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Abstract 

The gut microbiota, which includes pr okar y otes, ar c haea, and eukary otes suc h as y easts, some protozoa, and fungi, significantly im- 
pacts fish by affecting digestion, metabolism, and the immune system. In this resear c h, w e combine various tasks carried out by 
various bacteria in the gut of fish. This study also examines the gut microbiome composition of marine and fr eshw ater fish, identi- 
fying important bacterial species linked to different biological functions. The diversity within fish species highlights the importance 
of considering n utrition, ha bitat, and envir onmental factors in micr obiological r esear c h on fish. The ever-c hanging gut microbiome 
of the fish indicates that microbial communities are specifically adapted to meet the needs of both the host and its environment. 
This indicates that the fish can adjust to a specific environment with the help of gut microbiota. This important resear c h is crucial 
for comprehending the complex relationships between fish and their gut bacteria in different aquatic environments. These discov- 
eries have implications for aquaculture practices, fisheries administration, and the broader ecological processes of both freshwater 
and marine en vironments. W ith further pr ogr ess in this ar ea of stud y, the kno wledge acquired would offer a v alua b le standpoint to 
enhance our comprehension of aquatic microbiology and enhance the sustainability and nutrition of fish resources. 

Ke yw ords: gut microbiome; freshwater fishes; marine fishes; environmental factors; comparative analysis: aquaculture 
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Introduction 

The gut of an animal consists of trillions of diverse microorgan- 
isms that can have both positive and negative effects on the nu- 
trition, immunity, and overall well-being of the host (Bairagi et al.
2002 , Ray et al. 2012 , Deb et al. 2020 , Ghori et al. 2022 , De Marco 
et al. 2023 ). Its structure is influenced by factors such as micro- 
bial diversity, spatial distribution, pH, and interactions with host 
enzymes (Jordaan and Bezuidenhout 2013 , Kim et al. 2021 ). Mi- 
crobes in the gut of fish engage in competition, generate antimi- 
cr obials, comm unicate, and consume eac h other, impacting the 
population dynamics and health of the host (Wang et al. 2018 , Cui 
et al. 2022 , Luan et al. 2023 ). Struggles between micr oor ganisms,
such as competition for resources and bacteriophage assaults, im- 
pact the equilibrium of microbes (Di Maiuta et al. 2013 , Parris et 
al. 2019 , Qi et al. 2023b ). The fish has a unique assemblage of mi- 
cr oor ganisms r esiding within their gastr ointestinal tr act (Giv ens 
et al. 2015 , Deb et al. 2020 , Zou et al. 2020 , Xi et al. 2023 ). Some
of these micr oor ganisms form a dynamic and symbiont relation- 
ship with the host and impact various aspects of fish biology such 

as digestion, absorption, synthesis of essential nutrients, antimi- 
crobial peptides (AMPs), and bacteriocins’ cellular and humoral 
immunity (Roeselers et al. 2011 , De Marco et al. 2023 ). In return,
the host r eceiv es exogenous enzymes and nutrients, suc h as vi- 
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amins and fatty acids, which cannot be produced by the host
ody cells (Dhanasiri et al. 2011 , Wu et al. 2024 ). A balanced mi-
r obiome composition r educes the colonization and pr olifer ation
f harmful pathogens and controls diseases (Fjellheim et al. 2007 ,
u et al. 2024 ). Ther efor e, the micr obiota of the gut is considered
n “extra organ” owing to powerful microbial genes, and the role
f micr oor ganisms in digestion, imm unity, and ov er all de v elop-
ent (Bair a gi et al. 2002 , Dhanasiri et al. 2011 , Feng et al. 2018 ,

utt and Volkoff 2019 ). Facultative anaerobes and aerobes are
resent in greater numbers in the fish gut in comparison to ob-

igate anaerobes (Cahill 1990 , Clements 1997 , Izv ek ov a et al. 2007 ,
rust et al. 2011 ). This is mainly because of the fish gut environ-
ent, whic h typicall y has higher oxygen le v els, particularl y in the

ront parts such as the stomach and nearby intestine (Nelson and
ehn 2010 , Egerton et al. 2018 ). Facultative anaerobes can adjust

o c hanging le v els of oxygen, while obligate anaer obes pr efer en-
ironments with no oxygen, such as the lo w er regions of mam-
alian intestines (André et al. 2021 , Lu and Imlay 2021 , Duncan

t al. 2023 ). The gut micr obiomes ar e divided into autoc hthonous
i.e. native bacteria or when they can attach and colonize the gut
pithelial surface of the host) and allochthonous (i.e. foreign bac-
eria or when they accidentally enter the host gut and get re-

oved after some time without colonizing) (Nayak 2010 , Navar- 
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 ete et al. 2013 , Giv ens et al. 2015 , Sharma et al. 2023 ). Ther efor e,
 thorough understanding of the fish gut microbiome is very im-
ortant in aquaculture because it can be helpful in the manage-
ent of fisheries and conservation and has the potential to boost

sh health and sustainable seafood production (Van Kessel et al.
011 ). In aquaculture, it is crucial to preserve a balanced gut mi-
r obiome to pr e v ent diseases that could hav e a se v er e impact on
sh populations. Probiotic and prebiotic therapies are frequently
mplo y ed to impr ov e adv anta geous micr obial populations, r esult-
ng in impr ov ed feed efficiency and decreased expenses in fish
arming (Merrifield et al. 2010 , Dutta 2015 , Ghori et al. 2022 , De
arco et al. 2023 ). Mor eov er, a well-balanced gut micr obiome can

id in decreasing waste generation, thereby lessening the envi-
onmental consequences of aquaculture operations. According to
ir anda et al. ( 2022 ), numer ous fish species are at risk of extinc-

ion because of human activities and climate change, and yet little
s known about their microbiota, making the study of intestinal

icrobiota crucial for the conservation of these species (Soh et
l. 2024 ). The gut microbiome is crucial for the health and sur-
iv al of fish, particularl y in ca ptiv e br eeding pr ogr ams aimed at
pecies conservation (West et al. 2019 , Ruiz et al. 2024 ). A pr operl y
ar ed for micr obiome helps fish adjust to shifting environmen-
al conditions, especially crucial with climate change and habitat
amage . Ha ving a strong gut microbiome can boost the chances
f survival for fish being r eleased bac k into their natural habitat
y enhancing their ov er all health and ability to fight off diseases.
ompar ativ e anal ysis of the fish gut micr obiome is an important
eld of r esearc h as it can unr av el hidden r ealities that can help to
nderstand the relations between micr oor ganisms, and micr obial

nteraction with their host besides functions and diversity of the
omplex microbiota. 

The function and composition of the microbiome may vary
rom species to species like other aquatic and terrestrial animals
Sehnal et al. 2021 , de Jonge et al. 2022 ). This intriguing scien-
ific endea vour in volves studying and comparing the composition,
iv ersity, and functional r oles of these micr obial comm unities
cross a wide spectrum of fish, ranging from freshwater to ma-
ine species, and from herbivorous to carnivorous feeders (Givens
t al. 2015 ). T hus , we aimed to gain a deeper understanding of
ow micr obial comm unities hav e e volv ed in r esponse to the spe-
ific dietary, environmental, and physiological adaptations of fish
pecies . T hr ough compar ativ e anal ysis, r esearc hers hav e uncov-
red the profound impact of the fish gut microbiome on various
spects of fish biology , including immunity , metabolism, growth,
nd e v en behaviour (Collazos et al. 1994 , Aquac et al. 2023 ). The
nsights obtained from this study will not only contribute to our
nderstanding of fish health and ecology, but also have immense
romise for enhancing aquaculture practices, conserving endan-
ered species, and advancing gut microbial biotechnological ap-
lications (Ghanbari et al. 2015 ). 

Thor ough r esearc h was conducted using a ppr opriate k e yw or ds
n online platforms such as Google Scholar, ResearchGate, Sci-
nce Direct, Scopus, and r egular Google searc hes to find accur ate
ata. The Pr effer ed Reporting Items for Systematic Re vie ws and
eta-Analysis (PRISMA) methodology used for systematic review
as been depicted in Fig. 1 . Certain pertinent articles that were
onnected to the k e yw or ds and subject have been incor por ated in
he r esearc h. Articles that ar e not pertinent, lac k crucial informa-
ion, are not in full text, and are off-topic were eliminated. Most
f the liter atur e examined was from the years 2015 to 2024, with
ome older liter atur e included due to incomplete data. 
unctional status of fish gut microbiome 

he study on fish is incr easing pr ogr essiv el y due to the demand
or fish and fish-origin nutraceuticals The gut microbiota plays
 crucial role in regulating the growth and production of fish,
ence aiding in meeting the market demand for fish (Sullam et
l. 2012 , Wong et al. 2013 , Butt and Volkoff 2019 , Liu et al. 2021 ).
roper knowledge of bacterial function in a particular species of
sh can help us de v elop efficient pr obiotic str ains or synbiotics

as depicted in Fig. 2 ). For instance, Cetobacterium somerae , a Gram-
egativ e micr o aer otoler ant bacterium pr esent in the gastr oin-
estinal tr act (GI) tr act of some fr eshwater fish suc h as tila pia and
ar p, pr oduces lar ge amounts of Vitamin B 12 (Tsuc hiya et al. 2008 ) .
he fish harbouring C. somerae in their gut, in general, did not re-
uire Vitamin B 12 in their diet, whereas species such as catfish and

apanese eel that do not have C. somerae in their gut r equir e Vita-
in B 12 (Tsuchiya et al. 2008 , Jobling 2012 ). Cetobacterium somerae

s crucial for fish, particularly those consuming plant-based di-
ts or having low B 12 le v els, as it aids in protein fermentation and
mino acid absorption for their growth and energy needs (Sugita
t al. 1991 , Li et al. 2015 ). It generates a large quantity of acetate,
ontributing to impr ov ed glucose r egulation, enhanced gut barrier
unction, and incr eased r esistance to diseases (Wang et al. 2021 , Qi
t al. 2023b ). As a pr e v alent gut bacterium, it helps support a bal-
nced ecosystem by beating harmful bacteria and creating sub-
tances such as short-chain fatty acids (SCFAs) (Sugita et al. 1991 ,
i et al. 2015 , Bhar dw aj et al. 2023 ). While it has positive effects on
sh, the impact on human health in aquaculture environments

s not clearly understood, and there may be risks of transmission
Finegold et al. 2003 ). The generation of gases such as hydrogen
nd methane in the process of fermentation is also a feature of C.
omerae (Li et al. 2015 ). In general, this bacterium plays a role in
upporting gut health, energy metabolism, and ov er all well-being
n fish such as carp, tilapia, and catfish, underscoring its signifi-
ance in k ee ping a balanced and healthy gut micr obiome. Mor e
tudies are required to comprehend how it could affect human
ealth, and the dangers linked to its existence in aquaculture. 

Man y micr obes ar e involv ed in the digestion process (Ray et
l. 2012 , Karasov and Douglas 2013 , Ringø et al. 2016 , Sehnal et
l. 2021 ). The function is more clear in herbivorous and omnivo-
ous fish that eat diets with cellulose and plant secondary com-
ounds such as tannins , alkaloids , and fla vonoids (Nelson et al.
999 , Francis et al. 2001 , Li et al. 2016 ). Specific microbial com-
 unities ar e needed to br eak down complex carbohydr ates and

etoxify secondary metabolites. Bacteria such as Aeromonas sobria ,
. veronii , A. hydrophila , A. jandaei , Enterobacter aerogenes , E. ludwigii ,
lostridium sp., Citrobacter braakii , Raoultella ornithinolytica , Klebsiella
ariicola , Pseudomonas veronii , Erwinia billingiae , Enterococcus faecium ,
revibacillus laterosporus , Anoxybacillus sp., Bacillus megaterium , and
ediminibacterium salmoneum provide the necessary enzymes for
lant-based diets (Bair a gi et al. 2002 , Saha et al. 2006 , Ray et al.
012 , Ye et al. 2014 , Li et al. 2016 ) . The microbial consortia vary
ccording to the host species, diet, habitat and environmental fac-
ors (Kumar et al. 2023 ). Some of the bacteria producing fibrolytic
nzymes, r eported fr om differ ent fishes , ha ve been summarized
n Table 1 . Many carnivorous fish feed on crustaceans that are
igested by c hitinase-pr oducing gut bacteria such as Marinobac-
er lutaoensis , Pseudoalteromonas piscicida , Pseudomonas spp ., Ferri-
onas balearica , Enterovibrio norvegicus , Grimontia hollisae , Photobac-

erium damselae spp., Acinetobacter spp., Vibrio spp., Enterobacter spp .,
eromonas spp ., Flavobacterium spp., and Photobacterium spp. (Ray et
l. 2012 ) . 
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Figure 1. PRISMA methodology was followed during the liter atur e surv ey. 
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Various studies also reported about microbes fighting against 
harmful bacteria and diseases such as Streptococcus sp., Pediococcus 
spp ., Aerococcus spp ., Enterococcus spp ., Vagococcus spp ., Carnobac- 
terium spp ., Lactobacillus spp ., and Bacillus spp ., Leuconostoc spp .,
and Lactococcus lactis (Ringø and Gatesoupe 1998 , Gatesoupe 2007 ,
Izv ek ov a et al. 2007 , Nayak 2010 , Ringø et al. 2010 , Kong et al. 2021 ,
Luan et al. 2023 ) . Various types of bacteria found in the intestines 
cr eate div erse bioactiv e substances and specific genes that play 
a crucial role in the production of secondary metabolites. In Ta- 
ble 2 , some of the important genes ar e pr esented that ar e known 

to play a role in producing secondary metabolites within the mi- 
crobiome of fish guts . Genes , including cobA , cobG , and cobT , are 
essential for synthesizing Vitamin B 12 in fish and can be found in 

Cetobacterium somerae , Clostridium spp., and Propionibacterium spp. 
(Fang et al. 2017 , Guo and Chen 2018 , Balabanova et al. 2021 , Qi et 
al. 2023b ). The production of SCFAs, such as butyrate and propi- 
onate, depends on genes such as but and buk present in Clostridium 

and Bacteroides species (Vital et al. 2014 , Tarnecki et al. 2017 , Meng 
and Shu 2024 ). Fish use genes such as iucA and pvd from Pseu- 
domonas and Vibrio species for sider ophor e biosynthesis to acquire 
ir on (Rav el and Cornelis 2003 , Hassan and Tro xell 2013 , Myd y et 
al. 2020 ). The production of antimicrobial peptides such as lantibi- 
otics and nisin is crucial for preserving a balanced microbial pop- 
ulation in fish, and it involves genes such as lantA and nisA that 
ar e pr esent in Lactobacillus and Bacillus species (Siegers and Entian 

1995 , McAuliffe et al. 2001 , Kuipers et al. 2011 , Egerton et al. 2018 ).
PKS and NRPS pathways in marine Streptomyces and Pseudomonas 
species synthesize secondary metabolites such as antibiotics and 
igments, with regulation by PKS gene clusters. NRPS gene clus-
ers are in charge of creating non-ribosomal peptides, which have
he ability to serve as antibiotics or signalling molecules, impact-
ng both microbial competition and fish health (Ray et al. 2012 ,

ang et al. 2014 , Borsetto et al. 2019 , Komaki et al. 2020 , Yin et
l. 2023b ). Molecules involved in quorum sensing, such as acyl-
omoserine lactones (AHLs) produced by genes luxI and luxR , en-
ble bacteria such as Vibrio , Aeromonas , and Pseudomonas to reg-
late activities such as biofilm formation and virulence factors 

Miyashiro and Ruby 2012 , Rajput and Kumar 2017 ). The tnaA gene
ncodes tryptophanase, which aids bacteria such as Esc heric hia coli
nd Lactobacillus in generating indole and its deri vati ves that im-
act gut barrier integrity and inflammation (Li and Young 2013 ,
o y a et al. 2021 ). The genes cysJIH found in organisms such as
esulfovibrio play a role in generating hydrogen sulphide, which 

an exhibit anti-inflammatory properties when present in small 
mounts (Ostrowski et al. 1989 , Álvarez et al. 2015 ). The srfA
peron found in Bacillus and Pseudomonas helps in the produc-
ion of biosurfactants, which support bacterial colonization and 

r e v ent biofilm formation (Kisil et al. 2023 , Xu et al. 2023 , Qi et
l. 2023a ). Genes involved in terpenoid biosynthesis, such as dxs
nd ispG , are responsible for signalling and possible antimicro-
ial roles in the GI tract of Streptomyces and Cyanobacteria (Xue
t al. 2015 , Marshall et al. 2023 ). These pr ocedur es demonstr ate
he various crucial functions that bacterial genes and molecules 
ave in maintaining gut health and communication. In general,
hese processes are crucial for the well-being of fish, their en-
rgy metabolism, the health of their digestive system, and their
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Figure 2. Function of micr oor ganisms in fish gut. Some bacteria showing probiotic and pro-health benefits have been highlighted. Microbial feed 
ad diti v es (pr obiotics and synbiotics) ar e av ailable commerciall y to impr ov e fish nutrition and health. 
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efence against infections, demonstrating the complex relation-
hips between microbes and genetic processes in aquatic settings.

The fish intestinal microbiome is an intricate network of sym-
iotic connections between the host and its microbial residents,
ncompassing mutualistic, commensal, and antagonistic rela-
ionships (Ray et al. 2012 ). Bacteria play a crucial role by breaking
own complex nutrients and producing essential nutrients for
he fish, showing the importance of nutrient availability and

etabolism (Nayak 2010 ). The immune system of the host helps
olerate helpful bacteria and inhibits the growth of harmful
acteria (Bledsoe et al. 2022 ). Quorum sensing enables bacterial
opulations to communicate and synchronize behaviours such
s forming biofilms (Miyashiro and Ruby 2012 , Rajput and Kumar
017 , Mor eno et al. 2024 ). Micr oor ganisms compete and spr ead
ut in the gut, leading to niche separation, where various bacteria
nhabit specific regions and carry out unique functions (Melo-
olívar et al. 2019 ). Biofilm development on the intestinal lining
r ovides pr otection for the host and bacteria a gainst str essors
nd pathogens (Harika et al. 2020 ). In general, the microbiome
f fish intestines is a constantly changing setting where different
ypes of micr obes enga ge in a fr a gile equilibrium of collaboration
nd rivalry. 

Anta gonistic r elationships within the gut micr obiome ar e cru-
ial for upholding microbial equilibrium and hindering the exces-
iv e gr owth of harmful bacteria. These inter actions involv e the
reation of antimicrobial substances such as bacteriocins and or-
anic acids, which hinder the growth of other bacteria (Egerton
t al. 2018 ). Competition for nutrients and space is another fac-
or, as helpful bacteria outcompete harmful ones for limited re-
ources and sites on the gut lining (Tarnecki et al. 2017 ). Further-
or e, bacterial sider ophor e competition entails the production of
olecules to pr ocur e ir on, whic h r estricts the pr olifer ation of riv al

rganisms (Nayak 2010 ). Quorum quenching is a different process
n which specific bacteria break down signalling molecules pro-
uced by pathogens, interrupting their communication and de-
reasing their ability to cause harm (Rajput and Kumar 2017 ). In
ener al, these hostile inter actions contribute to supporting gut
ealth by preserving a varied and well-balanced microbiome. 

ompar a ti v e study of fish gut microbiome: 
reshw ater v ersus marine w ater 
arine and freshwater fish have distinct gut microbiomes, influ-

nced by the different environments (Li et al. 2017 ). Studies reveal
hat the gut microbiomes of freshwater fish and marine fish are
ominated by the phyla Fusobacteria and Proteobacteria (Givens
t al. 2015 , Li et al. 2017 , Deb et al. 2020 ). Common microbial
pecies found in freshwater fish include Proteobacteria such as
eromonas , Pseudomonas , and Enterobacter , Firmicutes such as Lac-

obacillus and Streptococcus , Actinobacteria, including Micrococcus ,
nd Bacter oidetes suc h as Flavobacterium and Chryseobacterium
Sullam et al. 2012 , Wu et al. 2012 , Lle well yn et al. 2014 , Givens et
l. 2015 , Deb et al. 2020 ). Marine fish often contain Proteobacteria
pecies such as Vibrio , Photobacterium , and Shewanella , as well as
irmicutes, including Bacillus and Clostridium , and Bacteroidetes
uch as Cytophaga (Llewellyn et al. 2014 , Givens et al. 2015 , Egerton



Singh et al. | 5 

Table 1. List of microbes along with its functions reported by different researchers who conducted studies in different fishes. 

Sl. No. Microbes Functions/role References 

1 Aeromonas sobria , A. veronii , A. hydrophila , A. jandaei , 
Enterobacter sp., E. aerogenes, E. ludwigii, Clostridium sp., 
Citrobacter braakii , Raoultella ornithinolytica , Klebsiella variicola , 
Pseudomonas veronii , Erwinia billingiae , Enterococcus faecium , 
Brevibacillus laterosporus , Anoxybacillus sp., Bacillus 
megaterium , Sediminibacterium salmoneum 

Cellulose degradation (Bair a gi et al. 2002 , Saha et al. 
2006 , Ray et al. 2012 , Wu et 
al. 2012 , Ye et al. 2014 , Li et 
al. 2016 ) 

2 Cetobacterium somerae Synthesizes Vitamin B 12 ; 
pr oduces acetate, pr opionate, 
and butyrate; and promotes 
glucose homeostasis 

(Kim et al. 2021 , Wang et al. 
2021 , Qi et al. 2023a ) 

3 Lactococcus lactis and Enterococcus faecalis Enhance the activity of 
digestive enzyme 

(Luan et al. 2023 ) 

4 Lactococcus lactis Promotes an increase in 
beneficial microbes and 
decrease pathogenic bacteria 

(Luan et al. 2023 ) 

5 Bacillus cereus and B. thuringiensis Function against Aeromonas 
hydrophila infection 

(Kong et al. 2021 , Luan et al. 
2023 ) 

6 Carnobacterium sp. Inhibits se v er al pathogens (Nayak 2010 ) 
7 Aeromonas hydrophila , Aeromonas spp., Bacteroidaceae , 

Clostridium spp., Bacillus circulans , B . pumilus , B . cereus , 
Aeromonas spp., Enterobacteriaceae , Pseudomonas spp., 
Flavobacterium spp., Citrobacter freundii , B. subtilis , Brochothrix 
sp., Brochothrix thermosphacta 

Amylase production (Bair a gi et al. 2002 , Ray et al. 
2012 ) 

8 Enterobacter spp., Vibrio spp., Pseudomonas spp., Acinetobacter 
spp ., Aeromonas spp ., Flavobacterium balustinum , Bacillus 
cereus , B. circulans , B. pumilus , Citrobacter sp., Citrobacter 
freundii , B. licheniformis , B. subtilis 

Pr otease pr oduction (Bair a gi et al. 2002 , Ray, 
Ghosh and Ringø 2012 ) 

9 Agrobacterium sp., Brevibacterium sp., Microbacterium sp., 
Staphylococcu sp., Vibrio spp., Acinetobacter spp., 
Enterobacteriaceae , Pseodomonas spp., Bacillus thuringiensis , B. 
cereus , Bacillus sp., Brochothrix sp., Brochothrix thermosphacta 

Lipase production (Bair a gi et al. 2002 , Ringø et 
al. 2010 , Ray et al. 2012 ) 

10 Marinobacter lutaoensis , Ferrimonas balearica , 
Pseudoalteromonas piscicida , Enterovibrio norvegicus , Grimontia 
hollisae , Photobacterium damselae spp. damselae , P . leiognathi , P . 
lipolyticum , P. phosphoreum , P. rosenbergii , Vibrio campbelli , V. 
chagasii , V. fischeri , V. fortis , V. gallicus , V. harveyi , V. natrigenes , 
V. nigripulchritudo , V. ordalii , V. parahaemolyticus , V. pomeroyi , V. 
ponticus , V. proteolyticus , V. rumoiensis , V. shilonii , V. 
tasmaniensis and V. tubiashii , Enterobacter spp., Vibrio spp., 
Pseudomonas spp., Aeromonas spp., Vibrio spp., Acinetobacter 
sp., Enterobacteriaceae , Flavobacterium sp., Photobacterium spp. 

Chitinase production (Ray, Ghosh and Ringø 2012 ) 

11 Streptococcus sp., Leuconostoc sp., Pediococcus sp., Aerococcus 
sp ., Enterococcus sp ., Vagococcus sp ., Carnobacterium sp ., 
Carnobacterium divergens , C. piscicola , Lactobacillus spp., L. 
plantarum , L. rhamnosus , L. bulgaricus 

Lactic acid fermentation and 
pr oduce or ganic acids, 
hydr ogen per oxide, and some 
other substances suppressing 
the growth of pathogenic 
micr oor ganisms 

(Ringø and Gatesoupe 1998 , 
Gatesoupe 2007 , Izv ek ov a et 
al. 2007 , Ringø et al. 2010 ) 
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et al. 2018 , Ou et al. 2021 , Uniacke-Lo w e et al. 2024 ). Planctomyces 
species, specificall y Planctom ycetes , ar e marine micr oor ganisms 
with unique metabolic abilities such as anaerobic ammonium 

oxidation (Fuerst and Sa gulenk o 2011 ). The impr ov ements in 

high-thr oughput sequencing tec hniques hav e led to the discov- 
ery of pr e viousl y uncultur ed or poorl y understood species in the 
digestive systems of freshwater and marine fish (Ghanbari et al.
2015 , Rasmussen et al. 2022 , Brar et al. 2023 ). A few instances 
include Cetobacterium somerae , which synthesizes Vitamin B 12 

in freshwater fish (Sugita et al. 1991 ); ZOR0006 , discovered in 

car p and tila pia aiding in nutrient uptake (Zhou et al. 2023 ); and 

Endozoicomonas spp. in marine fish promoting gut health and im- 
m unity (Neav e et al. 2016 ). Aliivibrio and Pseudoalteromonas species 
have important functions in the gut of marine fish, being involved 
n bioluminescence and interactions with the host, respectively 
Klemetsen et al. 2021 , Drønen et al. 2022 ). Researchers are still
tudying Tenericutes found in the intestines of marine fish to un-
erstand their ecological role as bacteria with smaller genomes,
otentiall y ada pted to liv e in hosts (Giv ens et al. 2015 , Egerton
t al. 2018 ). These r esults highlight the div erse and important
acteria present in fish guts across different en vironments . 

Some of the reported bacterial groups in marine and freshwater
sh guts are presented in Figs 3 , 4 , and 5 . According to Izv ek ov a et
l. ( 2007 ), these data are obtained as a result of isolation and iden-
ification by traditional techniques . T he figures include only the
opular groups whose composition varies according to habitat. In 

ig. 3 , it is found that the dominant aer obic Gr am-negativ e bacte-
ia of marine fish are Flavobacterium spp ., Achromobacter spp ., Pho-
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Table 2. Some of the important genes known to play a role in the creation of secondary metabolites in the fish gut microbiome. 

Metabolites Key genes Bacteria Function Reference 

Vitamin B 12 (cobalamin) cobA , cobG , cobL , cobM , 
cobT 

Cetobacterium , Clostridium Cobalamin biosynthesis 
(DNA synthesis, 
metabolism) 

(Fang et al. 2017 , Guo and 
Chen 2018 , Balabanova et al. 
2021 , Qi et al. 2023b ) 

Short-chain fatty acids but , buk , propionate 
CoA-tr ansfer ase 

Clostridium , Bacteroides Butyr ate, pr opionate, and 
acetate production (gut 
health) 

(Vital et al. 2014 , Tarnecki et 
al. 2017 , Meng and Shu 2024 ) 

Siderophores iucA , iucB , pvd Pseudomonas , Aeromonas Iron acquisition via 
sider ophor e pr oduction 

(Ravel and Cornelis 2003 , 
Hassan and Troxell 2013 , 
Mydy et al. 2020 ) 

Antimicrobial peptides lantA , lantB , lantC , nisA Lactobacillus , Bacillus Bacteriocin production 
(inhibition of pathogens) 

(Siegers and Entian 1995 
1995 , McAuliffe et al. 2001 , 
Kuipers et al. 2011 , Egerton et 
al. 2018 ) 

Polyketides/NRPs PKS , NRPS Streptomyces , Bacillus Production of antibiotics 
and immunomodulatory 
compounds 

(Ray et al. 2012 , Wang et al. 
2014 , Borsetto et al. 2019 , 
Komaki et al. 2020 , Yin et al. 
2023a ) 

Quorum sensing luxI , luxR Vibrio , Pseudomonas Bacterial communication 
(biofilm formation, 
colonization) 

(Miyashiro and Ruby 2012 , 
Rajput and Kumar 2017 ) 

Indole (tryptophan) tnaA E. coli , Lactobacillus Gut health regulation and 
anti-inflammatory 
signalling 

(Li and Young 2013 , Bo y a et 
al. 2021 ) 

Hydrogen sulphide cysJIH Desulfovibrio , Clostridium Sulphate reduction (gut 
signalling, motility) 

(Ostrowski et al. 1989 , 
Álv ar ez et al. 2015 ) 

Biosurfactants srfAA , srfAB , srfAC Bacillus , Pseudomonas Surfactin production 
(colonization, biofilm 

inhibition) 

(Kisil et al. 2023 , Qi et al. 
2023a , Xu et al. 2023 ) 

Terpenoids dxs , ispD , ispG Streptomyces , 
Cyanobacteria 

Signalling molecules and 
antimicrobial functions 

(Xue et al. 2015 , Marshall et 
al. 2023 ) 

Figure 3. Aer obic Gr am-negativ e bacteria r eported in the gut of wild fr eshw ater and marine w ater fish. 

t  

t  

t  

t  

c  

C  

m  

h  

t  

t  
obacterium spp., Vibrio spp., and Pseudomonas spp., which proves
he variation in the gut of marine and fr eshwater fish. Similarl y,
he aerobic Gram-positive bacterial data presented in Fig. 4 show
hat Bacillus spp., Cornebacteriaceae spp., Streptococcus spp., Lactococ-
us spp., Micrococcus spp., Staphylococcus spp., Actinomyces spp., and
arnobacterium spp. are present more in freshwater fish than in
arine fish (Izv ek ov a et al. 2007 ). Sur prisingl y, mor e anaer obes

ave been reported in freshwater fish, i.e. Eubacterium spp., Pep-
ostreptococcus spp ., Fusobacterium spp ., Clostridium spp ., and Bac-
eroides spp., than in marine fish (depicted in Fig. 5 ). This might be
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Figure 4. Aer obic Gr am-positiv e bacteria r eported in the gut of wild fr eshw ater and marine w ater fish. 

Figure 5. Anaerobic bacteria reported in the gut of wild freshwater and marine water fish. 
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due to insufficient studies conducted on marine fish and the diffi- 
culty involved in isolating anaerobic bacteria. The reason for shar- 
ing these data is to demonstrate the difference in gut microbiome 
among fish living in various en vironments . Researchers compared 

the gut microbiomes of 51 fish species and found that 47 species 
had Gr am-negativ e aer obes, 34 species had Gr am-positiv e aer- 
obes, 10 species had Gr am-negativ e anaer obes, and 8 species had 

Gr am-positiv e anaer obes ( Table S1 ) (Izv ek ov a et al. 2007 ). Nev- 
ertheless, with the recent development of techniques such as 
next-gener ation sequencing, pyr osequencing, etc. (Van K essel et 
al. 2011 , Ter ov a et al. 2018 ), we now have a more reliable option for 
obtaining authentic data. Traditional methods such as isolation 
nd identification, although time-consuming and laborious, still 
rovide a basic understanding of microorganism composition and 

iv ersity. Gr am-negativ e bacteria were found in more species and
t similar rates in both freshwater and marine fish. Greater quan-
ities of Gr am-positiv e aer obic bacteria wer e pr esent in fr eshwater
sh and were also observed to host anaerobic bacteria, as depicted

n Figs 3 , 4 , and 5 . In order to gain more insight, we also contrasted
ertain data from freshwater and marine fish presented in Table 3 .

 r eshwater fish gut microbiome 
ased on the next-gener ation sequencing (NGS) tec hnique, di-
 erse gr oups of micr obes hav e been detected in freshwater fishes.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae169#supplementary-data
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Figure 6. Some factors responsible for variation in fish gut microbiome. 
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The core microbiomes are resistant to variation in diet and rear- 
ing density as claimed by r esearc hers who experimented on GI mi- 
cr oor ganisms of Onc horhync hus m ykiss (Wong et al. 2013 ) . Ho w e v er,
an alteration in diet can cause a change in the health status of fish 

(Wong et al. 2013 ). In herbivorous and omnivorous fish, the break- 
down of cellulose can be enhanced by micr obes, suc h as Bacillus 
circulans and B. megaterium (Saha et al. 2006 ) . A study conducted on 

Car assius aur aus gibrlio concluded that the first phylum of the mi- 
cr obe to de v elop in the gut is Proteobacteria (Li et al. 2017 ) . How- 
e v er, the actual reason behind this fact is still unknown. We can 

assume that proteobacteria in environmental water enable the 
ability to interact with the host as bacteria are ubiquitous in wa- 
ter and are found to be the most abundant and diverse . T hey pla y 
an important role in nutrient cycling, decomposition, and organic 
matter breakdown. Common bacterial phyla found in water in- 
clude Pr oteobacteria, Actinobacteria, Bacter oidetes, Cyanobacte- 
ria, and Firmicutes (Cottrell et al. 2005 , Jordaan and Bezuidenhout 
2013 , Xia et al. 2013 , Savio et al. 2015 , Brar et al. 2023 ). Proteobac- 
teria are the most dominant gut species in freshwater fish fol- 
lo w ed b y Firmicutes, Actinobacteria, and Bacteroidetes (Wu et al.
2012 ). Actinobacteria spp. are w ell-kno wn producers of secondary 
metabolites such as hydrolytic enzymes , e .g. amylase , protease ,
and lipase . Studies ha v e r e v ealed that Actinobacteria spp. play an 

important role in the fermentation of a lar ge v ariety of oligosac- 
charides in the gut (Ventura et al. 2007 ). Fusobacteria spp. are most 
fr equent in fr eshwater fishes (Kim et al. 2021 ). The fr eshwater 
fish gut is dominated by the species of Enterobacter , Aeromonas ,
nd Acinetobacter (Cahill 1990 , Mondal et al. 2008 , Tsuchiya et
l. 2008 , Deb et al. 2020 , Suescun-Sepulveda et al. 2023 ) . In-
estinal micr oflor a also includes species of Esc heric hia , Klebsiella ,
roteus , Serrata , Aermonas , Alcaligenes , Eikenella , Bacillus , Listeria ,
ropionibacterium , Bacteroides , Citrobacter freundii , Hafnia alvei , Cy-
ophaga/Flexibacter , Staphylococcus , Mycoplasma , Streptococcus , Lac- 
ococcus , Peptostreptococcus , Deefgea , Cetobacterium , Moraxella , and
seudomonas (Austin 2002 , Brown et al. 2018 , Hernández et al. 2021 ,
ingh et al. 2021 ). 

A comparison of the gut microbiome of rainbow trout ( On-
 horhyncus m ykiss ) and gr ass car p ( Ctenopharyngodon idella ) was
one to better understand the variation in fish gut microbiome

Table 3 ). Based on their habitat, feeding habits, and access to
reshwater, the species were chosen. 

Rainbow trout is a freshw ater carniv orous fish. It feeds on
 wide variety of aquatic insects and crustaceans as well as
mall fish and e v en land insects that wash up on the surface
f the water. Their diet can vary depending on where they live
nd what food sources are available (Huyben et al. 2018 ). Rain-
ow tr out pr efer c hilled water having temper atur es fr om 10 to
5 ◦C. T hey ma y seek out certain parts of their habitat that have
ptimal temper atur e r anges. Se v er al bacterial phyla, including
roteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria, of- 
en dominate the gut microbiome of rainbow trout (Betiku et
l. 2023 ). Ho w e v er, these phylas’ r elativ e abundance can change.
eromonas , Pseudomonas , Acinetobacter , Shewanella , Clostridium , and
acteroidetes are the common genera discovered in rainbow trout 
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ut. Mycoplasma , Cetobacterium , Lactococcus , Lactobacillus , Leuconos-
oc , Ureaplasma , and Propionibacterium were reported as an abun-
ant genus (Lle well yn et al. 2014 , Betiku et al. 2023 ). The gut mi-
robiota in rainbow trout helps with digestion, modulating the im-
une system, and potentially protecting against pathogens. Some

ntestinal bacteria help in the digestion and utilization of complex
ol ysacc harides and the synthesis of vitamins (Mondal et al. 2008 ,
i et al. 2016 , Podell et al. 2023 , Qi et al. 2023b ). 

Gr ass car p like fr eshwater habitats suc h as riv ers , lakes , ponds ,
nd reservoirs. Because their diet comprises primarily of plant
aterial, they ar e usuall y found in places with abundant aquatic
 egetation. Gr ass car p ar e noted for their herbivor ous feeding
abits, in which they consume a variety of aquatic plants (Ray
t al. 2012 ). It can toler ate a wide r ange of temper atur es but
refers warmer water . T emper atur es r anging fr om 20 to 30 ◦C
r e ideal. Differ ent bacteria r eported fr om gr ass car p gut mi-
robiome include Aeromonas , Bacillus , Clostridium , Bacteroides , and
actobacilli. Streptococcus , Lactobacillus , Flavobacterium , Veillonella ,
seudomonas , Anoxybacillus , Citrobacter , Clostridium , and Leuconostoc
er e r eported as abundant micr obial gener a in the Ctenopharyn-
odon idella intestine (Wu et al. 2012 , Lle well yn et al. 2014 ). These
ccurrences and family abundance can be modified by factors
uch as food and environmental conditions. 

The contr ast underscor es how diet and envir onmental factors
ffect the gut microbiomes of both species . T he carnivorous ten-
encies and pr efer ence for cool water of rainbow trout have led
o the de v elopment of a gut micr obiome that is well ada pted for
igesting protein and fat efficiently, as well as for maintaining ro-
ust immune defences. On the other hand, the grass carp’s plant-
ased diet and pr efer ence for higher water temper atur es help to
reate a digestive system full of beneficial bacteria that special-
ze in breaking down tough plant fibers and producing important
utrients from plants. 

arine water fish gut microbiome 
he higher concentration of salt in water creates a challenging
nvir onment for fish; similarl y, ther e is a possibility of variation
n the environmental microbes. Although at the phylum le v el Fir-

icutes, Proteobacteria, and Actinobacteria are the most abun-
ant species in the fish gut, at a lo w er taxonomic le v el, v aria-
ions are observed. The marine fish intestinal flora consists of
ominant species of Vibrio , Pseudomonas , Achromobacter , Corynebac-
erium , Flavobacterium , and Micrococcus (Cahill 1990 , Izv ek ov a et al.
007 , Ou et al. 2021 ) as well as Aeromonas spp., Alcaligenes sp., Al-
eromonas sp., Micrococcus sp., Carnobacterium sp., Flavobacterium sp.,
hotobacerium sp., Pseudomonas spp., Staphylococcus sp., and Vibrio
p . (A ustin 2002 , Izv ek ov a et al. 2007 , Huang et al. 2020 , Ou et al.
021 ), whereas in freshwater fish the composition varies as shown
n Figs 3 , 4 , and 5 . 

A comparison of the gut microbiomes of Atlantic salmon ( Salmo
alar ) and surgeonfish ( Acanthurus triostegus ) was done to better
ompr ehend the v ariations in fish gut microbiota (Table 3 ). The
pecies were chosen based on their habitat, feeding habits, and
ccess to saltwater (Egerton et al. 2018 , Huang et al. 2020 , Ou et
l. 2021 , De Marco et al. 2023 ). 

Atlantic salmon spend most of their lives in the Atlantic
cean. They ar e r ecognized for their anadr omous habit, whic h
eans that they tr av el fr om fr eshwater to the ocean and re-

urn at various phases of their lives. Atlantic salmon prefer
old, w ell-oxygenated w aters . T heir ada ptation to v aried envi-
onmental circumstances is demonstrated by their capacity to
ive in both freshwater and saltwater (Morales et al. 2022 ). At-
antic salmon are opportunistic eaters in the ocean, devouring
 wide range of marine cr eatur es. Pseudomonas , Janthinobacterium ,
tenotrophomonas , Delfia , Herbaspirillum , Burkholderia , Sphingomonas ,
ropionibacterium , Ochrobacterium , Variovorax , Microbacterium , Phyl-

obacterium , Rhodococcus , and Acinetobacter are the abundant gen-
ra in the Salmo salar GI tract (Llewellyn et al. 2014 , Gajardo et al.
016 ). 

Acanthurus triostegus , sometimes known as the Convict Tang,
s commonly found in tropical marine settings with warm water
emper atur es. It thriv es at the temper atur es found in cor al r eef
cosystems . T hey are herbivorous and mostly eat algae. Epulopis-
ium , Acinetobacter , Arcobacter , Arthrospira , Brevinema , Cetobacterium ,
usobacterium , Methylobacterium , Photobacterium , Pelomonas , Vibrio ,
nd Pseudoalteromonas are the most pr e v alent micr obial gener a
ound in the digestive tract of surgeonfish (Miyake et al. 2016 ,
gugi et al. 2017a , P ar ata et al. 2020 ). 
The gut microbiomes of both Atlantic salmon and Convict Tang

pecies ar e v aried and can be affected by what they eat and the
urroundings the y li ve in. Atlantic salmon, as anadromous fish,
o well in cold waters and eat a range of marine animals be-
ause they are opportunistic feeders . T he bacteria found in their
ut micr obiome, suc h as Pseudomonas and Burkholderia , help with
bsorbing nutrients (Moore et al. 2006 , Wang et al. 2018 ). On the
ther hand, Convict Tang species live in tropical marine habi-
ats and mainly eat algae . T he bacteria found in their gut micro-
iome, such as Epulopiscium and Vibrio , are specifically designed
o break down algal material (Thompson and Polz 2006 , Miyake
t al. 2016 , Ngugi et al. 2017b , Sampaio et al. 2022 ). This points
ut how diet and environmental conditions affect the composi-
ion of the gut microbiome, with Atlantic salmon containing bac-
eria that digest protein and Convict Tang having bacteria that
egr ade algae, whic h helps them thriv e in their specific diets and
abitats. 

mpact of environment on fish gut microbiome 

he fish gut microbiome is critical to their health, de v elopment,
nd ov er all w ell-being. Quality of w ater, habitat and diet can all
ave a substantial impact on—composition and function of their
ut microbiome (Sullam et al. 2012 , Wong and Rawls 2012 , Dehler
t al. 2017 , Huyben et al. 2018 , Huang et al. 2020 , Kim et al. 2021 ,
eeper et al. 2021 , Karlsen et al. 2022 , Brar et al. 2023 , Herr er a
t al. 2023 , Yin et al. 2023a , Kanika et al. 2024 ). Recent studies
n the gut microbiota of tilapia concluded that the optimal
omposition and functions of the gut microbiota are not always
ccur atel y r epr esented by the highest gr owth outcomes of the
ost (Ou et al. 2024 ). The negligent inclusion of macronutrients
egativ el y affects the gut microbiota. Hence, it is important to
ake into account both growth performance and gut microbiota
hen assessing specific macronutrients (Ou et al. 2024 ). A study

onducted on rainbow trout by changing the water temperature
nd diet found a decrease in the number of important microbes
order Lactobacillales) in the gut (Huyben et al. 2018 ). The studies
lso assumed that a high proportion of gut bacteria r epr esented
y Mycoplasma sp. (phylum Tenericutes) is n utrient-de pendent,
hich means that these bacteria develop only in the presence
f specific nutrients, because many studies on the same species
id not report this bacteria (Huyben et al. 2018 ). A study was
onducted in which the intestinal microbiota of Atlantic salmon
as e v aluated in two differ ent habitats, namel y a r ecirculated
quarium facility and an open freshwater loch cage . T he re-
earc hers found v ariations in the composition of the microbiome
uch as the greater presence of phylum Tenericutes in aquarium
sh samples, whereas Proteobacteria were more abundant in
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loc h samples; similarl y, Mycoplasmataceae (phylum Tenericutes) 
was the second most common family in aquarium fish samples 
but less common in loch fish samples (Dehler et al. 2017 ). A study 
conducted on y ello wtail kingfish found that an increase in water 
temper atur e (26 ◦C) caused changes in the microbial communities 
of young yellowtail kingfish, influencing their growth trajectory 
and immunological condition (Horlick et al. 2020 ). Temperature is 
essential in determining the composition of the gut microbiome 
in humans and fish (Wang et al. 2018 , Sepulveda and Moeller 
2020 , Larios-Soriano et al. 2021 ). Ele v ated temper atur es may 
boost metabolic rates, aiding heat-resistant microbes and harm- 
ful bacteria, whereas lo w er temperatures can slow microbial 
metabolism and benefit cold-adapted species (Abram et al. 2017 ,
Huyben et al. 2018 , Ghosh et al. 2022 ). Fish ar e significantl y 
affected by temper atur e c hanges because they are cold-blooded,
which can impact their health and size (Wu et al. 2022 ). Tem- 
per atur e, diet, and habitat all affect the gut microbiome of fish,
leading to changes in metabolism, immune response, and ov er all 
health (Collazos et al. 1994 , Horlick et al. 2020 , Sepulveda and 

Moeller 2020 , Li et al. 2023 ). Keeping the ideal water temperature 
is crucial in aquaculture to improve gut bacteria health, boost 
fish growth, and strengthen disease defences. 

Our compar ativ e study also indicates that environmental fac- 
tors cause changes in gut microbial composition in the host. In 

Table 3 , the most abundant bacterial gener a ar e found to be differ- 
ent due to their different habits , habitats , and species they belong 
to. It is assumed that the gut microbiome helps in the adaptation 

of the host to different environments and requirements. Multiple 
factors such as environment, diet, host immunity, microbes, habit,
habitat, water quality, etc. can make a host capable of sustainable 
survival. A clear visualization is presented in Fig. 6 , which shows 
some factors responsible for variation in fish gut microbiome (Al- 
Harbi and Uddin 2004 , Escalas et al. 2021 , Kim et al. 2021 , Podell et 
al. 2023 , Bharti et al. 2023 , Herr er a et al. 2023 , Sadeghi et al. 2023 ,
Small et al. 2023 , Viver et al. 2023 ). 

Conclusion and future directions 

Ther e ar e notable shifts in the micr obial comm unities of the gut 
microbiomes of marine and freshwater fish. These variations are 
influenced by both the diet and the surrounding water sources. In 

spite of these differ ences, ther e ar e certain r esemblances in the 
gut microbiomes of marine and freshwater fish. Aeromonas , Vib- 
rio , Pseudomonas , and other species are present in the GI tract of 
marine and freshwater fish, contributing to nutrition metabolism, 
fermentation, and ov er all gut health. Differ ent micr obes pr esent 
in the intestines of fish create bioactive compounds by using spe- 
cific genes. Examples include cobA , cobG , and cobT for Vitamin B 12 

creation; but and buk for short-chain fatty acid output; iucA and 

pvd for obtaining iron; lantA and nisA for generating antimicrobial 
peptides; PKS and NRPS r outes for pr oducing antibiotics and pig- 
ments; luxI and luxR for regulating population density; and tnaA 

for creating indole . T hese genetic mechanisms are essential for 
preserving the health of the fish gut and protecting against infec- 
tions . T he gut microbiome of fish is made up of symbiotic connec- 
tions between the host and microbes, with bacteria breaking down 

nutrients and generating Vitamin B 12 . The immune system ac- 
cepts beneficial bacteria and suppresses harmful ones, as quorum 

sensing enables bacteria to comm unicate. Micr obes vie for space 
and nutrients, leading to the de v elopment of specific ecological 
nic hes. Anta gonistic inter actions in a balanced micr obiome con- 
sist of creating antimicrobial substances, resource competition, 
and interrupting pathogen comm unication. Compr ehending the 
sh microbiome is essential for grasping the intricate connections 
etween microbes and their hosts. Continuing research is provid- 

ng an understanding of the functional roles of these micr oor gan-
sms and their effects on the health of fish in different aquatic
n vironments . As advancements are made in the field, new find-
ngs can influence aquaculture, the management of fisheries, and 

ur comprehension of aquatic ecology. More research is required 

o comprehend how host–microbiome interactions coevolve and 

dapt, as well as the specific roles of certain microorganisms in
rocessing nutrients and regulating the immune system. It is im-
ortant to study the gut microbiomes of wild fish populations in
rder to understand their natur al micr obial comm unities and eco-
ogical functions besides focusing on aquaculture or laboratory 
sh. This compar ativ e study will help incr ease the understanding
f aquatic microbiology and de v elop tec hniques to enhance the
ealth and sustainability of fish populations in various aquatic 
abitats. 
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