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Abstract Similar to human beings, fish harbor microorganisms in their gastrointestinal tract
(GIT). Fishes are diverse groups of gut microbiota, including protists, fungi, yeasts, viruses,
bacteria, and archaea. In addition to serving as a barrier against infections, these microbes that
inhabit the gastrointestinal tract of fish play a role in nutrition, physiology, immunity, and life
span. All fish have gut microbiota; however, the makeup of these communities varies
depending on the fish's life stages, the habitat they live in, their nutrition, the seasons, their
trophic level, etc. For both recreational and commercial fisheries, it is crucial to comprehend
the bacterial make-up of fish microbiomes. The gut microbiota aids in the development of
methods for modifying the gut microbiota of the target fish species to enhance aquaculture
quality. These gut microbes are an invaluable, essential source of novel, promising bioactive
compounds with significant biological activity. The natural product secondary metabolites from
specific strains of Chaetomium spp. may develop to be biomedicine for sustainable protection.
This review provides a comprehensive knowledge of the composition of the gut microbiota of
fish, their development, changes in the living environment, their modification, and their
applications.
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Introduction

Fish make up approximately half of all vertebrate varieties. There are
over 34,000 different species of fish known. They play a significant role in
aquatic systems. (Johny et al., 2021, Kim et al., 2021). Fish is the primary
source of protein for humans across many regions of the globe. This is
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especially true in the majority of developing countries (Latha and Mohan
2013). Fish and other aquatic animals have a special and closely relationship
with their surroundings and the microorganisms that live there. Microorganisms
abound in the world's oceans According to studies, 3.6 x 10*° microbial cells
account for more than 90% of all oceanic biomass. Fish can have a mutualistic
or pathogenic relationship with the microorganisms in their environment
(Gamez and Balcazar 2008; Sullam et al., 2012). According to various research
findings, microorganisms inhabit the digestive tract, gills, skin, and organs that
emit light. Additionally, bacteria may be present in the fish internal organs like
the liver, kidney, and spleen (Austin, 2002). The microbiota in the fish gut
forms an intricate environment with a diverse spectrum of species. The habitat
environment, together with other elements including the developmental stage,
season, nutritional status, host genetics, and diet composition, has the potential
to have a substantial impact on the microbiota (Kim et al., 2021). Early in the
1930s, researchers started studying the fish gut and skin microbial communities
to learn more about these intricate bacteria (Uma et al., 2020). Previously, fish
were found to have a small number of bacteria in their stomachs, which were
thought to be from their environment or nutrition (Cahill, 1990; Ringoet al.,
1995). These conclusions were established after conducting experiments using
culture-dependent methodologies. However, we now realize that in the
laboratory conditions used at the time, only 10% of microbes might be isolated
and cultured (Amann et al., 1995). Since then, scientific methods have greatly
improved, and today it is believed that cultivable bacteria make up less than
0.1% of the whole microbial population in the GIT of various fish species
(Zhou et al., 2014). Nevertheless, numerous current researchers continue to
publish findings from culture-based methods, extrapolating microbiota function
from information gathered from investigations of the growth of bacteria carried
out in laboratory environments (Clements et al., 2014).

For the analysis of fish microbiota, a broad range of culture-independent
approaches are now accessible. They include clone libraries, quantitative real-
time PCR (gPCR), finger-printing methods such as denaturing gradient gel
electrophoresis (DGGE) and temporal temperature gradient electrophoresis
(TTGE), and fluorescent in situ hybridization (FISH). These techniques are
employed to ascertain the composition of the microbiota, measure overall
microbial levels, quantitatively analyze taxa, ascertain the frequency of specific
taxa, and assess host-bacterial relationships along the brush border mucosa
(Zhou et al., 2014; Wang et al., 2018). The most recent molecular analysis
technique, known as next-generation sequencing (NGS), is more routinely
utilized in fish investigations. Over the past few decades, studies on fish gut
microbiota have significantly risen as a result of the advancement of such
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breakthrough molecular technologies and the explosive expansion of
aquaculture. The fish gut microbiota of is vital to the host survival since it
actively participates in the metabolism of nutrients, the prevention of possible
infections, and the immune system strengthening (Larsen et al., 2015). More
recent studies have shown that the bacteria found in fish guts are a promising
source of enzymes, secondary metabolites, and aquaculture probiotics (Vignesh
etal., 2019).

Development of fish gut microbiota

The intestinal microbiota of fish may originate from a variety of
sources. It is commonly acknowledged that bacterial colonization mechanisms
throughout the initial phases of larval fish development are complicated and
reliant on the microbiota of eggs, the water used for larval rearing, and feeding
habits. The original invading bacteria are now known to be species-specific,
with variations in the glycoproteins present on the egg surface controlling
variances (Larsen, 2014). Additionally, the microbial population of the water in
the area determines which bacteria come into contact with the eggs and have a
chance to colonize them. When sterile larvae hatch, they consume the chorion-
associated bacteria, which are the first organisms to inhabit the developing GIT
(Egerton et al., 2018). The gastrointestinal tract of the freshly hatched larvae
frequently has a few microorganisms in it. When fish larvae start drinking
water to regulate their osmoregulation, they acquire subsequent bacterial
habitats for the first time. Through feeding, the microbiota then diversifies even
more. (Hansen and Olafsen, 1999).

Composition of fish gut microbiota

Fishes are diversely group of gut microbiota, including protists, fungi,
yeasts, viruses, bacteria, and archaea. However, the majority of the microbial
community inthe gut offish is composed of bacteria  and has so
far been mainly studied in this area (Egerton et al., 2018). In contrast to
terrestrial vertebrates, fish have obligate anaerobes, facultative anaerobes, and
aerobic bacteria as the main colonizers of the GIT (Llewellyn et al., 2014).
According to research, the fish gut contains between 10’ and 10
microorganisms per g™ of intestinal material (Nayak, 2010). Proteobacteria,
Firmicutes, Actinobacteria, Fusobacteria, Bacteroidetes, and Verrucomicrobia
are some of the bacteria that inhabit the fish GIT, according to studies using
NGS (Ringoet al. 2006; Desai et al., 2012; Li et al., 2013; Carda-Dieguez et
al.,, 2014). The most prevalent phyla of these are Proteobacteria,
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Actinobacteria, Bacteroidetes, Firmicutes, and Fusobacterium (Figure 1). The
majority of the microbiota in marine fish is composed of facultative anaerobes,
including  Vibrio,  Acinetobacter, = Pseudomonas,  Corynebacterium,
Flavobacterium, Micrococcus, and Alteromonas. Contrarily, Aeromonas,
Pseudomonas, and Bacteroides type A predominate in the microbial
community of species of freshwater fish, while Enterobacteriaceae:
Plesiomonas, Micrococcus, Clostridium, Acinetobacter, Bacteroides type B,
and Fusarium are less common species. (Wang et al., 2018). Thirteen samples
of fish from four different species in the Antarctic were studied for their fish
gut microbiota, which was identified into 804 genera and 36 phyla.
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes are found to be
the most prevalent phyla, and Rhodococcus, Acinetobacter, Thermus,
Mycoplasma, Propionibacterium, and Streptococcus have also encountered the
most prevalent species (Song et al., 2016). According to cultivation-based
approaches, Ascomycota and Basidiomycota were the two most often reported
fungal phyla. Up to 10" CFU of yeasts were presented per gram of gut material.
Protozoa and Archaea in fish intestines received little attention (Bruijn et al.,
2018).

Skin: Proteobacteria, Firmicutes

Actinobacteria, Bacteroidetes, Cyanobacteria|

Gills: Proteobacteria, Firmicutes Gut: Proteobacteria, Firmicutes
Actinobacteria, Cyanobacteria Bacteroidetes, Actinobacteria

Ascomycota, Basidiomycota Fusobacteria

Figure 1. Composition of fish microbiota. Major phyla present in the gut, skin,
and gills of fish (Source: Llewellyn et al., 2014)

Factors affecting fish gut microbiota

Significant inter- and intra- species diversity has been identified in
research on the fish gut microbiota. The age, weight, gender, diet, trophic level,
habitat, season, phylogeny, and captive state, are some factors that affect this
diversity (Hansen and Olafsen 1999; Clements et al., 2007; Bano et al., 2007;
Dhanasiri et al., 2011; Hovda et al., 2012; Cordero et al., 2015; Miyake et al.,
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2015). The habitat, trophic level, and probably host phylogeny are the most
likely contributing factors, in accordance with a recent meta-analysis of the
factor determining the diversity of the fish gut microbiota (Sullam et al., 2012).
The scientific model species zebrafish is crucial because it is ideal for
examining the dynamic variations in the gut microbiota that occur during
development. While the relative quantity of the various groups of bacteria
remained stable, the density and variety of the gut microbial population
declined with age (Stephens et al., 2016). Additionally, compared to adult fish,
the composition of the gut microbiota in the early stages of development was
more comparable to that of the aquatic environment, while in the adult forms,
there was greater heterogeneity in the gut population across different fish
(Bruijn et al., 2018). The identification of a core microbiota in the intestines of
wild and laboratory-raised zebrafish by Roeselers et al. (2011) offered proof of
the importance of the host's genetic predisposition in determining the
microbiome (Roeselers et al., 2011). In the early phases of life, the water
microbiome has a considerable impact on the gut microbiota, and host age
promotes microbial diversity (Bledsoe et al., 2016). Based on the host species
and dietary habits, the structure of the gut microbiome and metabolite profiles
might change dramatically (Li et al., 2017). Non-adherent microbiota is far
more diverse and dietary-reliant than adherent microbiota (Gajardo et al.,
2017). Additionally, a study by Li et al. (2016) discovered that the intestine
microbial communities of male and female wild largemouth bronze gudgeon
(Coreius guichenoti) differed significantly from one another (Li et al., 2016). In
a study with zebrafish, Stephens et al. (2016) demonstrated stage-specific
signals and substantial inter-individual variability (2016). Water temperature
and salinity are two key elements in the aquatic environment that influence fish
Gl microbiota (Stephens et al., 2016). Carnivorous, omnivorous, and
herbivorous fish can all have significantly different communities (Givens et al.,
2015; Miyake et al., 2015). According to research, the diversity of bacteria in
the guts of fish tends to decline as they transition from herbivores to omnivores,
and carnivores have the least diverse gut bacteria (Wang et al., 2018).
Fusobacteria were more common in carnivorous fish species, while
cyanobacteria were more common in filter feeders (Bruijn et al., 2018). The
makeup of the gut microbiota is substantially associated with salinity,
according to a comparison of fish from freshwater, saltwater, or estuarine
environments. According to principal coordinate analysis (PCoA), intestinal
bacterial populations of freshwater and saltwater fish formed considerably
different clusters. The greater proportion of operational taxonomic units
(OTUs) from the bacterial orders Aeromonadales in freshwater fish and
Vibrionales in saltwater fish was linked to these PCoA discrepancies (Wong
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and Rawls, 2012). The isolated bacterial genera typically correspond to the
fish's surroundings and vary depending on several variables, like salinity and
the density of bacterial populations in the water. The microbiota in the gut is an
example of microorganisms from the environment or the diet consumed that
can endure and proliferate inside the gastrointestinal tract (Larsen et al., 2015).

Functions of fish gut microbiota

The gnotobiotic zebrafish model system offers chances to investigate
the molecular underpinnings of host-microbe interactions, such as the host-
microbe metabolism and the immune system's synergistic evolution. According
to research by Rawls et al. (2004), 212 genes, some of which are associated
with enhancing innate immunity, increasing energy metabolism, and inducing
epithelial growth, can be controlled by the fish microbiota. Accordingly, the
lack of GI microbiota in fish may result in reduced physiological processes,
including impaired nutrition absorption, metabolism, and immunological
responses, as well as intestinal epithelial cell dysfunction. In the developing
vertebrate intestine, it is hypothesized that the local intestinal microbiota boosts
the integrity of b-catenin in the intestinal epithelium and fosters cell growth.
Fish gut microbiota has enzyme-producing bacteria, which may play a
significant role in metabolism (Ray et al., 2012). These enzymes include lipase,
amylase, proteases, cellulase, chitinase, and phytase. The GI bacteria have a
significant impact on the development and maturation of gut-associated mucoid
tissues (GALT), which in turn mediates a number of host immunological
actions (Wang et al., 2018).

Microbiota manipulation in fish gut

It is well established that there is an innate relationship between a host's
microbial population and its state of health, many researchers are currently
concentrating on strategies to manage this microbial community structure to
promote host health. Interest in altering the gut microbiota of fish to enhance
wellness and nutrition has increased with the development of the aquaculture
sector. Modifying dietary lipids as well as proteins and also as including
prebiotics and probiotics in the diet have been the main ways of gut flora
management.

Proteins

Proteins serve as the body's structural constituents and have a variety of
roles in numerous metabolic pathways and physiological processes. The source,
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chemical composition, and quantity, of proteins can have an impact on
microbial diversity and gut health (Kotzamanis et al., 2007; Desai et al., 2012;
Geurden et al., 2014). The reduced protein intake and a more diversified
microbial population texture in the gut have been connected, according to
previous research (Zarkasi et al., 2016). Peptides and glycopeptides generated
during hydrolytic breakdown influence the state and function of intestinal cells
along with the nearby microbiota. Protein hydrolysates can modify dietary
proteins in a way that both, directly and indirectly, alters the bacteria
population in the host's gut. Short peptides can directly change the makeup of
the bacteria in the gut by providing the bacteria with adequate substrates and
promoting their growth (Kotzamanis et al., 2007; Delcroix et al., 2015). Some
short peptides have antibacterial properties, which can aid in preventing the
growth of harmful microorganisms. (Sila et al., 2014).

Lipids

Fish require lipids as essential macronutrients in their diet. Increasing
the level of fatty contents led to the production of a more diverse population of
gut bacteria. The ability of fish to withstand pathogenic microorganisms can be
increased by substituting plant oils for fish oils (Egerton et al., 2018).

Probiotics

Probiotics are alive or dead components of microorganisms that help the
host by boosting healthy intestinal bacterial species and enhancing the host's
overall health (Ghanbari et al., 2015). In the aquaculture sector, probiotics are
usually added as feed or water supplements (Nayak, 2010). The most crucial
probiotic organisms employed in aquaculture are Bacillus species and Lactic
acid bacteria (Beck et al., 2015; Chai et al.,, 2016; Liu et al.,, 2017].
Saccharomyces, Clostridium, Enterococcus, Shewanella, Lactococcus,
Leuconostoc, Aeromonas, and Carnobacterium are the additional common
probiotic organisms utilized in fisheries (Nayak, 2010). The first line of defense
against the various pathogenic microorganisms that fish are vulnerable to is
innate immunity. By being included in the diet, probiotics have a crucial
function in enhancing fish immunological responses as well as the adaptive and
innate immune systems (Cui et al., 2022).

Prebiotics

Prebiotics are a novel approach that offers a dietary supplement to
enhance immune function and growth by controlling gut bacteria (Gibson et al.,
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2004). Prebiotics are  frequently  indigestible  oligosaccharides
that are supplemented with fish feed to encourage the development of particular
beneficial microbes in the gut and hence improve host health (Gibson and
Roberfroid, 1995). By raising the population of lactic acid bacteria, particularly
Bifidobacterium, prebiotics can enhance the host's overall immunity by
reducing the adhesion and colonization of harmful microbes in the digestive
tract. According to several studies, prebiotics have been linked to
immunological health, immune development, and the construction and
variation of the gut microbiota in a range of fish species (Geraylou et al., 2013;
Hahor et al., 2019, Hoseinifar et al., 2013; Ali et al., 2016; Guerreiro et al.,
2016). It is important to note that supplementing with prebiotics only helps
when a moderate amount is given; prebiotics in large concentrations can harm
the host. An imbalance in the gut microenvironment brought by many
prebiotics may reduce the ability of fish intestines to digest food (Cui et al.,
2022).

Synbiotics

Synbiotics are a term for the administration of prebiotics and probiotics
together (Huynh et al., 2017; Nayak, 2010). According to studies, synbiotics
increase the probiotic bacteria’s implantation, metabolism, and chances of
survival in the gut (Cerezuela et al., 2011). It has been demonstrated that
synbiotics improve the host's ability to develop and use as food, which may be
due to the host receiving more energy and nutrients from the organisms or to
the host's body for improving the digestive processes (Ringgand Song, 2016).

Fish gut microbiome and production of secondary metabolites

Pathogens have been reported to exhibit high resistance to numerous
antibiotics due to mutations brought by the widespread and careless usage of
antibiotics (Sharma et al., 2016). The oldest and most common infectious agent
is Mycobacterium tuberculosis, which causes tuberculosis (TB) (Hussain et al.,
2017). The emergence and spread of illnesses with extended-spectrum beta
lactamases, such as those caused by Gram-negative bacteria such as
Acinetobacter baumanii, Escherichia coli, and carbapenem-resistant Klebsiella
pneumonia (CR-KP), pose a significant risk to public health (Schwaber et al.,
2008; Vatopoulos, 2008). To tackle multidrug resistance (MDR), novel
antibiotics with specific molecular frameworks and distinctive modes of action
are urgently required. Cancer continues to be one of the biggest health issues
affecting people among lifestyle illnesses. Notably, the second-leading cause of

466



International Journal of Agricultural Technology 2023 Vol. 19(2):459-474

cancer fatalities in women after lung cancer is breast cancer. Combining
surgical, radiological, immunotherapeutic, and chemotherapeutic methods is
one of the therapeutic choices for cancer treatment (Magsood et al., 2018).
Because of their variety of chemical structures, which cannot be equaled by any
synthetic libraries, natural products are viewed as a wonderful repository for
developing drugs (Rateb et al., 2018).

However, our research findings found depsidones, known mollicellins E
and J, and new mollicellins K-N from the fungus Chaetomium brasiliense
expressed antimalarial activity against Plasmodium falciparum. It showed that
compound new mollicellins K-N resulted in antimicrobial activities against
Candida albicans and Mycobacterium tuberculosis causing tuberculosis.
Moreover, all compounds expressed cytotoxicity to KB, BC1, NCI-H187 and
five cholangiocarcinoma cell lines (Khumkomkhet et al., 2009). Ch. globosum
strain KMITL-N0802 recorded a novel anthraquinone-chromanone compound
named chaetomanone and known compounds, chrysophanol, chaetoglobosin C,
echinulin and isochaetoglobosin D. With this, Chaetomanone and echinulin
reported to be expressed antibacterial against Mycobacterium tuberculosis
(Kanokmedhakul et al., 2002). Our further research findings on the endophytic
Chaetomium globosum 7s-1 isolated from a plant species, Rhapis
cochinchinensis found a new xanthoquinodin B9, three
epipolythiodioxopiperazines, chetomin, chaetocochin C, dethio-tetra
(methylthio) chetomin, four other compounds, chrysophanol, two known
xanthoquinodins, xanthoquinodin Al and xanthoquinodin A3, emodin, and
alatinone. It found that compounds xanthoquinodin A3, chetomin, chaetocochin
C and dethio-tetra(methylthio) and chetomin expressed antimicrobial activity
towards Gram positive bacteria at concentrations of 0.02 pM to 10.81 uM.
Moreover, these metabolites also expressed cytotoxicity against a normal cell
line (Vero cell) at 1C50 values of 0.04—3.86 uM and cytotoxicity toward KB,
MCF-7, NCI-H187 cancer cell lines at IC50 0.04-18.40 M (Tantapakul et al.,
2020). These natural products of secondary metabolites may possible to
develop as biomedicine to control those pathogens.

Marine vertebrates have historically been found to be a rich resource of
distinctive natural compounds, with a wide variety of biological activity.
Recent research on microbial populations linked to vertebrates shows that
microbes are the real source of many of these chemicals. The microbially rich
habitat of the marine system has not been sufficiently studied to yield unique
chemical substances such as antibiotics, enzymes, vitamins, medicines, and
biosurfactants (Bhatnagar and Kim, 2010; Shekhar et al., 2015). The ability of
actinobacteria to produce a wide variety of secondary metabolites with
fascinating potential bioactivities makes them well-known among marine
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microbes (Vignesh et al., 2021). Nineteen bacterial strains were discovered
during the preliminary investigation of the intestinal flora of Garra mullya
(Sykes), and they displayed a great range of enzymatic activity, morphology,
and biochemical properties. The factors that control diversity as determined by
analysis of principal components and correspondence analysis demonstrate that
bacterial isolates have adapted to use a variety of resources, such as sugar and
citrate, and also exhibit endurance to a variety of environmental factors,
including pH, salinity, and bile in vitro conditions (Rudresh et al., 2010).
Actinomycetes found in Indian Mackerel (Rastrellinger kanagurata Cuvier)
produce metabolites that prevent the growth of histamine-producing bacteria.
These byproducts can be utilized to preserve seafood. (Choudhury et al., 2008).
In addition to having antibacterial action against ESBL Klebsiella pneumonia
ATCC 13882 and Mycobacterium tuberculosis, the secondary metabolites from
Streptomyces enissoceasilis SFA from shark fish also had anticancer activity
against breast cancer cells (Vaishali et al., 2021). Lipid-producing bacteria
isolated from the guts of different freshwater and saltwater oily fish from the
western coastal region of India have been found to produce PUFA (Masurkar et
al., 2014). n From the distal (DI) and proximal (PI) areas of the fish gut, Dutta
and Ghosh (2015) isolated bacteria that produce extracellular enzymes. These
strains may produce the extracellular enzymes lipase, cellulase, phytase,
amylase, and xylanase. By using the cross-streaking and double-layer methods,
additional research on antagonism against seven possible fish pathogens
indicated some of the strains to be antagonistic against one or more pathogens
(Dutta and Ghosh 2015). Study of Streptomyces spp. in the fish gut microbiota
of three environmental biotopes, including fresh-water (Cyprinus carpio
[common carp]), estuarine (Oreochromis mossambicus [tilapia]), and marine
(Epinephelus diacanthus [grouper]), which have a greater relationship with
muddy soils for the synthesis of antibacterial components against human
pathogens Vibrio cholerae proved that these extracts have the capacity to
produce effective antibacterial components against the pathogen (Deepa et al.,
2012). The actinobacterial strains from R. kanagurta showed antimicrobial and
antiquorum sensing, anticancer, and anti TB activity. The actinobacterial strains
from P. microdon showed antimicrobial activity (Vignesh et al., 2019). Due to
significant financial loss, biofouling on ship surfaces poses a serious danger to
the marine industry. Tributyltin has been used to combat biofouling, which is
the root of the environmental problem. According to research, coral-associated
marine bacteria and aquatic Actinobacteria have the ability to reduce the
development of biofouling (Waturangi et al., 2017).
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Conclusion

Fishes have concerned with a wide variety of bacterial taxa and other
microbes, which frequently mirror the microflora of the aquatic environment.
The gut microbiota of fish can be considered as an organ, which is in charge of
vital physiological processes essential to maintain the health of its host. Prior
research had suggested that there were few bacteria in fish guts, but more
recent research, using cutting-edge molecular methods like NGS technologies,
has painted a different picture and revealed that there can be found as much as
10° CFU/g of bacteria cells in the gut of some species. Many of these fish-
associated microorganisms play uncertain roles, and further research should
focus on this area. The health and sustainability of aquaculture would be
improved by our increased knowledge of the fish gut microbiota in relation to
diet modifications and the effects of microbial ecology alterations on
bioactivity research. For both recreational and commercial fisheries, it is crucial
to comprehend the bacterial makeup of fish as it is proven to be a big impact on
host health, resistance to diseases, and spoiling rates. Finding new bioactive
compounds is crucial to combating the threat posed by bacteria that are multi-
drug resistant. Because natural products include a variety of chemical
scaffolding that cannot be equalled by synthetic libraries, they are regarded as a
useful resource for drug development. At the moment, marine microorganisms
are a priceless, important source of novel, and promising bioactive metabolites
with significant biological activity.
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