB 1.4 (protease and et al., 2016)
Improvement amylase enzymes)
of digestion
Aeromonas Veronii A-7 Increase Cellulose- (Hao
(from the intestinal tract of Gram-negative Ctenopharyngodon idella degrading
. . . et al., 2017)
the healthy grass carp) intestinal bacteria
Bacill ilus SE5 and S
ad ;;5 Z:Zlcl;;usii an Gram-positive Epinephelus coioides Improved growth ot ai.,l;‘Z)IS)
Promotion of growth
Lactobacill; Giri
pla:;l:u;lnavgg3 Gram-positive Labeo rohita Improved growth o ai., 12r(1)14)
Enhanced GSI
ds tic index), Lombard
Lactobacillus rhamnosus Gram-positive Marine teleost (gona .osoma ic index) (Lombardo
fecundity, and et al,, 2013)
embryo survival
. Increase the total
Promotlox} expression of GnRH3
of reproduction (larval stage), reproductive
f C li
Lactobacillus rhamnosus Gram-positive Danio rerio per‘ormances a per (Carnevali
follicle development, et al., 2013)
ovulated oocytes
quantification
and quality of the embryo
. . - . . ) . (Liu
Bacillus subtilis E20 Gram-positive Epinephelus coioides Immune stimulation
et al., 2012)
Pseud; i Giri
seudomonas aeruginosa Gram-negative Labeo rohita Immune stimulation (Giri
VSG-2 et al, 2012)
Enhancement of
i Lactobacill Giri
Immune function actobacitus Gram-positive Labeo rohita Immune stimulation (Giri
plantarum VSG3 et al,, 2014)

Bacillus coagulans (from
common carp
aquaculture ponds)

Gram-positive

Cyprinus carpio

Increase contents of crude
fat, inosine, and
inosinic acid

(Xu et al., 2014)

Serving as the source
of nutrients

Water microbiota

The addition of probiotic bacteria (white fungus powder/
Agaricus bisporus) (WBMP) to the feed of rainbow trout
(Oncorhynchus mykiss) for 8 weeks showed an enhancement in
the total protein levels and lysozyme activity in skin mucus of trout

Debaryomyces hansenii

Bacillus sp., Streptococcus
faecalis, Clostridium

butyricum, Rhodobacter sp.,

and Rhodococcus sp.
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Gram-positive

Gram-positive and
gram-negative

Dicentrarchus labrax

Oreochromis niloticus

Promoting intestinal
maturation and increasing
the ability of enterocytes
to absorb nutrients

improved all water quality
parameters (alkalinity, pH,
temperature,

DO, ammonia)

(Tovar-Ramirez
et al., 2004)

(Tabassum
et al., 2021)

given 1% or 2% WBMP. In contrast, no significant difference was
observed for those fed 0.5% WBMP when compared to the control
group. The electrophoresis results of polyacrylamide dodecyl sulfate

sodium gel showed changes in the protein profile of skin mucus
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TABLE 3 Type of different probiotics that have the potential to tackle the disease of aquatic organisms.

Probiotics

species

Species
target

Type
of
pathogen

Duration

Mode of
probiotics

supplementation

10.3389/fmars.2024.1455905

Beneficial effect

References

5 Decreased the cumulative
5%10” and K
. o 5 mortality, modulate the
Pediococcus X Vibrio 6x10 . i X (Huang
Epinephelus sp. . 3 weeks Individual immunity, and protected
pentosaceus anguillarum (CFU et al., 2014)
fish) the fish from
er fis!
P disease infection.
110" and Increase host resistance to
Enterococcus Oncorhynchus Streptococcus 1x10° . . (Safari
K X . 1 8 weeks Individual disease
faecium mykiss iniae (CFU g K X et al., 2016)
by immunomodulation.
of feed)
4.2x10°
and .. Reduced mortalities and
i . i Streptococcus 5 Individual R
Bacillus pumilus Oreochromis spp. . 5.5x10 23 days o enhanced the resistance of (Ng et al,, 2014)
agalactiae and combination .
(CFU fish to disease.
kg/diet)
Bacill hromi trept 4.4x10° I th H
lacz 1{3 ' Oref)c 4romzs S ree (?coccus x10 10 weeks Individual @prove .e (Han
licheniformis niloticus iniae CFU/g disease resistance. et al,, 2015)
Yersinia ruckeri 1510 and Activated serum
Bacillus Oreochromis or Clostridium o . bactericidal and decreased (Selim and
. . o . 1x10° 30 days Individual .
amyloliquefaciens niloticus perfringens (CFU/g) phagocytic Reda, 2015)
type D 8 activity percentage.
Protected the fish from V.
disease infection by
Pseudomonas . . Vibrio 1x10° CFU . inhibiting biofilm (Vinoj
. Danio rerio . o 30 days Individual i i
aeruginosa parahaemolyticus mL formation and enhancing et al,, 2015)
the defense mechanisms of
the fish.
S}'lewunellaA Ctenopﬁuryngodon Aemmon'as 1><10_81 cell 28 days Individual Illnproved ?mmunity and (Wu
xiamenensis idella hydrophila g disease resistance of fish. et al,, 2015)
Alternatives to antibiotics
Enterococcus Oncorhynchus Lactococcus 5x10° L v . . 1oiot (Banos
. . . 30 days Individual for controlling disease and
faecalis UGRA10 mykiss garvieae CFU/fish . et al,, 2019)
against the fish pathogen.

after WBMP feed. Molecular studies showed a significant increase
in short-threaded RNA tumor necrosis factor (TNF)-o in the
intestines of WBMP-fed trout, regardless of the degree of
inclusion. In addition, fish receiving 1% or 2% WBMP treatment
significantly increased interleukin (IL)-1fB expression compared to
the control group. Similarly, intestinal IL-8 expression was
improved with 1% and 2% WBMP treatments, whereas no
significant difference was found between the control group and
the 0.5% WBMP treatment group regarding the IL-8 gene
expression (Amiri et al., 2018).

5.4 Promotion of reproduction

Aquaculture production is greatly influenced by the
reproduction process, which is regulated by many factors such as
fish species, nutrients, and water environment. Research in recent
years has focused on probiotics’ role in reproduction, with special
emphasis on aquatic organisms (Ibrahem, 2015). Research
conducted by Ghosh et al. (2004) tested incorporating Bacillus
subtilis isolated from the gut of Cirrhinus mrigala, into the feed of
four ornamental fish species for one year in a feeding experiment.
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The results obtained showed an increase in gonadosomatic index
(GSI), fecundity, viability, and fry production in the female of the
the fish species tested. The use of B vitamins synthesized by
probiotics, especially vitamins Bl and B12, contributed to
reducing the number of dead or deformed alevins. Thus,
probiotics used as food additives appear to promote overall health
benefits including reproduction for the host.

Lombardo et al. (2013) investigated the effects of feeding
Lactobacillus rhamnosus IMC 501 on the growth and survival of
offspring obtained from probiotic-fed Fundulus heteroclitus. The
examined larvae showed improvements in gonadal growth,
fecundity, embryo survival, and hatching rate, but no significant
changes were detected in other aspects. In the hatching process, the
lymphoid system is still developing, unlike what occurs in adult fish,
and no organization or functional capabilities are apparent. Thus,
whether or not fish embryos are capable of initiating a complete
immune response, it is unknown at this time, but previous evidence
has shown that 1 dpf (days post fertilization) carp (Cyprinus carpio)
embryos respond to microinjection of bacterial lipopolysaccharide
by increasing levels of interleukin transcripts (Rombout et al,
2005), and transcription of genes involved in the innate immune
response induced in zebrafish embryos (Watzke et al, 2007). In
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addition, maternally derived immune components in eggs,
embryos, and hatchlings have been found in rainbow trout (O.
mykiss) (Lovoll et al., 2006) and killifish (Hunt and Rice, 2008).
Based on these data, and because killifish embryos are not directly
exposed to probiotics, there is potential that L. rhamnosus IMC
501® influences the activation of the embryonic immune
complement system through the inheritance of appropriate
metabolic information and/or immunological cues from the
mother, aiding embryonic development and survival. As no
functional investigations have been conducted, this idea should be
considered purely speculative, and there is still a great need for
further research on this subject.

Thus, a scientific explanation is needed for the mechanism of
action of probiotics on the reproductive axis as well as the
nutritional/immunological mediation of interactions and
broodstock profiles on fertilization, larval development, and
growth. Carnevali et al. (2013) restudied the reproductive effects
of L. rhamnosus on zebrafish as a food additive. Administration of
L. rhamnosus over a while can accelerate larval growth by acting on
growth-promoting factors such as insulin-like growth factors I and
II (IGF I and IGF II), receptors o. and 3 of peroxisome proliferators
(ppar-0, -B), vitamin D receptor-o. (vdr-ct), and retinoic acid
receptor-y (rar-v).

Rawls et al. (2004) showed that the microbiota changes may
affect the transcription of 212 genes, 8 of which are involved in
stimulating food metabolism. Avella et al. (2012) found that the
presence of L. rhamnosus in the zebrafish digestive system
influenced the expression of numerous genes involved in larval
development. Myostatin (mstn) levels were considerably lower after
probiotic transmission. Changes in IGFs and mstn levels were
associated with increased zebrafish growth. IGF I and II up-
regulation (Avella et al., 2012) in zebrafish treated with L.
rhamnosus was observed to coincide with expected backbone
development. These modifications led to increased expression of
vdroe and rary genes. The ligands of these two receptors (vitamin D
and retinoic acid) play critical roles in morphogenesis and
chondrogenesis (Mendelsohn et al., 1994a, b, ¢). Vitamin D
promotes calcium intake and retention (Saggese et al., 2002), but
IGFs are the primary determinants of backbone calcification and
bone mass accretion, influencing muscle and skeletal cell
proliferation and division. Lactobacillus spp. naturally release
vitamins and fatty acids that bind to nuclear receptors such as
vdr, rar (Chawla et al., 2001; Narva et al., 2004; Teusink and Smid,
2006), and ppar-o. and -, which are involved in skeletal
development (Burdick et al., 2006). The calcification examination
revealed increased calcification of centra in probiotic-treated
groups, indicating more rapid backbone calcification (Avella
et al, 2012). Avella et al. (2012) reported that host development
is also affected by the continuous administration of exogenous
probiotics. In zebrafish, after administration of L. rhamnosus for
2 months, the period tested started from eggs, larvae, to sexual
maturation. Since 6 dpf, fish showed increased levels of gene
expression on IGF I and II, peroxisome proliferator-activated
receptors-o. and -, VDR-o. and RAR-y. Higher expression of
GnRH3 was found at different intervals of L. rhamnosus.
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The resulting larvae showed earlier maturation and development
of bone and gonadal calcifications.

GnRH is indispensable during the reproductive process; its
function is mainly to regulate vertebrate puberty and
gametogenesis. In two zebrafish species, GnRH3 was shown to
have gonadotropin releasing activity that is thought to assimilate
the non-redundant function of GnRH1 (Steven et al., 2003; Okubo
and Nagahama, 2008; Zohar et al., 2010). To understand whether
the presence of probiotic bacteria (L. rhamnosus) will be influential
in the process of gonadal development and sex differentiation
through the GnRH pathway, a parallel GnRH3-GFP transgenic
line, as well as larvae being determinants of ongoing backbone
calcification was used in this study (Abraham et al., 2008). Zebrafish
are a juvenile protogynous hermaphroditic species, first developing
ovary-like gonads regardless of their genetic sex; bisexual
differentiation occurs when protogynous ovaries from several
specimens in a population undergo differentiation, first turning
into an intermediate phase called ‘altered ovary’ and then becoming
testicles (Maack and Segner, 2003). In determining whether L.
rhamnosus could act on the onset of gonadal differentiation, a
calculation of the time of appearance of the first testicle has been
carried out. Progress of gonadal maturation by histological analysis
and sex ratio was registered at the end of the experiment.

5.5 Enhancement of immune function

One of the main beneficial effects of probiotics is their immune
and antioxidant enhancement properties (Nayak, 2010). Immune
and antioxidant indexes such as lysozyme (LYZ), alkaline and acid
phosphatase (AKP and ACP), complement 3 and 4 (C3 and C4),
immunoglobulin M (IgM), aspartate and alanine aminotransferase
(AST/ALT), superoxidase dismutase (SOD), catalase (CAT),
glutathione peroxidase, glutathione reductase, total antioxidant
activity and malondialdehyde (MDA), and others play significant
roles in the immunity enhancement of fish which later transcends
into having a healthy host. LYZ is noted as the first line of defense as
they mainly aid in the attacks, hydrolysis, and the breakage of
peptidoglycan glycosidic bonds; AKP and ACP being some kind of
nonspecific phosphohydrolase can help in catalyzing the hydrolysis of
phosphate monesters; High C3 and C4 levels in fish blood/serum
plays ardent role in the prevention of external microorganism; IgM
while being liable to phagocyte destruction in host organism helps in
toxin and virus neutralization; T-AOC serves as overall indicator of
host antioxidant status; AST, ALT, and LDH function as reliable
damaged tissue indicators as a result of toxicants; MDA shows the
degree of lipid-peroxidation portraying all the toxic processes caused
as a result of free radicals (Amoah et al., 2021b; Yu et al., 2022; Amoah
et al,, 2023, 2024; Li et al,, 2024; Niu et al., 2024). Measuring the
immune and antioxidant enzyme indexes is imperative in probiotic
studies as it provides an overview of the health status of the fish.
Several studies conducted have shown significant enhancement in
LYZ, ACP, AKP, GSH-Px, GR, T-AOC, SOD, CAT, C3, C4, T-AOC,
IgM, while mostly decreasing the activities/levels of AST, ALT, LDH,
and MDA after the supplementation of probiotics in fish.
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Amoah et al. (2023) reported in their study that one of the
widely reported probiotic bacteria, such as Bacillus spp. probiotics
isolated from host organisms’ gut can improve the immune
response, growth performance and hematological parameters, gut
histology, and gut microbial composition. After the 6-week trial, it
was noted that there was an increase in the group that had been
given the relevant probiotics, which was higher than the control
group, namely increasing final weight, WGR (weight gain rate),
SGR, CF (condition factor), HSI (hepatosomatic index), VSI
(viscerosomatic index), and proximate chemical composition
(crude protein and fish ash content) in hybrid grouper.
The group given the Bacillus sp. supplementation showed an
upregulation of the expression of inflammatory genes (including
IL1B, IL6, IL8, TNFo., and MyD88), anti-inflammatory genes (IL10
and TGFp), and tight junction protein genes (occluding and ZO1).
IL1B is a key component in the immune response of fish that serves
as an arbitrator in response to microbial invasion and tissue
damage, just as it does in mammals (Niu et al., 2024). The
addition of probiotics to feed isolated from Bacillus strains
derived from the intestines of hybrid grouper fish showed
significant improvements in IL1J gene expression. The study
showed that, among the probiotics supplemented in diets, the
highest IL1B gene expression was observed in the B. subtilis
GPSAKY treated group, whereas for the B. velezensis GPSAK4
and B. tequilensis GPSAK2 treated groups, no significant
difference was witnessed between them even though there was an
upregulation of IL1 gene compared to the control (Amoah
et al., 2023).

Another way to trigger this is by stimulating other cytokines
capable of activating macrophages. TNFa is an effective mediator in
inflammatory and immune responses that control the development
and differentiation of many cell types (Zou et al., 2003). TGFf and
IL10 serve as very important anti-inflammatory cytokines that limit
the inflammatory response. TGFp is a powerful immune cytokine
whose main role is to trigger active immune tolerance in marginal
tissues and mucosa. These cytokines reflect on various immune
cells, including macrophages, lymphocytes, and dendritic cells
(Singh et al, 2019; Zhang et al,, 2021). Occluding and ZO1 are
tightly interconnected membrane proteins that regulate epithelial
intercellular space, thus preventing the diffusion of gut bacteria and
other antigens between epithelial cells (Zhao et al., 2014). IL8 is a
chemoattractant cytokine, and its production is initiated by various
types of tissue and blood cells, which encourage neutrophils to
stimulate chemotaxis, produce free lysozyme enzymes, regulate
angiogenesis, and inflammatory processes (Das et al, 2011). It
can be concluded that this study aimed to reveal an increase in
positive regulation of IL1{, IL6, IL8, TNFa, MyD88, IL10, TGFj,
occludin, and ZOLl in the probiotic group compared to the non-
probiotic group, which showed significantly higher expression.

The addition of lactic acid Lactobacillus rhamnosus (strain
ATCC 53103) at a level of 10° CFU g feed will stimulate the
respiratory burst (RB) in rainbow trout (Oncorhynchus mykiss)
(Nikoskelainen et al., 2003). After observation, it was seen that the
probiotic bacteria aided in the protection of host from pathogens by
blocking the attachment site on the skin, namely adhesion
receptors. L. rhamnosus which colonizes epidermal mucus comes
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from the GIT, probably because feeding was only done manually
and once a day. Thus, the entire feed will most likely be eaten up by
the fish within a few minutes, allowing the probiotic bacteria to
develop properly. This study showed that administering probiotic
bacteria into fish feed could stimulate RB activity in the LAB4 group
after two weeks of feeding L. rhamnosus. This report is the first to
show the effect of probiotics on RB in fish. However, no correlation
was found between the amount of L. rhamnosus in gut content and
RB activity in each group. Previous research (Nikoskelainen et al.,
2001) has shown that including L. rhamnosus into fish feed can
reduce the mortality of fish tested with virulent strains of A.
salmonicida. Probiotic bacteria given in optimal doses (from 10*
CFU/g to 10° CFU/g feed) to fish can stimulate RB activity, which
can be a protective mechanism. So, research conducted by
Nikoskelainen et al. (2001) demonstrates that adding probiotics
can affect fish-specific and innate immunity, thus providing new
perspectives and innovations in screening new probiotic strains and
matching the doses needed by fish for optimal performance is
very significant.

5.6 Serving as the source of nutrients

In aquaculture, probiotics are highly expected to have direct
involvement in growth efforts both directly and through the
absorption of nutrients or vitamins (Ringo and Gatesoupe, 1998),
with enhanced immunity and weight gain (Lin et al, 2012). The
development of complex microbiota and the return to normal
absorption of nutrients shows that the gut microbiota has a large
share in the host’s absorption and use of nutrients. Probiotics can
convert compounds that were initially difficult for the host to digest
into a more digestible form (Wuertz et al., 2021). Various microbial
enzymes, namely lipase, phytase, amylase, cellulase, trypsin, and other
proteases can also play a role (Santos et al.,, 2020; Wang et al., 2020;
Tarkhani et al., 2020a; Niu et al,, 2021; Zhang et al., 2021). Microbes
directly play a role in stimulating the activity and secretion of
enzymes in the host (Hmani et al, 2017; Tarkhani et al., 2020b;
Kong et al., 2021). In modern commercial feed, usually enriched with
large amounts of raw vegetable materials, certain probiotics serve to
improve the digestion of feed components such as non-starch
hydrocarbons, cellulose, or chitin, which are usually difficult for
fish hosts to digest. In addition, probiotics such as Lactobacillus can
serve as a source of vitamins (Ray et al,, 2012; Merrifield and Ringo,
2014; Nguyen et al, 2018). However, it is still an interesting
discussion whether the host absorbs this vitamin or vice versa (Eck
and Friel, 2014). Bacteria can also be a source of PUFAs
(Polyunsaturated Fatty Acids), but their concentrations can vary
significantly between bacterial species (Wanka et al.,, 2018). Vibrio
species are especially rich in EPA (Eicosapentaenoic Acid) and DHA
(Docosahexaenoic Acid) (Estupinan et al,, 2020). The high content of
DHA is found in deep-sea fish and is an evolutionary adaptation to
high pressure and low temperatures. Although filtration techniques
have improved, screening bacteria that produce PUFAs is
uncommon (Nichols and Davies, 2002; Nichols and McMeekin,
2002). These examples suggest that probiotics can increase the
nutritional value of feed by improving digestion or providing
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microbial metabolites such as coenzymes, vitamins, or essential fatty
acids. Wuertz et al. (2021) added that the effects of probiotics in the
GIT related to nutrition and growth can count on several aspects,
including the secretion of digestive enzymes, absorption of nutrients
such as coenzymes, vitamins, and unsaturated fatty acids, as well as
indirect effects that enhance nutrient absorption, stimulation of
enzyme secretion, and neuroendocrine stimulation of appetite
and growth in aquatic animals. Besides that, Ringo et al. (1995)
reported members of the genera Agrobacterium, Pseudomonas,
Brevibacterium, Microbacterium, and Staphylococcus contributed to
the nutrient process of Arctic char (Salvelinus alpinus). It has been
suggested in previous studies that the larvae of the European sea bass
(Dicentrarchus labrax) when given probiotic live yeast (Debaryomyces
hansenii) showed increased activity and concentration of trypsin
mRNA and lipase, respectively.

The probiotic yeast was noted to stimulate enzyme activity in
the European sea bass larvae following some mechanism of
actions such as (i) increased intestinal maturity triggered by the
presence of live yeast in the larval diet, as indicated by increased
activity and concentration of mRNA trypsin and lipase; (ii) the
presence of probiotic yeast in the larval diet can accelerate the
process of pancreatic maturity, it can be seen that there is an
increase in the activity and concentration of mRNA trypsin and
lipase. These enzymes play a role in the digestion of proteins and
fats; (iii) the activity of intestinal enzymes such as AKP,
aminopeptidase N, and maltase was higher in the group given
1.1% yeast compared to the other group. This indicates a faster
development of intestinal digestion, which can improve nutrient
absorption; (iv) The effect of yeast on greater performance is dose-
dependent as the best results were shown at a concentration of
1.1% yeast cell biomass in the diet. This means there was an
optimal level of probiotic supplementation to obtain a maximum
benefit; and (v) The effect of yeast dose on greater performance is
associated with the amount of polyamine secreted by live yeast in
the intestinal lumen of the larvae. Polyamine is an organic
compound that has an important role in cell growth and
differentiation, and its presence may also contribute to increased
intestinal maturity and observed enzyme activity. Overall,
probiotic yeast stimulated enzyme activity by improving
intestinal maturity, pancreatic function, and digestion, with
effects influenced by dosage and the amount of polyamines
produced (Tovar-Ramirez et al., 2004).

5.7 Water microbiota

It is crucial to ensure that probiotics can efficiently improve
animal health without negatively affecting the surrounding water
quality to make it commercially viable (Sugimura et al., 2011). In
addition, to improve feed efficiency, probiotics have also been shown
to break down organic matter into carbon dioxide, which helps
reduce the buildup of liquid organic carbon and particulates
throughout the growing season. This approach can ultimately
improve water quality by balancing phytoplankton production with
eutrophication in certain situations (Cruz et al., 2012).
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To continuously improve water quality in an aquaculture
environment, farmers must constantly remove chemicals or toxic
materials in the water. The mechanism of action of probiotics has a
positive effect on water quality in the early stages after the addition
of probiotics to the water which later translates in enhancing the
water quality and the balancing of the microbial composition of
host organism and their environment. Heterotrophic probiotic
bacteria can also catalyze various chemical reactions such as
nitrogen fixation, oxidation, nitrification, denitrification, and
sulfurization. Thus, the addition of probiotics is proven to
decompose various organic materials and food waste, plankton,
and organic salts such as phosphate, CO, and nitrate.
Photosynthetic bacteria that saturate the water and inhibit the
growth of other pathogenic microorganisms. The micro-algae
formed to provide a suitable medium for usable bacteria and
cultured animals (Boyd and Gross, 1998).

The success of water bioremediation in aquaculture assisted by
probiotics can be achieved through several mechanisms, namely: (i)
nitrification levels must be regulated to maintain ammonia
concentrations; (ii) the need to increase the denitrification rate so
that excess nitrogen can be removed as nitrogen gas; (iii) increase
sulfide oxidation to reduce hydrogen sulfide accumulation; (iv)
increase mineralization of carbon to carbon dioxide reduced sludge
formation; (v) the productivity of primary ponds needs to be
increased so that the production of aquatic animals and
secondary crops also increases; and (vi) maintain the diversity
and stability of pond communities to prevent non-threatening
species domination (Balcazar et al., 2006; Devaraja et al.,, 2013;
Divya et al., 2015).

Bacillus species are known to be the most commonly used
probiotics, and several studies have shown their close relation to
improving water quality (Xie et al., 2013; Divya et al.,, 2015). This is
due to gram-positive bacteria that are more efficient in converting
organic matter into CO, compared to gram-negative bacteria
(Kumar et al., 2016) (Table 4). Based on Chavez-Crooker and
Obreque-Contreras (2010), through pathogenic microorganisms
and the decomposition of organic substances that are not needed
in water and sediment, probiotic bacteria can help microbiota
populations continue to increase so that they are useful in the
aquatic environment.

6 Application of probiotics in some
alternative ingredients

The use of probiotics, especially in aquaculture, in addition to
giving probiotics directly to the target, can also be combined with
alternative ingredients such as plant protein diets, vitamins,
microalgae, fermented products, etc. This method has been
proven to improve aquatic animals’ health and overall growth.
The addition of probiotics also offers a very profitable approach as
research and technology in this field develop; hence, it is expected to
contribute to the sustainability of the aquaculture industry. The
supplementation of plant protein diets (such as soybean meal (SM),
cottonseed meal, cottonseed protein concentrate (CPC), castor
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TABLE 4 Association of different Bacillus species as a multispecies/multi-strain used for water quality maintenance.

Probiotics combination

Species
target

Water
temperature

Applied doses

Duration

10.3389/fmars.2024.1455905

Parameters/
effects

References

Bacillus subtilis + Bacillus licheniformis +
Bacillus pumilus

Bacillus pumilus + Lactobacillus delbrueckii

Bacillus megaterium + Bacillus subtilis and
Bacillus megaterium + Bacillus coagulans

Oreochromis
niloticus

Cyprinus
carpio

Crucian carp

30.5°C

17.7°C - 20.3°C

14°C - 24°C

3.25 x 10° CFU
g',3.50 x 10° CFU g
',3.25 x 10° CFU g

62.5 x 10° cells mL™*
and 67.5 x 10° cells
mL!

2.10 x 10° CFU/mL
and 6.10 x 10°
CFU/mL

10 weeks

60 days

15 days

| Ammonia

1 Electric
conductivity

1 Salinity

1 Total dissolved
solids

| pH

| Dissolved
oxygen

| pH

| Dissolved
oxygen

| Ammonia
nitrogen

| Suspended
solids

1

Dissolved solids

| Ammonia
nitrogen

|Nitrite nitrogen
| Nitrate nitrogen
|Phosphorus

(Elsabagh
et al., 2018)

(Dash
et al., 2018)

(Li et al., 2022)

|Fungal
community

Bacillus megaterium + Bacillus coagulans and | Carassius
. . . . 14°C - 24°C
Bacillus megaterium + Bacillus subtilis aumtus

Bacillus licheniformis + Centropomus

28°C
undecimalis

Bacillus amyloliquefaciens

meal, peanut meal, soy protein concentrate, wheat meal, corn meal,
cassava meal, etc.) to animals has come to the fore due to the costly
fishmeal (FM) protein ingredient since the wild capture fisheries are
being depleted and unable to meet the high demand, making
fishmeal (the primary protein source) a scarce commodity.
Replacing fishmeal with plant protein diets wholly or partially has
been reported to cause adverse effects due to the antinutritional
factors (ANFs) and secondary metabolites for fish. Other factors,
such as a less-than-optimal or imbalanced composition of amino
acids and minerals, are noted to cause adverse effect on the health
and immunity of the organism (Azeredo et al., 2017; Piazzon et al.,
2017; Estruch et al,, 2018). Almost all of these challenges can be
dealt with by adding probiotics, which in turn aid in adjusting the
intestinal microbiota and intestinal health, thereby increasing the
digestion rate of food feed ingredients (Wuertz et al., 2021). Some
probiotics, such as Bacillus, can also serve as a source of vitamins,
but it is still debated whether these vitamins can be absorbed
optimally by the host (Ray et al, 2012; Eck and Friel, 2014;
Merrifield and Ringo, 2014; Nguyen et al., 2018).
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| Ammonia
nitrogen
2.10 x 10° CFU - mL™* 30 days |Nitrite nitrogen (Li et al., 2020)
|Nitrate nitrogen

|Phosphorus

| Dissolved
oxygen

| Ammonia
nitrogen
|Salinity

| Nitrite nitrogen

(Tarnecki
et al., 2019)

2 - 27 days

1 1 10 F -1
X107 CFU g post-hatch

|Nitrate nitrogen

Probiotic supplementation with plant proteins has aided in
enhancing growth, response to stress, immunity, nutrition intake,
intestine structure, and microbial makeup in shrimp, bullfrogs, fish,
etc (Wang et al., 2021b; Zheng et al., 2022). One of the most widely
used microorganisms as a fermentation agent is Bacillus subtilis. Using
bacteria in the fermentation process can eliminate ANFs as a provider
of good microbial metabolites, as well as quality nutrients (Jakobsen
et al,, 2015; Oso et al,, 2015; Shiu et al, 2015). Based on research
conducted by Wang et al. (2021b), the damaging effects caused by SM-
based high-level basal diets can be alleviated with the help of B. subtilis
LCBSI. Fermentation of B. subtilis LCBS1 directly improved the
nutritional quality of SM in terms of growth performance, feed
digestibility, intestinal morphology, and microbial composition of
bullfrogs. For example, LAB and B. subtilis natto as probiotics have
been noted to provide various health benefits for consumers,
encouraging the development of certain functional foods (Molina
et al, 2012). LAB, known as the primary intestinal microflora, has
been widely used in producing fermented soy milk products and other
foods (Kim et al., 2012). Lactobacillus plantarum is reported as being
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able to reduce the immunoreactivity of soybean flour by decreasing IgE
immunoreactivity (Nguyen et al., 2007; Frias et al., 2008). B. subtilis has
been reported to enhance the antioxidant, anti-allergic, and fibrinolytic
functions of soybeans (Kwon et al., 2000; Juan et al., 2010; Kirubakaran
et al, 2010). Several studies show that LAB is often used in the
fermentation of soybean derivative products, such as tofu (mostly
fermented Chinese food made from soybean), soybean milk, and
soybean flour (Han et al, 2004; Georgetti et al, 2009; Marazza
et al., 2012).

Using probiotics in aquaculture has greatly influenced fisheries
production. Applying probiotics in aquaculture can help improve
disease resistance and stress tolerance, digestion, reproduction,
immune function, serve as a source of nutrients, and improve
water quality. Biogenic amines (BAs) compounds in fish are
usually neutralized using oxidase or microorganism activity with
decarboxylase activity. Histamine toxicity results in special
regulatory limits for fishery products. Wide diversity of
microorganisms can decarboxylate histidine to produce biogenic
amines called histamine, often found in fishmeal content. The
population of these microorganisms can develop and grow in fish
exposed to high temperatures, causing an increase in BA levels by
residual enzyme activity. In this case, control procedures and
prevention strategies such as the use of probiotics are needed to
face these challenges to protect consumer health and improve the
fisheries industry (Visciano et al., 2020). The use of inappropriate or
high doses of histamine can harm aquatic organisms, as has been
reported in several studies conducted on grouper fish (Liu et al,
2021a), American eel fish (Zhai et al., 2020), and yellow catfish (Li
et al., 2018). The addition of autochthonous probiotics has been
shown to overcome the negative effects caused by histamine in fish
feed, thereby reducing inflammation, improving gut microbiota,
and enhancing the growth and immunity of aquatic animals
(Dawood, 2021; Yeganeh et al., 2021). In a research conducted by
Liu et al. (2021b), three autochthonous probiotics (B. pumilus SE5,
Psychrobacter sp. SE6, and B. clausii DE5) were supplemented
separately to diets containing 0.3% of histamine and their effects
on growth performance, innate immunity, and gut health on
grouper (Epinephelus coioides) were enhanced in a 56-day
feeding trial.

Enzyme and probiotic supplementation although not
replacements for FM but rather serving as complements to
alternative ingredients, can enhance microbial cooperation in
tissue analysis and increase the abundance of lactic acid bacteria
and Bacillus species. In a recently published work, the effects of
enzyme (phytase and xylanase) and probiotic (three strains of
B. amyloliquefaciens) supplementation were tested on nutrient
digestion kinetics and volatile fatty acid content along the gut as
well as gut microbiome diversity in Nile tilapia. Probiotic
supplementation increased volatile fatty acid content in the
foregut, whereas lactate content decreased with enzyme
supplementation along the gut when measured for the first time
in fish. Enzyme supplementation increased the digestion of crude
protein, calcium, and phosphorus in the fore- and midgut. Enzyme
and probiotic supplementation also improved microbial
interactions, demonstrated through tissue analysis, and increased
the number of lactic acid bacteria and Bacillus species. These
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results suggest that supplementation with enzymes and
probiotics improves nutrient availability, and gut health and
contributes to a more stable microbiome environment (Maas
et al., 2021).

Algae exhibit antimicrobial effects that can benefit other
organisms, often known as the plant microbiome (phytobiome).
Among the potentials obtained from the use of microalgae,
microalgae can be combined with beneficial microbes and have
great potential in increasing algae biomass production and
multiplying the composition of compounds that will be beneficial
to other organisms and the environment, especially the aquatic
environment (Makut et al., 2019; Lee and Ryu, 2021; Perkovic et al.,
2022). Based on Perkovic et al. (2022), the combination of
microalgae and probiotics will have a great impact on other
organisms, as it can produce a variety of compounds that are
beneficial to host health, wastewater treatment, biorefinery,
biofertilization, and also in the improvement of food and
nutrition biotechnology. Microalgae are not only used as extracts
that can accelerate the performance of probiotics, but the
interaction between the two can add more value to the resulting
product. The interaction between the two organisms will increase
the activity and production of bioactive compounds so that they can
fight pathogens.

7 Limitation to the application
of probiotics

Subedi and Shrestha (2020) concluded that despite having a
beneficial effect on aquaculture management, probiotics are still
very limited in inclusive research and studies. The use of probiotics
still has various obstacles, including the inability of aquatic species
strains to produce on a large scale and the unpreparedness of the
industry to process probiotic products for the needs of aquatic
organisms; hence, the use of terrestrial probiotics is more frequent.
Moreover, the lack of knowledge and understanding of the
methods of administration and the benefits of probiotics occurs
among fish farmers. To overcome this limitation, further research
is needed on the mechanism of action of probiotics, their impact on
microbial communities in the aquatic environment, and their
potential ecological risks. In this case, collaboration between
aquaculturists, fish nutritionists, and microbiologists is very
important. By overcoming these limitations, probiotics can be
used more widely and effectively in aquaculture to increase
production sustainably.

Some other obstacles, such as the difficulty of isolation and
functional verification of probiotics isolated from the organs of host
organism (intestines, liver, stomach, oral mucosa, mucus-secreting
glands, etc.) are very difficult so this will severely limit the effective
application of probiotics to aquatic organisms. In addition, very
limited works have been done Bacillus species derived from the host
intestine in regulating mucosal immunity and intestinal microbiota,
making it difficult to explore superior strains.

Furthermore, the interaction of probiotics with culture media is
also very influential; several parameters such as pH level and
temperature, can affect the effectiveness of probiotic strains. Most
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bacteria have an optimal pH range, so if bacteria are placed in a
medium that is too acidic or alkaline, their viability and efficacy will
be reduced. Alkalinity is a buffering agent to resist dramatic changes
in pH levels through the interaction between carbonate-bicarbonate
with neutralizing acids or acids and bases (Makori et al., 2017). The
survival and function of probiotics are also affected by the
fluctuations that occur in alkalinity. Another factor that affects
the performance of probiotics is temperature, which can affect the
metabolic activity of probiotics. Dissolved oxygen levels are one of
the most important factors in the growth environment of
probiotics, but its effect depends on the type of probiotic used
and the type of fermentation or culture process applied. Anjum et al.
(2022) reported that high temperatures can cause a decrease in the
viability and stability of probiotics, either during the storage period
or in the digestive tract of organisms.

It can be seen that native species that originate from a specific
environment or ecosystem are being explored for their potential in
aquaculture. It is necessary to perform more effective trials to find out
in detail and direct the effectiveness and mechanism of action of
native species in their function as disease prevention and increase the
growth of aquaculture animals. Understanding the potential use of
probiotics against microbial communities and the potential ecological
risks that will be posed is not fully known, so further research is still
urgently needed. Several other supporting factors also affect the
effectiveness of probiotic action, such as the type of strain
candidate that must be evaluated according to global standards, the
suitability of the dose needed with the capacity of the cultivated
organism, and the application method used in its application.

8 Future research perspectives
and conclusion

China (mainland) has produced more aquatic animals and
cultured algae than any other country since 1991. Its share of
world aquaculture production was 56.7% for aquatic animals and
59.5% for cultured algae over the past 10 years (FAO, 2020, 2023).
Countries such as China dominate the world’s export of finfish
species farmed in cages. Atlantic salmon are representative of
marine cage farming of cold-water species, while the finfish
produced by marine cage farmers in China are mainly warm-
water species and are much with regard to species.

According to data from FAO (2023), China being one of the
global producers of aquaculture has made significant contribution to
the fishery industry and as such, highlighting the successes chalked
with regards to the use of probiotics is of great significance. When
referring to the potential generated, China has a very large market, so
it has the potential to develop and apply probiotics sustainably.
Information on the use of probiotics in China can be accessed
easily and provides useful insights to researchers and technicians,
who want to adopt probiotics in their aquaculture activities.

Although many studies have been reported in China on
probiotics in aquaculture, the approach is generally empirical. The
most basic mechanism of action of probiotics in aquatic systems is
not often studied, so the resulting adverse effects tend to be

Frontiers in Marine Science

17

10.3389/fmars.2024.1455905

overlooked. Further studies are needed to determine the positive
and negative effects caused by probiotics to direct the selection and
benefit-oriented manipulation of safe and appropriate probiotics.
Considering the negative effects of probiotics, the addition of certain
compounds is expected to mitigate these negative impacts and help
maximize the health benefits obtained from the consumption of
probiotics in aquaculture.

V. alginolyticus is one of the most commonly known disease
causing bacteria that cause detrimental effects such as high mortality
rates of aquatic animals, which go a long way affecting the aquaculture
industry’s development. So, the selection of probiotic strains before
direct administration needs accuracy to help tackle the disease menace
(Selvaraju, 2015). Some commonly used probiotic strains, namely
Bifidobacteria, Lactobacilli, and even Streptococcus thermophilus, are
known as additional feed supplements (Kim et al., 2007; Denev et al,,
2009). The addition of these probiotics to the diets of aquatic animals
during breeding enhances the population of microbes in the intestinal
contents greater than its environment, making it potentially beneficial
for host organisms. Additionally, several factors need to be considered
in the selection of probiotics, which include the type of species
cultivated, the type of probiotic bacteria to be used and the
right dosage, and the conditions of the cultivation environment, such
as whether the provision of probiotics can disrupt the balance of
the aquatic environment ecosystem (interactions with other organisms
including plankton and other bacteria), and aquaculture management.
In a case where there is supposedly an inappropriate use of probiotics, it
is feared that there will be higher increase of waste production
(undigested feed residues and fish excretion) which can heighten the
spreading of disease if not isolated properly.

Future research perspectives on probiotics in China are
promising to advance our understanding of probiotic interventions’
potential applications and benefits. The evolving landscape of
probiotic research in China is marked by a growing interest in
exploring diverse strains and their applications across various
domains, including human health, animal husbandry, and
agriculture. Research endeavors in China, as reflected in studies by
authors such as Wang et al. (2018) and Li et al. (2012), are delving
into the intricate mechanisms by which probiotics influence gut
health, immune responses, and overall well-being in humans. There is
a significant emphasis on determining original probiotic strains with
special characteristics that correspond with the unique health
requirements of the Chinese population. Additionally, research is
expanding to explore the potential of probiotics in addressing
prevalent health concerns, such as metabolic disorders and
gastrointestinal diseases.

In the field of animal husbandry and aquaculture, studies like those
conducted by Huang et al. (2023) and Wang et al. (2021a) are paving
the way for innovative applications of probiotics to enhance growth
promotor, disease resistance and overall productivity in livestock and
aquatic species. The exploration of probiotics as alternatives to
traditional antimicrobial agents is gaining momentum, aligning with
global efforts to promote sustainable and eco-friendly practices in
agriculture. Incorporating probiotics in soil and plant systems is an
emerging area of interest; as such, investigating probiotics’ role in
promoting soil health, nutrient uptake, and crop yield has implications
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for sustainable agriculture practices and food security in China (Qi
et al,, 2009). As China continues to invest in research infrastructure and
collaborative initiatives, future studies are anticipated to elucidate the
intricate interplay between probiotics and various ecosystems. The
holistic understanding gained from such research endeavors will
contribute to developing tailored probiotic interventions that align
with the unique contexts and challenges in China’s diverse landscapes.
The multifaceted exploration of probiotics in China underscores its
potential to shape the future of healthcare, agriculture, and
environmental sustainability.

In conclusion, using probiotics in aquaculture has greatly
influenced fisheries production. Applying probiotics in aquaculture
can help enhance disease and stress tolerance, improve digestion,
promote reproduction, boost immunity, and improve water quality.
Among the several probiotics used, the most commonly used ones,
namely, Lactobacillus sp., Pseudomonas sp., and Bacillus sp., have the
potential to enhance fish production due to the vast research work
conducted on them aside from their enormous beneficial effects on
fish performance (increase the survival rate of the fish and as an
immune stimulation).
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