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A B S T R A C T   

The importance of the gut microbiome in the management of various physiological activities including healthy 
growth and performance of fish and shellfish is now widely considered and being studied in detail for potential 
applications in aquaculture farming and the future growth of the fish industry. The gut microbiome in all animals 
including fish is associated with a number of beneficial functions for the host, such as stimulating optimal 
gastrointestinal development, producing and supplying vitamins to the host, and improving the host’s nutrient 
uptake by providing additional enzymatic activities. Besides nutrient uptake, the gut microbiome is involved in 
strengthening the immune system and maintaining mucosal tolerance, enhancing the host’s resilience against 
infectious diseases, and the production of anticarcinogenic and anti-inflammatory compounds. Because of its 
significant role, the gut microbiome is very often considered an “extra organ,” as it plays a key role in intestinal 
development and regulation of other physiological functions. Recent studies suggest that the gut microbiome is 
involved in energy homeostasis by regulating feeding, digestive and metabolic processes, as well as the immune 
response. Consequently, deciphering gut microbiome dynamics in cultured fish and shellfish species will play an 
indispensable role in promoting animal health and aquaculture productivity. It is mentioned that the microbiome 
community available in the gut tract, particularly in the intestine acts as an innovative source of natural product 
discovery. The microbial communities that are associated with several marine organisms are the source of 
natural products with a diverse array of biological activities and as of today, more than 1000 new compounds 
have been reported from such microbial species. Exploration of such new ingredients from microbial species 
would create more opportunities for the development of the bio-pharma/aquaculture industries. Considering the 
important role of the microbiome in the whole life span of fish and shellfish, it is necessary to understand the 
interaction process between the host and microbial community. However, information pertaining to host- 
microbiome interaction, particularly at the cellular level, gene expression, metabolic pathways, and immuno-
modulation mechanisms, the available literature is scanty. It has been reported that there are three ways of 
interaction involving the host-microbe-environment operates to maintain homeostasis in the fish and shellfish 
gut i.e. host intrinsic factors, the environment that shapes the gut microbiome composition, and the core mi-
crobial community present in the gut system itself has equal influence on the host biology. In the present review, 
efforts have been made to collect comprehensive information on various aspects of host-microbiome interaction, 
particularly on the immune system and health maintenance, management of diseases, nutrient uptake, digestion 
and absorption, gene expression, and metabolism in fish and shellfish.   

1. Introduction 

The microbiome communities comprising several micro-organisms 
like protists, yeasts, Viruses, Bacteria, and Archaea are generally found 
not only in the digestive tract the fish and shellfish but these commu-
nities also inhabit the different parts of the body particularly in the skin, 
gills, and muscular tissues. The population density and composition of 
microbiome communities are generally affected by a number of 

environmental factors, so also the effects of different seasons, host ge-
netic factors, sex/age, and diet are seen prominently. Despite this, the 
microbiome contains core components of the microbes, especially 
within the digestive tract, which are well adapted to the selection 
pressures associated with the host species, and as such these core mi-
crobes are commonly found in individuals of the same species even 
when reared in different locations or conditions [1,2]. The different 
microbial species present in the gastrointestinal tract and other body 
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parts play a vital role in maintaining a homeostatic physiological envi-
ronment in the body and protecting it from harmful pathogens. The most 
important functions of differentiation of the digestive tract, its 
morphology, immunomodulation, and nutrient absorption always 
depend on the type of microbial composition present in the fish and 
shellfish and this has been proved experimentally [2,3]. The mecha-
nisms involved in these actions have been partially worked out and 
various molecules that are important in the complicated processes of 
host-microbe have also been identified to some extent. Sharma and 
Thaiss [4] in their review while discussing the host-microbiome in-
teractions in single-cell reported that, microbes play an important role in 
modulating host physiology, health, and disease management in most 
organisms. Further, it is mentioned that due to technological advance-
ment in single-cell analysis particularly in the area of genomics, tran-
scriptomics, and spatial resolution, our understanding of the knowledge 
complexities involved in single organisms has enhanced to large extent. 

It is now well known that host-microbiome interaction plays a very 
significant role in host development, immunity, metabolisms, and 
pathways, but it is also a fact that the information pertaining to host- 
microbiome interactions is limited as far as fish and shellfish are con-
cerned. In the recent past, some efforts have been made to investigate 
host-microbiome interaction with respect to different physiological 
functions in fish and shellfish. Perez et al. [5] carried out studies on 
host-microbiome interactions in hybrid fish, derived by crossing fish 
from herbivorous and carnivorous dietary adaptations. It has been re-
ported that there was no difference in the growth pattern during the 
early developmental stages of both groups of fish and the microbial 
composition also did not show much difference. However, significant 
changes have been observed in the microbiome composition during later 
stages when there was a change in dietary adaptations. Further analysis 
showed that there was the dominance of microbiome species that are 
associated with metabolism and growth in both groups of fish. In 
addition, it was also observed that the differentially expressed homol-
ogous genes in the intestine associated with cell growth, immunity, and 
the metabolism was related to the dominant gut microbiome species. 
These findings indicate that host genetics-gut microbiome interactions 
contribute to dietary adaptation in hybrid fish. Studies on the fish gut 
microbiome and their interactions with mucosal tissue have been car-
ried out by Merrifield and Rodiles [3]. Similarly, Nerea Arias Jayo et al. 
[6] investigated host-microbiome interactions in adult zebrafish in 
response to a diet rich in high saturated fat supplemented with fish oil. 
As it is well known that diet is a very important factor that affects the 
host’s health, hence interaction of microbial species with the host’s 
nutrition becomes a vital study. Nikouli et al. [7] while working on the 
gut microbiome composition of five sympatrically farmed marine fish 
reported that the intestinal microbiome species act as a second genome 
of the animals controlling various vital functions of the body. Further, it 
is mentioned that the colonization of the fish gut microbiome commu-
nity depends on both intrinsic and extrinsic factors including feeding 
habits. Simon et al. (2019) while emphasizing the importance of the 
holobiont concept reported that the interaction between hosts and their 
associated microbial communities is necessary to know the biological 
entity of an organism involving the host and its inherited microbiome 
community which together constitute a holobiont concept. 

There are a number of reports mentioning the functional role of the 
gut microbiome species and their interaction with hosts both in fish and 
shellfish. The role of the gut microbiome in the production of digestive 
enzymes and the digestion process has been reported by Ray et al. [8]. 
Similarly, the production of vitamins, short-chain fatty acids, biofilm 
formation, and iron metabolism have been investigated in the gut 
microbiome of freshwater and marine fish by a number of researchers 
[3,9–11]. While studying the host-microbiome interaction, Li et al. [2] 
carried out an in-depth analysis of growth performance in the hybrid fish 
in relation to the composition of the microbiome species in the gut 
system. There are few studies assessing the phenotypic variations in fish 
and shellfish and their correlations with the microbiome present in the 

gut system. Mushegian et al. [12] worked on the genome of the gut 
microbiome species to investigate whether the genes of the microbiome 
are involved in the selection preference of the core microbiome. A 
number of workers have also investigated the role of the host-gut 
microbiome interaction in several fish in the management of different 
types of stress responses [13,14]. 

As far as shellfish are concerned particularly the penaeid shrimp, the 
information available on host-microbiome interaction is scanty. A 
number of workers have reported the presence of harmful pathogens in 
different body parts of penaeid shrimp and their catastrophic effects on 
animal health and the quality of the harvest during shrimp farming 
activities. Frequent reports of outbreaks of bacterial and viral diseases 
and mass mortality continued to be a major challenge for the shrimp 
aquaculture industry [15,1]. Awareness of host-microbiome interaction 
and its importance has been realized in recent years after understanding 
the microbiome benefits for improving overall physiological activities 
leading to a better immune system and healthy growth of organisms. 
Therefore, it is also necessary to know how various factors both extrinsic 
and intrinsic can shape the gut microbiota of shrimp is crucial for the 
future utilization of the gut microbiome as a tool for controlling overall 
health and quality. Chaiyapechara et al. [15] while studying 
host-microbiome interaction in shrimp P. monodon carried out in-
vestigations on intestinal microbial species and their transcriptomics 
profile analysis at different salinity levels. It was reported that the 
shrimp acclimatized at higher salinities showed that the Proteobacteria 
was the dominant phyla in the gut microbiome composition followed by 
other bacterial groups i.e. Bacteroidetes, Planctomycetes, and Firmi-
cutes. The most abundant genus was Vibrio belonging to the Harveyi 
clade. Further, it has been mentioned that in higher salinities genes 
involved with stress and immune responses were differentially 
expressed and there was also a close relationship between the abun-
dance of pathogenic Vibrio and the expression of genes related to innate 
immunity. Similar work and observations were made by a number of 
other researchers while investing the effect of salinity on gut microbial 
composition in shrimp [16–19]. Holt et al. [20] carried out studies on 
the role of the gut microbiome in the regulation of shrimp health and 
disease management. In their review, they discussed that manipulating 
intestinal microbes using beneficial microbial supplementation, there 
can be a positive effect on the growth and survival of shrimp. Several 
workers have reported that the alternate method to prevent disease 
occurrence and improve shrimp health is through modulations of the gut 
microbiome to stimulate the growth of beneficial bacteria. Gut micro-
biome species can play important roles in the health and immune 
response of farm animals [21], and commercially important aquatic 
animals (Tarnecki et al., 2017). There are several factors like culture 
environments, growth, and developmental stages, and health status that 
can influence gut microbial composition in shrimp, and a strategic 
research approach is required to understand this complex interaction 
[16,18,19,22]. Uengwetwanit et al. [23] while studying the growth 
performance of shrimp P. monodon and its correlation with gut micro-
biome composition, transcriptome, and metabolites reported that there 
was a relative abundance of bacteria like Brevibacillus, Fusibacter, and 
Spongiimonas in the majority of shrimp gut. Further, it was observed 
shrimp with different growth performances had different intestinal 
transcriptomic profiles and immune-related genes. Duan et al. [24–26] 
studied microbiome and transcriptome profiles in shrimp in relation to 
probiotic feeding and it has been reported that the correlation between 
microbiota and host gene expression was significant as far as immunity, 
digestion, and apoptosis processes are concerned. Few workers while 
studying the gut microbial composition of different penaeid shrimp 
emphasized the importance of the host-microbiome interaction directly 
or indirectly to reveal the mechanisms involved in various physiological 
activities [27–30]. 

In the present review, efforts have been made to generate compre-
hensive and updated information on various aspects of host-microbiome 
interaction in commercially important finfish and shellfish. Such 
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attempts will be quite useful for developing effective technic and tools of 
the microbiome for growing healthy and quality organisms in captive 
conditions. 

2. Holobiont concept and its importance 

In an organism whatever physiological changes take place during its 
entire life span and shape the body, are due to the resultant of the 
complex interactions between the combined expression of the host and 
its associated microbial communities, leading to the popularization of 
notions defined as holobiont and the hologenome [31–33]. A host and its 
microbiome community thus constitute a holobiont environment. The 
importance of holobiont has been highlighted in the recent past by a 
number of workers in most organisms including the shrimp and research 
in this particular niche area has become an imperative across various 
fields of life [34–36]. The holobiont term is now widely used in different 
contexts and applies to virtually all animals including human beings, 
with current research focusing mainly on human, animal, and plant 
holobionts. The term hologenome was introduced by Rosenberg and 
Rosenberg [36] to describe the sum of the host genome and associated 
microbial genomes. Many researchers do not consider the holobiont as a 
new phenomenon and earlier the same is compared to the term symbi-
osis [37]. However, in recent times due to a thorough understanding of 
the ubiquitous nature of the host-associated microbes and their signifi-
cant role in host biology, the holobiont environment in the animal body 
has gained a lot of importance. Further, the availability of advanced 
molecular tools and NGS technologies have helped us in revealing the 
vital role in the recognition of microbes as key inhabitants in the host, 
and as players in biological and evolutionary processes. As 
host-associated microbes cannot be cultivable outside their host, envi-
ronmental genomics approaches have been successfully applied to un-
ravel the diversity and roles of microbes in organisms and in all 
ecosystems, whether terrestrial, marine or aquatic [38]. In the holobiont 
environment assembly of microbial species in the host and the mecha-
nism that is being used to maintain such core microbial group in the gut 
system is an important issue for investigation. It has been reported that 
several environmental factors and host genetic factors have a vital role 
to play in determining microbial assembly [39]. Some workers have 
reported that the stability of microbes is determined by the transmission 
pattern of microbiome species in the body of the host. There is a wide 
range of transmission modes for microbes along a continuum from 
vertical to horizontal and environmental acquisition, but this important 
determinant of host-microbiome interactions is unknown in many sys-
tems [38]. Rosenberg and Rosenberg [40] suggested the concept of 
hologenome for determining the holobiont environment of the host and 
holobionts are considered super-organisms. Further, it is mentioned that 
host-microbiome interactions take place with mutual understanding and 
cooperation of the host and the members of the holobiont microbiome 
species [32,41,42]. 

Dittami et al. [43] reported a novel perspective model on the hol-
obiont of marine habitat organisms. According to them, there are two 
important factors that govern the holobiont environment. One is the 
intervention of several environmental factors that determines the hol-
obiont composition of the host and the second one is the impact and 
roles of different partners involved in this complex system. It is further 
mentioned that microbiome transmission into the host takes place in two 
ways i.e. vertical transmission and horizontal transmission and some-
times there can be the influence of both vertical and horizontal trans-
mission. Vertical transmission is the maternal transmission of core 
microbiome species into the host and horizontal is through the envi-
ronment [44,45]. Therefore, identifying the factors that shape the hol-
obiont composition of the host and understanding their evolution also 
becomes very much relevant for marine organisms to decide their 
specificity for microbiome species preference in their body system [46, 
47]. Liwinski & Elinav (2020), mentioned that even the immune system 
of animals plays an important role in the preference of microbiome 

species as the animal needs to produce specific antimicrobial peptides to 
prevent pathogenic infection. It is also suggested that to have in-depth 
knowledge of the complex system of the holobiont environment, mo-
lecular interaction studies between the microbiome present in the 
environment and the host are very much needed [43]. 

3. Host-microbiome interaction in fish 

While discussing the importance of holobiont research, the question 
remains what functions are carried out by the microbes to the host or-
ganisms resulting in phenotypic and fitness effects. So also the mecha-
nism involved in host-microbiome interaction becomes a vital issue in 
understanding the functions of holobionts (Simon et al., 2019). Though 
there are several reports regarding the gut microbial composition of 
different finfish and shellfish, information pertaining to the functional 
properties of the microbes is scanty and poorly understood. Many earlier 
studies mentioned that gut microbes are capable of producing various 
digestive enzymes that have led to the conclusion that these commu-
nities are likely to contribute to the hosts’ digestive function [8]. There 
are also reports that fish gut microbes produce vitamin B12 and this has 
been proved experimentally [9,10]. Production of short-chain fatty 
acids by digesting dietary fiber with the help of gut microbes has been 
reported in herbivorous fish species [48]. The short-chain fatty acids 
contribute considerably to the host energy requirements of herbivorous 
fish species and in addition, also help to reduce pH in the gut system 
which may not be a favorable environment for certain harmful patho-
gens thus protecting the fish from bacterial infections [3]. The concept 
of the presence of core microbiome species in the gut system of fish and 
shellfish has gained a lot of importance because the core microbiomes 
have certain definite functions to perform in the body and this particular 
group of microbes generally never gets affected by any of the extrinsic or 
intrinsic factors. Although this theory of the presence of a core micro-
biome in the gut tract is rather speculative because there will be some 
microbial species that break this rule. This has been observed in some 
mammalian groups of animals including humans. However, this is also 
true in the case of fish and other animals of aquaculture species remains 
to be a matter of investigation. Xing et al., [11] while working on the 
microbiome composition of turbot fish reported some interesting ob-
servations in the context of bacterial abundance and functional analysis 
using metagenomics combined with 16S rRNA gene sequence analyses. 
They found that genes present in the Vibrio genus in the digestive tract 
of turbot were more abundant and performed various functions like 
biofilm formation, iron acquisition, and metabolism when compared 
with other fish like striped bass where such activities were low sug-
gesting that differences in metabolic potential may occur in marine and 
freshwater fish microbiomes. Li et al. [2] while working on microbial 
communities and host-microbial interaction in hybrid fish-derived by 
crossing herbivorous Megalobrama amblycephala (♀) × carnivorous Cul-
ter alburnus (♂) in response to the dietary adaptations, mentioned that 
the host-microbiome interactions play vital roles host development, 
immunity, metabolism, and behavior. In two groups of these fishes when 
fed one with herbivorous diet and another with a carnivorous diet, there 
was no much difference in the growth rate during the early develop-
mental stages of both the groups, and a large of number bacterial 
communities were observed in the gut system and the dominant groups 
were Acinetobacter, Gemmobacter, Microbacterium, Vibrio, and Aero-
monas. The abundance of other bacterial groups like Firmicutes, Acti-
nobacteria, and Chloroflexi was also observed which can be correlated 
with host growth level. Further, it was mentioned by using Spearman’s 
correlation analysis they could establish that the differentially expressed 
homologous genes in the gut system of these fishes associated with cell 
growth, immunity, and metabolism was related to the dominant group 
of microbiome present. These results indicated that host genetics-gut 
microbiota interactions contribute to dietary adaptation in hybrid fish. 
Therefore, we need in-depth knowledge of the core microbiome in the 
gut system of several finfish and shellfish and their metagenomic 
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functions to draw definite conclusions on such aspects. 
In order to understand the host-microbiome interaction, a number of 

workers suggested carrying out studies on the production of phenotypic 
traits as a basis and its correlation with the microbiomes present in the 
gut system of fish or shellfish. Phenotypic variations in the animals have 
been correlated with the structural composition of the intestinal 
microbiome as the microbiome species present in the gut system pro-
duce a number of biochemical compounds including short chain fatty 
acids, vitamins, and amino acids, and cooperate with the host intestinal 
immune system to inhibit the invasion of exogenous pathogenic mi-
croorganisms. The animal’s host genome determines the selection of 
specific microbiome species and completes the construction of the 
microbiome community in the gut system (Fig. 1). Therefore it is 
mentioned that host genes are the designers of the structural composi-
tion of the gut microbiome [12]. Host genetics-gut microbiome in-
teractions contribute to food digestion, physical development, and 
environmental adaptation [2,49]. While working on host-microbiome 
interaction in zebrafish, Robinson et al. [50] mentioned that there are 
several intra and extra-host factors that determine bacterial selection 
and adaptations in the digestive tract. Based on these findings by several 
other workers also, it was inferred that intestinal microbes play a very 
significant role in genetic evolution and growth and development not 
only in fish and shellfish but also in other animals [51]. There is also 
evidence that the gut microbiome has a great influence on brain function 
including stress responses and behavior further it is reported that the 
brain receives the signals through the gut microbiome through various 
pathways [52]. Including the production of microbial metabolites and 
peptides, immune activation, and activation of the vagus nerve in the 
gut itself. Research has shown that in fish, as in mammals, the intestinal 
microbiome community affects the hypothalamic-pituitary-adrenal axis 
and the management of all the stress responses they execute effectively 
through this mechanism [13,14]. Similarly in fish (gilthead sea bream) 
also, it has been reported that the intensity of the growth performance 
always depends on the presence of specific bacterial species and their 
abundance in the gut system. Zhang et al. [53] also mentioned that 

bacterial species with different abundances in the intestine of fish 
showed distinct growth rates performance. Even in the genetic selective 
breeding of fish, it is observed that these fishes have the distinct pres-
ence of microbial species in their intestinal tract [54]. In many organ-
isms including fish and shellfish, the intestine serves as a multifunctional 
organ involved in the process of nutrient uptake, pathogen recognition, 
and regulating intestinal microbiome composition. Several workers 
have reported that due to the multifunctional role of the intestine, 
structural changes occur in the histology of the intestine [55,9]. The 
influence of gut microbiome flora on various host functions and struc-
tural changes in the gastrointestinal tract has also been reported earlier 
by a number of workers [56]. However, each type of physiological ac-
tivity and its correlation with the gut microbiome structure have to be 
worked out in detail at the genetic expression and molecular levels. The 
mechanism between the host and its microbiome community interaction 
is given in Fig. 2. 

3.1. Microbiome associated with other body parts and their interaction 

The microbiome community associated with skin and other tissues 
and their interaction with the host and mechanism involved is a matter 
of thorough investigation in both fish and shellfish. There is a good 
amount of information available with regard to microbes associated 
with the skin of fish species. It is well known that the mucous layer of the 
epithelium of the skin provides a mechanical and chemical protective 
barrier against pathogenic organisms and it has been reported that this 
mucous contains antibacterial agents like immunoglobulins, defensins, 
lysozyme, lectin-like agglutinins, and a variety of antimicrobial peptides 
that provides a broad spectrum of antimicrobial activity. In addition, 
due to its viscous nature, mucus can bind and trap microbes and the high 
mucus secretion rates can effectively remove microbes from the 
epidermal surfaces (Perez et al. 2010). It is mentioned that mucus which 
contains several antibacterial compounds are generally metabolized by 
the mucus-dwelling bacteria in a mutualistic relationship between the 
fish and cutaneous microbiota. The microbes present in the skin 

Fig. 1. Host-microbiome interaction and phenotypic expression possible pathway.  
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interfere with pathogenic bacteria by antagonistic activity and compe-
tition for adhesion sites [57–59]. Depending upon the abundance of 
cutaneous bacteria and externally invaded bacteria present in the mu-
cous and their interaction with the host will decide the health issues 
caused by the pathogens in fish. Further insight and knowledge 
revealing how the mechanism works among these three components i. e. 
skin bacteria, invading bacteria in the mucous and the host is a matter of 
future investigation. 

Guivier et al. (2019) worked on the taxonomic and functional mi-
crobes associated with the skin, gills, and gut tissues of the fish Para-
chondrostoma toxostoma collected from the wild and basin environment 
and were compared. It was observed that the microbes dwelling in the 
skin in the wild population of fish showed diverse and variable bacterial 
community composition than the gut microbiome group. These findings 
indicated that the different factors actually determine the bacterial 
composition communities for the specific tissues. Further, it is reported 
that by using the Picrust tool, they analyzed taxonomic variation of the 
microbiota composition in the fish populations’ from river basins and 
found that the enrichment of microbes in different tissues particularly in 
the gut system could be correlated with different metabolic pathways. In 
particular, carbohydrate metabolism was more represented and xeno-
biotic biodegradation pathways were less represented in the gut 
microbiota. These findings indicate that environmental features are very 
important for determining the microbial composition and potential 
prediction of functional capacities of the microbiome in fish. A similar 
type of work on comparative analysis of the microbial composition 
associated with the gut and gill tissues of filter-feeding fish, (Hypo-
phthalmichthys molitrix and Hypophthalmichthys nobilis) residing in 
different habitats has been carried out by Kuang et al. [60]. The main 
aim of this study was to find out whether the surrounding sediment and 
water of the habitat ecosystem influence the fish microbial community 
in an unfed aquaculture system. The study revealed that there was a 
significant variation in the microbial composition in both the fish and 
microbial diversity was significantly higher in the habitat samples than 

in the fish host samples and was significantly higher in the gills than in 
the gut. The gill and gut possessed unique core microbial groups and 
predictive functions in comparison to the surrounding environment. 
These findings should improve our understanding of the composition, 
diversity, and function of aquatic host microbiome and their associa-
tions with habitat [60]. 

Considerable work has been carried out on the microbiome associ-
ated with gills in fish and shellfish belonging to marine and freshwater 
environments and it is mentioned that the gills support a high popula-
tion of a wide range of bacterial species [60–64]. The presence of 
non-pathogenic microbes with antimicrobial properties on the mucosal 
surface of the gills has also been reported by a number of workers [64]. It 
is observed that due to the continuous flow of water current over the 
gills, habitation and colonization of microbes are restricted, but the 
microbes that have been identified on gill tissues have been reported to 
be typical of the same order or higher than those present on the skin and 
of a lower order than those reported in the gut tract [65]. The presence 
of aerobic bacteria was more dominant in the gill filaments of several 
fish like Atlantic salmon, turbot Scophthalmus maximus, striped bass, 
Nile tilapia Oreochromis niloticus, brown trout, pike, Atlantic mackerel, 
and rainbow trout. Several studies have also reported that the microbial 
diversity of fish gills is lower than that of fish skin [66,67]. In a culti-
vable variety of fish in captive conditions, it has been observed that the 
microbial composition of gill tissue is almost similar to surrounding 
waters [65,68,69]. There are also reports mentioning of similarity of 
microbes of gill tissues with that the microbes found in the skin and gut 
tract [70]. The bacterial components identified in the gill tissues include 
Proteobacteria (Pseudomonadales, Enterobacteriales, Aeromonadales, 
Vibrionales, Aeromonadales, Rhizobiales, Burkholderiales, Pasteur-
ellales, Caulobacterales, Xanthomonadales), Actinobacteria (Actino-
mycetales), Firmicutes (Bacillales, Lactobacillales, Erysipelotrichales), 
and Bacteroidetes (Flavobacteriales, Bacteriodales). Several workers 
have suggested that there are several factors like environmental stress, 
water quality, pollutants and contaminants, nutritional deficiencies, 

Fig. 2. Host-microbiome interaction possible mechanisms.  
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overcrowding, trauma, parasitism, or primary viral infections that could 
affect the microbial diversity of the gills and skin [71]. 

While discussing the mechanism involved between the gill micro-
biome and the microbes that is dwelling in the fish body, Zhang et al. 
[72] and Salinas et al. [73] made a breakthrough and revealed that the 
microbiome present in the fish produces a particular antibody in their 
gills in response to the pathogenic microbiome and microbes present in 
the mucosal layers of the gills also produce the same antibody called 
‘immunoglobulin IgT’, the function of which was discovered by Zhang 
et al. [72]. It has been reported that immunoglobulin IgT is the primary 
immunoglobulin produced in response to the pathogenic microbiome in 
fish guts and skin and prevents any damaging effects of harmful path-
ogens on the fish. As the gills are respiratory organs having mucosal 
surfaces, the researchers wanted to see if similar immune defense 
mechanisms were present there. They observed that in the rainbow trout 
IgT was more abundant in the mucus of the gills, though they also 
noticed the presence of other immunoglobulins like IgD and IgM. By 
examining the mitochondria of the gills it was observed that IgT was the 
primary antibody coating bacteria in the gills. In order to confirm the 
role of IgT in response to pathogens in the gills, the fish were exposed to 
WSSV and it was observed that the IgT was found to be more abundant 
in the mucus of the gills. Fish that survived infection also had a signif-
icant increase in IgT-producing B cells in their gills, an additional sign 
that the IgT response was key to fighting the pathogens. These results 
indicated that there is a possibility of developing cheaper fish vaccines 
so-called ‘bath vaccines’ that are simply dropped in the water and the 
same will be absorbed by gills and skin very effectively for the protection 
of fish from infectious diseases. Legrand et al. [74] while working on 
skin and gill microbes in yellowtail kingfish reported that the microbial 
composition and health status of the gut have control over the assem-
blage of the microbes of skin and gills. It is mentioned that under-
standing the skin and gill microbial assemblages and the factors that 
control this assemblage may provide useful insights into the dynamics of 
fish host-microbial relationships, and may also reveal underlying 
changes in the health status of the host. When fish are infected with 
pathogenic microbes and lose their microbial diversity in the gut tract, 
its impact will be also reflected in the microbial composition of the skin 
and gills. It is further mentioned that by looking into the microbiome 
composition of the skin and gills one can assess the health status of the 
host. However, future research is necessary for understanding the un-
derlying functional contribution and connectivity of these mucosal 
microbiomes across the skin, gills, and gut and their interplay with the 
host during changes in health. 

There are published reports regarding fish microbiome-mucosa 
interaction and considerable work has been carried out covering these 
aspects. Besides several functions of the gut microbial species, it has 
been recognized that the microbiome plays a significant role in mucosal 
barrier function to prevent the entry of pathogens into the host. In this 
context, the work carried out by Bates et al., [75] and Rawls et al., [76] 
on zebrafish has shown that when zebrafish larvae were reared in 
germ-free environments with no microbial interactions, the develop-
ment of the larvae was not proper and in such animals, the gut tract fails 
to differentiate, enteroendocrine cells and goblet cells in intestinal layers 
could not be differentiated, cells lack brush border, there was reduced 
intestinal alkaline phosphatase (IAP) activity, reduced epithelial cell 
turnover rates, immature patterns of glycans on the enterocytes was seen 
and a loss of epidermal integrity was also observed. These characteristics 
ultimately lead to a failure of the intestine to uptake protein macro-
molecules. Rawls et al. [77] found that there are 212 genes that govern 
different functions like immunity, nutrition, metabolism, and other 
physiological activities present in the gut tract of zebrafish and these 
genes were regulated by the presence or absence of the microbes in the 
gut system. Further, these authors have also investigated host-microbe 
cross-talk at the mucosal interface that determines the nature of the 
subsequent host-microbe relationship. The mechanisms and the key 
molecules that are involved in this complex process have been 

identified. However, further research is required to improve our un-
derstanding of host-microbe interactions not only at the mucosal inter-
face but other physiological functions. 

Perez et al. [5] carried out work on the mechanism of the 
host-microbiome interaction within the teleost fish gastrointestinal 
tract. It is mentioned that the microbes present in the gastrointestinal 
tract have direct implications on the health of the fish and the mucosal 
surfaces in the intestine are the main sites of the interaction between 
environmental bacteria and host microbes. The gut-associated lymphoid 
tissues are capable of discriminating pathogenic bacteria and 
commensal microorganisms and colonization of normal bacteria in the 
intestinal mucosal surfaces has a positive effect on immune regulatory 
functions. However, any disturbance in the immune system due to 
dysbiosis in the microbial composition in the intestinal tract may lead to 
the development of diseases. In such situations, the use of probiotics has 
been suggested to restore the normal microbiota to regain health by 
preventing diseases. A number of workers have assessed the microbiome 
composition of the gastrointestinal tract of several marine and fresh-
water fishes and reported the presence of bacteria from the members of 
the genera Aeromonas, Alcaligenes, Alteromonas, Carnobacterium, 
Flavobacterium, Micrococcus, Moraxella, Pseudomonas, and Vibrio that 
constitute the predominant intestinal microbiome group of marine fish 
species and in contrast, the intestinal microbial composition of fresh-
water fish species found to be dominated by members of the genera 
Acinetobacter, Aeromonas, Flavobacterium, Lactococcus, and Pseudo-
monas, representatives of the family Enterobacteriaceae, and obligate 
anaerobic bacteria of the genera, Bacteroides, Clostridium, and Fuso-
bacterium [78,79]. Pamer [80] while working on immune responses to 
commensal and environmental microbes mentioned that gut microbes 
are considered an ‘extra organ’ of the host playing a vital role in 
immunomodulatory regulation in response to pathogenic microbes. In 
fact, the mucosal surfaces of the gastrointestinal tract are the main sites 
in which environmental microorganisms and antigens interact with the 
host, through intensive cross-talks [81]. Therefore, the first line of de-
fense is provided by the mucus layer over the epithelial cells which se-
cretes various antimicrobial substances including complement 
components, mucins, enzymes, piscidins, and defensins [82,83]. The 
gut-associated lymphoid tissue in the gastrointestinal tract develops the 
mechanism to distinguish pathogenic bacteria and commensal microbes 
and determine the responses of immune regulation depending on the 
intensity of the pathogenic bacterial population. The lymphocyte cells 
present in the lymphoid tissue play a vital role against harmful foreign 
pathogens and here also immunoglobulin A is most abundantly pro-
duced and protects the host. It has been discovered that the commensal 
bacteria that are present in the intestinal mucosa are responsible for the 
development of gut-associated lymphoid tissue and in the absence of 
some of these bacteria called luminal bacteria, immunoglobulin A is not 
produced. Some workers have reported that intestinal epithelial cells are 
capable of recognizing ingredients of microbes through the expression of 
the pattern of receptors and these receptors are defined as Toll-free re-
ceptors [84,85]. These Toll-like receptors actually regulate the immune 
cells that initiate or enhance the immune responses and the system. 

4. Host-microbiome interaction in shellfish 

In shellfish also the gut microbial community interacts directly with 
planktonic microbes available in aquatic ecosystems and therefore, 
characterization of the gut microbiome community of aquatic organisms 
is a priority to understand host-microorganism interactions and the 
corresponding relationship with the surrounding microbes. Addition-
ally, the mechanisms underlying host-microbiome interactions are 
pivotal in our understanding of the functioning of holobionts. Consid-
erable information is available on host-microbiome interaction in soft 
corals and sponges and it has been reported that the bioactive com-
pounds which are produced in such organisms are regulated by the 
microbes present in the host’s gut tract and their symbiotic relationship 
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[86,87]. While working on sponges, Pita and colleagues [88] empha-
sized how key functions, provided by holobionts to ecosystem func-
tioning can be affected by changes in microbial composition. By 
analyzing metagenomics and host transcriptomic datasets, it is possible 
to analyze both the host and its microbiome interaction and the mech-
anism involved in the process. Zhang and Sun [89] while working on 
host-microbiome interaction in response to the immune system in four 
different species of shrimp reported that there was a huge variation in 
the core gut microbial composition. These changes in the core gut 
composition and structure were due to changes in the environmental 
factors that led to infection with the WSSV virus. However, the alter-
ations of the core microbe group among different shrimp showed the 
same trend and are related to immune function in the prediction of its 
metabolic function potential. Further, it is mentioned that when the 
metabolic analysis was done, nine metabolites possibly produced from 
the gut microbes were significantly up-regulated after viral infection, 
and these metabolites had antiviral properties. These findings indicate 
that these metabolites are responsible for maintaining the immune ho-
meostasis of the host and the function of the gut microbes in protecting 
the shrimp from pathogens. 

Holt et al. [20] carried out work on the role of the gut microbiome in 
the regulation of shrimp (L. vannamei, P. monodon) health and disease 
and also on how the gut microbial composition changes in response to 
different shrimp pathogens. While discussing these issues, they have 
highlighted the vital role of the gut microbiome in controlling a number 
of key physiological processes including digestion and immunity. 
Therefore, it is suggested that instead of using antibiotics for controlling 
diseases and health management in shrimp, the alternate method is the 
manipulation of the gut microbiome. Microbiome supplementation has 
also been demonstrated with positive effects on the growth and survival 
of several different commercial species, including shrimp. Chaiya-
pechara et al. [15] studied the gut microbiome of shrimp P. monodon and 
also transcriptome analysis of the microbes in response to different 
variations in the salinity levels. They observed that different salinities of 
the rearing environment of the shrimp have a significant influence on 
certain species of gut microbiome. Acclimatized Shrimp from 20 ppt, 
when transferred to 10 and 30 ppt for a period of 10 days, showed a 
relatively similar microbial composition with the dominance of Pro-
teobacteria (83.4%), Bacteroidetes (8.1%), Planctomycetes (3.2%), 
Verrucomicrobia (2.5%), and Firmicutes (1.5%). The most abundant 
genus was found to be Vibrio and its level was lower at 10 ppt and higher 
at 30 ppt. Other dominant genera in the gut tract not affected by the 
change in salinity were Pseudoaltermonas and Tenacibaculum. When the 
microbes of the surrounding water were analyzed simultaneously at 
different salinity levels, there were significant changes in the micro-
biome composition. For assessing host-microbiome interaction, tran-
scriptome analysis was carried out for the gut microbiome composition 
in response to different salinity levels, and it was observed that genes 
involved with stress and immune responses were differentially 
expressed and there was also a significant correlation between patho-
genic vibrio and genes relating to innate immunity. The results indicated 
the influence of water salinity on both the gut microbiome and tran-
scriptome of shrimp. It remains to be proven whether the host shrimp, 
under different rearing salinity, actively controls the microbes via its 
expressed genes or passively reacts to the changing microbiome. The 
interaction between the microbiome in the gut of aquatic animals and 
rearing water remains to be further explored. Several other workers also 
performed similar experiments to find out the influence of rearing water 
microbial community on the shrimp, particularly at the early develop-
mental stages of P. monodon, and L. vannamei and it has been reported 
that the microbe structure between animals and rearing water showed 
significant differences [16,22]. However further research is required on 
these aspects for a better understanding of the microbiome and the 
host-microbiome interaction, which will help to support the sustain-
ability of aquaculture production. 

Wen-Fang Dai et al. [90] reported starvation stress effects on host gut 

microbiome interaction in shrimp in relation to digestion and immune 
activities. The results indicated that in starved shrimp digestion activ-
ities were lower than the normal shrimp, while immune activities were 
higher. These changes in the digestive enzymes have been correlated 
with the structural changes in the gut microbiome of the shrimp. It was 
also observed that there was a significant decrease in the functional 
pathways involved in carbohydrate and protein metabolism, so also in 
glycan biosynthesis, lipid and enzyme metabolism. These results suggest 
that under the influence of harmful pathogens, there is an increase in the 
susceptibility of starved shrimp leading to the chances of more infection 
of the pathogenic bacteria and further it also reflects a novel insight into 
the host-microbiome interaction mechanism of the gut microbes in 
response to starvation stress. The host-microbiome interaction has also 
been correlated with the selective breeding of fish and shellfish by a few 
workers. Fan & Li [91] while working on the shrimp L. vannamei re-
ported that the growth performance and weight gain always depend on 
the structural composition of the gut microbes and further the breeding 
activity of shrimp has been correlated with gut microbial species. 

5. Gut-microbiome and its impact on host health 

The concept of the microbiome is increasingly recognized for its 
major role in host health, and an important field of application of hol-
obiont research that deals with the prevention and therapy of diseases 
based on treatments restoring altered microbes. A Number of re-
searchers have suggested use of healthy microbes or modulation of 
microbes in the gut tract of fish and shellfish by using probiotics, pre-
biotics, and synbiotics or by developing a biofloc system, for controlling 
the spread of diseases among cultivable organisms and promoting 
healthy growth in captive condition during aquaculture farming [1, 
92–94]. In recent studies, it has been reported that the interactions be-
tween the gut microbiome and the host are an integral part of the 
development, maintenance, and effective functionality of the intestinal 
mucosa and gut-associated lymphoid tissues. The microbes present in 
the gut tract of the fish also provide protection against harmful patho-
gens in the gastrointestinal tract and aid the host’s digestive function via 
the production of exogenous digestive enzymes and vitamins. The use of 
probiotics can stimulate immune responses, enhance growth perfor-
mance, feed utilization, digestive enzyme activities, antioxidant enzyme 
activities, gene expression, disease resistance, larval survival, gut 
morphology, modulate GI microbes and mediate stress responses. 
Regarding the use of prebiotics, synbiotics, and biofloc technology ap-
plications for improving the immune status and the quality of fish pro-
duction, the literature available is scanty. Additionally, the probiotic 
and prebiotic mechanisms which mediate host benefits at the mucosal 
interface are poorly understood. Hence, future studies should focus on 
these interactions to provide a better understanding of how to extract 
the full potential of biotic applications to promote immune function 
among cultivable species of aquaculture importance [1,20]. 

6. Manipulation of the gut microbiome using supplementary 
diet 

It has been now well established that any dysbiosis in the micro-
biome composition in the gastrointestinal tract of fish or shellfish creates 
a negative impact on the regulatory functions of the immune system and 
other physiological processes leading to increased chances of infection 
and spread of diseases. In earlier studies also, it was shown that the gut 
microbes have close relationship with gene expression patterns, specif-
ically its involvement with stimulation of epithelial proliferation, an 
increase of nutrient metabolism, and innate immune responses. There-
fore, in recent times much attention has been focused on the role of 
probiotics in the induction or restoration of a disturbed microbiome to 
its normal beneficial composition (Rawl et al. 2007, [95]). The use of 
probiotics as an alternative to antibiotics in aquaculture farming is 
gaining a lot of importance and has become now common practice [96]. 
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Several microbial resources have been identified for the preparation of 
probiotics and among them, Gram-positive and Gram-negative bacteria, 
bacteriophages, microalgae, and yeasts have all been tested as potential 
probiotics in fish [97]. Other sources are LAB Bacillus, Lactococcus, 
Shewanella, and Aeromonas genera are being used for the preparation of 
probiotics [98–100]. In a review, Carnevali et al. [101] gave very 
exhaustive information on the use of probiotics in teleosts fish for the 
manipulation of the gut microbial composition and thereby enhancing 
the growth rate and modulation of immune status in fish [18,102–104]. 
There are indications that feeding with probiotics for 2 weeks, resulted 
in a higher survival rate of rainbow trout even when they were chal-
lenged with Aeromonas salmonicida. In addition, it was also observed 
there was a correlation between colonization of the intestinal micro-
biome community with the probiotic strains used, and also increase in 
innate immune responses by more phagocytic activity and alternative 
complement pathway activity [57,105]. The use of several other pro-
biotics prepared from different strains of bacteria (L. mesenteroides and 
Lactobacillus plantarum) also showed positive effects from protection 
against infectious pathogens in rainbow trout [106]. It has been also 
reported that probiotics made out of multistrain species of bacteria have 
been proven to have synergistic beneficial effects on the host health, 
although the underlying mechanisms remain unclear. However, in 
higher vertebrates, the use of multistrain probiotics has shown more 
positive effects like greater survival, growth, viability, or adhesion to 
mucosal surfaces of one species in the presence of another species, 
production of different enzymes, etc. [107,108]. There are also pieces of 
evidence indicating that probiotic feeding helps in activating the 
anaerobic microbiota of the gastrointestinal tract in fish which produces 
a number of vitamins, and a variety of digestive enzymes [109,110]. The 
use of probiotics for the growth of the aquaculture industry particularly, 
in the management of outbreaks of diseases, nutritional supplements, 
and immunomodulation has been highlighted by several workers in the 
recent past [111–117]. Several strains of microbial species like Lacto-
bacillus, Enterococcus, Bacillus, Aeromonas, Alteromonas, Arthro-
bacter, Bifidobacterium, Clostridium, Microbacterium, Paenibacillus, 
Phaeobacter, Pseudoalteromonas, Pseudomonas, Rhodosporidium, 
Roseobacter, Streptomyces and Vibrio have been mentioned for the 
preparation of probiotics. In shellfish particularly in shrimp, Lep-
topenaeus vannamei, Restrepo et al. [118] developed a probiotic from 
Vibrio diabolicus bacterium for preventing the spread of infection of 
acute hepatopancreatic necrosis disease (AHPND) virus. In this study, it 
was shown that gastrointestinal microbiome composition was totally 
different in healthy shrimp compared to the infected ones with AHPND. 
There are also reports mentioning the impact of probiotic feeding on the 
modulation of gastrointestinal microbial composition in shrimp. Rajeev 
et al. [92] while discussing the impact of a healthy microbiome in 
shrimp aquaculture, gave a detailed account of the usage of probiotics 
for accelerating the quality and sustainable growth of the shrimp in-
dustry and also for the effective management of preventing the spread of 
diseases in the shrimp farming sector. Holt et al. (2020) while discussing 
the role of gut microbiome in preventing the diseases and health man-
agement in shrimp, emphasized that manipulating the gut microbiome 
composition using probiotics was quite beneficial for improving the 
host’s health. Similar observations were made by number of other re-
searchers who also demonstrated that supplemental bacteria in the form 
of probiotics can directly affect and eliminate harmful pathogens in 
shrimp, P. monodon and L. vannamei ([119,120]; García [121]; 
Mazón-Suástegui et al. [122]). In the shrimp L. vannamei a probiotic 
preparation with a combination of bacterial species like Streptomyces 
and Bacillus was found to be very effective in producing antibacterial 
gut bacteria (Mazón-Suástegui et al. 2019). The use of probiotics made 
from the lactic acid bacteria, Lactobacillus Plantarum was also found to 
be very effective in preventing the infection caused by Vibrio harveyi in 
the shrimp P. monodon and L. vannamei. [123,124]. Successful use of 
several probiotics made from different strains of bacterial species and 
their impact on modulation of the gut microbiome composition, 

immunity improvement, improvement in the digestive enzymes, sur-
vival rate, and hastening of the growth process in the number of shrimp 
species has been reported by a number of researchers ([125–129], Riya 
et al. 2020). Now many probiotics with different combinations are 
available in the market for their use in the shrimp aquaculture of in-
dustry, however, it is also a fact that the application of general combi-
nations of bacterial strains in probiotics may not be beneficial to the host 
[130–132]. 

A number of workers also suggested the use of prebiotic supple-
mentation in place of probiotic strains for developing a beneficial 
microbiome in the gastrointestinal tract in shrimp. Zhang et al. [133] 
used prebiotics like mannan oligosaccharides in the shrimp diet and it 
has been reported that the use of this particular prebiotic significantly 
improved the growth rate and increase the weight of the shrimp, be-
sides, there was also an increase in the length of intestinal microvilli 
which accounted for creating more mucosal surface area in the intestinal 
tract for effective nutrient absorption. The use of other prebiotics like 
oligosaccharides isolated from grain, fruits, and vegetables and also 
inulin when tested in different shrimp species, showed positive effects in 
developing a beneficial microbiome community in the gut tract partic-
ularly at the early developmental stages while rearing the shrimp in 
captive conditions [134]. Some of the prebiotics used in the fish farming 
sector are fructose oligosaccharides, short-chain fructose-oligo-
saccharides, oligo-fructose, mannan oligosaccharides, trans-galacto- 
oligosaccharides, inulin, galacto oligosaccharides, Xylo oligosaccha-
rides, arabinoxylo-oligosaccharides and isomalto-oligosaccharides 
[135]. Some workers also suggested the use of a combination of pro 
and prebiotics which is termed synbiotics can also stimulate immune 
responses against viral pathogens [136]. While working on the fish 
microbiome Seyed Hossein et al. [137] mentioned that microbial feed 
additives including synbiotics when fed in the form of a diet showed 
very positive effects in producing antioxidant enzymes and also 
improvement in the immune system. Su et al. [138] while discussing 
antibiotic-resistance genes in shrimp aquaculture reported that, the 
antibiotic-resistant genes in adult shrimp have been found to be more 
abundant than the juvenile shrimp and these genes are transferred from 
gastrointestinal microbes into the culture environment and this kind of 
horizontal transfer of gene can spread resistance between microbes in 
the culture systems [139,140]. However, further research is needed to 
establish this fact. In the literature, the information available is scanty 
on how probiotics influence on developing beneficial microbiome in the 
gastrointestinal tract of fish and shellfish and also on the mechanism 
involved in the replacement of beneficial microbes in place of 
non-beneficial microbes and further, the interaction between the host 
and the replaced microbiome. Some workers have reported that after 
feeding the specific probiotics, the beneficial microbial species colonize 
and increase their density in the gut tract with result that the 
non-beneficial microbes either slowly get eliminated or interfere with 
harmful pathogens, producing positive effects [92,141]. 

Considerable work has been carried out on the modulation of the gut 
microbiome of fish and shrimp in captive conditions by using the tech-
nology of biofloc. It is believed that different types of probiotics and 
other health-promoting bioactive compounds within the biofloc like 
vitamin C, poly-β-hydroxybutyrate, and carotenoids help in improving 
immunity to disease resistance in many cultivable organisms [142–145]. 
It has been reported that the inclusion of dried biofloc in the diet of the 
shrimp L. vannamei and P. monodon has led to developing greater 
resistance to the infection of Vibrio harveyi and V. parahaemolyticus, 
compared to those fed a biofloc-free control diet ([146,147]). Kheti 
et al., [148] while working on the effect of the use of biofloc in the diet of 
freshwater fish, Labeo rohita reported that the fish developed greater 
resistance to the virus Edwardsiella tarda when compared with the 
normal fish. Qiao et al. [149] while working on the goldfish, Carassius 
aurata also observed that when poly-β-hydroxybutyrate was obtained 
from biofloc and used in the diet of fish, they found that the gene 
expression for immunity was upregulated reducing the infection of 
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herpes virus and the bacillus species of the gut microbial composition 
increased in their density in the gut tract of the fish. Indeed, the con-
sumption of poly-β-hydroxybutyrate produced by microbes has similarly 
shown immunological benefits in various other aquatic animals (e.g., 
[150–152]). Luo et al., [153] while working on tilapia fish, Oreochromis 
niloticus observed that fish did not show much difference in the micro-
bial community even after feeding with biofloc containing poly--
β-hydroxybutyrate as a carbon source. However, the implications of 
poly-β-hydroxybutyrate as a carbon source on immunity/disease resis-
tance have not yet been investigated. 

It has been mentioned that the presence of biofloc is quite beneficial 
in stimulating the innate immunity in shrimp [154–158] and hence the 
shrimp grown in the biofloc environment were found to be more resis-
tant to pathogensshrimp . The effect of biofloc on shrimp’s innate im-
munity has been proposed to act through ingestion of biofloc microflora 
[114,159] and micro, P. monodon and L. vannamei bes present in the 
biofloc play a vital role in stimulating immunity. However, the mecha-
nism involved in the interaction of the host and biofloc microflora is not 
clear and requires fuvannamei rther investigation. A recent study 
demonstrated that gut bacterial communities of biofloc-grown shrimp 
were not identical to those of shrimp cultivated in clear seawater [155]. 
While previous microbiome studies have primarily focused on some 
prime factors shifting bacterial community in the shrimp gastrointes-
tinal tract (Chen et al. 2017; [18,27,160,161]), functional aspects of the 
gut microbiome on shrimp health remain largely uncharacterized. 
Although biofloc has been shown to alter the shrimp gut microbiome 
and promote innate immunity in the host, however, there is no direct 
evidence and these findings were accumulated from different in-
vestigations (Carodona et al. 2016). Tepaamorndech et al. [162] while 
dealing with metagenomic studies in the biofloc microbes and their 
impact on the gut microbiome and immunity in white shrimp, Lep-
topenaeus vannamei observed that the biofloc system has a greater impact 
on the bacterial population and contained vibrios as the dominant 
member in the shrimp. The presence of biofloc significantly promoted an 

abundance of Vibrio and suppressed Photobacterium density in the 
shrimp gut. It was also observed that genes involved in the digestive 
enzymes were upregulated in biofloc-grown shrimp. In addition, shrimp 
also showed an elevation in hemocyte number and antioxidant activity, 
which possibly contributed to the high survival rate when they were 
cultured in captive conditions. In this regard, some work has been car-
ried out on the quantity of nutrient absorption from the biofloc system 
and it was observed that herbivorous animals are better in absorption 
than carnivorous ones [163,164]. Fig. 3 describes the possible mecha-
nism between the host-microbiome interactions in relation to supple-
mentary diets like probiotics, prebiotics and synbiotics. 

7. Host-microbiome interaction and aquatic environment 

Several workers have reported the importance of the gut microbiome 
in controlling various physiological functions including growth, 
breeding and immune system. Outbreak of diseases in cultivable or-
ganisms has been correlated with the composition of the microbial 
community in the surrounding aquatic environment [1,165]. Number of 
workers have also pointed out that changes in the microbial community 
in the surrounding environment have a greater impact on the host gut 
microbiome assembly and also on the mechanisms involved in the host’s 
microbiome interaction with invasive microbiota [166–168]. It is a fact 
that a number of intrinsic and extrinsic factors play a vital role in 
determining the composition and structure of the gut microbiota of fish 
and shellfish and in most other cultivable organisms. The interaction 
between the environmental factors and the gut microbiome has been 
reported to be the most complex one [169] and therefore it is crucial to 
understand the mechanism involved between these two modes of 
identity. The intrinsic factors that affect the composition of the gut 
microbiome are host genetics, developmental stage, physiological con-
ditions, and starvation and extrinsic factors include diet factors and 
environmental factors. The interaction between the surrounding water 
environment and the intestinal microbes is expected to be two-way 

Fig. 3. Host-microbiome interaction mechanism in relation to probiotics, probiotics, and synbiotics.  

A.D. Diwan et al.                                                                                                                                                                                                                               



Fish and Shellfish Immunology Reports 4 (2023) 100091

10

directional. Chen et al. [170] in their recent review paper reported the 
driving mechanism involved in the interaction between the gut micro-
biome of fish and the microbiome present in the surrounding water 
ecosystem. They observed that the interaction between the fish gut 
microbiome and the environment has a vital role in microbial adapta-
tion to the environment and also composition and functions which 
further determines the health status of the fish. Similar observations 
have also been made by other researchers working on cultivable aquatic 
organisms and it was emphasized that the assembly pattern of the gut 
microbiome in aquatic animals is usually a deterministic process 
[171–173]. The composition of the microbiome in the water column of 
the aquaculture system always depends on the physico-chemical pa-
rameters like temperature, salinity, pH, chemical oxygen demand, total 
nitrogen, phosphorus, carbon, and inorganic nitrogen [165,174] and 
any disturbance in these parameters alters the structural composition of 
the microbiome community of the ecosystem that will further influence 
the profile of gut microbiome composition of fish and shellfish. In 
several cultivable species like tilapia larvae [175], pearl oyster, Pinctada 
fucata [176,177], silver carp (Hypophthalmichthys molitrix), and 
bighead carp (H. nobilis) [178], it has been observed that the gut 
microbiome always gets influenced by the surrounding aquatic micro-
bial ecology. The microbiome present in the surrounding ecosystem 
plays an important role in providing essential ecosystem services and 
energy to these systems regulating the gut health of the organisms [170, 
174]. Hou et al., [179] mentioned that the microbiome present in the 
aquatic ecosystem performs various functions like the productivity of 
the ecosystem, water quality control, controlling the nutrient cycle, and 
defense against pathogenic microorganisms. For this purpose, it is 
necessary to understand how this microbiome community functions at 
the genome and cellular levels in the environment and also in animals in 
response to many abrasive factors in the aquatic environment. It has 
been noticed that the gut microbiome of tilapia fish, Oreochromis nilo-
ticus was found to be almost similar to the microbes present in the sur-
rounding environment [180] whereas in the case of shrimp L. vannamei 
the gut microbes was found to be more closely related to the microbes 
present in the sediment [17,181,182]. All these studies indicated that 
the water and sediment of the aquatic ecosystem are the primary sources 
of deriving the microbiome resources in the environment and also in the 
gut tract of fish and shellfish [170]. Though such a relationship of the 
gut microbes and the microbes present in the surrounding aquatic eco-
systems has been established by a number of workers, however, when 
the proportion of pathogenic microbes increases, the outbreak of dis-
eases has been observed with severe damage to the aquaculture yield. 
Therefore, there is a need to understand the underlying regulatory 
mechanisms of such pathogenic bacteria present in sediment and water 
with that of the microbes present in the gut system of the cultivable 
organisms [165,183]. Li et al. [2] already pointed out that the microbes 
present in the surrounding environment plays a very significant role in 
shaping the gut microbiome composition and structure and also the 
functionality controlling the various physiological activities in organ-
isms. Any dysbiosis in the environmental factors has been shown to 
affect bacterial growth and this has been worked in several fish and 
shellfish wherein the gut microbiome composition was affected by 
thermal stress as well as low and high pH levels. A number of studies 
have shown that the use of antibiotic treatment caused dysbiosis of the 
fish gut microbial composition leading to a reduction of the growth of 
probiotic bacteria and even eradicating normal bacteria [184–186]. It 
has also been shown that gut commensal bacteria may stimulate intes-
tinal cells directly through interbacterial signaling, producing an im-
mune response leading to microbiome dysbiosis (Perez et al., 2010, [59, 
187]). There are several other contaminants/pollutants in the sur-
rounding environment which may also cause dysbiosis not only in the 
environment but also in animals living in such habitats. 

In order to understand the evolutionary basis of the symbiotic rela-
tionship between animal hosts and indigenous microbes, several 
workers carried out studies on the gut microbiome of the host and 

symbionts. Hentschel et al. [188] studied the molecular mechanism of 
symbiosis and pathogens to find out whether there is any difference in 
the manifestation of bacteria-host interaction with that of symbionts and 
pathogen interaction. From their findings, it was concluded that the 
underlying strategies of bacteria-host interaction are remarkably similar 
in pathogens and symbionts. Their study was based on the genetic 
variability protocols in both symbionts and pathogens. Identical obser-
vations were also reported by Emie et al. [189] while working on the 
microbiome of clownfish and their symbiotic host anemone. Kim et al. 
(2021) investigated the gut microbiome of 227 individual fishes. From 
their studies, it was concluded that the gut microbial community was 
more strongly shaped by host habitat adaptations rather than host tax-
onomy or trophic level. Though several studies have been conducted on 
the gut microbiome of different fishes, the information pertaining to the 
correlation of the composition of the microbiome with that of the host 
habitat is not adequate. 

8. Summary and conclusions 

The concept of hologenome and holobiont has gained a lot of sig-
nificance in the life of an organism because the development and 
shaping of the whole body is the result of the physiological interaction 
between the host and its microbiome community available in the body. 
Any dysbiosis in the composition of the gut microbiome due to any 
abrasive factor may lead the physiological disturbance and affect the 
health of an organism. Though this kind of theory has been accepted by 
the scientific community by and large, however, there is a need to un-
dertake further research in this niche area of science to build up its 
strength. In the holobiont environment assembly of microbial species in 
the host and the mechanism that is being used to maintain a core group 
of the microbiome in the gut system is an important issue for future 
investigation. Though a large amount of literature is available on the gut 
microbiome composition of fish and shellfish, the information is scanty 
on the functional aspects of microbial species. The concept of the pres-
ence of core microbiome species in the gut system of fish and shellfish 
has gained a lot of importance because the core microbiomes have 
certain definite functions to perform in the body and generally never get 
affected by any of the extrinsic or intrinsic factors. However, we need in- 
depth knowledge of the core microbiome in the gut system of several 
finfish and shellfish and their metagenomic functions to draw definite 
conclusions. In order to understand the host-microbiome interaction, a 
number of workers suggested carrying out studies on the production of 
phenotypic traits as a basis and its correlation with the microbiomes 
present in the gut system of fish or shellfish. Phenotypic variations have 
been correlated with the structural composition of the intestinal 
microbiome. However further research is needed on the animal’s 
genome that determines the selection of specific microbiome species and 
shapes the composition of the microbiome community in the gut system. 
There is also evidence that the gut microbiome has a great influence on 
brain function including stress responses and behavior. Further, it is 
reported that the brain receives the signals through the gut microbiome 
through various pathways which need in-depth studies. The host- 
microbiome interaction has also been correlated with the selective 
breeding and also breeding activity of fish and shellfish by a few workers 
but again the available literature is scanty and we need in-depth 
knowledge and research in this particular area. The microbiome asso-
ciated with skin and other tissues and their interaction with the host and 
mechanism involved is a matter of thorough investigation in both fish 
and shellfish. There is a good amount of information available with 
regard to microbiota associated with the skin of fish species. Depending 
upon the abundance of cutaneous bacteria and externally invaded bac-
teria present in the mucous and their interaction with the host will 
decide the health issues caused by the pathogens. Further insight and 
knowledge revealing how the mechanism works among these three 
components i. e. skin bacteria, invading bacteria in the mucous and the 
host is a matter of future investigation. 
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While discussing the mechanism involved between the gill microbes 
and the microbes that are dwelling in the fish body, a breakthrough has 
been made and it has been revealed that the microbiome present in the 
fish produces a particular antibody in their gills in response to the 
pathogenic microbiome and microbes present in the mucosal layers of 
the gills also produce the same antibody called ‘immunoglobulin IgT’, 
the function of which was discovered. Several genes have been discov-
ered that govern different functions like immunity, nutrition, meta-
bolism, and other physiological activities present in the gut tract and 
these genes have been found to be regulated by the presence or absence 
of the microbes in the gut system. The mechanisms and the key mole-
cules that are involved in this complex process have also been identified. 
However, further research is required to improve our understanding of 
host-microbe interactions in relation to the genomes not only at the 
mucosal interface but other physiological functions in several other 
organisms. 

Considerable work has been carried out on the modulation of the 
microbial communities in the intestine through dietary administration 
of probiotics, prebiotics, or synbiotics and also by using biofloc tech-
nology to improve microbial metabolite production, the immune 
signaling pathways, and the host defense mechanisms against patho-
gens. It has been now well established that any dysbiosis in the micro-
biome composition in the gastrointestinal tract of fish or shellfish creates 
a negative impact on the regulatory functions of the immune system and 
other physiological processes leading to increased chances of infection 
and spread of diseases. Therefore, in recent times much attention has 
been focused on the role of microbiome use as a supplementary diet 
not only in the induction or restoration of a disturbed microbiota to its 
normal beneficial composition but to accelerate the healthy growth of 
animals in captive conditions. However, we need to discover more and 
more sources of such microbial species for their use in aquaculture 
farming. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgement 

The authors express their gratitude and thanks to the Chancellor and 
the Secretary, Shri Ankushrao Kadam, Mahatma Gandhi Mission Uni-
versity (MGMU), Aurangabad, Maharashtra, India, for his incessant 
encouragement and generous cooperation in providing all the facilities 
for writing this review. 

Animal welfare statement 

The authors confirm that the ethical policies of the journal, as noted 
on the journal’s author guidelines page, have been adhered to. No 
ethical approval was required as this is a review article with no original 
research data 

Data availability statement 

The data supporting the findings of this study are available from the 
corresponding author upon request. 

Authors contribution 

A D Diwan has articulated the idea of writing this article and pre-
pared the draft of the manuscript. S N Harke was responsible for the 
collection of relevant literature and helping in the articulation of the 
manuscript. Archana N Panche has helped in the collection of the data 
and also in the analysis of the interpretation in the discussion part of the 
manuscript. She also assisted me in designing the figures 

References 

[1] A.D. Diwan, S.N. Harke, Panche Gopalkrishna, N. Archana, Aquaculture industry 
prospective from gut microbiome of fish and shellfish: an overview, J. Anim. 
Physiol. Anim. Nutr. 106 (2021) 441–469, https://doi.org/10.1111/jpn.13619. 

[2] W. Li, Z. Zhou, H. Li, S. Wang, L. Ren, J. Hu, et al., Successional changes of 
microbial communities and host-microbiota interactions contribute to dietary 
adaptation in allodiploid hybrid fish, Microb. Ecol. (2022), https://doi.org/ 
10.1007/s00248-022-01993-y. 

[3] D.L. Merrifield, A. Rodiles, The fish microbiome and its interactions with mucosal 
tissues, Mucosal Health Aquacult. (2015) 273–295, https://doi.org/10.1016/ 
b978-0-12-417186-2.00010-8. 

[4] P.V. Sharma, C.A. Thaiss, Host-microbiome interactions in the era of single-cell 
biology, Front. Cell. Infect. Microbiol. 10 (2020), 569070, https://doi.org/ 
10.3389/fcimb.2020.569070. 
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