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The microorganisms within the intestinal tract (termed gut microbiota) have been shown
to interact with the gut-brain axis, a bidirectional communication system between
the gut and the brain mediated by hormonal, immune, and neural signals. Through
these interactions, the microbiota might affect behaviors, including feeding behavior,
digestive/absorptive processes (e.g., by modulating intestinal maotility and the intestinal
barrier), metabolism, as well as the immune response, with repercussions on the energy
homeostasis and health of the host. To date, research in this field has mostly focused
on mammals. Studies on non-mammalian models such as fish may provide novel
insights into the specific mechanisms involved in the microbiota-brain-gut axis. This
review describes our current knowledge on the possible effects of microbiota on feeding,
digestive processes, growth, and energy homeostasis in fish, with emphasis on the
influence of brain and gut hormones, environmental factors, and inter-specific differences.
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INTRODUCTION

Microbiota/Microbiome

The microbiota can be defined as the collection of microorganisms that occupy a particular
environment whereas the term “microbiome” refers to the collection of genomes of the
microorganisms within the microbiota (1). These microbial communities include commensal,
symbiotic, and pathogenic microorganisms (2). Multicellular organisms, including plants and
animals live in close association with microorganisms, and harbor such complex microbial
communities in and on themselves, from the skin surface to the gastrointestinal tract (GIT) (2). The
microbiota may be contracted and developed through exposure to environmental factors. Given the
potentially large impact of the microbiota on the host health, an increasing number of studies have
been carried out to characterize and determine the mechanisms of action of these microbes.

The diverse microbial community that colonizes the GIT (gut microbiota) plays a critical role
in modulating the host’s physiology (3-5). The gut microbiota has lived in symbiotic association
with the vertebrate host for millions of years, the host providing a nutrient-rich environment for
the microbiota, and the microbiota providing metabolic, protective, and structural functions for
the host (4-6). The gut microbiota is often considered as an “extra organ,” as it plays a key role
in the intestinal development and physiology, as well as overall development, growth and health
(3). Recent studies suggest that the gut microbiota is involved in energy homeostasis by regulating
feeding, digestive and metabolic processes, as well as the immune response (1, 6-8). In particular,
the gut microbiota influences the brain-gut axis, the bidirectional communication between the
GIT and the brain (9-11), by affecting both gut and brain (12) and thus helps to maintain host
homeostasis.
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The function of the gut microbiota and the subsequent
physiological responses of the host depend on the composition
of the microbes that are present in the intestinal track (11).
There is a wide variation in the composition of fish gut
microbiota between species and individuals, but several phyla
have been shown to be dominant, including Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria (13).
To date, most of the studies on gut microbiota have focused
on mammals, in particular rodents, and in comparison, little
is known about the host-microbe interactions in fish (5).
There are several limitations to using mammalian models,
including husbandry constraints, and the use of isogenic
strains. Owing to their short life cycles and high offspring
numbers, and their diversity in genetics, physiology and
immunological features, which can be easily manipulated,
fish may represent valuable models to study microbiota in
vertebrates (14, 15). In addition, studies on fish gut microbiota
may help improve welfare of fish and aquaculture practices.
However, notable differences exist between mammals and fish
with regards to metabolism and energy expenditure (2) and
variations in host-microbe interactions and in contributions to
maintaining host homeostasis could be expected between fish and
mammals.

This review describes our current knowledge on the role of
the fish gut microbiota in the regulation of host physiology, with
emphasis on feeding, digestion and metabolism, as well as its
influence on stress responses, reproduction and development,
and immune responses. Environmental and host-specific factors
affecting the fish gut microbiota composition and actions are also
discussed, as well as future implications of fish gut microbiota
manipulation and potential research directions for this growing

field.

PHYSIOLOGICAL ROLES OF GUT
MICROBIOTA

Feeding/Digestion/Metabolism

Studies in mammals show that microorganisms within the GIT
are involved in the regulation of appetite/ingestion, digestion,
and metabolism (16-19). For example, germ-free mice lacking
a gut microbiota are leaner than normal control mice even
when consuming more calories (17). Furthermore, these mice
have lower levels of appetite-regulating hormones such as
leptin and ghrelin (17), indicating that the gut microbiota is
involved in the regulation of appetite and metabolism. Microbial
secretions, including specific metabolites such as short chain
fatty acids (SCFAs), indoles, propionate, butyrate, and acetate
(20) affect digestive processes and metabolism. The microbiota
also interacts with GIT neurotransmitters [e.g., serotonin (21),
and the catecholamines dopamine, norepinephrine (22)] and
thus influence their effects on gastrointestinal (GI) motility,
function and hormone release, as well as feeding behavior
(23, 24). Conversely, serotonin and catecholamines released
from enteric neurons can influence the microbiota present
in the gut and alter release of cytokines and bacterial
molecules (25).

Some of these metabolites can act on enterocytes and regulate
their intestinal barrier function (26), absorptive capacity [e.g.,
monosaccharide absorption (27)], and nutrient uptake and
storage [e.g., altered enzymatic activity in the gut and fat storage
(28)], thus influencing metabolism [(e.g., cholesterol metabolism
and adipogenesis) (29)]. Furthermore, metabolites from the gut
microbiota can modify the secretory activity of enterocytes, thus
affecting the production gut peptides that modulate gut motility
and enzyme secretion (30, 31). For example, SCFAs receptors
have been shown to interact with the enteroendocrine L cells
containing the gut hormone Peptide YY (PYY) to influence
the colonic PPY expression in rats (32), and further influence
metabolism. These microbial compounds can also influence
feeding behavior [e.g., (17, 33, 34)] directly, by entering the
circulation and reaching the brain, or indirectly, by either
by activating vagal terminals or by modulating the release of
appetite-regulating gut peptides (e.g., CCK, ghrelin, gastrin),
which in turn, affect the release of central appetite-regulating
neuropeptides (e.g., neuropeptide Y, NPY; proopiomelanocortin,
POMC) (33, 35, 36) (Figure 1). The exact mechanisms ruling
the communication between the gut microbiota and the brain
(termed the “microbiota-gut-brain axis”) and how changes
within the gut microbiota may impact neuropeptide systems in
the brain are still unclear (31).

To date, very few studies have been conducted in fish
with regards to the influence of microbiota on feeding and
metabolism, but they provide clues to some similarities with
mammals in this regard.

The influence of microbiota on food intake has been examined
in a few studies correlating feeding rates and changes in
microbiota. However, results are inconsistent and difficult to
compare, as several studies and several additives are used.
For example, zebrafish fed with Lactobacillus rhamnosus have
reduced appetite compared to control fish (37, 38). However,
carp fed a diet supplemented with fructo-oligosaccharide (FOS)
display changes in microbiota composition (increased levels
of heterotrophic aerobic bacteria and lactic acid bacteria) but
no changes in feeding rates compared to fish fed a control
diet (39).

The potential effect of the gut microbiome on metabolism
has been examined in a few fish species. In grass carp
(Ctenopharyngodon idella), many biosynthesis, and metabolism
pathways of carbohydrates, amino acids and lipids change
as the composition of microbiota changes (40). In zebrafish,
the colonization of the gut by microorganisms promotes
epithelial absorption of fatty acids (41) and fish with
intact microbiota have increased lipid accumulation in the
intestinal epithelium, and increased expression of genes
related to lipid metabolism compared to germ-free fish
who lack microbiota (42). In addition, Japanese flounder
(Paralichthys olivaceus) fed a diet supplemented with Bacillus
clausii display higher weight gain, feed efficiency and growth
performance compared to fish fed control diets (43). The
authors suggest this could be attributed to increased food
intake and improved nutrient digestibility (43). All this
data suggests a strong influence of the microbiota in fish
metabolism.
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FIGURE 1 | Overview of the gut-microbiota-brain axis in feeding and digestion. The gut microbiota (green circle) releases metabolites in response to substrates
present in the gut lumen. These metabolites locally stimulate the enteroendocrine cells (blue circle) of the gastrointestinal tract (GIT) and/or reach the brain (orange
circle). The stimulated enteroendocrine cells release gut peptides, which act locally in the GIT and affect brain feeding centers, altering neuropeptide release, and
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Other Functions Related to Energy

Homeostasis

Stress Response

The stress response is mediated by several hormones and is a
result of the bi-directional communication between the brain and
peripheral organs (2). Stress in fish can be caused by a number
of environmental factors (including poor water quality, high
levels of particulates, suboptimal photoperiod, oxygen levels,
temperature), high population density, poor diet/ malnutrition,
as well as transportation and handling (44).

When stress occurs, the hypothalamic-pituitary-adrenal
(HPA) axis releases corticotrophin-releasing hormone (CRH),
which stimulates the secretion of adrenocorticotropic hormone
(ACTH) from the anterior pituitary, which stimulates the
secretion of adrenal glucocorticoids to prepare the body to cope
with stress (45).

In fish, as in mammals (45, 46), the microbiome affects the
HPA axis, the stress response and behavior, in particular, anxiety-
like and locomotor behaviors, which might in turn affect feeding
behavior and energy homeostasis. For example, in zebrafish,
enhancing the microbiota (by means of pro and prebiotics—see
below) reduces anxiety-like behavior (47) and decreases the stress
response, by lowering CRH expression and cortisol levels (48).
Disruption of the gut microbiota might thus decrease the ability
of the fish to forage for food and decrease feeding by increasing
levels of stress hormones, which have been shown to inhibit
feeding [e.g., rainbow trout Oncorhynchus mykiss (49); goldfish
Carassius auratus (50)].

Conversely, stress can change the structure of the intestinal
mucosa and induce alterations in the intestinal mucus, thus
affecting absorption of nutrients as well as the gut immune
system (or gut-associated lymphoid tissue, GALT), leading to
infections by opportunistic pathogens (51). In fish, acute stress
such as netting, induces an increased sloughing off of mucus and
the removal of autochthonous bacteria which play a protective
role against potential pathogens (52). Overall, stress results in
modifications of gut microbiota and may alter immune response
and increase the risk of colonization/invasion by pathogens and
infection (2), which might decrease feeding rates, as seen in
other fish [e.g., goldfish (53); chinook salmon (Oncorhynchus
tshawytscha) (54, 55)]. However, different fish species may cope
with stress in alternative ways, so that the effects of stress on gut
microbiota may differ among species (52).

Reproduction/Development

Reproduction

Reproduction is closely related to energy homeostasis, as it is
energetically costly, and can only be successfully accomplished
when sufficient energy stores are available (56).

Studies have shown the gut microbiota may contribute to
the development of gonads and subsequent reproductive success
of the host. For example, when administered continuously
from birth to sexual maturation, Lactobacillus rhamnosus alters
the gut microbiota and accelerates larval development of
zebrafish by improving growth and sex differentiation (57, 58).
Adult female zebrafish treated with L. rhamnosus display an
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increase in the number of vitellogenic follicles and higher
gonadosomatic indexes (GSI), higher numbers of ovulated
eggs and higher expression levels of reproductive hormones
(kisspeptinss, GnRH3, leptin) compared to control fish, therefore
increasing the likelihood of reproductive success (58). Similarly,
in ornamental livebearer fish species (59) and goldfish (60),
supplementation of feed with probiotics increases GSI, fecundity
and fry production of spawning females and length and weight
of fry. Although the mechanisms mediating the actions of gut
microbiota in host reproduction are still under investigation, it
is likely that these mechanisms involve the regulation of feeding,
food absorption and energy homeostasis.

Development

The development of tissues and organs which make up an animal
is largely influenced by the presence and composition of the
microbiota, in particular the development of the digestive and
nervous systems (61), both crucial for appropriate ingestion and
absorption of food.

The relationship between the fish gut microbiota and
development of the host can be seen through clear patterns in the
composition of gut microbiota during fish development (62). In
grass carp (Ctenopharyngodon idella), bacterial communities vary
between the eggs and the larvae, Proteobacteria and Bacterioidetes
being dominant in the eggs and in the larvae, respectively, and
bacterial diversity increases as the fish develops from egg to
larvae (63). An increase in diversity has also been reported
from the larval to the adult stage, as seen in grass carp,
Chinese perch (Siniperca chuatsi) and southern catfish (Silurus
meridionalis), also suggesting that the gut microbiota variation
levels increase with fish development (62). In zebrafish, epithelial
cell proliferation in the developing gut is stimulated by the
presence of microbiota, providing direct evidence of the role of
the gut microbiota in GIT development (64). Furthermore, the
GIT of germfree zebrafish displays incomplete development and
impaired function, which can be reversed by the inoculation of
bacteria (14).

Evidence suggests that the microbiota is also involved
in the neurological development, and is required for
normal neurobehavioral development in the early life of
the zebrafish. Fish with microbiota disruptions following
antibiotic  administration ~ show  abnormal locomotive
activity (65), which might affect feeding behavior and
foraging. The mechanisms ruling this interaction are still
unknown.

Immune Responses

Pathogens might disrupt brain and intestinal functions and
hamper feeding and growth (66). It has been proposed that the
microbiota protects the host from colonization and proliferation
of environmental pathogens, a process known as “colonization
resistance” (67, 68). Although mechanisms behind this resistance
are not clear, it has been suggested that commensal bacterial
species compete with pathogens for niche space and produce
and secrete antimicrobial peptides (67). Any disruption of
the intestinal balance mucosa may thus lead to infections
and activation of the GALT (69). The associated commensal

microbiota of the mucosal immune system makes an important
contribution to the immunity and metabolism of host fish,
as the gut microbiota plays a major role in the development
and maturation of the GALT (70, 71). For example, in both
rainbow trout (70) and gilthead seabream (Sparus aurata)
(72), administration of beneficial microorganisms (probiotics)
enhances both the intestinal microbiota and the immune
response.

FACTORS AFFECTING FISH GUT
MICROBIOTA

Biotic (e.g., genotype, physiological status, pathobiology, life
style) 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 (73) (Figure 2).
This section will review these intrinsic and extrinsic factors and
provide specific examples in which the gut microbiota of various
fish has been altered as a result.

Intrinsic factors Extrinsic factors

Genetic background
Environement: temperature, light...
Gender/reproductive stage
Age Water quaity
Stress/disease/immune system Diet

Nutritional status/starvation

in function, b

Food intake

Reproduction/maturation
Digestion/absorption
Stress response
Growth Immune system

FIGURE 2 | Intrinsic (red box) and extrinsic factors (yellow box) can alter the
gut microbiota (green box) and its downstream effects on the fish host.
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Environmental Factors

Initially, fish embryos develop in a relative constant bacteria-
free environment (within the egg or the mother). Fish are thus
theoretically microbe-free at hatching, and gut microbes acquired
post-hatch originate from surrounding environments (74). After
hatching, fish are submitted to changing environmental factors
(e.g., water composition and quality, and temperature), which
can greatly influence the gut microbiota throughout their lifespan
(52).

For example, the composition of gut bacteria differs between
fish inhabiting freshwater and marine ecosystems (52). Generally
Aeromonas and Pseudomonas predominate freshwater fish,
whereas in marine fish, Vibrio is the most common genus (52).
In black molly (Poecilia sphenops), an increase in salinity induces
changes in dominant bacterial taxa in the microbiomes (75) and
in rainbow trout, an increase in temperature results in an increase
in microbial growth (76).

The gut microbiota of a species can also fluctuate over short
time scales such as within 1 day (77) and days, or longer time
periods (months or years) and this may be the result of seasonal
variations (78).

Seasonal changes, accompanied by changes in temperature
might induce alterations in food consumption due to variations
in nutrient loads in the water column (79). As a consequence, the
composition of the microbiota may be associated with particular
seasons. For example, the gut bacterial load of tilapia decreases
in winter compared to other seasons (79), and in the gut of
hybrid tilapia (Oreochromis niloticus x Oreochromis aureus),
Pseudomonas, Micrococcus, and Flavobacterium are only present
in the winter (79).

Rearing conditions have also been shown to influence the
composition of the gut microbiota. For example, in Atlantic
salmon, fish held in two different holding conditions (indoor
recirculating aquarium facility and cage culture in an open
freshwater “loch” environment) have different microorganism
compositions within their gut microbiota (80).

Pollutants and toxins present in the environment may
also influence the fish microbiota. For example, common
carp (Cyprinus carpio), exposed to waterborne copper (81)
and zebrafish exposed to polystyrene microparticles (82)
display disturbances of the intestinal microbiota related to
immunity, which increase their susceptibility to pathogens
and inflammation (microbiota dysbiosis). Other kinds of
environmental chemicals such as pesticides [e.g., (83)], heavy
metals [e.g., (84)] and antibiotics [e.g., (85)], can induce gut
microbiota dysbiosis associated with changes in the intestinal
mucus layer and inflammation in fish, thereby reducing the
ability of absorb nutrients.

Host-Specific Intrinsic Factors

The variations in microbiota composition among fish might be
due to several factors, including phylogeny, genetics and sex,
age/life stages, and diet/feeding habits (86).

Genetics/Sex
Genetic background influences the gut microbiota and intra- and
inter-specific variations in microbiota have been demonstrated.

Interspecies differences in the composition of gut microbiota
among individuals of the same species may be present.
For example, in rainbow trout, some bacterial groups are
associated with specific families, perhaps due to different
habitats or different diets (87). Inter-specific differences bacterial
community structure are also seen, even if species exposed to
the same environment [e.g., four freshwater larvae of silver carp,
grass carp, bighead carp, and blunt snout bream (88)].

The sex of the fish may influence the gut microbiota
through sex-specific host-microbe interactions, diet preferences
or immune responses (89). For example, differences in the
gut microbiota between sexes of the threespine stickleback
(Gasterosteus aculeatus) and Eurasian perch (Perca fluviatilis)
have been reported (89), but the gut microbiota of the
zebrafish is similar between sexes (61, 90). However, given
the small number of published reports and the wide
variation in studies, the underlying mechanisms are not yet
understood.

There are still questions on whether genetics or the
environment has greater influence on the gut microbiota. To
date, host genetics has been considered the most influential
in shaping the fish gut microbiota. Channel catfish (Ictalurus
punctatus) and blue catfish (I. furcatus) raised under constant
environmental and husbandry conditions have similar gut
microbiota compositions, suggesting that a shared environment
can overcome differences in host genetics (91).

Age/Sexual Maturity

Differences in the microbiota composition have been identified
between juvenile and sexually mature individuals (44, 52).
Zebrafish juveniles have higher bacterial richness in their gut
microbiotas than elderly adult fish (44, 62), suggesting an
increase response of gut microbiota to higher levels of circulating
sex hormone levels in adult compared to juvenile fish (44).
Furthermore, the GALT may interact differently with the gut
microbiota in juvenile and mature zebrafish as this system
is not fully developed in the juveniles (44). Similarly, in
southern catfish, gut microbial diversity increases as the host
ages (92).

Changes in the gut microbiota have also been shown
during the early life development stages of fish. In
Atlantic  salmon  (Salmo salar), intestinal microbiota
compositions vary between embryonic stages, with embryonic
communities having lower richness and diversity compared
to those of hatchlings (93). In Malaysian Mahseer (Tor
tambroides), larval, juvenile, and adult stages have higher
gut microbiota diversity than fingerling and yearling
stages (94).

It is possible that modifications in diet contribute to the
differences between juvenile and mature fish gut microbiota. Fish
of different ages and sexual stages might have different nutrient
requirements and might adjust their diets and feeding rates to
obtain adequate energy intake [e.g., in Gibel carp, juvenile fish
require more proteins than pre-adults (95)]. As the diet and gut
microbiota composition change with age, is likely that the nature
of the contribution of the gut microbiota to host homeostasis
also changes. However, further research is needed to explain this
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potential relationship between fish age, fish gut microbiota and
host energy homeostasis.

Feeding Habits/Diet

Feeding habits can greatly influence the structure and
composition of the gut microbiota (52). Gut bacterial diversity
is generally lower in carnivores, and progressively increases in
omnivores and herbivores (71). For example, the most abundant
bacteria in herbivorous fish include Clostridium, Citrobacter, and
Leptotrichia, Cetobacterium and Halomonas, in omnivorous fish,
and Clostridium, Cetobacterium, and Halomonas in carnivorous
species (96-98). This trend has been found in both marine
and freshwater fish, suggesting that the trophic level is likely
one of the most influential factor affecting the gut microbiota
composition (86).

The gut microbiota can also vary within species of the
same trophic level. For example, the gut microbiota of four
herbivorous Asian carp species (silver carp, Hypophthalmichthys
molitrix; bighead carp, Hypophthalmichthys nobilis; grass carp,
Ctenopharyngodon idella; and common carp, Cyprinus carpio)
reared in the same environmental conditions exhibits inter-
specific differences, in particular with regards to the relative
abundance of the cellulose degrading phyla Firmicutes, most
probably due to species-specific diets (99).

A limited number of studies show that modifying the diet of
the fish can result in alterations of the gut microbiota, but this
is not always the case. Diets containing guar gum, (non-starch
polysaccharide) fed to the omnivorous mullet, Mugil liza (100)
or soy proteins to the carnivorous rainbow trout (101) induce
alterations in the bacterial quantity and composition in the
GIT. In zebrafish, administration of dietary nucleotides results
in modifications of the microbiota and reduction in fatty acid
oxidation in muscle and liver as well as lower inflammatory tone
(102). However, in channel catfish, different diets with different
protein sources including animal and plant meals only have
minimal effects on gut microbiota (103).

Extreme dietary changes, such as fasting also shape the fish
gut microbiota. During times of fasting, morphological changes
in the GIT occur due to the reduced nutrient uptake, which
may account for changes observed in the gut microbiota (101).
Furthermore, a depletion of nutrients induces changes in gut
microbiota composition to favor bacterial species/communities
that use more diverse energy sources and are capable of survival
under limited nutrient conditions (52). Microbiota gut diversity
and richness are usually higher under feeding conditions than
under fasting conditions as seen in zebrafish (58) and in leopard
coral grouper (Plectropomus leopardus) (104). In grouper, the
dominant phyla are Proteobacteria in fasting and Firmicutes in
fed conditions (104) and in the Asian seabass, Lates calcarifer,
fasting induces a significant enrichment of Bacteroidetes and a
depletion of Betaproteobacteria (105).

The act of feeding itself can also influence the microbiota. In
rainbow trout, a short time after feeding (3 h) is not sufficient to
cause any significant changes in the bacterial composition, but
can cause changes in species richness and relative abundance
(106). Similarly, in Southern catfish, although the diversity
remains the same, the relative abundance of bacterial phyla differs

at 3, 12, and 24 h after feeding, suggesting that short-term food
digestion may alter community structure, but has less effect on
the microbial composition (92).

GUT MICROBIOTA MANIPULATION AND
APPLICATIONS

The role of the fish gut microbiota in host physiology has become
increasingly evident with growing research in this field. Several
experimental methods have been used to assess the role of the
fish gut microbiota via the manipulation of these communities,
including gnotobiotic, antibiotic, probiotic and prebiotic, and
symbiotic studies (Table 1).

Gnotobiotic Fish

Gnotobiotic animals (or gnotobiotes) are animals with a known
microbiota composition. These include germ-free (or axenic)
animals and axenic animals that have been inoculated with
known microorganisms. Studies involving gnotobiotic fish allow
the control over many variables that affect the development
of the microbiota and analysis of host responses to specific
gut microorganisms (14, 52). The disadvantages of this type of
study is the complex procedures involved in the production and
maintenance of gnotobiotes (52).

Antibiotics

Antibiotics (or anti-bacterials) can be considered environmental
factors affecting the gut microbiota. In the aquatic environment,
they may be found naturally or as pollutants discharged
as metabolites [such as sulfamethoxazole (SMX) and
oxytetracycline (OTC)] through feces or urine of treated
humans or animals (107). Mosquitofish (Gambusia affinis)
exposed to antibiotics display lower community diversity and
taxonomic composition from both skin and gut microbiomes,
compared to untreated fish (108) and in zebrafish, exposure to
OTC results in a disruption of the intestinal microbiota (107).
Antibiotics can be used to manipulate the microbiota, as they
kill or inhibit the growth of specific bacteria. The administration
of antibiotics does not completely eliminate gut microbiota
communities but can cause significant changes in the microbial
composition.

The use of antibiotics in aquaculture for disease prevention
and treatment is common. However, antibiotics may disrupt
the microbial communities and increase disease susceptibility
(56, 118). Furthermore, antibiotics can bioaccumulate in animal
tissues (56) and lead the development of drug-resistant bacteria,
which can be passed along the food chain (119, 120). Due to
the growing awareness of the disadvantages of antibiotics, strict
regulations have been established in the aquaculture industry
and alternative methods are being developed and tested (121).
Treatment of fish with beneficial microorganisms (probiotics) is
a promising solution to antibiotics, as these probiotics inhibit the
colonization of potential pathogens by producing antibacterial
peptides and competing for nutrients with detrimental bacteria
(122). Probiotics may thus reverse the negative effects of
antibiotics and improve fish health. For example, in black molly
Poecilia sphenops, successful colonization of two probiotic species
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TABLE 1 | Fish gut microbiota via the manipulation techniques used in research (see references in text).

Microbiota Objective Potential use Advantages Disadvantages Examples of host  Representative
manipulation species examined references
Gnotobiotic Establish a germfree Examine the effects of an ~ Control over multiple Complex procedures Zebrafish (52)
(gut microbiota absent)  absence of microbiota variables and analysis of required to produce and (14)
host or a known (germ free) on the host host responses to specific  maintain gnotobiotes
microbiota composition  physiology or the effects changes in microbiota
(predefined microbiota)  of specific gut
microorganisms and/or a
predefine microbiota on
the host
Antibiotic Inhibit or eliminate Bacterial disease Bacterial disease Potential to disrupt Zebrafish, Mosquito  (107)
targeted gut microbiota  prevention/treatment prevention/treatment microbial communities fish Black molly (108)
bacteria and or and increase disease (109)
bacterial pathogens susceptibility, and
bioaccumulation
Probiotic Establish beneficial gut  Use in aquaculture, Enhancement of immune ~ No known disadvantages. Zebrafish Rainbow (110)
microbiota bacteria improve fish health function of the host, Probiotics are considered  trout Malaysia (111)
(digestion/growth), health  resistance to pathogens, safe overall. masheer (112)
management, disease and overall health
prevention
Prebiotic Stimulate growth of Use in aquaculture, Enhancement of immune ~ No known disadvantages.  Rainbow trout Nile (113)
probiotic bacteria improve fish health function of the host, Prebiotics are considered tilapia Common (114)
(digestion/growth), health  resistance to pathogens, safe overall. carp fry (115) (116)
management disease and overall health
prevention
Symbiotic Establish prebiotic and  Use in aquaculture, Improvement of immune No known disadvantages. Nile tilapia (117)

probiotic bacteria

improve fish health
(digestion/growth/
immune system), health
management, disease

response (better than
probiotics alone) and
increase in growth and
feed utilization in host.

Symbiotics are considered
safe overall.

prevention

(Phaeobacter inhibens and Bacillus pumilus) reverses the negative
impacts of antibiotics, and decreases mortality rates (109).

Pro-, Pre- and Symbiotics

Probiotics are live or dead component of a microbial cells
which confer a health benefit to the host through promoting
beneficial intestinal bacterial species, whereas prebiotics are non-
digestible food ingredients that selectively stimulate the growth
of probiotics (73). The supplementation of probiotics and/or
prebiotics into the diet of fish is believed to result in beneficial
alterations of the gut microbiota and subsequent changes in
metabolism and energy expenditure that are beneficial for the
host (119, 123, 124). The administration of these supplements
also enhance immune function of the host and increase its
resistance to pathogens, enhancing general health and indirectly
favoring feeding and growth (125). These effects highlight the
potential for probiotics/prebiotics to enhance fish health by
manipulating the fish gut microbiota.

Commonly used probiotics in aquaculture include members
of the Lactobacillus, Lactococcus, Leuconostoc, Enterococcus,
Carnobacterium, Shewanella, Bacillus, Aeromonas, Vibrio,
Enterobacter, Pseudomonas, Clostridium, and Saccharomyces
genera (56). Multispecies probiotics may be more effective
than single-strain probiotics as different strains present in
multispecies probiotics increase the chance of survival in the

gut [as seen in rainbow trout (111)]. Probiotics increase the
number of beneficial gut bacteria. For example, feeding fish with
probiotics results in a higher abundance of core gut bacteria in
zebrafish (110), and an increase in bacterial diversity in rainbow
trout (111) and Malaysian mahseer (112).

Although exceptions exist, probiotics generally promote
feed efficiency and growth in fish [e.g., tambaqui Colossoma
macropomus (126), Japanese flounder (43), tilapia (123), carp
(127), red seabream Pagrus major (128), trout (111)], likely by
increasing nutrient absorption and perhaps feeding. An increase
in absorption results from changes in intestinal morphology, with
higher absorptive surface areas and higher microvilli densities in
the intestine [e.g., tilapia (129), zebrafish (38), Malaysian mahseer
(130)]. The effects on growth might be mediated by changes in
the expression of growth-related genes. For example, following
probiotics treatment, growth hormone (GH) expression levels
increase in pituitary of Malaysian mahseer (112) and in liver of
yellow perch (Perca flavescens) (131), and insulin-growth factor
(IGF-1) expression (112) is upregulated in the liver of Malaysian
mahseer (112) and yellow perch (131) and in body of European
seabass (132).

Overall, the effects of probiotics on feeding have been
little examined to date and remain unclear. In tambaqui
(133), fish fed probiotics (Bacillus subtilis) and control
diets have similar feeding ratios, and probiotics induce a
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reduction in appetite in zebrafish [Lactobacillus rhamnosus
(38)] and an increase in food consumption in pacu [B.
subtilis (134)]. The discrepancies in results are likely due
to variations in the nature and doses of probiotics used.
These alterations in feeding might be partially due to the
modulation of the expression of genes related to appetite. In
larval zebrafish, administration of the probiotic Lactobacillus
rhamnosus induces a decrease in brain NPY expression and
an increase in adipose tissue leptin expression (38), and in
goldfish, ghrelin intestinal expression is down-regulated in
Lactobacillus aidophilus fed fish compared those of fed control
diets (135).

In comparison to probiotics, prebiotics have received less
attention with regards to their potential for aquaculture.
However, overall, studies show that prebiotics have beneficial
effects on growth performance, digestive enzyme activity, as
well as disease and stress resistance of the host (136). Common
prebiotics used in fish include inulin, fructooligosaccharides
(FOS), short-chain fructooligosaccharides (scFOS), and
mannanoligosaccharides (MOS) (137). Prebiotics have been
shown to increase growth performance and feed utilization
in some fish [e.g., rainbow trout, (113, 114), pacu Piaractus
mesopotamicus (138), Nile tilapia (115), Caspian roach (Rutilus
rutilus) (139)], but this is not always the case. For example,
growth performance is not affected in common carp fry
(Cyprinus carpio) fed inulin (116) or in pacu fed p-glucan (134).
The increase in growth seen in some studies might be in part
due to modifications in the intestinal structure (i.e., increases
in intestinal villi height and digestive enzyme activities), as seen
following probiotics administration. An improved immune
system function [e.g., rainbow trout (114), Caspian roach (139)]
and improved stress response [zebrafish (48)] most probably
also largely contribute to a better growth performance of
the fish.

Prebiotics and probiotics may also be administered in
combinations, known as synbiotics (140, 141). Studies show
that synbiotics improve the survival and implantation and
metabolism of probiotic health-promoting bacteria in the
GIT (142). Synbiotics have been shown to increase growth
performance and feed utilization in the host, which may be a
result of providing the host with energy and nutrients, and/or
enhanced digestion processes (143). For example, following the
supplementation of a probiotic (Bacillus licheniformis) and a
prebiotic (yeast extract), growth performance is increased in
Nile tilapia (Oreochromis niloticus), and this is accompanied
by an increase in feed intake and feed utilization (118). The
combination of probiotics and prebiotics in the diet also results
in better immune responses than probiotics alone [e.g., rainbow
trout (117)].

CONCLUSIONS

Several studies strongly suggest that the fish gut microbiota
influences the overall health of the host fish with regards to
overall physiology, digestion, stress response, reproduction, and
the immune system.

Relatively few studies on the effects of the microbiota on
energy homeostasis have been conducted to date and large
variations exist between results, making them difficult to
compare.

First, given the possible influence of genetics and the
environment, and the low number of species examined, many
more species need to be examined before conclusions can be
made. Second, a variety of methods has been used for studying
the fish gut microbiota, and the results obtained may vary
depending on the experimental methods used, highlighting
the need to develop appropriate standardized methods to
describe fish microbiota (52). Studying the influence the gut
microbiota may have on fish energy balance is challenging, as
several different mechanisms of action are responsible, involving
both local and endocrine pathways, different physiological
systems (e.g., stress, immunity...) and molecules (hormones,
metabolites...), and that all these systems interact (e.g.,
gut-microbiota-brain axis communication). Furthermore, each
microorganism within the microbiota might have different
actions. In addition, compared to terrestrial animals, fish are
more exposed to constant environmental changes that could
affect the microbiota.

Manipulating the gut microbiota of fish has great potential
for aquaculture use to improve growth. However promising, the
future of probiotics/prebiotics faces several challenges, including
appropriate modes of treatment (oral, or in the water) and
doses, the characterization of mechanisms of action of individual
probiotic organisms, and quality control and regulation (144,
145). The fish model can also be useful to understand the
gut microbiota in other vertebrate species such as humans.
Zebrafish (58) and threespine stickleback (14) have been widely
used as they are small fish that can be easily maintained
in laboratory conditions, and have rapid development and
generation times. In addition, their genomes are readily available
and display structural and functional genetic similarities to
humans.

Therefore, although progress has been done, much remains
to be resolved using fish models for gut microbiota. Nonetheless,
the research conducted to date has offered great insights into
the mechanisms by which these communities are able to
regulate the fish host, and provided insights into improving
aquaculture practices, and better understanding the host
microbe relationships among other vertebrates including
humans, and the development of potential pathological
treatments.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by a Natural Sciences and
Engineering Research Council (NSERC) Discovery (DG,
grant number 261414) to HV.

Frontiers in Endocrinology | www.frontiersin.org

January 2019 | Volume 10 | Article 9


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Butt and Volkoff

Fish Microbiota and Energy Homeostasis

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Sandrini

. Feng Q,

. Cryan JE O’Mahony SM. The microbiome-gut-brain axis:

. Burokas A, Moloney RD, Dinan TG, Cryan JF. Chapter One-microbiota

regulation of the mammalian gut-brain axis. In: Advances in Applied
Microbiology. Cambridge, MA: Academic Press (2015). p. 1-62.
doi: 10.1016/bs.aambs.2015.02.001

S, Aldriwesh M, Alruways M, Freestone P. Microbial
endocrinology: host-bacteria communication within the gut microbiome. J
Endocrinol. (2015) 225:R21-34. doi: 10.1530/JOE-14-0615

Chen W-D, Wang Y-D. Gut microbiota: an integral
moderator in health and disease. Front Microbiol. (2018) 9:151.

doi: 10.3389/fmicb.2018.00151

. Rosenbaum M, Knight R, Leibel RL. The gut microbiota in human energy

homeostasis and obesity. Trends Endocrinol Metab. (2015) 26:493-501.
doi: 10.1016/j.tem.2015.07.002

. Tarnecki AM, Burgos FA, Ray CL, Arias CR. Fish intestinal microbiome:

diversity and symbiosis unravelled by metagenomics. J Appl Microbiol.
(2017) 123:2-17. doi: 10.1111/jam.13415

. Gongalves AT, Gallardo-Escarate C. Microbiome dynamic modulation

through functional diets based on pre- and probiotics (mannan-
oligosaccharides and Saccharomyces cerevisiae) in juvenile rainbow
trout (Oncorhynchus mykiss). ] Appl Microbiol. (2017) 122:1333-47.
doi: 10.1111/jam.13437

. Johnson KVA, Foster KR. Why does the microbiome affect behaviour? Nat.

Rev. Microbiol. (2018) 16:1. doi: 10.1038/s41579-018-0014-3

. Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin

Investig. (2015) 125:926-38. doi: 10.1172/JCI76304

from
bowel to behavior. Neurogastroenterol Motility (2011) 23:187-92.
doi: 10.1111/j.1365-2982.2010.01664.x

Sherwin E, Rea K, Dinan TG, Cryan JF. A gut (microbiome)
feeling about the brain. Curr Opin Gastroenterol. (2016) 32:96-102.
doi: 10.1097/MOG.0000000000000244

Vigneri S. The brain-gut axis: from pathophysiology to possible
future strategies of treatment. Brain Disord Ther. (2014) 3:137.
doi: 10.4172/2168-975X.1000137

Bienenstock J, Kunze W, Forsythe P. Microbiota and the gut-brain axis. Nutr
Rev. (2015) 73(Suppl. 1):28-31. doi: 10.1093/nutrit/nuv019

Eichmiller JJ, Hamilton M]J, Staley C, Sadowsky M]J, Sorensen PW.
Environment shapes the fecal microbiome of invasive carp species.
Microbiome (2016) 4:44. doi: 10.1186/s40168-016-0190-1

Lescak EA, Milligan-Myhre KC. Teleosts as model organisms to
understand host-microbe interactions. | Bacteriol. (2017) 199:e00868-16.
doi: 10.1128/JB.00868-16

Leulier F MacNeil LT, Lee W-J, Rawls JE Cani PD, Schwarzer M,
et al. Integrative physiology: at the crossroads of nutrition, microbiota,
animal physiology, and human health. Cell Metab. (2017) 25:522-34.
doi: 10.1016/j.cmet.2017.02.001

Bliss ES, Whiteside E. The gut-brain axis, the human gut microbiota and
their integration in the development of obesity. Front Physiol. (2018) 9:900.
doi: 10.3389/fphys.2018.00900

Duca FA, Swartz TD, Sakar Y, Covasa M. Increased oral detection, but
decreased intestinal signaling for fats in mice lacking gut microbiota. PLoS
ONE (2012) 7:e39748. doi: 10.1371/journal.pone.0039748

Fetissov SO. Role of the gut microbiota in host appetite control: bacterial
growth to animal feeding behaviour. Nat Rev Endocrinol. (2017) 13:11-25.
doi: 10.1038/nrendo.2016.150

Read MN, Holmes AJ. Towards an integrative understanding of diet-
host-gut microbiome interactions. (2017) 8:538.
doi: 10.3389/fimmu.2017.00538

Zhang LS, Davies SS. Microbial metabolism of dietary components to
bioactive metabolites: opportunities for new therapeutic interventions.
Genome Med. (2016) 8:46. doi: 10.1186/s13073-016-0296-x

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous
bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell
(2015) 161:264-76. doi: 10.1016/j.cell.2015.02.047

Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, Yoshihara K, et al.
Critical role of gut microbiota in the production of biologically active, free

Front Immunol.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

catecholamines in the gut lumen of mice. Am | Physiol Gastrointest Liver
Physiol. (2012) 303:G1288-95. doi: 10.1152/ajpgi.00341.2012

Strandwitz P. Neurotransmitter modulation by the gut microbiota. Brain Res.
(2018) 1693:128-33. doi: 10.1016/j.brainres.2018.03.015

Yang NJ, Chiu IM. Bacterial signaling to the nervous system
through toxins and metabolites. J Mol Biol. (2017) 429:587-605.
doi: 10.1016/j.jmb.2016.12.023

Mittal R, Debs LH, Patel AP, Nguyen D, Patel K, O’Connor G, et al.
Neurotransmitters: the critical modulators regulating gut-brain axis. J Cell
Physiol. (2017) 232:2359-72. doi: 10.1002/jcp.25518

Venkatesh M, Mukherjee S, Wang H, Li H, Sun K, Benechet AP, et al.
Symbiotic bacterial metabolites regulate gastrointestinal barrier function
via the xenobiotic sensor PXR and Toll-like receptor 4. Immunity (2014)
41:296-310. doi: 10.1016/j.immuni.2014.06.014

Fredrik Backhed HD, Ting W, Lora V, Hooper GY, Oh K, Andras N, et al. The
gut microbiota as an environmental factor that regulates fat storage. Proc Natl
Acad Sci USA (2004) 101:15718-23. doi: 10.1073/pnas.0407076101
Franchini P, Fruciano C, Frickey T, Jones JC, Meyer A. The gut microbial
community of Midas cichlid fish in repeatedly evolved limnetic-benthic
species pairs. PLoS ONE (2014) 9:¢95027. doi: 10.1371/journal.pone.00
95027

Agusti A, Garcia-Pardo MP, Lopez-Almela I, Campillo I, Maes M, Romani-
Pérez M, et al. Interplay between the gut-brain axis, obesity and cognitive
function. Front Neurosci. (2018) 12:155. doi: 10.3389/fnins.2018.00155
Borre YE, Moloney RD, Clarke G, Dinan TG, Cryan JF. The impact of
microbiota on brain and behavior: mechanisms & therapeutic potential.
In: Microbial Endocrinology: The Microbiota-Gut-Brain Axis in Health and
Disease (New York, NY: Springer) (2014). p. 373-403.

Cani PD, Knauf C. How gut microbes talk to organs: the role
of endocrine and nervous routes. Mol Metabol. (2016) 5:743-52.
doi: 10.1016/j.molmet.2016.05.011

Gwen Tolhurst HH, Yu SL, Helen E, Parker A, Habib M, Eleftheria D,
et al. Short-chain fatty acids stimulate glucagon-like peptide-1 secretion
via the G-protein-coupled receptor FFAR2. Diabetes (2012) 61:364-71.
doi: 10.2337/db11-1019

Breton J, Tennoune N, Lucas N, Francois M, Legrand R, Jacquemot
J, et al. Gut commensal E. coli proteins activate host satiety pathways
following nutrient-induced bacterial growth. Cell Metabol. (2016) 23:324-34.
doi: 10.1016/j.cmet.2015.10.017

Wostmann BS, Larkin C, Moriarty A, Bruckner-Kardoss E. Dietary intake,
energy metabolism, and excretory losses of adult male germfree Wistar rats.
Lab Anim Sci. (1983) 33:46-50.

Cussotto S, Sandhu KV, Dinan TG, Cryan JF. The neuroendocrinology of the
microbiota-gut-brain axis: a behavioural perspective. Front Neuroendocrinol.
(2018) 51:80-101. doi: 10.1016/j.yfrne.2018.04.002

Kim JS, de La Serre CB. Diet, gut microbiota
and  feeding  behavior.  Physiol  Behav.  (2018)
doi: 10.1016/j.physbeh.2018.03.026

Falcinelli S, Rodiles A, Hatef A, Picchietti S, Cossignani L, Merrifield DL,
et al. Influence of probiotics administration on gut microbiota core: a
review on the effects on appetite control, glucose, and lipid metabolism.
J Clin Gastroenterol. (2018) 52:S50-6. doi: 10.1097/MCG.00000000000
01064

Falcinelli S, Rodiles A, Unniappan S, Picchietti S, Gioacchini G, Merrifield
DL, et al. Probiotic treatment reduces appetite and glucose level in the
zebrafish model. Sci Rep. (2016) 6:18061. doi: 10.1038/srep18061

Hoseinifar SH, Soleimani N, Ringe E. Effects of dietary fructo-
oligosaccharide supplementation on the growth performance, haemato-
immunological parameters, gut microbiota and stress resistance of
common carp (Cyprinus carpio) fry. Br J Nutr. (2014) 112:1296-302.
doi: 10.1017/S0007114514002037

NiJ, Yan Q, Yu'Y, Zhang T. Factors influencing the grass carp gut microbiome
and its effect on metabolism. FEMS Microbiol Ecol. (2013) 87:704-14.
doi: 10.1111/1574-6941.12256

Semova I, Carten JD, Stombaugh J, Mackey LC, Knight R, Farber
SA, et al. Microbiota regulate intestinal absorption and metabolism
of fatty acids in the zebrafish. Cell Host Microbe (2012) 12:277-88.
doi: 10.1016/j.chom.2012.08.003

composition
192:177-81.

Frontiers in Endocrinology | www.frontiersin.org

January 2019 | Volume 10 | Article 9


https://doi.org/10.1016/bs.aambs.2015.02.001
https://doi.org/10.1530/JOE-14-0615
https://doi.org/10.3389/fmicb.2018.00151
https://doi.org/10.1016/j.tem.2015.07.002
https://doi.org/10.1111/jam.13415
https://doi.org/10.1111/jam.13437
https://doi.org/10.1038/s41579-018-0014-3
https://doi.org/10.1172/JCI76304
https://doi.org/10.1111/j.1365-2982.2010.01664.x
https://doi.org/10.1097/MOG.0000000000000244
https://doi.org/10.4172/2168-975X.1000137
https://doi.org/10.1093/nutrit/nuv019
https://doi.org/10.1186/s40168-016-0190-1
https://doi.org/10.1128/JB.00868-16
https://doi.org/10.1016/j.cmet.2017.02.001
https://doi.org/10.3389/fphys.2018.00900
https://doi.org/10.1371/journal.pone.0039748
https://doi.org/10.1038/nrendo.2016.150
https://doi.org/10.3389/fimmu.2017.00538
https://doi.org/10.1186/s13073-016-0296-x
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1152/ajpgi.00341.2012
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1016/j.jmb.2016.12.023
https://doi.org/10.1002/jcp.25518
https://doi.org/10.1016/j.immuni.2014.06.014
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1371/journal.pone.0095027
https://doi.org/10.3389/fnins.2018.00155
https://doi.org/10.1016/j.molmet.2016.05.011
https://doi.org/10.2337/db11-1019
https://doi.org/10.1016/j.cmet.2015.10.017
https://doi.org/10.1016/j.yfrne.2018.04.002
https://doi.org/10.1016/j.physbeh.2018.03.026
https://doi.org/10.1097/MCG.0000000000001064
https://doi.org/10.1038/srep18061
https://doi.org/10.1017/S0007114514002037
https://doi.org/10.1111/1574-6941.12256
https://doi.org/10.1016/j.chom.2012.08.003
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Butt and Volkoff

Fish Microbiota and Energy Homeostasis

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sheng Y, Ren H, Limbu SM, Sun Y, Qiao F, Zhai W, et al. The presence
or absence of intestinal microbiota affects lipid deposition and related
genes expression in zebrafish (Danio rerio). Front Microbiol. (2018) 9:1124.
doi: 10.3389/fmicb.2018.01124

Ye JD, Wang K, Li FD, Sun YZ. Single or combined effects of
fructo- and mannan oligosaccharide supplements and Bacillus clausii
on the growth, feed utilization, body composition, digestive enzyme
activity, innate immune response and lipid metabolism of the Japanese
flounder Paralichthys olivaceus. Aquaculture Nutr. (2011) 17:€902-11.
doi: 10.1111/j.1365-2095.2011.00863.x

Cantas L, Sorby JR, Alestrom P, Sorum H. Culturable gut microbiota
diversity in zebrafish. Zebrafish (2012) 9:26-37. doi: 10.1089/z¢b.2011.0712
Sudo N. Microbiome, HPA axis and production of endocrine hormones
in the gut. In: Microbial Endocrinology: The Microbiota-Gut-Brain Axis in
Health and Disease. New York, NY: Springer (2014). p. 177-94.
Garcia-Reyero N. The clandestine organs of the endocrine system. Gen Comp
Endocrinol. (2018) 257:264-71. doi: 10.1016/j.ygcen.2017.08.017

Davis DJ, Bryda EC, Gillespie CH, Ericsson AC. Microbial modulation of
behavior and stress responses in zebrafish larvae. Behav Brain Res. (2016)
311:219-27. doi: 10.1016/j.bbr.2016.05.040

Forsatkar MN, Nematollahi MA, Rafiee G, Farahmand H, Lawrence C.
Effects of the prebiotic mannan-oligosaccharide on the stress response
of feed deprived zebrafish (Danio rerio). Physiol Behav. (2017) 180:70-7.
doi: 10.1016/j.physbeh.2017.08.010

Ortega VA, Lovejoy DA, Bernier NJ. Appetite-suppressing effects and
interactions of centrally administered corticotropin-releasing factor,
urotensin I and serotonin in rainbow trout (Oncorhynchus mykiss). Front
Neurosci. (2013) 7:196. doi: 10.3389/fnins.2013.00196

de Pedro N, Alonso-Gémez AL, Gancedo B, Valenciano Al, Delgado M]J,
Alonso-Bedate M. Effect of a-helical-CRF [9-41] on feeding in goldfish:
involvement of cortisol and catecholamines. Behav Neurosci. (1997) 111:398—
403. doi: 10.1037/0735-7044.111.2.398

Sekirov I, Finlay BB. The role of the intestinal microbiota in enteric infection.
J Physiol. (2009) 587:4159-67. doi: 10.1113/jphysiol.2009.172742

Vatsos IN. Standardizing the microbiota of fish used in research. Lab Anim.
(2016) 51:353-64. doi: 10.1177/0023677216678825

Volkoff H, Peter RE. Effects of lipopolysaccharide treatment on feeding of
goldfish: role of appetite-regulating peptides. Brain Res. (2004) 998:139-47.
doi: 10.1016/j.brainres.2003.11.011

Bernier NJ. Food intake regulation and disorders. Fish Dis Disord. (2010)
2:238-66. doi: 10.1079/9781845935535.0238

Pirhonen J, Schreck CB, Gannam A. Appetite of chinook salmon
(Oncorhynchus tshawytscha) naturally infected with bacterial kidney disease.
Aquaculture (2000) 189:1-10. doi: 10.1016/50044-8486(00)00368-9
Carnevali O, Maradonna E Gioacchini G. Integrated control of fish
metabolism, wellbeing and reproduction: the role of probiotic. Aquaculture
(2017) 472:144-55. doi: 10.1016/j.aquaculture.2016.03.037

Avella MA, Place A, Du §J, Williams E, Silvi S, Zohar Y, et al
Lactobacillus rhamnosus accelerates zebrafish backbone calcification and
gonadal differentiation through effects on the GnRH and IGF systems. PLoS
ONE (2012) 7:e45572. doi: 10.1371/journal.pone.0045572

Carnevali O, Avella MA, Gioacchini G. Effects of probiotic administration
on zebrafish development and reproduction. Gen Comp Endocrinol. (2013)
188:297-302. doi: 10.1016/j.ygcen.2013.02.022

Ghosh S, Sinha A, Sahu C. Effect of probiotic on reproductive performance
in female livebearing ornamental fish. Aquac Res. (2007) 38:518-26.
doi: 10.1111/j.1365-2109.2007.01696.x

Mehdinejad N, Imanpour MR, Jafari V. Combined or individual effects of
dietary probiotic, Pediococcus acidilactici and nucleotide on reproductive
performance in goldfish (Carassius auratus). Probiotics Antimicrob Proteins
(2018) 10:1-6. doi: 10.1007/s12602-017-9377-4

Stephens WZ, Burns AR, Stagaman K, Wong S, Rawls JE, Guillemin K,
et al. The composition of the zebrafish intestinal microbial community varies
across development. ISME J. (2016) 10:644-54. doi: 10.1038/isme;j.2015.140
Yan Q, Li ], Yu Y, Wang J, He Z, Van Nostrand JD, et al. Environmental
filtering decreases with fish development for the assembly of gut microbiota.
Environ Microbiol. (2016) 18:4739-54. doi: 10.1111/1462-2920.13365

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

75.

76.

77.

78.

79.

80.

81.

82.

Wang W, Wu S, Zheng Y, Cheng Y, Li W, Zou H, et al. Characterization
of the bacterial community associated with early-developmental stages
of grass carp (Ctenopharyngodon idella). Aquac Res. (2015) 46:2728-35.
doi: 10.1111/are.12428

. Cheesman SE, Neal JT, Mittge E, Seredick BM, Guillemin K. Epithelial cell

proliferation in the developing zebrafish intestine is regulated by the Wnt
pathway and microbial signaling via Myd88. Proc Natl Acad Sci USA. (2011)
108(Suppl 1):4570-7. doi: 10.1073/pnas.1000072107

Phelps D, Brinkman NE, Keely SP, Anneken EM, Catron TR,
Betancourt D, et al. Microbial colonization is required for normal
neurobehavioral development in zebrafish. Sci Rep. (2017) 7:11244.
doi: 10.1038/541598-017-10517-5

Ribet D, Cossart P. How bacterial pathogens colonize their hosts
and invade deeper tissues. Microbes Infect. (2015) 17:173-83.
doi: 10.1016/j.micinf.2015.01.004

Kim S, Covington A, Pamer EG. The intestinal microbiota: antibiotics,
colonization resistance, and enteric pathogens. Immunol Rev. (2017) 279:90-
105. doi: 10.1111/imr.12563

Lawley TD, Walker AW. Intestinal colonization resistance. Immunology
(2013) 138:1-11. doi: 10.1111/j.1365-2567.2012.03616.x

Lazado CC, Caipang CM. Mucosal immunity and probiotics in fish. Fish
Shellfish Immunol. (2014) 39:78-89. doi: 10.1016/j.f51.2014.04.015

Adel M, Lazado CC, Safari R, Yeganeh S, Zorriehzahra MJ. Aqualase®,
a yeast-based in-feed probiotic, modulates intestinal microbiota, immunity
and growth of rainbow trout Oncorhynchus mykiss. Aquac Res. (2017)
48:1815-26. doi: 10.1111/are.13019

Wang AR, Ran C, Ringg E, Zhou ZG. Progress in fish gastrointestinal
microbiota research. Rev Aquacult. (2018) 10:626-40. doi: 10.1111/raq.12191
Tapia-Paniagua ST, Reyes-Becerril M, Ascencio-Valle F, Esteban MA, Clavijo
E, Balebona MA, et al. Modulation of the intestinal microbiota and
immune system of farmed Sparus aurata by the administration of the yeast
Debaryomyces hansenii L2 in conjunction with inulin. ] Aquac Res Develop.
(2011) S1:012. doi:10.4172/2155-9546.51-012

Ghanbari M, Kneifel W, Domig KJ. A new view of the fish gut microbiome:
advances from next-generation sequencing. Aquaculture (2015) 448:464-75.
doi: 10.1016/j.aquaculture.2015.06.033

. LiX, Zhou L, Yu Y, NiJ, Xu W, Yan Q. Composition of gut microbiota in the

gibel carp (Carassius auratus gibelio) varies with host development. Microb
Ecol. (2017) 74:239-49. doi: 10.1007/500248-016-0924-4

Schmidt VT, Smith KF, Melvin DW, Amaral-Zettler LA. Community
assembly of a euryhaline fish microbiome during salinity acclimation. Mol
Ecol. (2015) 24:2537-50. doi: 10.1111/mec.13177

Huyben D, Sun L, Moccia R, Kiessling A, Dicksved J, Lundh T. Dietary
live yeast and increased water temperature influence the gut microbiota of
rainbow trout. ] Appl Microbiol. (2018) 124:1377-92. doi: 10.1111/jam.13738
Sugita H, Fukumoto M, Tsunohara M, Deguchi Y. The fluctuation of the fecal
flora of goldfish Carassius auratus. Bull Jpn Soc Sci Fish. (1987) 53:1443-47.
doi: 10.2331/suisan.53.1443

Zhang Z, Li D, Refaey MM, Xu W. High spatial and temporal variations
of microbial community along the southern catfish gastrointestinal tract:
insights into dynamic food digestion. Front Microbiol. (2017) 8:1531.
doi: 10.3389/fmicb.2017.01531

Al-Harbi AH, Naim Uddin M. Seasonal variation in the intestinal bacterial
flora of hybrid tilapia (Oreochromis niloticus x Oreochromis aureus)
cultured in earthen ponds in Saudi Arabia. Aquaculture (2004) 229:37-44.
doi: 10.1016/S0044-8486(03)00388-0

Dehler CE, Secombes CJ, Martin SAM. Environmental and physiological
factors shape the gut microbiota of Atlantic salmon parr (Salmo
salar L.). Aquaculture (2017) 467:149-57. doi: 10.1016/j.aquaculture.2016.
07.017

Meng XL, Li S, Qin CB, Zhu ZX, Hu WP, Yang LP, et al. Intestinal microbiota
and lipid metabolism responses in the common carp (Cyprinus carpio
L.) following copper exposure. Ecotoxicol Environ Saf. (2018) 160:257-64.
doi: 10.1016/j.ecoenv.2018.05.050

Jin Y, Xia J, Pan Z, Yang J, Wang W, Fu Z. Polystyrene microplastics induce
microbiota dysbiosis and inflammation in the gut of adult zebrafish. Environ
Pollut. (2018) 235:322-9. doi: 10.1016/j.envpol.2017.12.088

Frontiers in Endocrinology | www.frontiersin.org

10

January 2019 | Volume 10 | Article 9


https://doi.org/10.3389/fmicb.2018.01124
https://doi.org/10.1111/j.1365-2095.2011.00863.x
https://doi.org/10.1089/zeb.2011.0712
https://doi.org/10.1016/j.ygcen.2017.08.017
https://doi.org/10.1016/j.bbr.2016.05.040
https://doi.org/10.1016/j.physbeh.2017.08.010
https://doi.org/10.3389/fnins.2013.00196
https://doi.org/10.1037/0735-7044.111.2.398
https://doi.org/10.1113/jphysiol.2009.172742
https://doi.org/10.1177/0023677216678825
https://doi.org/10.1016/j.brainres.2003.11.011
https://doi.org/10.1079/9781845935535.0238
https://doi.org/10.1016/S0044-8486(00)00368-9
https://doi.org/10.1016/j.aquaculture.2016.03.037
https://doi.org/10.1371/journal.pone.0045572
https://doi.org/10.1016/j.ygcen.2013.02.022
https://doi.org/10.1111/j.1365-2109.2007.01696.x
https://doi.org/10.1007/s12602-017-9377-4
https://doi.org/10.1038/ismej.2015.140
https://doi.org/10.1111/1462-2920.13365
https://doi.org/10.1111/are.12428
https://doi.org/10.1073/pnas.1000072107
https://doi.org/10.1038/s41598-017-10517-5
https://doi.org/10.1016/j.micinf.2015.01.004
https://doi.org/10.1111/imr.12563
https://doi.org/10.1111/j.1365-2567.2012.03616.x
https://doi.org/10.1016/j.fsi.2014.04.015
https://doi.org/10.1111/are.13019
https://doi.org/10.1111/raq.12191
https://doi.org/10.1016/j.aquaculture.2015.06.033
https://doi.org/10.1007/s00248-016-0924-4
https://doi.org/10.1111/mec.13177
https://doi.org/10.1111/jam.13738
https://doi.org/10.2331/suisan.53.1443
https://doi.org/10.3389/fmicb.2017.01531
https://doi.org/10.1016/S0044-8486(03)00388-0
https://doi.org/10.1016/j.aquaculture.2016.07.017
https://doi.org/10.1016/j.ecoenv.2018.05.050
https://doi.org/10.1016/j.envpol.2017.12.088
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Butt and Volkoff

Fish Microbiota and Energy Homeostasis

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kan H, Zhao F, Zhang X-X, Ren H, Gao S. Correlations of gut microbial
community shift with hepatic damage and growth inhibition of Carassius
auratus induced by pentachlorophenol exposure. Environ Sci Technol. (2015)
49:11894-902. doi: 10.1021/acs.est.5b02990

Giri SS, Yun S, Jun JW, Kim HJ, Kim SG, Kang JW, et al. Therapeutic
effect of intestinal autochthonous Lactobacillus reuteri P16 against
waterborne lead toxicity in Cyprinus carpio. Front Immunol. 9:1824.
doi: 10.3389/fimmu.2018.01824

Zhou L, Limbu SM, Qiao F, Du Z-Y, Zhang M. Influence of long-term
feeding antibiotics on the gut health of Zebrafish. Zebrafish (2018) 15:340-8.
doi: 10.1089/zeb.2017.1526

Egerton S, Culloty S, Whooley J, Stanton C, Ross RP. The gut microbiota of
marine fish. Front Microbiol. (2018) 9:873. doi: 10.3389/fmicb.2018.00873
Navarrete P, Magne F, Araneda C, Fuentes P, Barros L, Opazo R, et al. PCR-
TTGE analysis of 16S rRNA from rainbow trout (Oncorhynchus mykiss) gut
microbiota reveals host-specific communities of active bacteria. PLoS ONE
(2012) 7:¢31335. doi: 10.1371/journal.pone.0031335

Li X, Yu Y, Feng W, Yan Q, Gong Y. Host species as a strong determinant
of the intestinal microbiota of fish larvae. ] Microbiol. (2012) 50:29-37.
doi: 10.1007/s12275-012-1340-1

Bolnick DI, Snowberg LK, Hirsch PE, Lauber CL, Org E, Parks B, et al.
Individual diet has sex-dependent effects on vertebrate gut microbiota. Nat
Commun. (2014) 5:ncomms5500. doi: 10.1038/ncomms5500

Liu Y, Yao Y, Li H, Qiao E Wu J, Du ZY, et al. Influence of endogenous and
exogenous estrogenic endocrine on intestinal microbiota in zebrafish. PLoS
ONE (2016) 11:0163895. doi: 10.1371/journal.pone.0163895

Bledsoe JW, Waldbieser GC, Swanson KS, Peterson BC, Small BC.
Comparison of channel catfish and blue catfish gut microbiota assemblages
shows minimal effects of host genetics on microbial structure and inferred
function. Front Microbiol. (2018) 9:1073. doi: 10.3389/fmicb.2018.01073
Zhang Z, Li D, Refaecy MM, Xu W, Tang R, Li L. Host age affects
the development of southern catfish gut bacterial community divergent
from that in the food and rearing water. Front Microbiol. (2018) 9:495.
doi: 10.3389/fmicb.2018.00495

Lokesh J, Kiron V, Sipkema D, Fernandes JMO, Moum T. Succession of
embryonic and the intestinal bacterial communities of Atlantic salmon
(Salmo salar) reveals stage-specific microbial signatures. MicrobiologyOpen
(2018) 13:e00672. doi: 10.1002/mbo3.672

Mohd Nosi MZ, Syed Jamil Fadaak SNE, Muhammad MDD, Iehata
S. Assessment of gut microbiota in different developmental stages of
Malaysian Mahseer (Tor tambroides). Aquac Res. (2018) 49:2977-87.
doi: 10.1111/are.13757

Ye W, Han D, Zhu X, Yang Y, Jin J, Xie S. Comparative study
on dietary protein requirements for juvenile and pre-adult gibel carp
(Carassius auratus gibelio var. CAS III) Aquacult Nutr. (2017) 23:755-65.
doi: 10.1111/anu.12442

Kashinskaya EN, Simonov EP, Kabilov MR, Izvekova GI, Andree KB,
Solovyev MM. Diet and other environmental factors shape the bacterial
communities of fish gut in an eutrophic lake. ] Appl Microbiol. (2018)
125:1626-1641. doi: 10.1111/jam.14064

Li J, Ni J, Li J, Wang C, Li X, Wu S, et al. Comparative study on
gastrointestinal microbiota of eight fish species with different feeding habits.
J Appl Microbiol. (2014) 117:1750-60. doi: 10.1111/jam.12663

Liu H, Guo X, Gooneratne R, Lai R, Zeng C, Zhan E et al. The
gut microbiome and degradation enzyme activity of wild freshwater
fishes influenced by their trophic levels. Sci Rep. (2016) 6:24340.
doi: 10.1038/srep24340

Li X, Yu Y, Li C, Yan Q. Comparative study on the gut microbiotas of
four economically important Asian carp species. Sci China Life Sci. (2018)
11:1-10. doi: 10.1007/511427-016-9296-5

Ramos LRV, Romano LA, Monserrat JM, Abreu PC, Verde PE, Tesser
MB. Biological responses in mullet Mugil liza juveniles fed with guar
gum supplemented diets. Anim Feed Sci Technol. (2015) 205:98-106.
doi: 10.1016/j.anifeedsci.2015.04.004

Bruce TJ, Neiger RD, Brown ML. Gut histology, immunology and the
intestinal microbiota of rainbow trout, Oncorhynchus mykiss (Walbaum),
fed process variants of soybean meal. Aquac Res. (2018) 49:492-504.
doi: 10.1111/are.13480

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Guo X, Ran C, Zhang Z, He S, Jin M, Zhou Z. The growth-promoting effect
of dietary nucleotides in fish is associated with an intestinal microbiota-
mediated reduction in energy expenditure. J Nutr. (2017) 147:781-8.
doi: 10.3945/jn.116.245506

Schroeter JC, Peterson BC, Bledsoe J, Li MH, Small BC. Targeted
gene expression panels analysis provide insight
into the effects of alternative production diet formulations on
channel catfish nutritional physiology. Aquaculture (2018) 489:46-55.
doi: 10.1016/j.aquaculture.2018.02.004

Mekuchi M, Asakura T, Sakata K, Yamaguchi T, Teruya K, Kikuchi
J. Intestinal microbiota composition is altered according to nutritional
biorhythms in the leopard coral grouper (Plectropomus leopardus). PLoS
ONE (2018) 13:e0197256. doi: 10.1371/journal.pone.0197256

Xia JH, Lin G, Fu GH, Wan ZY, Lee M, Wang L, et al. The
intestinal microbiome of fish under starvation. BMC Genom. (2014) 15:266.
doi: 10.1186/1471-2164-15-266

Mente E, Nikouli E, Antonopoulou E, Martin SAM, Kormas KA. Core vs.
diet -associated and postprandial bacterial communities of the rainbow trout
(Oncorhynchus mykiss) midgut and feaces. Biol Open (2018) 7:bio034397.
doi: 10.1242/bi0.034397

Zhou L, Limbu SM, Shen M, Zhai W, Qiao F, He A, et al. Environmental
concentrations of antibiotics impair zebrafish gut health. Environ Pollut.
(2018) 235:245-54. doi: 10.1016/j.envpol.2017.12.073

Carlson JM, Leonard AB, Hyde ER, Petrosino JE Primm TP. Microbiome
disruption and recovery in the fish Gambusia affinis following exposure
to broad-spectrum antibiotic. Infect Drug Resist. (2017) 10:143-54.
doi: 10.2147/IDR.S129055

Schmidt V, Gomez-Chiarri M, Roy C, Smith K, Amaral-Zettler
L. Subtle microbiome manipulation using probiotics reduces
antibiotic-associated mortality in fish. MSystems (2017) 2:e00133-17.
doi: 10.1128/mSystems.00133-17

Siriyappagouder P, Galindo-Villegas J, Lokesh ], Mulero V, Fernandes
JMO, Kiron V. Exposure to yeast shapes the intestinal bacterial
community assembly in zebrafish larvae. Front Microbiol. (2018) 9:1868.
doi: 10.3389/fmicb.2018.01868

Ramos MA, Weber B, Goncalves JF, Santos GA, Rema P, Ozorio RO. Dietary
probiotic supplementation modulated gut microbiota and improved growth
of juvenile rainbow trout (Oncorhynchus mykiss). Comparat Biochem Physiol.
(2013) 166:302-7. doi: 10.1016/j.cbpa.2013.06.025

Asaduzzaman M, Sofia E, Shakil A, Haque NE Khan MNA, Ikeda D,
et al. Host gut-derived probiotic bacteria promote hypertrophic muscle
progression and upregulate growth-related gene expression of slow-
growing Malaysian Mahseer Tor tambroides. Aquacult Rep. (2018) 9:37-45.
doi: 10.1016/j.aqrep.2017.12.001

Khodadadi M, Abbasi N, Adorian TJ, Farsani HG, Hedayati A, Hoseini
SM. Growth performance, survival, body composition, hematological
parameters, intestinal histomorphology, and digestive enzymes’ activity in
juvenile rainbow trout (Oncorhynchus mykiss) fed dietary Immunogen(®). J
Appl Aquacult. (2018) 30:174-86. doi: 10.1080/10454438.2017.1420515
Staykov Y, Spring P, Denev S, Sweetman J. Effect of a mannan
oligosaccharide on the growth performance and immune status of
rainbow trout (Oncorhynchus mykiss). Aquacult Int. (2007) 15:153-61.
doi: 10.1007/s10499-007-9096-z

Selim KM, Reda RM. Beta-Glucans and mannan oligosaccharides enhance
growth and immunity in Nile tilapia. N Am ] Aquac. (2014) 77:22-30.
doi: 10.1080/15222055.2014.951812

Eshaghzadeh H, Hoseinifar SH, Vahabzadeh H, Ringe E. The effects of
dietary inulin on growth performances, survival and digestive enzyme
activities of common carp (Cyprinus carpio) fry. Aquacult Nutr. (2015)
21:242-7. doi: 10.1111/anu.12155

Rodriguez-Estrada U, Satoh S, Haga Y, Fushimi H, Sweetman J. Effects
of inactivated Enterococcus faecalis and mannan oligosaccharide and their
combination on growth, immunity, and disease protection in rainbow trout.
N Am ] Aquac. (2013) 75:416-28. doi: 10.1080/15222055.2013.799620
Hassaan MS, Soltan MA, Ghonemy MMR. Effect of synbiotics between
Bacillus licheniformis and yeast extract on growth, hematological and
biochemical indices of the Nile tilapia (Oreochromis niloticus). Egypt ] Aquat
Res. (2014) 40:199-208. doi: 10.1016/j.ejar.2014.04.001

and microbiota

Frontiers in Endocrinology | www.frontiersin.org

11

January 2019 | Volume 10 | Article 9


https://doi.org/10.1021/acs.est.5b02990
https://doi.org/10.3389/fimmu.2018.01824
https://doi.org/10.1089/zeb.2017.1526
https://doi.org/10.3389/fmicb.2018.00873
https://doi.org/10.1371/journal.pone.0031335
https://doi.org/10.1007/s12275-012-1340-1
https://doi.org/10.1038/ncomms5500
https://doi.org/10.1371/journal.pone.0163895
https://doi.org/10.3389/fmicb.2018.01073
https://doi.org/10.3389/fmicb.2018.00495
https://doi.org/10.1002/mbo3.672
https://doi.org/10.1111/are.13757
https://doi.org/10.1111/anu.12442
https://doi.org/10.1111/jam.14064
https://doi.org/10.1111/jam.12663
https://doi.org/10.1038/srep24340
https://doi.org/10.1007/s11427-016-9296-5
https://doi.org/10.1016/j.anifeedsci.2015.04.004
https://doi.org/10.1111/are.13480
https://doi.org/10.3945/jn.116.245506
https://doi.org/10.1016/j.aquaculture.2018.02.004
https://doi.org/10.1371/journal.pone.0197256
https://doi.org/10.1186/1471-2164-15-266
https://doi.org/10.1242/bio.034397
https://doi.org/10.1016/j.envpol.2017.12.073
https://doi.org/10.2147/IDR.S129055
https://doi.org/10.1128/mSystems.00133-17
https://doi.org/10.3389/fmicb.2018.01868
https://doi.org/10.1016/j.cbpa.2013.06.025
https://doi.org/10.1016/j.aqrep.2017.12.001
https://doi.org/10.1080/10454438.2017.1420515
https://doi.org/10.1007/s10499-007-9096-z
https://doi.org/10.1080/15222055.2014.951812
https://doi.org/10.1111/anu.12155
https://doi.org/10.1080/15222055.2013.799620
https://doi.org/10.1016/j.ejar.2014.04.001
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Butt and Volkoff

Fish Microbiota and Energy Homeostasis

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Banerjee G, Ray AK. The advancement of probiotics research and its
application in fish farming industries. Res Vet Sci. (2017) 115:66-77.
doi: 10.1016/j.rvsc.2017.01.016

Fu ], Yang D, Jin M, Liu W, Zhao X, Li C, et al. Aquatic animals promote
antibiotic resistance gene dissemination in water via conjugation: role of
different regions within the zebra fish intestinal tract, and impact on
fish intestinal microbiota. Mol Ecol. (2017) 26:5318-33. doi: 10.1111/mec.
14255

Defoirdt T, Sorgeloos P, Bossier P. Alternatives to antibiotics for the control
of bacterial disease in aquaculture. Curr Opin Microbiol. (2011) 14:251-8.
doi: 10.1016/j.mib.2011.03.004

Gatesoupe FJ. The use of probiotics in aquaculture. Aquaculture (1999)
180:147-65. doi: 10.1016/S0044-8486(99)00187-8

Haygood AM, Jha R. Strategies to modulate the intestinal microbiota of
Tilapia (Oreochromis sp.) in aquaculture: a review. Rev Aquacult. (2018)
10:320-33. doi: 10.1111/raq.12162

Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. Teleost microbiomes:
the state of the art in their characterization, manipulation and
importance in aquaculture and fisheries. Front Microbiol. (2014) 5:207.
doi: 10.3389/fmicb.2014.00207

Topic Popovic N, Strunjak-Perovic I, Sauerborn-Klobucar R, Barisic J, Jadan
M, Kazazic S, et al. The effects of diet supplemented with Lactobacillus
rhamnosus on tissue parameters of rainbow trout, Oncorhynchus mykiss
(Walbaum). Aquac Res. (2017) 48:2388-401. doi: 10.1111/are.13074

Dias JAR, Abe HA, Sousa NC, Couto MVS, Cordeiro CAM, Meneses JO,
et al. Dietary supplementation with autochthonous Bacillus cereus improves
growth performance and survival in tambaqui Colossoma macropomum.
Aquac Res. (2018) 49:3063-70. doi: 10.1111/are.13767

Yu Y, Wang C, Wang A, Yang W, Lv E Liu E et al. Effects of
various feeding patterns of Bacillus coagulans on growth performance,
antioxidant response and Nrf2-Keapl signaling pathway in juvenile gibel
carp (Carassius auratus gibelio). Fish Shellfish Immunol. (2018) 73:75-83.
doi: 10.1016/j.£51.2017.11.050

Zaineldin Al, Hegazi S, Koshio S, Ishikawa M, Bakr A, El-Keredy AMS,
et al. Bacillus subtilis as probiotic candidate for red sea bream: growth
performance, oxidative status, and immune response traits. Fish Shellfish
Immunol. (2018) 79:303-12. doi: 10.1016/j.£s1.2018.05.035

Standen BT, Rodiles A, Peggs DL, Davies S], Santos GA, Merrifield
DL. Modulation of the intestinal microbiota and morphology of
tilapia, Oreochromis niloticus, following the application of a multi-
species  probiotic. Appl Microbiol Biotechnol. (2015) 99:8403-17.
doi: 10.1007/500253-015-6702-2

Asaduzzaman M, Iehata S, Akter S, Kader MA, Ghosh SK, Khan MNA,
et al. Effects of host gut-derived probiotic bacteria on gut morphology,
microbiota composition and volatile short chain fatty acids production
of Malaysian Mahseer Tor tambroides. Aquacult Rep. (2018) 9:53-61.
doi: 10.1016/j.aqrep.2017.12.003

Shaheen A, Eissa N, Abou-El-Gheit E, Yao H, Wang H. Effect of
probiotic on growth performance and growth-regulated genes in yellow
perch (Perca flavescens). Global ] Fish Aquacult Res. (2014) 1:1-15.
doi: 10.13140/2.1.4325.2803

Carnevali O, de Vivo L, Sulpizio R, Gioacchini G, Olivotto I, Silvi
S, et al. Growth improvement by probiotic in European sea bass
juveniles (Dicentrarchus labrax, L.), with particular attention to IGF-1,
myostatin and cortisol gene expression. Aquaculture (2006) 258:430-8.
doi: 10.1016/j.aquaculture.2006.04.025

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Azevedo RVD, Fosse filho JC, Cardoso LD, Vidal Junior MV, Andrade DRD.
Suplementagdao com prebidtico, probidtico e simbidtico para juvenis de
tambaqui e duas densidades de estocagem. Pesquisa Agropecudria Brasileira
(2016) 51:9-16. doi: 10.1590/50100-204X2016000100002

Cerozi BdS. Prebidticos e Probiéticos Dietéticos, Desempenho e Higidez
de Juvenis de Pacu Piaractus Mesopotamicus (Holmberg, 1887), Doctoral
dissertation, Universidade de Sao Paulo (2012).

Hosseini M, Kolangi Miandare H, Hoseinifar SH, Yarahmadi P. Dietary
Lactobacillus acidophilus modulated skin mucus protein profile, immune
and appetite genes expression in gold fish (Carassius auratus gibelio). Fish
Shellfish Immunol. (2016) 59:149-54. doi: 10.1016/j.£51.2016.10.026

Dawood MAO, Koshio S. Recent advances in the role of probiotics and
prebiotics in carp aquaculture: a review. Aquaculture (2016) 454:243-51.
doi: 10.1016/j.aquaculture.2015.12.033

Ringo E, Olsen RE, Gifstad T@, Dalmo RA, Amlund H, Hemre GI,
et al. Prebiotics in aquaculture: a review. Aquacult Nutr. (2010) 16:117-36.
doi: 10.1111/j.1365-2095.2009.00731.x

Hisano H, Soares MP, Luiggi FG, Arena AC. Dietary B-glucans and
mannanoligosaccharides improve growth performance and intestinal
morphology of juvenile pacu Piaractus mesopotamicus (Holmberg, 1887).
Aquac Int. (2018) 26:213-23. doi: 10.1007/510499-017-0210-6

Soleimani N, Hoseinifar SH, Merrifield DL, Barati M, Abadi ZH. Dietary
supplementation of fructooligosaccharide (FOS) improves the innate
immune response, stress resistance, digestive enzyme activities and growth
performance of Caspian roach (Rutilus rutilus) fry. Fish Shellfish Immunol.
(2012) 32:316-21. doi: 10.1016/j.£s1.2011.11.023

Huynh T-G, Shiu Y-L, Nguyen T-P, Truong Q-P, Chen J-C, Liu C-H. Current
applications, selection, and possible mechanisms of actions of synbiotics
in improving the growth and health status in aquaculture: a review. Fish
Shellfish Immunol. (2017) 64:367-82. doi: 10.1016/j.£51.2017.03.035

Nayak SK. Role of gastrointestinal microbiota in fish. Aquac Res. (2010)
41:1553-73. doi: 10.1111/j.1365-2109.2010.02546.x

Cerezuela R, Meseguer ], Esteban MA. Current knowledge in synbiotic
use for fish aquaculture: a review. J Aquac Res Dev. (2011) 1:1-7.
doi: 10.4172/2155-9546.51-008

Ringe E, Song SK. Application of dietary supplements (synbiotics
and probiotics in combination with plant products and p-glucans)
in aquaculture. Aquac Nutr. (2016) 22:4-24. doi: 10.1111/anu.
12349

Jahangiri L, Esteban M. Administration of probiotics in the water in finfish
aquaculture systems: a review. Fishes (2018) 3:33. doi: 10.3390/fishes30
30033

Quigley EMM, Shanahan F. The future of probiotics for disorders of the
brain-gut axis. In: Microbial Endocrinology: The Microbiota-Gut-Brain Axis
in Health and Disease, New York, NY: Springer (2014). p. 417-32.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Butt and Volkoff. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

12

January 2019 | Volume 10 | Article 9


https://doi.org/10.1016/j.rvsc.2017.01.016
https://doi.org/10.1111/mec.14255
https://doi.org/10.1016/j.mib.2011.03.004
https://doi.org/10.1016/S0044-8486(99)00187-8
https://doi.org/10.1111/raq.12162
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.1111/are.13074
https://doi.org/10.1111/are.13767
https://doi.org/10.1016/j.fsi.2017.11.050
https://doi.org/10.1016/j.fsi.2018.05.035
https://doi.org/10.1007/s00253-015-6702-2
https://doi.org/10.1016/j.aqrep.2017.12.003
https://doi.org/10.13140/2.1.4325.2803
https://doi.org/10.1016/j.aquaculture.2006.04.025
https://doi.org/10.1590/S0100-204X2016000100002
https://doi.org/10.1016/j.fsi.2016.10.026
https://doi.org/10.1016/j.aquaculture.2015.12.033
https://doi.org/10.1111/j.1365-2095.2009.00731.x
https://doi.org/10.1007/s10499-017-0210-6
https://doi.org/10.1016/j.fsi.2011.11.023
https://doi.org/10.1016/j.fsi.2017.03.035
https://doi.org/10.1111/j.1365-2109.2010.02546.x
https://doi.org/10.4172/2155-9546.S1-008
https://doi.org/10.1111/anu.12349
https://doi.org/10.3390/fishes3030033
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Gut Microbiota and Energy Homeostasis in Fish
	Introduction
	Microbiota/Microbiome

	Physiological Roles of Gut Microbiota
	Feeding/Digestion/Metabolism
	Other Functions Related to Energy Homeostasis
	Stress Response
	Reproduction/Development
	Reproduction
	Development

	Immune Responses


	Factors Affecting Fish Gut Microbiota
	Environmental Factors
	Host-Specific Intrinsic Factors
	Genetics/Sex
	Age/Sexual Maturity
	Feeding Habits/Diet


	Gut Microbiota Manipulation and Applications
	Gnotobiotic Fish
	Antibiotics
	Pro-, Pre- and Symbiotics

	Conclusions
	Author Contributions
	Funding
	References


