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Abstract

Fish gut microbiome confers various effects to the host fish; this includes overall
size, metabolism, feeding behaviour and immune response in the fish. The emer-
gence of antimicrobial-resistant (AMR) bacteria and hard to cure fish diseases
warrant the possible utilization of gut microbes that exhibits a positive effect on
the fish and thus lead to the usage of these microbes as probiotics. The
widespread and systematic use of antibiotics has led to severe biological and eco-
logical problems, especially the development of antibiotic resistance that affects
the gut microbiota of aquatic organisms. Probiotics are proposed as an effective
and environmentally friendly alternative to antibiotics, known as beneficial
microbes. At the same time, prebiotics are considered beneficial to the host’s
health and growth by decreasing the prevalence of intestinal pathogens and/or
changing the development of bacterial metabolites related to health. Uprise of
sequencing technology and the development of intricate bioinformatics tools has
provided a way to study these gut microbes through metagenomic analysis. From
various metagenomic studies, ample of information was obtained; such informa-
tion includes the effect of the gut microbiome on the physiology of fish, gut
microbe composition of different fish, factors affecting the gut microbial compo-
sition of the fish and the immunological effect of gut microbes in fish; such this
information related to the fish gut microbiome, their function and their impor-
tance in aquaculture is discussed in this review.

Key words: aquaculture, fish metagenome, gut microbes, gut microbiome, immunity, intestinal
microbiota.

microbiome refers to a set of genomes of various microor-
ganisms present in the environment. Microbiota refers to

Gut microbiota is the microorganisms that are positioned
in the intestine, encompassing the whole range of biochem-
ical process, and provoke an immune system of the host
organism (Gomez & Balcdzar 2008; Hanning & Diaz-
Sanchez 2015). Better insight on the conditions of this
taxonomic and metagenomic research helps to understand
the significance of this framework. A microbiota or
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the different microorganisms that are present in the envi-
ronment, which is frequently used interchangeably that
relate to the concentration of habitat-related microorgan-
isms. The chemical and physical parameters of an ecosys-
tem include a habitat that promotes the individual niche
space; in short, it determines the microbial interaction
along the chemical and physical dimensions of the habitat
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Table 1 Explanation of the terms related to the metagenomics studies of microbiomes

Term Definition Examples
Microbes Microbes are small life forms that are too small for Bacillus spp
the naked eye to see Pseudomonas aeruginosa
Citrobacter freundii

Microbiota/microbiome
community within the habitat

A microbiota is an environmentally friendly microorganism

Human microbiome
Soil microbiome
Fish microbiome

Habitat The locations to discover nutrition, accommodation, Fish gut
safety and sexual partners for the animals Human skin
Anaerobic condition
Acidic environment
Niche The chemical and physical aspect of the environment, which Anoxic sediment sulphur metabolism, Anaerobic
determines a particular environment of the species or animals respiration of urinary tract microbes
Ecosystem The communications between organism and dynamics of Tropical forest

biological components of environment
Metagenomic

A technique for investigating genetic content from microbes

Human body
16S rRNA sequencing, Whole-genome sequencing

(Shade & Handelsman 2012; Venkatesh et al. 2018).
Metagenomics is regarded as a technique for investigating
the relationship between those elements in an ecosystem
from a molecular genetics outlook. In Table 1, we have pro-
vided a number of instances of the definition used in previ-
ous research.

Whiteside et al. (2015) have provided a description of
the terms such as microbiota and microbiome in which the
microbiota is linked to the dominant environment; a
microbiome is regarded as the linkage between biotic and
abiotic factors that lead in relation to the habitat and to the
symbiotic environment of the microbes. Metagenomic
includes the genetic ability of this microbial taxa in habitat,
both genomic and plasmid levels using the 16S rRNA
sequencing technique (Whiteside et al. 2015). In relation to
the microbiome, the essential distinction of the word
microbiota is clearly stated in Fig. 1. Considering the termi-
nology, the intestinal microbiome is the composition of the
microorganisms of intestinal lumen associated with the
microbial community, in relation to obtaining nutritional
benefits from the subject that conferring the metabolic and
immunological role to the recipient.

The review aims to present a broad spectrum of gut
microbial system and its functional effects and influence on
aquaculture. The gut microbial diversity is specific to the
individual species and various physiological factors such as
temperature, pH, nutrients availability and the environ-
mental conditions influenced the gut microbial system and
immune system in the broad spectrum of metagenomics,
prebiotics and probiotics.

Intestinal microbiota

The interaction of the microbiome in the gut is dynamic in
nature rather than static. Depending on the duration of the

stay of the bacteria residing in the gut, either temporarily
or permanently they are referred as transient and persistent
microbiota (Shade & Handelsman 2012; Prasanth et al.
2018). The transient microbiota comes through the nutri-
tional ingestion mechanism, where the microbes stay in the
food and enter into the gastrointestinal system. These
microbiota do not last for a long time within the environ-
ment as they are surrounded by adhering resident microbes
to the gut wall. The resident microbiota lives in the host
intestinal membrane have a symbiotic relation to the host
(Zhang et al. 2016). The detailed description of the micro-
bial composition of gut microbiota in herbivore, carnivore
and omnivore fish species is provided in Table 2.

Source of gut microbiome to newborn and its
function

The parameter governing the factors of origin and conser-
vation of gut microbiota is a chaotic model (Koenig et al.
2011). The main reason is the broad spectrum of factors
involved in the control of microbial gut composition in
infant organisms. The origin of gut microbiota in newborn
infants is based on the interaction of the microbial com-
munity present in the birth canal of human beings. Fur-
ther, the microbes are introduced into the gastrointestinal
system in infants during breastfeeding (Gueimonde et al.
2006). Lactose-utilizing microbes are more abundantly pre-
sent in the gut of the infants that break down the polysac-
charides present in the milk. The cellulose-utilizing bacteria
are useful for the degradation of plant polysaccharide,
which is frequently consumed in human diets. The random
colonization of cellulose-utilizing bacteria changes the host
behaviour due to the random priming of the immune
response of that particular bacteria (Koenig et al. 2011). It
is initiated in a fish model that environmental microbial
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accumulation is significantly correlated with the microbiota feeding pattern of the fish performs an important measure.
composition in the intestine of fish (Jesu et al. 2014). In Similar challenges as mammals arise while determining the
determining the composition of gut microbiota, the origin of the gut microbiota in fish due to the multiple
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Table 2 Microbial composition of gut microbiota in herbivore, carnivore and omnivore fish

Bacterial species

Fish species

References

Herbivores
Clostridium sp., Eubacterium
desmolans, Papillibacter,
Cinnaminovorans
Vibrio sp., Photobacterium, Bacteroidetes,
non-vibrio Proteobacteria, Firmicutes
Clostridium sp.,
Epulopiscium
Enterovibrio, Bacteroides, Faecalibacterium,
Desulfovibrio
Zooplanktivores
Vibrionaceae, Pasteurellaceae, Vibrio
harveyi, Shewanella sp., Endozoicomonas sp.
Pseudomonas, Alteromonas, Psychrobacter

Proteobacteria

Achromobacter, Vibrio sp., Pseudomonas

Psychrobacter, Vibrio sp., Shewanella
Carnivores

Clostridium perfringens, Vibrio sp.

Vibrionaceae (larvae & juveniles),
Photobacterium phosphoreum (adults)
Acinetobacter junii, Mycoplasma, Lactobacillus sp.,
P. phosphoreum, Lactococcus sp., Bacillus sp.
Photobacterium, Vibrio sp.

Vibrio sp., Pseudomonas, Enterobacteraceae

Pseudomonas sp.

Vibrio, Pseudomonas, Flavobacterium

Bacillus, Vibrio, Delftia, Psychroacter,
Acinetobacter, Pseudomona

Mycoplasmataceae, Photobacterium,
Cetobacterium, Clostridiaceae, Vibrio

Aeromonas sobria, Pseudomonas
Cetobacterium somerae

Vibrio, Photobacterium

Clostridium, Photobacterium, Clostridiaceae

Escherichia coli
Aeromonas, Pseudomonas, Vibrio
Omnivores
Clostridium, Mycoplasma, Photobacterium,
Propionibacterium, Staphylococcus,
Pseudomonas, Corynebacterium
Mycoplasma

Butterfish Odax pullus
Marblefish Aplodactylus arctidens

Parrotfish Chlorurus sordidus,
Surgeonfish Acanthurus nigricans
Silver drummer Kyphosus sydneyanus
Surgeonfish Acanthurus sp.
Zebraperch Hermosilla azurea

Cardinalfish, Apogonidae
Damselfish, Pomacentridae
Herring Clupea harengis

Pipefish Syngnathus scovelli
Sardines Sardinella longiceps
Atlantic mackerel Scomber scombrus

Atlantic cod Gadus morhua

Atlantic halibut Hippoglossus
hippoglossus
Atlantic salmon Salmo salar

Blackfin icefish Chaenocephalus aceratus,
Black rockcod Notothenia coriiceps

Bluefish Pomatomus saltatrix

Gilthead seabream Sparus aurata

Grass puffer Fugu niphobles

Grouper Epinephelus coioides

Red drum Sciaenops ocellatus

Sea trout Salmo trutta trutta
Siberian sturgeon Acipenser baerii
Snapper Lutjanusn bohar

Southern flounder Paralichthys lethostigma

Speckled trout Cynoscion nebulosus
Striped bass Morone saxatilis

Pinfish Lagodon rhomboides

Long-jawed mudsucker Gillichthys
mirabilis

Clements et al. (2007)

Smriga et al. (2010)

Moran et al. (2005)
Miyake et al. (2015)
Fidopiastis et al. (2006)

Parris et al. (2016)

Hansen et al. (1992)

Curson et al. (2010)

Ransom (2008)

Karthiayani and Mahadeva lyer (1967)
Svanevik & Lunestad (2011)

Aschfalk and Mller (2002);
Star et al. (2013)
Verner-Jeffreys et al. (2003)

Holben et al. (2002)
Hovda et al. (2007)
Ward et al. (2009)

Newman et al. (1972)
Floris et al. (2013)
Sugita et al. (1989)
Sun et al. (2009)

Ransom (2008), Givens et al. (2015)

Skrodenyté-Arbaciauskiené et al. (2008)

Geraylou et al. (2012)

Smriga et al. (2010)

Ramirez and Dixon (2003); Ransom (2008);
Givens et al. (2015)

Ransom (2008)

MacFarlane et al. (1986)

Ransom (2008); Givens et al. (2015)

Bano et al. (2007)

confounding variables that occurred during the study

(Wu et al 2012).

With respect to gut microbiota function in an organism,
we need to understand the reciprocal adjustment between
the intestinal function and the microbes that are vital to the
coexistence of these elements. Intestinal activities comprise

two instincts: the intestinal mucosal environment must

originally be controlled to adapt nutrient uptake, and a

fence within the lumen cavity must be deliberated to pre-
vent the transition of microbes into the intestine cells
(Sommer & Bickhed 2013). The primary function being
the innate nature of the intestinal function is easily
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achieved, even though the subsequent criteria retain a sig-
nificant amount of challenge on account of the copiousness
of the microbial community, transiently or permanently
exist within the intestine (O’Hara & Shanahan 2006). From
the view of gut microbiota, as mentioned in this review, the
microbiota must produce the host with immunogenic and
metabolic function.

Importance of fish gut microbiome in aquaculture

Aquaculture is termed as a method of breeding, rearing and
harvesting aquatic organisms in all types of water environ-
ments. The word aquaculture is usually used to describe
the activity of fish farming (Aquaculture 2017). As fish in
marine and freshwater are increasingly demanded as a food
supply chain, in order to ensure the growth of the industry
and to satisfy the consumer’s requirement, resolving prob-
lems in the industry is imperative. It is also necessary to
increase the growth of small-sized fish and to progress in
the protection of fish against microbial pathogens. The
combination of current information in the gut microbiome
can resolve both of these targets; hence, the aquaculture
industry can be provided with useful elements of gut
microbiome function.

Antipathogenic effects of beneficial bacteria

The widespread use of high density in aquaculture, infec-
tious diseases caused by various pathogens such as bacte-
ria, viruses, fungi, protozoa and parasites are extremely
harmful to global aquatic organism farming, resulting in
huge economic losses and potential threats to public
health (Carrias et al. 2012). Vaccines and antibiotics are
important therapeutic strategies for bacterial pathogens
and have played an integral role in protecting aquatic
animals from infection and reducing losses associated
with disease (Carrias et al. 2012). Additionally, many ben-
eficial bacterial (or probiotic) strains have been developed
to treat pathogen-induced bacterial diseases, and this
method’s efficacy has been proven (Verschuere et al.
2000). Among thirty strains of Vibrio anguillarum, only
one strain developed a significantly higher amount of
siderophore (a ferric ion-specific chelating agent promot-
ing iron availability), which was also capable of inhibiting
Vibrio ordalii (Pybus et al. 1994). Smith and Davey
(1993) have isolated a Pseudomonas fluorescens strain F19/
3 that inhibits Aeromonas salmonicida in fish by compet-
ing for free iron and thus protects stress-induced furun-
culosis in external locations.

Some beneficial bacteria can produce pathogens that
suppress or even destroy inhibitory compounds (Teplitski
et al. 2009). Lactococcus lactis TW34 isolated from marine
fish can develop bacteriocin nisin Z, which can inhibit the
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growth of the fish pathogen Lactococcus garvieae at 5 AU
mL™!; therefore, it is considered an alternative in the pre-
vention of global aquaculture lactococcosis
(Sequeiros et al. 2015). By screening deep-sea shark-iso-
lated bacteria (Centroscyllium fabricii), it possessed gut
antagonistic activity (Bindiya et al. 2015). Also, it was
found that the BTSS-3 strain was most likely related to
Bacillus amyloliquefaciens and demonstrated antimicrobial
activity against pathogenic bacteria like Salmonella Typhi-
murium, Proteus vulgaris, Clostridium perfringens, Staphylo-
coccus aureus, Bacillus cereus, Bacillus circulans, Bacillus
macerans and Bacillus pumilus (Teplitski et al. 2009). Luck-
ily, there have been noticed several other forms of anti-
pathogenic compounds produced by beneficial bacteria.

disease

Bacterial infection: The issues in aquaculture
industry

Despite this rise in aquaculture production, clearly, the eco-
nomic gains in this industry were systematically affected as a
result of intrusion through pathogenic bacterial organisms.
It consists of multidrug-resistant bacteria with a wide range
of host species, which is concerning their natural habitats,
thus immediately infect the fish species. The majority of
pathogenic bacteria have actually been categorized, but only
a few number of bacterial species cause significant financial
losses in the aquaculture industry. As an instance, the range
of severe infectious diseases transmitted by fish in the aqua-
culture industry includes photobacteriosis, furunculosis and
vibriosis. The enhanced mortality rates of photo bacteria and
vibriosis are regarded to account for almost all infectious
diseases in aquaculture, which are commonly prominent
infectious diseases of fish from brackish water and saltwater.
The signs and symptoms of vibriosis have been shown in
skin and fins in dark coloration and serious haemorrhage in
spleen, body cavity and in the intestine; this occurs mainly
because of Vibrio anguillarum. Aside from this, severe infec-
tious illnesses in fish are also caused by Vibrio comprising
V. vulnificus, V. parahemolyticus, V. salmonicida, V. car-
chariae, V. ordalii, V. damsela and V. alginolitycus (Pereira
etal 2011).

Photobacterium damselae disease is the most serious
cataclysmic disease of the aquaculture, which is caused by
photobacteriosis. As this bacterium is prevalent in exis-
tence, it possesses a broad variety of habitat and enhances
the death rate. The presence of white tubercles and lesion
on the internal organs of fish is often identified. Necrosis
of the spleen, kidney and liver was also noted in fish
affected due to P. damselae infection (Andreoni & Mag-
nani 2014).

In addition, the largest mortality rate for Aeromonas
salmonicida has been demonstrated for the furunculosis of
fish contagious diseases, which are known to cause many
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different variations in freshwater and saltwater fish. Furun-
culosis is externally indicated by haemorrhages that occur
in the base of the fish fin due to the lack of hunger, lethar-
gic movement and melanosis, which are collectively lead to
infection (Holten-Andersen et al. 2012). Flavobacterium
columnare has been shown to cause severe damage in aqua-
culture production, which is another communal infectious
disease in the aquaculture industry. The signs shown in fish
include a complete necrosis and gill lesions as a conse-
quence of this disease. Concerning the skin, the disease cre-
ates mainly a dark discoloration in the centre of the fin and
is bound by reddish tinge (Declercq et al. 2013).

Haemorrhagic and enteric septicaemia are infectious dis-
eases observed in the aquaculture industry that was trig-
gered by Edwardsiella genus; it includes Edwardsiella
ictaluri and E. tarda. These two unique bacterial species
were identified in catfish; normally, E. tarda was isolated
from both freshwater and brackish water fish. However,
E. ictaluri is normally isolated only in brackish water. Sys-
temic haemorrhagic septicaemia is described as the sup-
pression associated with the immune system of the host
developing into necrosis and skin lesions of major internal
organs and muscles. Indications of enteric septicaemia are
showed by septicaemia haemorrhagic enteritis, well ahead
on developing into meningoencephalitis (Sudheesh et al.
2012).

Enteric redmouth (ERM) disease is an infection from
bacteria that takes place primarily in rainbow trout which
are caused by Yersinia ruckeri bacterial species. At the early
phase of this infection, the death rates are lesser. If the
infected fish are untreated from the initial stage, the death
percentage rises exponentially and could cause a massive
financial loss to the farmer. The study has shown that the
death rate in this disease is due to the exposure of stress
conditions such as high stocking densities and compro-
mised water quality (Horne & Barnes 1999). Two more
major fish bacterial diseases are Lactococcosis and Strepto-
coccosis that extend throughout the world. This is certainly
due to the wide spectrum of host withstanding ability to
adapt against Streptococcus and Lactococcus genus bacteria,
which simultaneously confer the diseases. These bacterial
diseases have a group of signs such as dark pigmentation,
exophthalmos, haemorrhage, congestion and erratic swim-
ming lethargy (Domeénech et al. 1996).

The following pathways primarily cover aquatic microbes
to avoid pathogen colonization, which are categorized into
two groups. The first one to be direct interactions between
commensals and pathogens, such as competition for shared
nutrients and niches. The same ecological niches need for
both pathogens and commensal bacteria to colonize and
spread across the gut, and mechanisms have emerging to
compete with each other. Commensal bacteria produce
bacteriocins and toxins that directly inhibit bacterial species

members of the same or related species. Commensals are
often avoiding the pathogenic infection through the
modification of the host environment, for example pH
(Hammami et al. 2012).

The second category comes under the commensal-medi-
ated enhancement of host defence mechanisms. Commen-
sal bacteria are to prevent pathogen colonization and
infection indirectly by enhancing host defence mechanisms
such as functionally promoting mucosal barrier and
enhance innate immune responses. The first line of defence
against any pathogen invasion is the epithelial barrier. The
promotion of epithelial barrier functions by commensal
bacteria, which was supported primarily by indirect evi-
dence that has demonstrated the germ-free mice, and mice
deficient in proteins involved in microbial recognition such
as Nod2 and the TLR signalling adaptor MyD88 have
impaired the production of antimicrobial peptides, particu-
larly by Paneth cells of the small intestine (Kobayashi et al.
2005 and Vaishnava et al. 2008).

Usage of antibiotic in aquaculture industry:
solution or more issues

Bacterial infection has a predominant position in con-
tributing to economic as well as production loss to the
aquaculture industry, as mentioned previously in this
review. Chemical therapeutics including antibiotics are
essential sensitive solutions for many cases of bacterial
infection. Various antibiotics have been used to prevent
such outbreaks in aquaculture sectors; specifically, ery-
thromycin, sulfamethoxazole, norfloxacin and trimetho-
prim are used in aquaculture industry and also in other
farmings including cow, pig and poultry industries; nowa-
days, even in agriculture the usage of antibiotics has
become common (Giang et al. 2015).

In most cases, a high concentration of antibiotics is
employed in the aquaculture industry as a result of high
stocking densities and impracticality that the individual
treatment plan for infected fish (Resende et al. 2012). While
the use of antibiotics has addressed the fundamental issues
needed for its usage, a distinctive issue occurs in aquacul-
ture farm that is located close to the water source since the
excess antibiotic effluent is discharged into the river (Reis
& Mollinga 2009). The continuous release of effluent
encompassing the surplus antibiotics into the river stream
passes into the land soil system over absorption of the efflu-
ent by soil assists the development of antibiotic-resistant
bacteria within the respective ecosystem (Thiele-Bruhn
2003).

Inadvertently, these bacteria cause specific environ-
mental stress that is encouraging the increase in the
surrounding of microbe resistance to
antibiotics. The unceasing admittance of antibiotics into

environment
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the microbial population leads to random chromosomal
alteration of microbes (spontaneous mutation), which
reduces the sensitivity of the microbe to the particular
antibiotic. As a result, the amount of resistant microbes
in the ecosystem is increased. This increased exposure
to antibiotics continuously minimizes the susceptible
microbes (native microbes) and further increases the
number of resistant microbes with increased effects of
spontaneous mutation and transmission of antibiotic-re-
sistant genes among microbes (Meek et al. 2015), which
has been exemplified in Fig. 2. The increase or the pres-
ence of antibiotic-resistant microbes in the environment,
specifically nearby farming lands and water source,
allows the acquaintance of persons to these antibiotic-re-
sistant microbes that specifically aggregate the possibili-
ties of diseases by these resistant microbes in the gut
and disturbing the health of human populace.

Multiple studies have investigated microbes resistant to
antibiotics and the microbial genes responsible for the
expression of antibiotic resistance that enhance claims on
the adverse effects of antibiotic use on the environment.
Meek et al. (2015) proposed that in a Brazilian aquaculture
farm, four hundred and seven bacterial strains including
Gram-positive cocci (GPC), enterobacteria (ENT) and
non-fermenting Gram-negative rods (NFR) are isolated
and they were tested for antibiotic resistance over minimal
inhibitory concentration (MIC) analysis. The analysis
showed that a group of bacteria from GPC are unaffected
due to penicillin and azithromycin, while NFR and ENT
group bacteria are resistant to the antibiotics gentamicin,
ampicillin and sulbactam. Apart from this, the presence of
multidrug-resistant bacteria is also found more abundant

Gut microbiota metagenomics in aquaculture

in the fish pond rather than in the water-fed canal (Meek
et al. 2015).

Giang et al. (2015) conducted a study in Mekong Delta,
Vietnam, which projected the presence of aquaculture
industry in Mekong managed the use of antibiotics against
the bacterial infection in fish; in turn, the aquaculture
industry water is released to the utilization of domestic
purpose and detected in the river stream occurrence of
antibiotic compounds such as trimethoprim (TRIM), enro-
floxacin (ENRO), sulfamethoxazole (SMX) and sulfadi-
azine (SDZ) at the level of 17 ng LY 12 ng LY
21 ng L' and 4 ng L' correspondingly in the water sam-
ples collected from the delta region (Giang et al. 2015).
Among these, TRIM antibiotics were found to be more in
the water sample owing to the TRIM resistance in contra-
diction to photodegradation. Even though the antibiotic
concentration did not maintain any sudden risks in
evolving antibiotic-resistant bacteria, conversely constant
acquaintance of these antibiotics possibly will cause diffi-
culties in the nearby future. A more suitable technique for
handling infectious bacterial diseases in the long term to
address these issues, with less detrimental to the ecosystem,
is necessary, and this approach is obviously accepted by
many scientists as probiotics.

Effect of antibiotic usage in aquaculture

A microbial organism has been studied by various authors
in intestinal tracts of healthy fish for its considered signifi-
cance in digestion, feeding and the prevention of disease
(Navarrete et al. 2008). Bates (2006) in his studies revealed
that gut microbiota could be involved in important
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Figure 2

(a and b) The number of antibiotic-resistant bacteria in the population is increased by an antibiotic selective pressure. (c) The transmissible

gene of antibiotic resistance is carried to certain daughter cells horizontally and vertically. (d) A mutation is carried into each generation in the chromo-
some gene to resist antibiotics. Figure adapted and modified from (Meek et al. 2015).
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processes such as epithelial proliferation, promotion of
nutrient metabolism and innate immune responses (Bates
2006). Modifications to gastrointestinal microbiota by
antibiotics can alter the likely benefit of this host-micro-
biota interaction or relationship. Therefore, it could help to
improve hatchery management to minimize antibiotic use
and improve safety for farmed fish if antibacterial com-
pounds alter the gastrointestinal microbiota of farmed fish.

Few types of research have focused, however, on evaluat-
ing the impact on the microbial ecology of the fish intestine
of antibiotic treatment and have concentrated on antibiotic
resistance level during and after antibiotic application
(Kerry et al. 1997). Antibiotic susceptibility of the patho-
gens isolated from fish farms are detrimental to antibiotic
resistance, which was identified using molecular tools
(Kerry et al. 1997; Miranda & Zemelman, 2002; Giraud
et al. 2006; Akinbowale et al. 2007; Miranda & Rojas 2007).
The gut microbiota and environmental bacteria come in
contact with the antibiotics present in fish farm and hatch-
ery wastes when an antibiotic treatment begins (usually via
medicated feed). In fact, the treatment of salmonids with
different antibiotics (including OTC) has been shown to
result in a significant increase in the proportion of the gut
microbiota showing resistance to the administered antibi-
otics (Austin & Al-Zahrani 1988).

Navarrete et al. (2010) assessed the effects of oxytetracy-
cline (OTC) treatment on bacterial populations present in
the intestines of healthy juvenile salmon. Oxytetracycline
was administered via medicated feed to Atlantic salmon
held in experimental tanks, and their intestinal microbiota
were analysed after culture. Isolates were analysed by
restriction fragment length polymorphism (RFLP) and
sequencing of 16S rDNA amplicons. Microbiota from the
intestines of untreated fish was more diverse, and their
main components were Pseudomonas, Acinetobacter, Bacil-
lus, Flavobacterium, Psycrobacter and Brevundimonas/
Caulobacter/Mycoplana. In contrast, the microbiota of the
OTC-treated group was characterized by less diversity and
was only composed of Aeromonas, clustering with A. sobria
and A. salmonicida. The frequency of resistant bacteria,
defined as those capable of colony formation on TSA med-
ium containing 30 ug mL~" OTC, indicated that no resis-
tant bacteria were detected (<102 CFU per gram) in the
three tanks before OTC treatment. In treated fish, resistant
bacteria accounted for 60%, 33% and 25% of isolates from
the samples collected on days 11, 21 and 28, respectively.
The intestinal microbiota of salmon treated with OTC
leads to vanish several bacterial phylotypes, but establishes
Aeromonas population. Bacteria belong to this genus have
been widely isolated from the fish gut (Huber et al., 2004;
Romero & Navarrete, 2006) and are considered to be a
normal bacterial component. However, some species
of Aeromonas including A. salmonicida, A. hydrophila,

A. caviae and A. sobria are also regarded as common
pathogens of fish because they may cause furunculosis and
haemorrhagic septicaemia. More recently, Ringe et al
(2004) proposed that the digestive tract could represent a
port of entry for invading bacteria, especially Aeromonas.
Compared with the OTC-treated salmon, a more diverse
bacterial composition was observed in the untreated sal-
mon. Some authors have suggested that, to maintain a suc-
cessful culture environment in an aquatic hatchery, it is
necessary to maintain a diverse microbial community that
includes innocuous and beneficial bacteria (Schulze et al.
2006). Therefore, the reduction in the diversity of the
intestinal microbiota observed after OTC treatment could
facilitate the proliferation or invasion of opportunistic
microorganisms, as indicated by the rise of some phylo-
types that became prevalent several weeks after treatment.
Antibiotic treatment can eradicate susceptible microorgan-
isms and promote opportunists that may occupy ecological
niches previously unavailable to them. The occurrence of
OTC-resistant bacteria, including Aeromonas species, the
salmon farming, has been demonstrated previously (Jacobs
& Chenia 2007). Mobile resistance determinants have also
been detected in this genus (Miranda ef al. 2003). The pres-
ence of bacteria harbouring resistance determinants could
be related to the widespread use of antibiotics in aquacul-
ture (Cabello 2006). Some authors have even suggested that
common components of the microbiota could disperse
resistance genes via horizontal gene transfer because of the
high density and proximity of resident bacteria in the gas-
trointestinal tract microenvironment (Navarrete et al
2008).

Prebiotic in aquaculture

The promising future of the aquaculture industry will not
come without difficulties. Supplements to natural feed
improve the efficiency of aquaculture production, reduce
treatment requirements, waste disposal, and thus simulta-
neously improve the quality of the farmed fish. The pro-
duction of aquaculture is expected to double by 2050, a
way to meet global demand while reducing the pressure on
wild fishing. By 2030, farming raised fish would account for
nearly two-thirds of the world’s seafood intake, according
to estimates by the United Nations Food & Agriculture
Organization (FAO) (Thorpe et al. 2018).

Improved rearing methods may lead to the use of antibi-
otic therapies, which causes a number of possible problems
including evolving antibiotic-resistant bacteria and the
existence of antibiotic residues in seafood, which further
leads to the destruction of the immune system with a seri-
ous disease outbreak. Fish are exposed to a number of
external stresses and pressures that are unprecedented in
contrast to wild what they encounter during intense
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cultural operations. The alteration or changes in tempera-
ture, photoperiod, salinty, etc., in the farm leads to various
stress to the organism as well as immune suppression. In a
variety of physiological functions of teleost fish, such as
immune responses linked to the neuroendocrine system,
environmental conditions that trigger stress that can be the
source of some negative effects.

In the aquaculture industry, prebiotics are considered as
an environmental-friendly feed additive. The beneficial bac-
teria present in gastrointestinal tract ferment prebiotics,
and the reaction by-products are used to improve the
health of the host. Hence, prebiotics that alter gastrointesti-
nal conditions to benefit those existing bacterial species
increase growth efficiency and reduce the susceptibility of
the pathogen of the host organism which appears an out-
standing way to help the growth of the aquaculture indus-
try (Reverter et al. 2014).

Definition of prebiotics

Prebiotics constitute an important dietary supplement to
improve both growth and digestive tract microbial activ-
ities, which frequently strengthen the immune system
and stress tolerance. On the other hand, prebiotics are
non-digestible compounds that are metabolized by com-
mon bacteria such as Lactobacillus and Bifidobacterium
that promote health. These bacteria are considered bene-
ficial to the health and development of the host by
reducing the existence of intestinal pathogens and/or
altering the production of bacterial metabolites related
to health (Roberfroid 1993; Gibson & Roberfroid 1995;
Manning & Gibson 2004). Prebiotics are carbohydrates,
which categorized into monosaccharides, oligosaccharides
or polysaccharides by their molecular size or polymeriza-
tion. Until date, common prebiotics established in fish
are as follows: inulin, fructooligosaccharides (FOS),
galactooligosaccharides (GOS), arabinoxylo-oligosaccha-
rides (AXOS), chitooligosaccharide (COS), mannano-
ligosaccharides (MOS) and levan.

Inulin

Insulin is a fructose polymer composed of B-D-fructofu-
ranoses attached by B-2-1-linkage bond and is grouped
of sugar-based oligosaccharides. It seems that inulin ben-
efits the intestinal microbiota, particularly in endother-
mic animal colons (Roberfroid 1993). While inulin is
not a natural fibre in fish diets, inulin used in aquacul-
ture stimulates normal bacterial flora in the gut and
simultaneously defeat the pathogens and enhances the
immune system (Possemiers et al. 2009). Oral adminis-
tration of insulin at the dosage of 10 mg kg ' body
weight (b.w.) to grass carp (Ctenopharyngodon idella)
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(24.6 + 3.5 g b.w.) for 2 weeks resulted in susceptibility
against Aeromonas hydrophila and Edwardsiella tarda;
simultaneously, the same dosage of insulin to Tilapia
(Tilapia aureus) (21.8 &+ 3.5 g b.w.) showed the suscepti-
bility against A. hydrophila and E. tarda (Wang & Wang
1997). Inulin at the dosage of 150 g kg ' for 4-week oral
administration to Arctic charr (218 g b.w.) (Salvelinus
alpinus L.) controlled the microbiota Bacillus sp.,
Carnobacterium maltaromaticum, Staphylococcus sp. and
Streptococcus sp. (Refstie et al. 2006). Atlantic salmon
(172 g b.w.) administered with 75 g kg' of inulin for
four-week oral administration resulted the decrease in
Marinilactibacillus ~ psychrotolerans, — C. maltaromaticum
and Enterococcus faecalis and also enhanced the growth
and relative mass of the gastrointestinal tract of fish
(Bakke-McKellep et al. 2007). Oral administration (5
and 10 g kg'') of inulin for a week to Gilthead seab-
ream (Sparus aurata L.) with initial b.w. 175 g leads to
a significant inhibition in phagocytosis and respiratory
burst in leucocytes (Cerezuela et al. 2008). Gilthead
seabream displayed enhanced IgM level, no effect on
peroxidase activity and alternative complement activity
(ACH50) for 10 g kg™' dosage of insulin administered
for two to four weeks (Cerezuela et al. 2012). Increased
lysozyme activity was observed at the dosage adminis-
tered at the concentration of 5 g kg™' for eight weeks in
11 g b.w Nile tilapia (Oreochromis niloticus; Ibrahem
et al. 2010) and 35 g b.w leopard grouper (Mycteroperca
rosacea; Reyes-Becerril et al. 2014).

Fructooligosaccharides (FOS)

Fructooligosaccharides refer to short and medium B-D-
fructans chains in which fructosyl units are bound to a
terminal glucose unit by B-(2—1) glycosidic linkage. Diet-
ary FOS inclusion can positively form intestinal micro-
bial communities and modulate the immune role of
fish. Multiple studies showed FOS could improve fish’s
humoral immune response (Mahious et al. 2006; Ringg
et al. 2014). For example, 3 and 6 g kg ' of FOS for
56 days to Triangular bream (Megalobrama terminalis;
30.5 g b.w.) modulated the immune system by increas-
ing the IgM content and lysozyme (Zhang et al. 2013).
Administration of FOS (24 g kg ') to Ovate pompano,
Trachinotus ovatus (1032 g b.w.), increased
immunoglobulin and lysozyme on day 56 (Zhang et al.
2014), and the same activity was observed in Caspian
roach (Rutilus rutilus; 0.67 g b.w.) for the dosage admin-
istrated at 10, 20 and 30 g kg ' for the duration of
1-7 weeks (Soleimani et al. 2012). Increased lysozyme
activity was also observed in Stellate sturgeon (Acipenser
stellatus; 30.16 g b.w.) for the dosage (10 and 20 g kg™")
administered for 11 weeks (Akrami et al. 2013).
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Galactooligosaccharides (GOS)

Galactooligosaccharides are composed of 2-20 galactose
and glucose molecules, which can be produced by enzyme
lactose treatments. Few studies are been carried out using
GOS as a prebiotic (Ringp et al. 2014). Reports have shown
that the administration of GOS at the concentration of
10 g kg ' for eight weeks significantly improved the lyso-
zyme activity in red drum (Sciaenops ocellatus) at 7 g b.w
(Zhou et al. 2010). Atlantic salmon (200.2 g b.w.) fed
a diet containing 10 g kg™' GOS for four months declined
the lysozyme production (Grisdale-Helland et al. 2008).
However, GOS at 10 g kg'' administered to red drum
(500 g b.w.) for four weeks boosted the protein ADC and
decreased the lipid ADC (Burr ef al. 2008).

Arabinoxylan-oligosaccharides (AXOS)

Arabinoxylan-oligosaccharides is a hydrolysis product of
arabinoxylans, which can exert different properties depend-
ing upon their structure. African catfish (Clarias gariepinus)
(approximately 20 g b.w.) were administered with 10—
20 g kg ' of AXOS for ten weeks which resulted in upsurge
of acetate, and propionate production; and the same was
also observed in Siberian sturgeon (20 g b.w.; Rurangwa
et al. 2008). Two different forms of arabinoxylans were also
identified namely AXOS-32-0.30 and AXOS-3-0.25.
Administration of these two different forms of arabinoxy-
lans at the dosage 20 g kg ' for twelve weeks in Siberian
sturgeon (Acipenser baerii; 25.9 g b.w.) enhanced ACH50
and serum peroxidase activity (Geraylou et al 2012).
Administration of 20 g kg ' AX0S-32-0.30 for four weeks
in Siberian sturgeon (48.4 g b.w.) increased ACH50 level
(Geraylou et al. 2013).

Chitooligosaccharide (COS)

Chitooligosaccharide is a type of oligosaccharides obtained
through chemical and enzymatic chitosan hydrolysis.
Because of its lower molecular weight or ready solubility in
water, COS has higher activity and more physiological
functions than chitosan. COS incorporated diet fed koi
(Cyprinus carpio koi; 24.9 g b.w.) for eight weeks increased
SOD and lysozyme level (Lin et al. 2012).

Mannanoligosaccharides (MOS)

Mannanoligosaccharides derived from the yeast cell wall
(Saccharomyces cerevisiae), is one of the most frequently
evaluated prebiotics in fish (Merrifield et al. 2010). MOS
improved the lysozyme activity in African catfish (Clarias
gariepinus; 35 g b.w.) at 10 g kg ' within 45 days (Yoshida
et al. 1995), snakehead (Channa striata; 10 g b.w.) at
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2 g kg'' within 12 weeks (Talpur et al. 2014), red drum
(Sciaenops ocellatus; 7 g b.w.) at 10 g kg ' within 8 weeks
(Zhou et al. 2010), red drum (10.9 g b.w.) at 10 g kgf1
within 6 weeks (Buentello et al. 2010) and Rainbow trout
(30 gb.w.) at 2 g kg™' within 90 days (Staykov et al. 2007).

Levan

For aquaculture, levan is another fructose polymer which
was considered an appropriate prebiotic and immune
nutrient. Increased lysozyme activity was observed in Com-
mon carp (Cyprinus carpio; Rairakhwada et al. 2007; Gupta
et al. 2014), rohu (Labeo rohita; Gupta et al. 2008) and
Orange-spotted grouper (Epinephelus coioides H.; Huang
et al. 2014) due to the levan incorporation in diet (1—
50 g kg ') for 75 days, 12 weeks and 45 days, respectively.

Commercial prebiotic

Grobiotic-A is a mixture of partly autolysed brewer yeast,
components of dairy ingredients and products of dried fer-
mentation. The yeast membrane consists of a large number
of different polysaccharides in which B-glucans is insoluble
in nature. It is widely recognized that the immunological
responses in fish can result in yeast B-glucans and B-glu-
cans from other sources too. Studies have proved that the
commercial prebiotic at the dosage between 10 and
20 g kg ' administered to Hybrid striped bass (19.7 g b.w.)
for four weeks has shown no effect on lysozyme activity.
However, it increased feed efficiency, growth performance,
respiratory bursts, resistance against Streptococcus iniae and
Mycobacterium marinum (Li & Gatlin 2004 and Li & Gatlin
2005). However, red drum (500 g b.w.) treated with
10 g kg ' of Grobiotic-A for ten days increased the protein
and lipids levels (Burr et al. 2008).

Effect of prebiotic in immune response

Prebiotics directly enhance different innate immune
responses. For example, inulin as a prebiotics used in aqua-
culture promotes healthy intestinal bacteria, suppresses
pathogenic organism and enhances immune response. It
also stimulates the human immune system through the
binding of leucocyte and increasing macrophage prolifera-
tion. Though several works conducted in inulin as a prebi-
otics, the optimum concentration used as 10g kg™ due to
significant effect on increased IgM level, serum comple-
ment, respiratory burst activity and leucocyte phagocytic.
After prebiotic feeding, multiple experiments tested the
survival of the individual. The results showed that the
growth factors of prebiotics normally boost weight gain in
daily basis and at a period of interval, specific growth rate,
ratio of food conservation, ratio of food efficiency and
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protein efficiency; all these impacts may vary depending
upon the fish species (Xu et al. 2008; Gultepe et al. 2012;
Hoseinifar ef al. 2013). After the administration of prebi-
otics, haematological parameters such as red and white
blood cell counting, levels of thrombocyte or lymphocyte,
corpuscle volume and haemoglobin content have increased.
Also, enzyme activities including lactate dehydrogenase,
alanine phosphatase, alanine aminotransferase and aspar-
tate aminotransferase have increased (Hoseinifar et al.
2011; Ebrahimi et al. 2012; Zhang et al. 2013). Diets
enriched by prebiotics promoted the levels of enzymes that
are associated with weight gain. Nevertheless, the prebiotic
administration was not always related to increase digestive
enzymes (Anguiano ef al. 2013).

Mechanism of action of prebiotic in immune
system

Concerning the mechanism of action of prebiotics in
the immune system, immunosaccharides are directly acti-
vated by interacting with PRRs expressed on innate
immune cells such as B-glucan receptor or dectin-1 recep-
tors (expressed in macrophages) are stimulating the innate
immune system (Brown ef al., 2002). Interaction of ligand—
receptor activates the molecules such as NF-kB for signal
transduction that stimulate the immune cells (Yadav &
Schorey 2002). Furthermore, they can be recognized by
MAMPs such as teichoic acid, peptidoglycan, glycosylated
protein or the capsular polysaccharide of bacteria, which
trigger the immune response (Bron et al. 2012; Song et al.
2014). Prebiotics therefore tend to activate the innate
immune system by stimulating directly the innate immune
system or by enhancing the growth of commensal micro-
biota (Song et al. 2014).

Probiotics

The word ‘probiotic’ is broadly defined as non-pathogenic
live microorganism, which is included in food nutrition
that has a beneficial impact on the host intestinal health.
However, the term was subsequently applied as a useful
microorganism that has a positive impact on the general
wellness of the host (Ibrahem 2015).

Several investigations have been carried out in the field
of probiotics, reinforcing the claim that certain beneficial
microorganism has positive impact on animal and human
health. The broad variety of research studies has been car-
ried out to study the impact of probiotics on different dis-
eases, including diarrhoea with antibiotic-associated,
constipation, abolition of Helicobacter pylori infection in
human which causes ulcer, moderate inflammatory bowel
disease, lessening the occurrence of ventilator-associated
pneumonia (VAP). Probiotics is improving the circulatory
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system as its effects through human food metabolism
(Hungin et al. 2013; Bo et al. 2014; Ettinger et al. 2014).

The implementation of probiotics is not only restricted
to metabolic applications in aquaculture but also to over-
come the related gastrointestinal imbalance. The study of
probiotics has been extended to a number of other physio-
logical and immunological features of aquatic species to
improve hatchling survival, hindrance of diseases and
innate immunity. A detailed description of aquatic species
in which probiotics used is mentioned in Table 3.

Metagenomic studies of fish gut microbiome

Over recent years, widespread research has been carried out
in the fish gut microbiome metagenomic analysis. Detec-
tion of bacteria that are unculturable witnessed the real dif-
ference between the number of bacterial cells seen under a
microscope and the actual wide range of Petri plate’s colo-
nies. This was the origin of the identification as ‘The Great
Plate Count Anomaly’ (Stewart 2012). As a result of this
variance, the reliance upon the bacterial culture method
has decreased considerably, because cultured bacteria com-
prise a bacterial population of only 0.01 to 1 percentage. In
addition to this, advances in scientific methods such as 16S
rRNA taxonomical marker and polymerase chain reaction
(PCR) method are massive leap in genome sequencing
technology (next-generation sequencing) that has greatly
contributed to the overtaking of metagenomic vibrant
replacement from cultural-dependent methodology to cul-
turally independent strategy (Garza & Dutilh 2015).

Indeed, in the last few years, the culture-independent
technique created by scientists was the most appropriate
and preferred method for metagenomic research. In gen-
eral, the major objective of metagenomic research is to
develop probiotic applicants for economically and nutri-
tionally important fish. This is accomplished by altering the
microbial accumulation of the metabolic function, which
in addition to improve the host organism’s metabolic and
immunological performance. More studies are being car-
ried out in metagenomic studies on the gut of the fish such
as factors influencing the composition of the gut micro-
biome and the physiological effect of this microbiome on
the host fish.

Goals of fish gut microbiome metagenomic
research

Metagenomic studies of fish gut microbiomes varied exten-
sively. Two main themes of the fish gut microbiome are a
factor that affects microbiota composition and the influ-
ences of gut microbiota on host species. It is agreed, as in
most cases, that the composition of the microbiota is a
dynamic system and that the origin of the gut microbiome

1
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Table 3 Probiotic species used in aquatic industry

Probiotic organism and aquatic species used

Results

References

Aeromonas hydrophila — Oncorhynchus mykiss (Rainbow
trout)

Agarivorans albus F1-UMA — Haliotis rufescens (Abalone)

Aeromonas media A199 —Crassostrea gigas

Alteromonas CA2 — Pacific oyster

Arthrobacter XE-7 — L. vannamei (Pacific white shrimp)

Aeromonas sobria GC2 — Rainbow trout

Burkholderia cepacia Y021 — Crassostrea corteziensis,
(Lions-pay scallop)

Bacillus pumilus — P. japonicus

B. subtilis UTM 126 — Litopenaeus vannamei

Dunaliella tertiolecta — Artemia

Enterobacter amnigenus — Rainbow trout
Lactobacillus fructivorans
and L. plantarum - S. aurata

Lactococcus lactis AR21 — Rotifers

L. rhamnosus — O. niloticus
Rhodococcus SM2 — Rainbow trout

Streptococcus phocae P180 — P. monodon

Shewanella putrefaciens — Sparus aurata L
Yarrowia lipolytica — Pinctada mazatlanica

| Aeromonas salmonicida infection

1 Survivability
| Vibrio tubiashii infection
1 Survivability
* Intestinal microbes
@ Lactococcus garvieae and Streptococcus
iniae.
Aeromonas bestiarum
and Ichthyophthirius
multifiliis
* Growth and survival

1 Larval survival
@ Vibriosis
@ Vibrio campbellii
and V. proteolyticus
1 Resistance towards
Flavobacterium psychrophilum
1 Production of HSP70

* Growth and protects
against V. anguillarum infection
@ E. tarda infection
T Immunity and protection
against V. anquillarum
T Growth
@ V. harveyi infection
T Growth of juveniles
T Growth

Irianto and Austin (2002a)

Silva-Aciares et al. (2011)

Gibson (1999)

Douillet and Langdon (1994)

Li et al. (2008)

Pieters et al. (2008); Brunt and
Austin (2005)

Granados-Amores et al. (2012)

El-Sersy et al. (2006)

Das et al. (2005)

Marques et al. (2006)

Burbank et al. (2011)

Carnevali et al. (2004)

Harzevili et al. (1998)

Pirarat et al. (2006)

Sharifuzzaman and Austin
(2010)

Swain et al. (2009)

De la Banda et al. (2012)
Aguilar-Macias et al. (2010)

- Increase/Promote; I- Decrease; @- Protection; *- Alter.

is not often studied. As in most cases, the source of intesti-
nal or gut microbiomes is not often studied since the
microbiota composition is usually acknowledged to be a
dynamic system rather than a constant system. Therefore,
the factors affecting the composition of fish gut microbiota
have to be examined from now on.

Nutritional patterns and ecological influence such as pol-
lutants, reef settlement, trophic levels and behaviour of host
fish species were explored according to factors that influ-
ence the composition of fish gut microbiota that hypothe-
sized to regulate the host fish (Baldo er al. 2015; Estruch
et al. 2015; Brown-Peterson et al. 2015; Miyake et al. 2015;
Eichmiller et al. 2016; Liu et al. 2016). Furthermore,
research has also been performed in the determination of
the physiological change to gut microbiota and the genetic
factor of the host fish on the impact of target fish gut
microbiota and vice versa (Li et al. 2013; Smith et al. 2015).
In addition, investigative trials were conducted on gut
microbiota to identify the primary microbiota of fish
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species (Roeselers et al. 2011; Star et al. 2013; Parris et al.
2016).

Importance of metagenomics study in aquaculture
industry

Nitrogen and phosphorous metabolites and organic matter
abound in aquaculture, making aquaculture an ideal plat-
form for microorganisms to develop (Martinez-Cérdova
et al., 2009). It is believed that, for this reason, the preva-
lence of microbial DNA could be even greater in aquacul-
ture facilities. The above scenario shows that the
microbiological knowledge of aquaculture currently repre-
sents perhaps only a small part of a whole universe. It is dif-
ficult to demonstrate without genomic techniques the full
diversity and hypothetical function of uncultured microor-
ganisms; metagenomics and functional genomics in combi-
nation with chemical ecology may answer these questions
(Riesenfeld et al. 2004).
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Aquaculture microbial studies concentrate on under-
standing the symbiotic and antagonistic interrelations
between the microbes and eukaryotes, such as fish, crus-
taceans and molluscs. Metagenomics can provide a deeper
insight into those ties by associating with host or environ-
ment specific host species the information revealed by the
extracted DNA (Suttle 2007; Gianoulis et al. 2009). New
sequencing technologies and bio-informatics technologies
enable the diversity of intracellular bacteria to be examined
as well as specific genomic information from such commu-
nities to be elucidated. In the field of metagenomics,
researchers have investigated the diversity and quantity of
different microbes or genes in the spatially temporal pat-
tern and have identified stronger associations between cer-
tain microbial communities and the host genotype
(Monchy et al. 2011; Gilbert et al. 2012; Quince & Lundin
2013).
® Metagenomics could provide more evidence for the

understanding of the microbial diversity in aquaculture

facilities. By studying hypervariable regions of 16S rDNA
for prokaryotes and 18S for eukaryotes, we can now
understand the wide diversity of these microorganisms

(Not et al. 2009; Hugerth et al. 2014).

e Metagenomics can be used to evaluate antibiotic resis-
tance in bacterial communities according to the objec-
tives of the analysis in two ways: functional
metagenomics or sequence-based metagenomics, that is
shotgun type (Schmieder & Edwards 2012).

e Functional metagenomics include the cloning and trans-
mission of biologically derived DNA into a bacterial host
to identify the roles of genes that may not be elucidated
by analysing their sequences (Schmieder & Edwards
2012)

® Sequence-based metagenomics include the random sam-
pling of whole environmental DNA samples. To identify
resistance genes or mutations in specific genes involved
in antibiotic resistance, the sequences obtained are com-
pared to databases. In addition, mutations of multiresis-
tance were found in aquatic microbes affected by agro-
industrial activities such as aquaculture; the same micro-
bial community may have enhanced tolerance to antibi-
otics, metals, ammonia compounds and other
antibacterial chemicals due to mutation and further hor-
izontal gene transfer (Zhang, et al. 2009).

e Viral species have special mechanisms of replication,
transmission and persistence. Identifying viral processes
can help to identify pathogenic species and mutations
quickly, which are useful information for diagnosis, pre-
vention and treatment development. However, the iden-
tification of pathogens as well as the current diagnostic
techniques is restricted by an incomplete picture of the
immense complexity of viruses and the limitations of
traditional methods of detection.
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e Shotgun metagenomics of clinical or random environ-
mental samples are a promising alternative that circum-
vents conventional methods limitations. While this
method has usually been used to study genomic diver-
sity, it may also be useful in clinical detection of viral
pathogens (Rosario et al. 2009; Bibby et al. 2011)

e Virus studies using metagenomic methods were recently
promoted due to the quality and quantity of genomic
information obtained with next generation sequencing;
while the Sanger sequence provides significantly lower
results, it was also used as an ID tool (Finkbeiner et al.
2008; Svraka et al. 2010). Compared to other methods
including PCR or microarrays, metagenomics demon-
strated better efficiency and accuracy of detection of
multiple genomes (Yozwiak et al. 2012).

e Metagenomics libraries for particular biodegradation
genes can be constructed, amplified and screened. This
technique tested by cloning genes into bacteria and incu-
bated in highly toxic compounds medium (George et al.
2010).

e New molecules can be provided with different functions
through metagenomics, such as new enzymes or bioac-
tive molecules, which can provide therapeutic applica-
tions or economic strategies (Lorenz & Eck 2005).

Host fish species

The host species themselves are further considered and pos-
tulated in the determination of the fish gut microbiota; this
parameter involved in a variety of confounding variables.
Fish behavior, habitat salinity and intrinsic feeding ten-
dency were among the various factors that could contribute
to this parameter. For such a range of fish species, their gut
microbiota is being examined. The different fish species
under examination in the relevant studies are shown in
Table 4. In the last ten years, the gut microbiome of carp
fish species has been extensively researched. The carp fish
are recognized comprehensively as invasive species, because
of the enormous quantity of food they need of and it is rec-
ognized that their feeding model disturbs the food chain
and disrupts the environment (Eichmiller et al. 2016).
Besides, carp species are the trophic extent of this genus
grass carp from herbivorous group and filter feeders such
as bighead carps and omnivorous such as common carp
and crucian carp (Liu et al., 2016). Subsequently, zebra and
cichlid fish species have been ascetically studied. Cichlid
fish are identified for their capability to acclimatize at extre-
mely precise niches in the ecology, consenting them to be
distinctive feeders, such as nourishing on eyes or scales
(Baldo et al. 2015). In biomedical studies in the last few
years, zebrafish is a model organism that comes from ray-
finned fish and is pre-eminent in vertebrate Actinopterygii
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of Cypriniformes order, and is omnivorous species (Roesel-
ers et al. 2011). Fish gut microbiota metagenomic studies
are also conducted on cods and seabreams among them
gilthead seabream and Blunt snout bream fish were studied.
Primary, these fish were herbivorous and then-impending
carnivorous (Estruch ef al. 2015; Liu et al. 2016). Major his-
tocompatibility complex II (MHC II) was found to be lack-
ing in Atlantic cods, which was formerly speculated in
Gnathostomata as a conserved domain, constructing it is
an exciting applicant for research of gut microbiome as the
absence of MHC 1II, an immuno-regulating complex which
possibly subsidize to the alteration in gut microbiota of the
species (Star et al. 2013). Apart from these, other types of
fish species including Gizzard shad, freshwater drum, dam-
sel fish, mandarin fish, cardinal fish, threespine stickleback,
top mouth culter and southern flounders are too
researched.

Factors influence gut microbes

The environment is among the most important key deter-
minant faecal microbiota of silver carp, bighead carp and
common carp, as demonstrated by the variation in fish
gut microbiota content obtained from various sources
from rivers, lakes and laboratory-reared. This correlation
between the environment and the components of gut
microbiota may be caused by multiple factors; for example,
the availability of wild plant material in lakes and rivers
may increase the feeding quantity of such content which
aggregate arabinoxylan oligosaccharide in the fish which in
turn act as a prebiotic for the ergo, Clostridaceae bacteria.
Clostridaceae bacteria are be likely to propagate thriving in
the gut environment (Eichmiller et al. 2016). However, the
composition of the gut microbiota during the larval stage
of the fish must play more prominent role in determining
the environmental influence (Stephens et al. 2016). From a
different standpoint, profile analysis of T-RFLP exhibited
the composition of zebra fish gut microbiota, which was
different among fish captured from the wild in diverse loca-
tions and laboratory-reared fish of different locations.
Unexpectedly, in determining the gut microbiota composi-
tion, the location of the laboratory-reared fish performed a
major part than the wild fish collected (Roeselers et al.
2011). Environmentally ascribed factors, such as pH,
NOj3-N, PO;-P and conductivity, are also significantly cor-
related with fish gut microbiota composition (Giatsis et al.
2015). In addition, the existence of pollutants such as crude
oils in the environment also disturbs the gut microbiota
composition. In southern flounder, as evident from the
proliferation of Deltaproteobacteria, Gammaproteobacteria,
Epsilonproteobacteria and Sphingobacteria amid the decline
of Alphaproteobacteria and Clostridia in its gut with crude
oil.
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It is suggested that the trophic level of the host fish spe-
cies has a major impact on the gut microbiota composition
of fish. Evident from Liu et al. (2016) studies that fish from
distinct trophic levels, namely herbivores, carnivores and
omnivores (including filter feeders), were specified to have
distinct contents of gut microbiota. Herbivorous fish
appeared to harbour Leptotrichia, Clostridium and Citrobac-
ter in abundance, while the carnivorous fish gut existed rich
in Halomonas and Cetobacterium, and the omnivorous fish
were harbouring Halomonas, Clostridium and Cetobac-
terium.

In different stages of fish development, the composition
of gut microbiota varies (planktonic and mature). The nat-
ure of the fish diet as they grow is conflicting with these
phases, with mature fish getting more complex are all
through the planktonic stage (Parris et al. 2016). During
the larval and juvenile stages, zebrafish gut microbiota was
considerably distinct, with the genotype of the fish as a
cause of the gut microbiota composition is suggested with
the reared environment and the same feeding material (Ste-
phens et al. 2016). The environment performs a significant
part in influencing the composition of gut microbiota at
the larval stage of codfish rather than feed (Bakke et al.,
2013).

In addition, the position of the foregut, midgut and
hindgut is assumed to be one of the variables influencing
the gut microbiota composition of the fish. Changes in
gut microbiota composition may be attributed to the envi-
ronment on the basis of the consumption, and the compo-
sition varies as they transfer over the gut and some are
engaged in the mucosal layer and, approximately, some are
eliminated as waste. The modifications, however, are not
well known, and further studies are needed to strengthen
this proof (Ye et al. 2014; Estruch et al. 2015).

In determining the composition of gut microbiota in
fish, host genotype performs an important role. One such
instance is the host’s immunological genotype that affects
the composition of the gut microbiota. Fish with advanced
genetic heterozygosity exhibited poorer complexity in the
microbiota variation, specifying the role of MHCII in the
control of the microbial population in gut fish (Smith et al.
2015).

Biotic (e.g. genotype, physiological status, pathobiology,
lifestyle) and abiotic (e.g. environmental) factors may affect
the fish gut microbiota and influence its composition and
diversity, as well as its function and metabolic activity, thus
affecting feeding, growth, energy storage and health of the
fish (Ghanbari et al,, 2015). Previous studies have shown
that microbes in water can affect the microbiota GI fish
(Tanasomwang & Muroga 1988; Wang et al. 1993). The
intestinal microbiota composition of the grass carp (Ct.
idellus) is related to two main factors influencing GI micro-
biota in the production of water and sediment. Hagi et al.

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd



Gut microbiota metagenomics in aquaculture

Table 4 Gut microbiota/microbiome studies in host fish species

Host Fish species

Research outcomes

References

Freshwater drum (Aplodinotus grunniens)
Common carp (Cyprinus carpio)

Silver carp (Hypophthalmichthys molitrix)
Bighead carp (Hypophthalmichthys nobilis)
Bighead carp (Hypophthalmichthys nobilis)
Silver carp (Hypophthalmichthys molitrix)
Crucian carp (Carassius auratus)

Common carp (Cyprinus carpio)

Top mouth culter (Culter alburnus)
Mandarin fish (Siniperca chuatsi)

Grass carp (Ctenopharyngodon idellus)

Blunt snout bream (Megalobrama amblycephala)

Damselfish (Pomacentridae)

Cardinalfish (Apogonidae)

Haptri (Haplochromis trifasciatus)

Hapmic (Haplochromis microlepis)

Plestr (Plecodus straeleni)

Permic (Perissodus microlepis)

Perecc (Perissodus eccentricus)

Gizzard Shad (Dorosoma cepedianum)
(Silver Carp (Hypophthalmichthys molitrix)
Gilthead seabream (Sparus aurata)

Zebrafish (Danio rerio)
Grass carp (Ctenopharyngodon idella)
Baikal omul (Coregonus migratorius Georgi)

Baikal whitefish (Coregonus baicalensis Dyb.)
Tilapia (Oreochromis niloticus)

Zebrafish (Danio rerio)

Atlantic cod (Gadus morhua)

Southern flounder (Paralichthys lethostigma)

Acanthuridae

Factors affecting carp microbiome characterization

Fish gut microbiota and metabolic activity influenced
by the host trophic level

Fish health and ecology significantly influence by
fish-associated microbial communities
Investigation on the adaptation of gut microbiota in
the process of the host adaptive radiation

Fish gut microbiota differentiate in Asian and
American carp based on the food source

Replacement in fishmeal had a significant impact on
gastrointestinal microbiota

Gut microbial communities interactions with
zebrafish that have been experimentally analysed

Factors affecting the gut microbiome of grass carp
and its effect on metabolism

Comparison between sympatric species and their
first-generation hybrid crosses

The effect of rearing environment on water bacterial
communities which is present in the gut of Nile
tilapia larvae

Intestinal microbiota in zebrafish has distinct
communities throughout development and
increasingly different from the surrounding
environment

The host-specific selection is determined in the
composition of the core microbiota

A sediment-oil mixture has a negative impact on the
health of fish species

The gut microbiota of surgeonfish is strongly
influenced by diet

Eichmiller et al. (2016)

Liu et al. (2016)

Parris et al. (2016)

Baldo et al. (2015)

Ye etal (2014)
Estruch et al. (2015)
Roeselers et al. (2011)
Nietal. (2014)
Belkova et al. (2017)

Giatsis et al. (2015)

Stephens et al. (2016)

Star et al. (2013)

Brown-Peterson et al. (2015)

Miyake et al. (2015)

(2004) reported that the composition of the intestinal lactic
acid bacteria (LAB) varied with seasons in four species of
fish, namely silver carp (Hypophthalmichthys molitrix),
common carp (Cy. carpio), catfish channel (Ictalurus punc-
tatus) and deep-bodied crucian carp (Carassius cuvieri). It
seems that the intestinal microbiota of fish from estuarine
environments is more similar to that of freshwater fish,
while the intestinal microbiota of fish from mixed salinity
ecosystems is more similar to the intestinal microbiota of
saltwater fish. Nevertheless, it is difficult to evaluate the
exact role of salinity in forming the intestinal microbiota,
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as they used different fish from freshwater or marine water.
Zhang et al. (2016) recently revealed that the gut micro-
biota composition of Nile tilapia born under varying salin-
ity was further investigated. The results showed that in
high-salinity conditions, the abundance of Devosia, Pseu-
domonas and Cetobacterium increased. Feeding habit is
also an important factor influencing GI microbial diversity,
and an increasing trend in diversity was observed following
the order of carnivores, omnivores and herbivores (Ward
et al. 2009; Larsen et al. 2014; Li et al. 2014; Miyake et al.
2015).
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Physiology and immune role of fish gut
microbiome

Few beneficial effects of gut microbiota are conferred on
host fish, and such impacts can be classified systematically
as physiological and immunological impacts. The following
functions of bacteria in the gut microbiota of fish are
exposed on the basis of latest studies carried out on this
sector.

The gut microbiota physiological impact on the host fish
is perceived through a number of interactions of metabolic
ability and host metabolism of the gut microbiota. This
relationship is defined by the failure of host fish to break
down certain compositions in food, such as xenobiotic
compounds or cellulose, used as a medium of energy by the
host fish’s gut microbiota, and the metabolites generated
from this use as digestible energy source by the fish.
Another component that contributes to the physiological
effect on the fish gut microbiota is the synthesis or part of
the synthesis of an essential supplement like a vitamin.

Verrucomicrobiae acquires the capability to break down
B-glycans to B-glucose over the activity of cellulase. The
presence of these bacteria now suggests that it is important
for the digestion of plant cellulose in the gut of fish, and
this feature has been demonstrated in carps and further
strengthened by reduced cellulase activity in antibiotic-trea-
ted fish, and cellulase action in fish gut is effectively deter-
mined by gut microbiota (van Kessel et al. 2011).
Pseudomonas fluorescens and P. putida were established as
xenobiotic degrading bacteria (Austin et al. 1995). Clostri-
dia was demonstrated to be one of the major representa-
tives in fish gut microbiota. It is renowned for the synthesis
of propionate, short fatty acid chains and butyrate; these
compounds are synthesized in the host GI system and sup-
plied to the host for better growth (Eichmiller et al. 2016).
In addition, the fish diet is also considered to affect the
composition of fish gut microbiota, in particular, the bacte-
ria Clostridia, as shown in most of these bacteria in the gut
microbiota of cichlid fish consuming the primary food
component as the scales connected with other identical fish
niches. These bacteria are connected with collagen-degrad-
ing enzymes because collagen is the primary component of
the scales that are consumed by the particular niches of
cichlid fish (Baldo et al. 2015). In many fish, gut micro-
biota, Fusobacteria, is also found to dominate with the
Cetobacterium genus in the fish gut, being the most domi-
nant genus of this category (Roeselers et al. 2011; Ye et al.
2014; Liu et al. 2016). This bacterium is notorious for the
biosynthesis of vitamin B12 in fish, which is vital for fish
development (Eichmiller et al. 2016).

The fish immune system is much similar to that of
the higher vertebrate’s immune system that comprises
the innate and adaptive immune system. The adaptive
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immune system can acquire memory through the produc-
tion of antibodies, whereby the presence of antigens in
monocytes and macrophages facilitates the innate immune
system through cytokine and chemokine receptor profiles;
the antigen-containing bodies are subject to elimination.
This offers immune resistance against a multitude of
pathogenic bacteria that adversely affect fish health
(Gémez & Balcazar 2008). However, some pathogenic
bacteria are not permitted from the exchange of any
property of causing the disease to the fish, by means of
the innate host resistance mechanism before any immuno-
logical response is activated. The innate resistance of the
host involves a number of biological molecules, for exam-
ple antimicrobial peptides, bile, mucosal layer, proteases
and stomach acids (Huisinget al. 2003). Some beneficial
bacteria that comprise the gut microbiota of fish also lend
the host fish for certain immunological benefits by modu-
lating the fish innate immune system, by interacting with
host NK cells, neutrophils and monocytes. In addition,
the method of action in which beneficial bacteria help
to modulate the host fish immune response to pathogenic
bacteria involves competition for nutrients, stimulating
the nonspecific immune system of host fish, antagonism
of pathogenic bacteria in excess of secretion of antimicro-
bial molecules and rivalry for adhesion site. The conclu-
sion was that lactic acid bacteria (LAB) such as
Lactobacillus sakei, L. lactis, L. rhamnosus and Clostridium
butyricum increased host fish immunoglobulin levels, and
thus, the siderophore-producing biological control agent
such as P. fluorescens was also effectively implemented in
the gut. This might rule out the pathogenic bacteria Aero-
monas salmonicida strain from stress-inducible furunculo-
sis infection in Atlantic salmon presmolts. Also, it is to
limit the death of rainbow trout infection due to Vibrio
anguillarum. Temporary, the immersion of the fish in the
bacterial suspension of probiotics and long-standing expo-
sure of the fish in rearing water or a mixture of these two
procedures resulted in a significant reduction in mortality
following the experimental test (Zorriehzahra et al. 2016).
In Ecuador, at a commercial shrimp hatchery, V. algi-
nolyticus strain has been used as a probiotic and the same
was applied in a bath treatment to Atlantic Salmon, which
was maintained in freshwater. Up to 21 days after initial
probiotic implementation, V. alginolyticus was encoun-
tered in the intestine. The experiment exposed that the
probiotic application to Atlantic salmon controlled the
decline of mortality once exposure to A. salmonicida and
to a reduced the level after acquaintance to V. ordalii and
V. anguillarum (Austin & Newaj-Fyzul 2017). V. algi-
nolyticus is a strain that has been shown to be a probiotic
agent in the treatment of fish infection with V. ordalii,
V. anguilarrum and A. salmonicida (Austin et al. 1995).
Pediococcus acidilactici originating from LAB is considered
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to secrete organic acids and a range of biomolecule bacte-
riocin that has an adverse effect on a variety of pathogenic
bacteria (Ferguson et al. 2010). Another research has
focused on endogenous intestinal microbes, Bacillus

Gut microbiota metagenomics in aquaculture

circulans, in Siberian sturgeon, which displayed substantial
enhancement of complete stimulation of immune
response and growth performance of the fish (Geraylou
et al. 2013).

Table 5 Studies on the gut microbial composition of microbiota/microbiome in corresponding fish gut

Bacterial composition in the Fish gut Studies outcome

References

Proteobacteria
Firmicutes
Fusobacterium
Proteobacteria
Firmicutes
Fusobacteria
Bacteroidetes
Gammaproteobacteria
Pseudoaltermonadaceae
Endozoicimonaceae
Vibrionaceae shewanellaceae
Firmicutes
Proteobacteria
Actinobacteria
Firmicutes
Fusobacteria
Proteobacteria
Bacteroidetes
Actinobacteria
Planctomycetes
Verrucomicrobia
Proteobacteria
Fusobacteria
Firmicutes
Cynobacteria
Bacteroidetes
Actinobactericae
Proteobacteria
Fusobacteria
Firmicutes
Actinobacteria
Bacteroidetes
Proteobacteria
Fusobacteria
Firmicutes
Proteobacteria
Firmicutes
Actinobacteria
Cyanobacteria
Proteobacteria
Firmicutes

Bacteroidales erysipelotrichales

Clostridiales

Alteromonadales Deferribacterales

Gammaproteobacteria
Deltaproteobacteria
Epsilonproteobacteria
Alphaproteobacteria
Clostridia

Firmicutes
Proteobacteria

Factors affecting the characterization faecal microbiomes of
common, silver and bighead carps

The structure, gut content enzyme activity and composition of gut

microbiota, metabolic capacity influenced by host trophic level

Identifying transition in microbiome structure across host life stage

The microbial composition of the gut was analysed after the total
fishmeal replacement by vegetable-based feed in the sea bream

Effect of host adaptive radiation in the gut microbiota of cichlids

Gut microbiota analysis differentiates in food sources including
bacteria ingested by Asian and American carp

The zebrafish intestinal habitat selected for specific bacterial taxa
differences in host provenance

Gut microbiome metabolism in grass carp is affected by feeding

Through water microbial management the steering of gut microbial
communities could be possible

Zebrafish intestinal microbiota was increasingly different from the
surrounding environment and from one another

Composition of core microbiota is determined by the host-specific
selection

Chronic exposure of oiled sediments produces adverse effects in
bacterial population structures

Surgeonfish change in feeding behaviours, which in turn has a
strong impact on the reef ecology.

Eichmiller et al. (2016)

Liu etal. (2016)

Estruch et al. (2015)

Baldo et al. (2015)

Ye etal (2014)

Roeselers et al. (2011)

Nietal. (2014)

Belkova et al. (2017)

Giatsis et al. (2015)

Stephens et al. (2016)

Star et al. (2013)

Brown-Peterson et al. (2015)

Miyake et al. (2015)
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Microbial load in fish gut

As mentioned earlier, the microbial composition of host
fish varied due to several variables; and the microbial loads
of different fish found in the related study are shown in
Table 5. Most of the gut microbiota of fish comprises of
Actinobacteria, Bacteroidetes, Fusobacteria, Firmicutes and
Proteobacteria cumulatively in phyla term with more than
80% concentration.

A study directed at defining the effects on the gut micro-
biota composition of invasive carp fish in wild as well as in
captive environments concluded that Fusobacteria, Pro-
teobacteria and Firmicutes phyla in the gut microbiota were
available in the carp fish with a combined concentration of
76.7%. Five mutual OTUs were found to consist of 40% of
the core faecal microbiota between laboratory and wild
carp fish (Eichmiller ef al. 2016). Another study aimed at
identifying the correlation between the composition of gut
microbiota and wild freshwater trophic level fish indicated
the fact the most prevalent bacterium genus observed in all
fish was Proteobacteria, with a comparative abundance of
45.52% in herbivorous fish and in carnivorous fish 32.82%,
in omnivorous fish about 37.32% and 38.13% in filter-
feeding fish. This is preceded by Firmicutes, the most
common bacterial species, with a comparative abundance
of 21.16%, 21.83%, 22.38% and 27.13%, in filter-feeding
fish, carnivorous, herbivorous and omnivorous, respec-
tively. Other bacterial species, such as Actinobacteria,
Acidobacteria, Crenarchaeota, Bacteroidetes, Verrucomicro-
bia, Cyanobacteria and Planctomycetes, were relatively
abundant in a range between 0.89% and 8.26%. More
noteworthy is the fact that, at the level of the genus, the
comparative abundance of the Leptotrichia, Citrobacter and
Clostridium bacteria was found with the capacity to degrade
cellulose, which was significantly higher in Halomonas
bacterial species, Cetobacterium and herbivorous fish. Liu
et al. (2016) reported that the protease producing bacteria
were rich in carnivorous fish species. The gut microbiome
of pre-settlement-reef and postsettlement reef of cardinal-
fish and damselfish was completed by discovering indicator
taxa for the two species specified life phases. Throughout
the fish pre-settlement stage, the guts were initiated to be
harbouring  Kordia  (Flavobacteriia),  Oceonospirilum
(Gammaproteobacteria), Arcobacter (Epsilonproteobacte-
ria), Halomonas (Gammaproteobacteria) and Idiomarina
(Gammaproteobacteria) in downward order relating to
the strength of the indicator of the bacterial taxa.
Meanwhile, in postsettlement, fish harboured bacteria
from Planctomycetes (Pirellulaceae), Firmicutes (Epulopis-
cium), Gammaproteobacteria (Vibrionaceae, Portiera),
Verrucomicrobia (Coraliomargarita) and Alphaproteobacteria
(Kiloniellales, Hyphomicrobiaceae; Parris et al. 2016).
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The lab-reared zebrafish gut microbiota composition was
subjective to the different stages of the fish development,
where the change from the larval stage to the juvenile phase
was noted in the microbiota structure, and an alteration in
the microbial composition was detected throughout the
changeover from the juvenile to the adult stage. In this,
considerably extensive bacteria such as Fusobacteria and
Class CK-1C4-19 bacteria in the gut of adolescent zebrafish
were found to be in tiny proportion during the larval and
juvenile stages, indicating the development of zebrafish
physiology plays a major role in determining the microbial
composition of the intestine (Stephens et al. 2016).

Conclusion

Metagenomic research of fish gut microbiome provided
numerous data on the physiological and immunological
features of the gut microbiota of various fish. Gut micro-
biota influences the fish metabolism and modulates the fish
immunogenicity with respect to pathogenic microbes. Fish
gut microbial composition differed depending on habitat,
species and feeding behaviour. The gut microbes that have
been shown to have a positive effect on the health of the
fish that can be used as a probiotic candidate awaiting fur-
ther study.

Acknowledgements

The work was funded by the Fundamental Research Grant
Scheme (Grant Number: FRGS/2/2014/SG05/AIMST/02/1),
Ministry of Education, Malaysia.

References

Aguilar-Macias OL, Ojeda-Ramirez JJ, Campa-Cordova Al Sau-
cedo PE (2010) Evaluation of natural and commercial probi-
otics for improving growth and survival of the pearl oyster,
Pinctada mazatlanica, during late hatchery and early field cul-
turing. Journal of the World Aquaculture Society 41: 447—-454.

Akinbowale OL, Peng H, Barton MD (2007) Diversity of tetracy-
cline resistance genes in bacteria from aquaculture sources in
Australia. Journal of Applied Microbiology 103(5): 2016-2025.

Akrami R, Iri Y, Khoshbavar Rostami H, Razeghi Mansour M
(2013) Effect of dietary supplementation of fructooligosaccha-
ride (FOS) on growth performance, survival, lactobacillus
bacterial population and hemato-immunological parameters
of stellate sturgeon (Acipenser stellatus) juvenile. Fish & Shell-
fish Immunology 35: 1235—1239.

Andreoni F, Magnani M (2014) Photobacteriosis: prevention
and diagnosis. Journal of Immunology Research 2014: 1-7.

Anguiano M, Pohlenz C, Buentello A, Gatlin DM III (2013) The
effects of prebiotics on the digestive enzymes and gut histo-
morphology of red drum (Sciaenops ocellatus) and hybrid

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd



striped bass (Morone chrysops x M. saxatilis). British Journal
of Nutrition 109: 623—629.

Aquaculture O, (2017) What is Aquaculture?: Office of Aquacul-
ture. [Cited March 23, 2017] Available from URL: http://
www.nmfs.noaa.gov/aquaculture/what_is_aquaculture.html.

Aschfalk A, Miiller W (2002) Clostridium perfringens toxin
types from wild-caught Atlantic cod (Gadus morhua L.),
determined by PCR and ELISA. Canadian Journal of Microbi-
ology 48: 365-368.

Austin B, Al-Zahrani AM]J (1988) The effect of antimicrobial
compounds on the gastrointestinal microflora of rainbow
trout, Salmo gairdneri Richardson. Journal of Fish Biology 33
(1): 1-14.

Austin B, Newaj-Fyzul A (2017) Diagnosis and Control of Dis-
eases of Fish and Shellfish. Oxford, UK: John Wiley & Sons
Ltd. https://doi.org/10.1002/9781119152125.

Austin B, Stuckey LF, Robertson PAW, Effendi I, Griffith DRW
(1995) A probiotic strain of Vibrio alginolyticus effective in
reducing diseases caused by Aeromonas salmonicida, Vibrio
anguillarum and Vibrio ordalii. Journal of Fish Diseases 18(1):
93-96.

Bakke I, Skjermo J, Vo TA, Vadstein O (2013) Live feed is not a
major determinant of the microbiota associated with cod lar-
vae (Gadus morhua). Environmental Microbiology Reports 5
(4): 537-548. https://doi.org/10.1111/1758-2229.12042.

Bakke-McKellep AM, Penn MH, Salas PM, Refstie S, Sperstad S,
Landsverk T ef al. (2007) Effects of dietary soybean meal, inu-
lin and oxytetracycline on gastrointestinal histological charac-
teristics, distal intestine cell proliferation and intestinal
microbiota in Atlantic salmon (Salmo salar L.). British Journal
of Nutrition 97: 699-713.

Baldo L, Riera JL, Tooming-Klunderud A, Alba MM, Salzburger
W (2015) Gut microbiota dynamics during dietary shift in
eastern african cichlid fishes. PLoS ONE 10(5), e0127462.

Bano N, deRae Smith A, Bennett W, Vasquez L, Hollibaugh JT
(2007) Dominance of Mycoplasma in the guts of the long-
jawed mudsucker, Gillichthys mirabilis, from five California
salt marshes. Environmental Microbiology 9: 2636-2641.

Bates JM (2006) Distinct signals from the microbiota promote
different aspects of zebrafish gut differentiation. Developmen-
tal Biology 297: 374-386.

Belkova NL, Sidorova TV, Glyzina OY, Yakchnenko VM,
Sapozhnikova YP, Bukin YS et al. (2017) Gut microbiome of
juvenile coregonid fishes: comparison of sympatric species
and their F1 hybrids. Fundamental and Applied Limnology/
Archiv Fiir Hydrobiologie 189(3): 279-290.

Bibby K, Viau E, Peccia J (2011) Viral metagenome analysis to
guide human pathogen monitoring in environmental samples.
Letters in Applied Microbiology 52: 386—392.

Bindiya ES, Tina KJ, Raghul SS, Bhat SG (2015) Characterization
of deep sea fish gut bacteria with antagonistic potential, from
Centroscyllium fabricii (deepsea shark). Probiotics Antimicrob
Proteins 7: 157-163.

Bo L, LiJ, Tao T, Bai Y, Ye X, Hotchkiss RS et al. (2014) Probi-
otics for preventing ventilator-associated pneumonia. The

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd

Gut microbiota metagenomics in aquaculture

Cochrane Database of Systematic Reviews 10: CDO009066.
https://doi.org/10.1002/14651858.CD009066.pub2.

Bron PA, van Baarlen P, Kleerebezem M (2012) Emerging
molecular insights into the interaction between probiotics
and the host intestinal mucosa. Nature Reviews Microbiology
10: 66-78.

Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL,
Martinez-Pomares I (2002) Dectin-1 is a major beta-glucan
receptor on macrophages. Journal of Experimental Medicine
196: 407-412.

Brown-Peterson NJ, Krasnec M, Takeshita R, Ryan CN, Griffitt
KJ, Lay C et al. (2015) A multiple endpoint analysis of the
effects of chronic exposure to sediment contaminated with
Deepwater Horizon oil on juvenile Southern flounder and
their associated microbiomes. Aquatic Toxicology 165: 197—
209. https://doi.org/10.1016/j.aquatox.2015.06.001.

Brunt J, Austin B (2005) Use of a probiotic to control lactococ-
cosis and streptococcosis in rainbow trout, Oncorhynchus
mykiss (Walbaum). Journal of Fish Diseases 28: 693—701.

Buentello JA, Neill WH, Gatlin DM (2010) Effect of dietary pre-
biotics on the growth, feed efficiency and non-specific immu-
nity of juvenile red drum, Scaenops ocellatus fed soy bean-
based diets. Aquaculture Research 41: 411-418.

Burbank DR, Shah DH, La Patra SE, Fornshell G, Cain KD
(2011) Enhanced resistance to coldwater disease following
feeding of probiotic bacterial strains to rainbow trout (Oncor-
hynchus mykiss). Aquaculture 321: 185_190.

Burr G, Hume M, Neill WH, & Gatlin DM III (2008) Effects of
prebiotics on nutrient digestibility of a soybean-meal-based
diet by red drum Sciaenops ocellatus (Linnaeus). Aquaculture
Research 39: 1680-1686.

Cabello FC (2006) Heavy use of prophylactic antibiotics in aqua-
culture: a growing problem for human and animal health and
for the environment. Environmental Microbiology 8: 1137—
1144.

Carnevali O, Zamponi MC, Sulpizio R, Rollo A, Nardi M, Orpi-
anesin C et al. (2004) Administration of probiotic strain to
improve sea bream wellness during development. Aquaculture
International 12: 377-386.

Carrias A, Ran C, Terhune JS, Liles MR (2012) Bacteria and bac-
teriophages as biological agents for disease control in aquacul-
ture. In: Austin B (ed) Infectious Disease in Aquaculture, pp.
353-393. Elsevier, Cambridge, UK.

Cerezuela R, Cuesta A, Meseguer J, Angeles Esteban M (2008)
Effects of inulin on gilthead seabream (Sparus aurata L.)
innate immune parameters. Fish & Shellfish Immunology 24:
663—-668.

Cerezuela R, Cuesta A, Meseguer J, Esteban MA (2012) Effects
of dietary inulin and heat-inactivated Bacillus subtilis on gilt-
head seabream (Sparus aurata L.) innate immune parameters.
Beneficial Microbes 3: 77-81.

Clements KD, Pasch IB, Moran D, Turner SJ (2007) Clostridia
dominate 16S rRNA gene libraries prepared from the hindgut
of temperate marine herbivorous fishes. Marine Biology 150:
1431-1440.

19



K. Yukgehnaish et al.

Curson AR, Sullivan M]J, Todd JD, Johnston AW (2010) Identi-
fication of genes for dimethyl sulfide production in bacteria
in the gut of Atlantic Herring (Clupea harengus). The ISME
Journal 4: 144-146.

Das T, Pal AK, Chakraborty SK, Manush SM, Sahu NP, Mukher-
jee SC (2005) Thermal tolerance, growth and oxygen con-
sumption of Labeo rohita fry (Hamilton, 1822) acclimated to
four temperatures. Journal of Thermal Biology 30: 378—383.

De la Banda IG, Lobo C, Chabrillon M, Leon-Rubio JM, Arijo S,
Pazos G et al. (2012) Influence of dietary administration of a
probiotic strain Shewanella putrefaciens on Senegalese sole
(Solea senegalensis, Kaup 1858) growth, body composition
and resistance to Photobacterium damselae subsp piscicida.
Aquaculture Research 43: 662—669.

Declercq AM, Haesebrouck F, Van den Broeck W, Bossier P,
Decostere A (2013) Columnaris disease in fish: a review with
emphasis on bacterium-host interactions. Veterinary Research
44(1): 27.

Domeénech A, Derenadandez-Garayzabal JF, Pascual C, Garcia
JA, Cutuli MT, Moreno MA et al. (1996) Streptococcosis in
cultured turbot, Scopthalmus maximus (L.), associated with
Streptococcus parauberis. Journal of Fish Diseases 19(1): 33—
38.

Douillet PA, Langdon CJ (1994) Use of probiotic for the culture
of larvae of the Pacific oyster (Crassostrea gigas Thurnberg).
Aquaculture 119: 25-40.

Ebrahimi G, Ouraji H, Khalesi MK, Sudagar M, Barari A, Zarei
Dangesaraki M et al. (2012) Effects of a prebiotic, Immuno-
gen, on feed utilization, body composition, immunity, and
resistance to Aeromonas hydrophila infection in the common
carp Cyprinus carpio (Linnaeus) fingerlings. Journal of Animal
Physiology and Animal Nutrition (Berl) 96: 591-599.

Eichmiller JJ, Hamilton M]J, Staley C, Sadowsky M]J, Sorensen
PW (2016) Environment shapes the fecal microbiome of inva-
sive carp species. Microbiome 4: 44.

El-Sersy NA, Abdelrazek FA, Taha SM (2006) Evaluation of vari-
ous probiotic bacteria for the survival of Penaeus japonicas
larvae. Fresenius Environmental Bulletin 15: 1506—1511.

Estruch G, Collado MC, Penaranda DS, Tomas Vidal A, Jover
Cerda M, Pérez Martinez G et al. (2015) Impact of fishmeal
replacement in diets for gilthead sea bream (Sparus aurata)
on the gastrointestinal microbiota determined by pyrose-
quencing the 16S rRNA Gene. PLoS ONE 10(8): e0136389.

Ettinger G, MacDonald K, Reid G, Burton JP (2014) The influ-
ence of the human microbiome and probiotics on cardiovas-
cular health. Gut Microbes 5(6): 719-728.

Ferguson RMW, Merrifield DL, Harper GM, Rawling MD, Mus-
tafa S, Picchietti S et al. (2010) The effect of Pediococcus
acidilactici on the gut microbiota and immune status of on-
growing red tilapia (Oreochromis niloticus): Probiotic applica-
tions for tilapia. Journal of Applied Microbiology 109(3): 851—
862.

Fidopiastis PM, Bezdek DJ, Horn MH, Kandel JS (2006) Charac-
terizing the resident, fermentative microbial consortium in
the hindgut of the temperate-zone herbivorous fish,

20

Hermosilla azurea (Teleostei: Kyphosidae). Marine Biology
148: 631-642.

Finkbeiner SR, Allred AF, Tarr PI, Klein EJ, Kirkwood CD,
Wang D (2008) Metagenomic analysis of human diarrhea:
viral detection and discovery. PLoS ONE 4: e1000011.

Floris R, Manca S, Fois N (2013) Microbial ecology of intestinal
tract of gilthead sea bream (Sparus aurata Linnaeus, 1758)
from two coastal lagoons of Sardinia (Italy). Transitional
Waters Bulletin 7: 4-12.

Garza DR, Dutilh BE (2015) From cultured to uncultured gen-
ome sequences: metagenomics and modeling microbial
ecosystems. Cellular and Molecular Life Sciences 72(22): 4287—
4308.

George 1, Stenuit B, Agathos S, Marco D (2010) Application of
metagenomics to bioremediation. Metagenomics: Theory
Methods and Applications 1: 119-140.

Geraylou Z, Souffreau C, Rurangwa E, D’Hondt S, Callewaert L,
Courtin CM et al. (2012) Effects of arabinoxylan-oligosaccha-
rides (AXOS) on juvenile Siberian sturgeon (Acipenser baerii)
performance, immune responses, and gastrointestinal micro-
bial community. Fish & Shellfish Immunology 33: 718-724.

Geraylou Z, Souffreau C, Rurangwa E, De Meester L, Courtin
CM, Delcour JA et al. (2013) Effects of dietary arabinoxylan-
oligosaccharides (AXOS) and endogenous probiotics on the
growth performance, non-specific immunity and gut micro-
biota of juvenile Siberian sturgeon (Acipenser baerii). Fish and
Shellfish Immunology 35: 766—775.

Ghanbari M, Kneifel W, Domig KJ (2015) A new view of the fish
gut microbiome: advances from next-generation sequencing.
Aquaculture 448: 464—475.

Giang CDN, Sebesvari Z, Renaud F, Rosendahl I, Hoang Minh
Q, Amelung W (2015) Occurrence and dissipation of the
antibiotics sulfamethoxazole, sulfadiazine, trimethoprim, and
enrofloxacin in the mekong delta, Vietnam. PLoS ONE 10(7):
e0131855.

Gianoulis TA, Raes J, Patel PV, Bjornson R, Korbel JO, Letunic I
et al. (2009) Quantifying environmental adaptation of meta-
bolic pathways in metagenomics. Proceedings of the National
Academy of Sciences 106: 1374-1379.

Giatsis C, Sipkema D, Smidt H, Heilig H, Benvenuti G, Verreth J
et al. (2015) The impact of rearing environment on the devel-
opment of gut microbiota in tilapia larvae. Scientific Reports 5:
18206-18206.

Gibson LF (1999) Bacteriocin activity and probiotic activity of
Aeromonas media. Journal of Applied Microbiology 85:
243_248.

Gibson GR, Roberfroid MB (1995) Dietary modulation of the
human colonic microbiota: introducing the concept of prebi-
otics. The Journal of Nutrition 125: 1401-1412.

Gilbert JA, Steele JA, Caporaso ]G, Steinbriick L, Reeder J, Tem-
perton B et al. (2012) Defining seasonal marine microbial
community dynamics. The ISME Journal 6: 298-308.

Giraud E., Douet D.-G., Le Bris H., Bouju-Albert A., Donnay-
Moreno C., Thorin C. et al. (2006) Survey of antibiotic resis-
tance in an integrated marine aquaculture system under

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd



oxolinic acid treatment. FEMS Microbiology Ecology 55(3):
439-448.

Givens CE, Ransom B, Bano N, Hollibaugh JT (2015) Compar-
ison of the gut microbiomes of 12 bony fish and 3 shark spe-
cies. Marine Ecology Progress Series 518, 209-223.

Goémez GD, Balcdzar JL (2008) A review on the interactions
between gut microbiota and innate immunity of fish. FEMS
Immunology & Medical Microbiology 52(2): 145—154.

Granados-Amores A, Campa-Cordova Al, Araya R, Mazon-
Suastegui JM, Saucedo PE (2012) Growth, survival and
enzyme activity of lions-paw scallop (Nodipecten subnodosus)
spat treated with probiotics at the hatchery. Aquaculture
Research 43:1335-1343.

Grisdale-Helland B, Helland SJ, Gatlin DM III (2008) The effects
of dietary supplementation with mannanoligosaccharide,
fructooligosaccharide, or galactooligosaccharide on the
growth and feed utilization of Atlantic salmon (Salmo salar).
Aquaculture 283: 163—167.

Gueimonde M, Sakata S, Kalliomaki M, Isolauri E, Benno Y,
Salminen S (2006) Effect of maternal consumption of lacto-
bacillus GG on transfer and establishment of fecal bifidobacte-
rial microbiota in neonates. Journal of Pediatric
Gastroenterology and Nutrition 42(2): 166—170.

Gultepe N, Hisar O, Salnur S, Hossu B, Tanrikul TT, Aydin S
(2012) Preliminary assessment of dietary Mannanoligosaccha-
rides on growth performance and health status of gilthead
seabream (Sparus auratus). Journal of Aquatic Animal Health
24: 37-42.

Gupta SK, Pal AK, Sahu NP, Dalvi R, Kumar V, Mukherjee SC
(2008) Microbial levan in the diet of Labeo rohita Hamilton
juveniles: effect on non-specific immunity and histopatholog-
ical changes after challenge with Aeromonas hydrophila. Jour-
nal of Fish Diseases 31: 649—657.

Gupta SK, Pal AK, Sahu NP, Saharan N, Mandal SC, Prakash C
et al. (2014) Dietary microbial levan ameliorates stress and
augments immunity in Cyprinus carpio fry (Linnaeus, 1758)
exposed to sublethal toxicity of fipronil. Aquaculture Research
45: 893-906.

Hagi T, Tanaka D, Iwamura Y, Hoshino T (2004) Diversity and
seasonal changes in lactic acid bacteria in the intestinal tract
of cultured freshwater fish. Aquaculture 234: 335-346.

Hammami R, Fernandez B, Lacroix C, Fliss I (2012) Anti-infec-
tive properties of bacteriocins: an update. Cellular and Molec-
ular Life Sciences 70(16): 2947-2967.

Hanning I, Diaz-Sanchez S (2015) The functionality of the gas-
trointestinal microbiome in non-human animals. Microbiome
3:51.

Hansen G, Strem E, Olafsen J (1992) Effect of different holding
regimens on the intestinal microflora of herring (Clupea
harengus) larvae. Applied and Environmental Microbiology 58:
461-470.

Harzevili ARS, Van Duffel H, Dhert P, Swings J, Sorgeloos P
(1998) Use of a potential probiotic Lactococcus lactis AR21
strain for the enhancement of growth in the rotifer Brachionus
plicatilis (Muller). Aquaculture Research 29: 411_417.

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd

Gut microbiota metagenomics in aquaculture

Holben W, Williams P, Saarinen M, Sarkilahti L, Apajalahti J
(2002) Phylogenetic analysis of intestinal microflora indicates
a novel Mycoplasma phylotype in farmed and wild salmon.
Microbial Ecology 44: 175-185.

Holten-Andersen L, Dalsgaard I, Buchmann K (2012) Baltic Sal-
mon, Salmo salar, from Swedish River Lule Alv Is More Resis-
tant to Furunculosis Compared to Rainbow Trout. PLoS ONE
7(1): €29571.

Horne MT, Barnes AC (1999) Enteric redmouth disease (Yersinia
ruckeri). Retrieved from http://trafficlight.bitdefender.com/inf
o?url=http%3A//agris.fao.org/agris-search/search.do%3Frec
ordID%3DGB1999005396&language=en_US.

Hoseinifar SH, Mirvaghefi A, Merrifield DL, Amiri BM, Yelghi
S, Bastami KD (2011) The study of some haematological and
serum biochemical parameters of juvenile beluga (Huso huso)
fed oligofructose. Fish Physiology and Biochemistry 37: 91-96.

Hoseinifar SH, Khalili M, Rostami HK, Esteban MA (2013)
Dietary galactooligosaccharide affects intestinal microbiota,
stress resistance, and performance of Caspian roach (Rutilus
rutilus) fry. Fish & Shellfish Immunology 35: 1416—1420.

Hovda MB, Lunestad BT, Fontanillas R, Rosnes JT (2007)
Molecular characterisation of the intestinal microbiota of
farmed Atlantic salmon (Salmo salar L.). Aquaculture 272:
581-588.

Huang MY, Chang CI, Chang CC, Tseng LW, Pan CL (2014)
Effects of dietary levan on growth performance, nonspecific
immunity, pathogen resistance, and body composition of
orange-spotted grouper (Epinephelus coioides H.). Aquaculture
Research 46: 2752-2767.

Huber I, Spanggaard B, Appel Kf, Rossen L, Nielsen T, Gram L
(2004) Phylogenetic analysis and in situ identification of the
intestinal microbial community of rainbow trout (Oncor-
hynchus mykiss, Walbaum). Journal of Applied Microbiology 96
(1): 117-132.

Hugerth LW, Muller EEL, Hu YOO, Leburn LAM, Roume H,
Lundin D et al. (2014) Systematic design of 18S rRNA gene
primers for determining eukaryotic diversity in microbial
consortia. PLoS ONE 9: €95567.

Huising MO, Stolte E, Flik G, Savelkoul HFJ, Verburg-van
Kemenade BML (2003) CXC chemokines and leukocyte
chemotaxis in common carp (Cyprinus carpio L.). Develop-
mental & Comparative Immunology 27(10): 875-888.

Hungin APS, Mulligan C, Pot B, Whorwell P, Agréus L, Fracasso
P et al. (2013) Systematic review: probiotics in the manage-
ment of lower gastrointestinal symptoms in clinical practice —
an evidence-based international guide. Alimentary Pharmacol-
ogy & Therapeutics 38(8): 864-886.

Ibrahem MD (2015) Evolution of probiotics in aquatic world:
Potential effects, the current status in Egypt and recent
prospectives. Journal of Advanced Research 6(6): 765-791.

Ibrahem MD, Fathi M, Mesalhy S, Abd El-Aty A (2010) Effect of
dietary supplementation of inulin and vitamin C on the
growth, hematology, innate immunity, and resistance of Nile
tilapia (Oreochromis niloticus). Fish ¢ Shellfish Immunology
29: 241-246.

21



K. Yukgehnaish et al.

Irianto A, Austin B (2002a) Use of probiotics to control furun-
culosis in rainbow trout, Oncorhynchus mykiss (Walbaum).
Journal of Fish Diseases 25: 333—342.

Jacobs L, Chenia HY (2007) Characterization of integrons and
tetracycline resistance determinants in Aeromonas spp. iso-
lated from South African aquaculture systems. International
Journal of Food Microbiology 114(3): 295-306.

Jesu A, Venkatesh K, Mukesh KC, Prasanth B, Rajesh P, Mukesh
P et al. (2014) Molecular characterization of a novel cathepsin
B from striped murrel Channa striatus: Bioinformatics analy-
sis, gene expression, synthesis of peptide and antimicrobial
property. Turkish Journal of Fisheries and Aquatic Sciences 14:
379-389.

Karthiayani T, Mahadeva Iyer K (1967) Quantitative and quali-
tative studies on the bacterial flora of fresh sardines. Fishery
Technology 4: 89-97.

Kerry J, NicGabhainn S, Smith P (1997) Changes in oxytetracy-
cline resistance of intestinal microflora following oral admin-
istration of this agent to Atlantic salmon (Salmo salar L.)
smolts in a marine environment. Aquaculture 157(3-4): 187—
195.

van Kessel MA, Dutilh BE, Neveling K, Kwint MP, Veltman JA,
Flik G et al. (2011) Pyrosequencing of 16S rRNA gene ampli-
cons to study the microbiota in the gastrointestinal tract of
carp (Cyprinus carpio L.). AMB Express 1: 41.

Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara
N, Nunez G et al. (2005) Nod2-dependent regulation of
innate and adaptive immunity in the intestinal tract. Science
307: 731-734.

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight
R et al. (2011) Succession of microbial consortia in the devel-
oping infant gut microbiome. Proceedings of the National
Academy of Sciences 108(Supplement 1): 4578-4585.

Larsen AM, Mohammed HH, Arias CR (2014) Characterization
of the gut microbiota of three commercially valuable
warmwater fish species. Journal of Applied Microbiology 116:
1396-1404.

Li P, Gatlin DM III (2004) Dietary brewer’s yeast and the prebi-
otic GrobioticTM AE influence growth performance, immune
responses and resistance of hybrid striped bass (Morone
chrysops x M. saxatilis) to Streptococcus iniae infection. Aqua-
culture 23: 445-456.

Li P, Gatlin DM III (2005) Evaluation of the prebiotic GroBio-
tic-A and brewer’s yeast as dietary supplements for sub-adult
hybrid striped bass (Morone chrysops x M. saxatilis) chal-
lenged in situ with Mycobacterium marinum. Aquaculture 248:
197-205.

Li JQ, Tan BP, Mai KS, Ai QH, Zhang WB, Liufu ZG et al.
(2008) Immune responses and resistance against Vibrio para-
haemolyticus induced by probiotic bacterium Arthrobacter
XE-7 in Pacific white shrimp, Litopenaeus vannamei. Journal
of the World Aquaculture Society 39: 477—-489.

Li X, Yan Q, Xie S, Hu W, Yu Y, Hu Z (2013) Gut microbiota
contributes to the growth of fast-growing transgenic common
carp (Cyprinus carpio L.). PLoS ONE 8(5): e64577.

22

LiJ, NiJ, Wang C, Li X, Wu S, Zhang T et al. (2014)
Comparative study on gastrointestinal microbiota of eight
fish species with different feeding habits. Journal of Applied
Microbiology 117: 1750-1760.

Lin S, Mao S, Guan Y, Luo L, Pan Y (2012) Effects of dietary chi-
tosan oligosaccharides and Bacillus coagulans on the growth,
innate immunity, and resistance of koi (Cyprinus carpio koi).
Aquaculture 342: 36—41.

Liu H, Guo X, Gooneratne R, Lai R, Zeng C, Zhan F et al.
(2016) The gut microbiome and degradation enzyme activity
of wild freshwater fishes influenced by their trophic levels. Sci-
entific Reports 6: 1-12. https://www.ncbi.nlm.nih.gov/pmc/arti
cles/PMC4829839.

Lorenz P, Eck J (2005) Metagenomics and industrial applica-
tions. Nature Reviews Microbiology 3(6): 510-516.

MacFarlane RD, McLaughlin JJ, Bullock G (1986) Quantitative
and qualitative studies of gut flora in striped bass from estuar-
ine and coastal marine environments. Journal of Wildlife Dis-
eases 22: 344-348.

Mahious AS, Gatesoupe FJ, Hervi M, Metailler R, Ollevier F
(2006) Effect of dietary inulin and oligosaccharides as prebi-
otics for weaning turbot, Psetta maxima (Linnaeus, C. 1758).
Aquaculture International 14: 219-229.

Manning TS, Gibson GR (2004) Prebiotics. Best Practice &
Research Clinical Gastroenterology 18: 287—298.

Marques A, Thanh TH, Sorgeloos P, Bossier P (2006) Use of
microalgae and bacteria to enhance protection of gnotobiotic
artemia against different pathogens. Aquaculture 258:
116_126.

Martinez-Cordova LR, Martinez Porchas M, Cortés-Jacinto E
(2009) Camaronicultura mexicana y mundial:;, actividad sus-
tentable o industria contaminante? Revista Internacional de
Contaminacion Ambiental 25: 181-196.

Meek RW, Vyas H, Piddock LJV (2015) Nonmedical uses of
antibiotics: time to restrict their use? PLoS Biology 13(10):
€1002266.

Merrifield DL, Dimitroglou A, Foey A, Davies SJ, Baker R, Bog-
wald J (2010) The current status and future focus of probiotic
and prebiotic applications for salmonids. Aquaculture 302: 1—
18.

Miranda CD, Kehrenberg C, Ulep C, Schwarz S, Roberts MC
(2003) Diversity of tetracycline resistance genes in bacteria
from Chilean salmon farms. Antimicrobial Agents and Che-
motheraphy 47: 883—888.

Miranda C, Rojas R (2007) Occurrence of florfenicol resistance
in bacteria associated with two Chilean salmon farms with
different history of antibacterial usage. Aquaculture 266: 39—
46.

Miranda C, Zemelman R (2002) Bacterial resistance to oxytetra-
cycline in Chilean salmon farming. Aquaculture 212: 31-47.
Miyake S, Ngugi DK, Stingl U (2015) Diet strongly influences
the gut microbiota of surgeonfishes. Molecular Ecology 24:

656—672.

Monchy S, Sanciu G, Jobard M, Rasconi S, Gerphagnon M

(2011) Exploring and quantifying fungal diversity in

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd



freshwater lake ecosystems using rDNA cloning/sequencing
and SSU tag pyrosequencing. Environmental Microbiology 13:
1433—-1453.

Moran D, Turner S, Clements K (2005) Ontogenetic develop-
ment of the gastrointestinal microbiota in the marine herbiv-
orous fish Kyphosus sydneyanus. Microbial Ecology 49: 590—
597.

Navarrete P, Mardones P, Opazo R, Espejo R, Romero ] (2008)
Oxytetracycline treatment reduces bacterial diversity of
intestinal microbiota of Atlantic salmon. Journal of Aquatic
Animal Health 20(3): 177-83.

Navarrete P, Toledo I, Mardones P, Opazo R, Espejo R, Romero
J (2010) Effect of Thymus vulgaris essential oil on intestinal
bacterial microbiota of rainbow trout, Oncorhynchus mykiss
(Walbaum) and bacterial isolates. Aquaculture Research 41,
667-678.

Newman JTJ, Cosenza BJ, Buck JD (1972) Aerobic microflora of
the bluefish (Pomatomus saltatrix) intestine. Journal of the
Fisheries Research Board of Canada 29: 333-336.

NiJ, Yan Q, Yu Y, Zhang T (2014) Factors influencing the grass
carp gut microbiome and its effect on metabolism. FEMS
Microbiology Ecology 87(3): 704-714.

Not F, del Campo J, Balagué V, de Vargas C, Massana R (2009)
New insights into the diversity of marine picoeukaryotes.
PLoS ONE 4: e7143.

O’Hara AM, Shanahan F (2006) The gut flora as a forgotten
organ. EMBO Reports 7(7): 688—693.

Parris DJ, Brooker RM, Morgan MA, Dixson DL, Stewart FJ
(2016) Whole gut microbiome composition of damselfish
and cardinalfish before and after reef settlement. Peer] 4:
e2412.

Pereira C, Silva YJ, Santos AL, Cunha A, Gomes NCM, Almeida
A (2011) Bacteriophages with potential for inactivation of fish
pathogenic bacteria: survival, host specificity and effect on
bacterial community structure. Marine Drugs 9(11): 2236—
2255.

Pieters N, Brunt J, Austin B, Lyndon AR (2008) Efficacy of
infeed probiotics against
Ichthyophthirius multifiliis skin infections in rainbow trout
(Oncorhynchus mykiss, Walbaum). Journal of Applied Microbi-
ology 105: 723-732.

Pirarat N, Kobayashi T, Katagiri T, Maita M, Endo M (2006)
Protective effects and mechanisms of a probiotic bacterium

Aeromonas bestiarum and

Lactobacillus rhamnosus against experimental Edwardsiella
tarda infection in tilapia (Oreochromis niloticus). Veterinary
Immunology and Immunopathology 113: 339-347.

Possemiers S, Grootaert C, Vermeiren J, Gross G, Marzorati M,
Verstraete W et al. (2009) The intestinal environment in
health and disease — recent insights on the potential of intesti-
nal bacteria to influence human health. Current Pharmaceuti-
cal Design 15: 2051-2065.

Prasanth B, Venkatesh K, Rajesh P, Gayathri R, Kanchana M,
Nurul Amin SM et al. (2018) A mini review on immune role
of chemokines and its receptors in snakehead murrel Channa
striatus. Fish and Shellfish Immunology 72: 670—678.

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd

Gut microbiota metagenomics in aquaculture

Pybus V, Loutit MW, Lamont IL, Tagg JR (1994) Growth inhibi-
tion of the salmon pathogen Vibrio ordalii by a siderophore
produced by Vibrio anguillarum strain VL4355. Journal of Fish
Diseases 17: 311-324.

Quince C, Lundin EE (2013) The impact of Crohn’s disease
genes on healthy human gut microbiota: a pilot study. Gut 62:
952.

Rairakhwada D, Pal AK, Bhathena ZP, Sahu NP, Jha A, Mukher-
jee SC (2007) Dietary microbial levan enhances cellular non-
specific immunity and survival of common carp (Cyprinus
carpio) juveniles. Fish & Shellfish Immunology 22: 477-486.

Ramirez RF, Dixon BA (2003) Enzyme production by obligate
intestinal anaerobic bacteria isolated from oscars (Astronotus
ocellatus), angelfish (Pterophyllum scalare) and southern
flounder (Paralichthys lethostigma). Aquaculture 227: 417—
426.

Ransom BL (2008) Intestinal Microbial Community Composition
of Six Actinopterygii Fish Species in the Southeastern United
States. University of Georgia, Athens, GA.

Refstie S, Bakke-McKellep A-M, Penn MH, Sundby A, Shearer
KD, Krogdahl A (2006) Capacity for digestive hydrolysis and
amino acid absorption in Atlantic salmon (Salmo salar) fed
diets with soybean meal or inulin with or without addition of
antibiotics. Aquaculture 261: 392—406.

Reis N, Mollinga PP (2009) Microcredit for rural water supply
and sanitation in the Mekong Delta: Policy implementation
between the needs for clean water and beautiful latrines.
Retrieved from ZEF Working Paper. Series website https://
www.econstor.eu/handle/10419/88315.

Resende JA, Silva VL, Fontes CO, Souza-Filho JA, de Oliveira
TLR, Coelho CM et al. (2012) Multidrug-resistance and toxic
metal tolerance of medically important bacteria isolated from
an aquaculture system. Microbes and Environments 27(4):
449-455. https://doi.org/10.1264/jsme2. ME12049.

Reverter M, Bontemps N, Lecchini D, Banaigs B, Sasal P (2014)
Use of plant extracts in fish aquaculture as an alternative to
chemotherapy: Current status and future perspectives. Aqua-
culture 433: 50-61.

Reyes-Becerril M, Ascencio F, Gracia-Lopez V, Macias ME, Roa
MC, Esteban MA (2014) Single or combined effects of Lacto-
bacillus sakei and inulin on growth, non-specific immunity,
and IgM expression in leopard grouper (Mjycteroperca rosa-
cea). Fish Physiology and Biochemistry 40: 1169—1180.

Riesenfeld CS, Schloss PD, Handelsman ] (2004) Metagenomics:
genomic analysis of microbial communities. Annual Review of
Genetics 38: 525-552.

Ringe E, Jutfelt F, Kanapathippillai P, Bakken Y, Sundell K,
Glette J et al. (2004). Damaging effect of the fish pathogen
Aeromonas salmonicida ssp. salmonicida on intestinal entero-
cytes of Atlantic salmon (Salmo salar L.). Cell and Tissue
Research 318(2), 305-311.

Ringe E, Dimitroglou A, Hoseinifar SH, Davies SJ (2014) ‘Prebi-
otics in finfish: An update’ in Aquaculture Nutrition: Gut
Health, Probiotics and Prebiotics, Merrifield D, Ringe E (eds),
pp. 360-400. Wiley-Blackwell Publishing, Oxford, UK.

23



K. Yukgehnaish et al.

Roberfroid M (1993) Dietary fibre, inulin and oligofructose: a
review comparing their physiological effects. CRC Critical
Reviews in Food Science Technology 33: 103—148.

Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh
CM, Guillemin K et al. (2011) Evidence for a core gut micro-
biota in the zebrafish. The ISME Journal 5(10): 1595-1608.

Romero Jaime, Navarrete Paola (2006) 16S rDNA-based analysis
of dominant bacterial populations associated with early life
stages of coho salmon (Oncorhynchus kisutch). Microbial Ecol-
ogy 51(4): 422-30.

Rosario K, Nilsson C, Lim YW, Ruan Y, Breitbart M (2009)
Metagenomic analysis of viruses in reclaimed water. Environ-
mental Microbiology 11: 2806-2820.

Rurangwa E, Delaedt Y, Geraylou Z, Van De Wiele T, Courtin
CM, Delcour JA et al. (2008) Dietary effect of arabinoxylan
oligosaccharides on zootechnical performance and hindgut
microbial fermentation in Siberian sturgeon and African catfish.
Aquaculture Europe, Krakow, Poland, September 15-18,
2008, pp. 569-570.

Schmieder R, Edwards R (2012) Insights into antibiotic resis-
tance through metagenomic approaches. Future Microbiology
7: 73-89.

Schulze A, Alabi AO, Tattersall-Sheldrake AR, Miller KM (2006)
Bacterial diversity in a marine hatchery: Balance between
pathogenic and potentially probiotic bacterial strains. Aqua-
culture 256(1-4): 50-73.

Sequeiros C, Garces ME, Vallejo M, Marguet ER, Olivera NL
(2015) Potential aquaculture probiont Lactococcus lactis
TW34 produces nisin Z and inhibits the fish pathogen Lacto-
coccus garvieae. Archives of Microbiology 197: 449-458.

Shade A, Handelsman J (2012) Beyond the Venn diagram: the
hunt for a core microbiome. Environmental Microbiology 14
(1): 4-12.

Sharifuzzaman SM, Austin B (2010) Kocuria SM1 controls vib-
riosis in rainbow trout (Oncorhynchus mykiss, Walbaum).
Journal of Applied Microbiology 108: 2162-2170.

Silva-Aciares FR, Carvajal PO, Mejias CA, Riquelme CE (2011)
Use of macroalgae supplemented with probiotics in the Halio-
tis rufescens (Swainson, 1822) culture in Northern Chile.
Aquaculture Research 42: 953-961.

Skrodenyté-Arbaciauskiené V, Sruoga A, Butkauskas D,
Skrupskelis K (2008) Phylogenetic analysis of intestinal bacte-
ria of freshwater salmon Salmo salar and sea trout Salmo
trutta trutta and diet. Fisheries Science 74: 1307-1314.

Smith PR, Davey S (1993) Evidence for the competitive exclu-
sion of Aeromonas salmonicida from fish with stress-inducible
furunculosis by a fluorescent pseudomonad. Journal of Fish
Diseases 16: 521-524.

Smith CC, Snowberg LK, Gregory Caporaso J, Knight R, Bolnick
DI (2015) Dietary input of microbes and host genetic varia-
tion shape among-population differences in stickleback gut
microbiota. The ISME Journal 9(11): 2515-2526.

Smriga S, Sandin SA, Azam F (2010) Abundance, diversity, and
activity of microbial assemblages associated with coral reef
fish guts and feces. FEMS Microbiology Ecology 73: 31-42.

24

Soleimani N, Hoseinifar SH, Merrifield DL, Barati M, Abadi ZH
(2012) Dietary supplementation of fructooligosaccharide
(FOS) improves the innate immune response, stress resis-
tance, digestive enzyme activities, and growth performance of
Caspian roach (Rutilus rutilus) fry. Fish & Shellfish Immunol-
ogy 32: 316-321.

Sommer F, Biackhed F (2013) The gut microbiota — masters of
host development and physiology. Nature Reviews Microbiol-
ogy 11(4): 227-238.

Song SK, Beck BR, Kim D, Park ], Kim J, Kim HD et al. (2014)
Prebiotics as immunostimulants in aquaculture: a review. Fish
& Shellfish Immunology 40: 40—48.

Star B, Haverkamp TH, Jentoft S, Jakobsen KS (2013) Next gen-
eration sequencing shows high variation of the intestinal
microbial species composition in Atlantic cod caught at a sin-
gle location. BMC Microbiology 13: 248.

Staykov Y, Spring P, Denev S, Sweetman J (2007) Effect of a
mannan oligosaccharide on the growth performance and
immune status of rainbow trout (Oncorhynchus mykiss).
Aquaculture International 15: 153—161.

Stephens WZ, Burns AR, Stagaman K, Wong S, Rawls JF, Guille-
min K et al. (2016) The composition of the zebrafish intestinal
microbial community varies across development. The ISME
Journal 10(3): 644-654.

Stewart EJ (2012) Growing unculturable bacteria. Journal of Bac-
teriology 194(16): 4151-4160.

Sudheesh PS, Al-Ghabshi A, Al-Mazrooei N, Al-Habsi S (2012)
Comparative pathogenomics of bacteria causing infectious
diseases in fish. International Journal of Evolutionary Biology
2012: 1-16.

Sugita H, Iwata J, Miyajima C, Kubo T, Noguchi T, Hashimoto
K et al. (1989) Changes in microflora of a puffer fish Fugu
niphobles, with different water temperatures. Marine Biology
101: 299-304.

Sun Y, Yang H, Ling Z, Chang J, Ye J (2009) Gut microbiota of
fast and slow growing grouper Epinephelus coioides. African
Journal of Microbiology Research 3: 637—640.

Suttle CA (2007) Marine viruses—major players in the global
ecosystem. Nature Reviews Microbiology 5: 801-812.

Svanevik CS, Lunestad BT (2011) Characterisation of the micro-
biota of Atlantic mackerel (Scomber scombrus). International
Journal of Food Microbiology 151: 164—170.

Svraka S, Rosario K, Duizer E, van der Avoort H, Breitbart M,
Koopmans M (2010) Metagenomic sequencing for virus iden-
tification in a public-health setting. The Journal of General
Virology 91: 2846-2856.

Swain SM, Singh C, Arul V (2009) Inhibitory activity of probi-
otics Streptococcus phocae PI80 and Enterococcus faecium
MCI13 against vibriosis in shrimp Penaeus monodon. World
Journal of Microbiology ¢ Biotechnology 25: 697—703.

Talpur AD, Munir MB, Mary A, Hashim R (2014) Dietary probi-
otics and prebiotics improved food acceptability, growth per-
formance, haematology and immunological parameters, and
disease resistance against Aeromonas hydrophila in snakehead
(Channa striata) fingerlings. Aquaculture 426: 14-20.

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd



Tanasomwang V, Muroga K (1988) Intestinal microflora of lar-
val and juvenile stages in Japanese flounder (Paralichthys oli-
vaceus). Fish Pathology 23: 77-83.

Teplitski M, Wright AC, Lorca G (2009) Biological approaches
for controlling shellfish-associated pathogens. Current Opin-
ion in Biotechnology 20: 185-190.

Thiele-Bruhn S (2003) Pharmaceutical antibiotic compounds in
soils—a review. Journal of Plant Nutrition and Soil Science 166
(2): 145-167.

Thorpe A, Zepeda C, Funge-Smith SJ (2018) The economic value
of inland fisheries. In Funge-Smith SJ ed. Review of the state of
the world fishery resources: inland fisheries. FAO Fisheries and
Aquaculture Circular No. 942, Rev. 3. FIAF/C942. FAO, Rome.

Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper LV
(2008) Paneth cells directly sense gut commensals and main-
tain homeostasis at the intestinal host-microbial interface.
Proceedings of the National Academy of Sciences of the United
States of America 105: 20858—-20863.

Venkatesh K, Mukesh P, Mariadhas VA, Naif Abdullah AD, Aziz
A, Nurul Amin SM et al. (2018) A comparative transcriptome
approach for identification of molecular changes in Aphano-
myces invadans infected Channa striatus. Molecular Biology
Reports 45(6): 2511-2523.

Verner-Jeffreys DW, Shields RJ, Bricknell IR, Birkbeck TH
(2003) Changes in the gut-associated microflora during the
development of Atlantic halibut (Hippoglossus hippoglossus L.)
larvae in three British hatcheries. Aquaculture 219: 21-42.

Verschuere L, Rombaut G, Sorgeloos P, Verstracte W (2000)
Probiotic bacteria as biological control agents in aquaculture.
Microbiology and Molecular Biology Reviews 64: 655—671.

Wang W, Wang D (1997) Enhancement of the resistance of tila-
pia and grass carp to experimental Aeromonas hydrophila
and Edwardsiella tarda infections by several polysaccharides.
Comparative Immunology, Microbiology and Infectious Diseases
20: 261-270.

Wang H, Liu P, Hu T, Chen X (1993) Study on the intestinal
microflora of carp in freshwater culture ponds. Acta Hydrobi-
ologica Sinica 18: 354-359.

Ward NL, Steven B, Penn K, Methe BA, Detrich WH (2009)
Characterization of the intestinal microbiota of two Antarctic
notothenioid fish species. Extremophiles 13: 679—685.

Whiteside SA, Razvi H, Dave S, Reid G, Burton JP (2015) The
microbiome of the urinary tract—a role beyond infection.
Nature Reviews Urology 12(2): 81-90.

Wu S, Wang G, Angert ER, Wang W, Li W, Zou H (2012) Com-
position, diversity, and origin of the bacterial community in
grass carp intestine. PLoS ONE 7(2): e30440.

Reviews in Aquaculture, 1-25
© 2020 Wiley Publishing Asia Pty Ltd

Gut microbiota metagenomics in aquaculture

Xu B, Wang Y, Li J, Lin Q (2008) Effect of prebiotic
xylooligosaccharides on growth performances and digestive
enzyme activities of allogynogenetic crucian carp (Carassius
auratus gibelio). Fish Physiology and Biochemistry 35: 351—
357.

Yadav M, Schorey JS (2002) The b-glucan receptor dectin-1
functions together with TLR2 to mediate macrophage activa-
tion by mycobacteria. Blood 10: 3168-3175.

Ye L, Amberg J, Chapman D, Gaikowski M, Liu W-T (2014)
Fish gut microbiota analysis differentiates physiology and
behavior of invasive Asian carp and indigenous American fish.
The ISME Journal 8(3): 541-551.

Yoshida T, Kruger R, Inglis V (1995) Augmentation of non-
specific protection in African catfish, Clarias gariepinus
(Burchell), by the long-term oral administration of immunos-
timulants. Journal of Fish Diseases 8: 195—-198.

Yozwiak NL, Skewes-Cox P, Stenglein MD, Balmaseda A, Harris
E, DeRisi JL (2012) Virus identification in unknown tropical
febrile illness cases using deep sequencing. PLoS ONE 6:
€1485.

Zhang XX, Zhang T, Fang HP (2009) Antibiotic resistance genes
in water environment. Applied Microbiology and Biotechnology
82:397-414.

Zhang CN, Li XF, Xu WN, Jiang GZ, Lu KL, Wang LN et al.
(2013) Combined effects of dietary fructooligosaccharide and
Bacillus licheniformis on innate immunity, antioxidant capa-
bility and disease resistance of triangular bream (Megalo-
brama terminalis). Fish & Shellfish Immunology 35: 1380—
1386.

Zhang Q, Yu H, Tong T, Tong W, Dong L, Xu M et al. (2014)
Dietary supplementation of Bacillus subtilis and fruc-
tooligosaccharide enhance the growth, non-specific immunity
of juvenile ovate pompano, Trachinotus ovatus and its disease
resistance against Vibrio vulnificus. Fish ¢ Shellfish Immunol-
ogy 38: 7-14.

Zhang C, Derrien M, Levenez F, Brazeilles R, Ballal SA, Kim J,
et al. (2016) Ecological robustness of the gut microbiota in
response to ingestion of transient food-borne microbes. The
ISME Journal 10(9): 2235-2245.

Zhou QC, Buentello JA, Gatlin DM III (2010) Effects of dietary
prebiotics on growth performance, immune response and
intestinal morphology of red drum (Sciaenops ocellatus).
Aquaculture 309: 253-257.

Zorriehzahra MJ, Delshad ST, Adel M, Tiwari R, Karthik K,
Dhama K et al. (2016) Probiotics as beneficial microbes in
aquaculture: an update on their multiple modes of action: a
review. Veterinary Quarterly 36(4): 228-241.

25



