8 frontiers ‘ Frontiers in Marine Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Neil Ross McEwan,
Scotland’s Rural College, United Kingdom

REVIEWED BY

Xiaodan Wang,

East China Normal University, China

Eric Amenyogbe,

University of Environment and Sustainable
Development, Ghana

*CORRESPONDENCE
Ingvill Tolas
ingvill.tolas@ntnu.no
Zhigang Zhou
zhouzhigang03@caas.cn
Ivar Rgnnestad
ivar.ronnestad@uib.no

RECEIVED 12 September 2024
ACCEPTED 05 December 2024
PUBLISHED 10 January 2025

CITATION

Tolas |, Zhou Z, Zhang Z, Teame T, Olsen RE,
Ringe E and Rennestad | (2025) A fishy

gut feeling — current knowledge on gut
microbiota in teleosts.

Front. Mar. Sci. 11:1495373.

doi: 10.3389/fmars.2024.1495373

COPYRIGHT

© 2025 Tolas, Zhou, Zhang, Teame, Olsen,
Ringe and Rennestad. 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 Marine Science

TYPE Review
PUBLISHED 10 January 2025
po110.3389/fmars.2024.1495373

A fishy gut feeling —
current knowledge on
gut microbiota in teleosts

Ingvill Tolas™*, Zhigang Zhou®, Zhen Zhang**,
Tsegay Teame*®, Rolf Erik Olsen®, Einar Ringo’
and Ivar Rgnnestad ™

tDepartment of Biological Sciences, University of Bergen, Bergen, Norway, 2Department of Biological
Sciences, Norwegian University of Science and Technology (NTNU) Alesund, Alesund, Norway, 3Sino-
Norway Joint Lab on Fish Gut Microbiota, Institute of Feed Research, Chinese Academy of
Agricultural Sciences, Beijing, China, “Faculty of Land and Food Systems, The University of British
Columbia, Vancouver, BC, Canada, °Tigray Agricultural Research Institute, Mekelle, Ethiopia, °*Norway-
China Joint Lab on Fish Gastrointestinal Microbiota, Department of Biology, Norwegian University of
Science and Technology, Trondheim, Norway, "Norwegian College of Fishery Science, Faculty of
Bioscience, Fisheries and Economics, The Arctic University of Norway (UiT), Tromsa, Norway

The importance of the gastrointestinal microbiota (GM) in health and disease is
widely recognized. Although less is known in fish than in mammals, advances in
molecular techniques, such as 16S rRNA sequencing, have facilitated
characterization of fish GM, comprising resident autochthonous and transient
allochthonous bacteria. The microbial diversity and composition are strongly
influenced by diet. High-protein diets, including alternative ingredients like plant
and insect proteins, modify GM, impacting beneficial bacteria e.g.
Cetobacterium. Lipids affect microbial metabolism and short-chain fatty acid
(SCFA) production, while excessive carbohydrates can disrupt GM balance,
causing enteritis. Dietary additives, including probiotics, prebiotics, and
antibiotics, effectively modulate GM. Probiotics enhance immunity and growth,
prebiotics support beneficial bacteria, and antibiotics, though effective against
pathogens, disrupt microbial diversity and may promote antibiotic resistance.
Environmental factors, such as temperature, salinity, and pollution, significantly
influence GM. Elevated temperatures and salinity shifts alter microbial
composition, and pollutants introduce toxins that compromise intestinal
function and microbial diversity. Stress and pathogen infections further
destabilize GM, often favoring pathogenic bacteria. GM communicates with
the host via metabolites such as SCFAs, bile acids, and neurotransmitters,
regulating appetite, energy metabolism, immunity, and neural functions.
Additionally, GM influences the immune system by interacting with epithelial
cells and stimulating immune responses. Despite recent advances, further
research is needed to elucidate species-specific mechanisms underlying GM-
host interactions, the ecological implications of GM diversity, and its applications
in aquaculture to optimize fish health and performance.
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1 Introduction

Given that fish-species make up nearly half of currently existing
vertebrates, they have showed a great adaptability, and evolutionary
traits, to different habitats including salinities, temperatures, and
food preferences. This is especially true for the teleosts, the largest
groups of fish existing today. It has been suggested that the
adaptability in part is helped by the third gene duplication event
occurring in teleosts, and the fourth in salmonids. Since each gene
duplication theoretically doubles the number of paralog genes,
over-represented genes can therefore be used to drive evolution
through sub-functionalization and neo-functionalization (Long,
2010). Importantly, fish have shared their evolutionary journey
with microorganisms living on or within them. Because these
microorganisms, bacteria, yeast, fungi and virus, have evolved
concomitantly with their hosts they are invariably intertwined
and for many there may be a symbiotic relationship or common
dependencies where fish and microbiota jointly affect each other
growth and development. Understanding the role of the microbiota
is therefore key to understanding the physiology of teleost
fish species.

The microbiota is unique to an organism and specific to a
system. Among the various populations of microorganisms in
and on teleost fish, many reside within the gastrointestinal tract
(GIT), making up the gut microbiota (GM). As for mammals, fish
GM is believed to play important roles in regulating many
physiological functions in fish including immunity, digestion,
gut endocrine and neuronal signaling, drug metabolism, and
more (Egerton et al, 2018). Although studies evaluating the
GM of fish are few compared to those performed in humans
and other mammals, the expansion of the aquaculture industry
and development in microbiome research has resulted in renewed
interest in the field. In fact, the discovery that the regulation, or
dysregulation, of the GM may significantly affect the host welfare,
growth, performance and disease resistance, has made GM
investigations a hot topic of research for those interested in
optimizing aquaculture procedures and promoting sustainable
practices (Chen et al., 2022). In the present review, we discuss
how variables such as diet, stress and environmental factors affect
the GM, and how the microorganisms, and their metabolic
products affect pathways involved in the communication
between the GM and the host and finally the effect of GM-
signaling on the host (Figure 1).

2 Compartmentalization of the GM

Due to the development of new molecular techniques targeting
the 16SrRNA, 28S rRNA genes and other genetic indicators,
characterizing and analyzing of intestinal microbiota of fish and
other animals has become rather straight forward. These approaches
have been used to investigate the crucial role of gut microbiota to the
host development and overall health (Huang et al., 2020; Johny et al,,
2021). In most animals, the GM can be broadly separated into two
subgroups, the autochthonous and allochthonous microbiota. The
autochthonous, or resident/indigenous bacteria can often be
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associated to the part of mucus layer that overlies the epithelium,
they can be embedded in the intestinal folds, or anchored to cells
through different mechanisms, including production of adhesion
molecules, formation of biofilms and/or by modulating the
immune response of the intestine, which can in turn influence the
anchoring of the microbes to the intestinal cells (Zhang et al., 2023a).
These microorganisms will have developed mechanisms to survive
the various defensive mechanisms produced by the host such as
antimicrobial peptides. Like in many animal species, a small part of
the autochthonous microbiota in fish is likely to become established
during early life and they diversity may increase as the fish grow
(Yatsunenko et al., 2012; Egerton et al,, 2018). The autochthonous
microbiota is known to be particularly important for the
development of intestinal tissue, and intestinal immunity (de la
Torre Canny et al,, 2021). The other group of bacteria in the GIT
are allochthonous bacteria, that are regarded as transit bacteria in the
feces. This means that they are transported through the intestine and
will leave when feces exit the fish. They will not colonize any habitat
except under abnormal conditions. These are often quantitatively
more dominant than the autochthonous bacteria. However, the
autochthonous microbiota appears to be more stable than the
allochthonous. For example, in gilthead seabream (Sparus aurata)
changes in fishmeal (FM) was shown to have no effect on the mucosal
(autochthonous) microbiota, while causing major changes in the total
(allochthonous) microbiota (Fontinha et al., 2021). The population of
microorganisms will also vary along the GI, affected by numerous
factors such as pH, host enzymes (proteases, lipase), redox potential,
mucin secretion, peristaltic activity, and nutrient availability (Hao
and Lee, 2004).

3 Variables affecting the GM in teleost

Owing to the potential and demonstrated importance of the fish
GM to host physiology, studies on the subject are rapidly growing.
One of the most exciting topics relates to how the microbiota is
established and maintained, and the mechanisms which determines
its composition. There are numerous factors, both intrinsic and
extrinsic, that will influence the gut microbiome of teleost fish, but
the complexity of regulatory mechanisms renders it difficult to
define the magnitude of influence of each separate factor. The
present review aims to present an updated overview on how some
selected variables may impact the GM.

3.1 Dietary effect on GM

It is well known, that the host’s diet is the key nutrient source for
the GM and will therefore have a profound effect on GM density,
composition and diversity (Ringo et al, 2016), and can lead to
significant changes in the host’s gut function. After the introduction
of next generation sequencing (NGS) our understanding of dietary
effects of on GM has increased massively in all species studied such as
golden pompano (Trachinotus ovatus) (Zhao et al., 2020b), Nile tilapia
(Oreochromis niloticus) (Limbu et al., 2019), rainbow trout
(Oncorhynchus mykiss) (Desai et al, 2012), gilthead sea bream
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Schematic representation of proposed mechanisms underlying the bidirectional interactions between gut microbiota (GM) and gastrointestinal tract
(GIT) tissues, other organs and the brain. GM diversity and thereby metabolism are influenced by factors such as nutrients, feed additives,
temperature, salinity, and pollutants. The GM produces various metabolites, including short-chain fatty acids (SCFAs), neuroactive molecules,
secondary bile acids, and vitamins, which act locally in the GIT lumen or on cells in the mucosal layers or reach other target tissues and organs via
circulation and neural pathways, such as the vagus nerve. The GM released metabolites stimulate nutrient sensors on the enteroendocrine cells
(EECs) modulating secretion of bioactive GIT peptides that mediate paracrine and systemic effects. Enterochromaffin cells (ECC) secrete serotonin
(5-HT) which modulate activities of the enteric nervous system (ENS). The bidirectional communication via metabolites also involves ENS, immune
cells such as macrophages, dendritic cells, and B-cells thereby influencing mucosal immunity and the GM. The description of mechanisms is not
exhaustive, many are adapted from mammals, and remain to be fully elucidated in fish. See text for further discussions. (Based on Cryan et al, 2019;
Butt and Volkoff, 2019; Blanco et al., 2021) Cck, Cholecystokinin; Glpl, Glucagon-like peptide 1; IL, Interleukin; Pyy, Peptide YY; SCFA, Short-chain

fatty acid; TNF, Tumor necrosis factor.

(Sparus aurata) (Estruch et al., 2015), Arctic charr (Salvelinus alpinus)
(Nyman et al,, 2017), field eel (Monopterus albus) (Peng et al.,, 2019),
yellowtail kingfish (Serio lalalandi) (Wilkes Walburn et al., 2019), olive
flounder (Paralichthys olivaceus) (Niu et al., 2020). Each nutrient will
have some signature effects by selecting some groups of bacteria able to
utilize or utilize properties of the nutrient. However, in practical
feeding, diets are composed of mixtures of many nutrient
components (eg soybean meal contains soybean protein, soy lipid,
many and variable antinutritional factors) so that the specific effects
may be masked. In the following, we will give some typical examples of
observations when trial have focused on groups of nutrients.

3.1.1 Dietary proteins

Fish require high protein diets for optimal growth and to thrive.
Wild carnivorous fish get their protein largely from preying on
species that are part of their natural diets, and FMs have historically
been used in aquaculture feeds to mimic this. However, with limited
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availability of marine proteins, alternatives to FM is finding its way
into fish farming. This includes proteins from plants, animal by-
products and insects (Tacon and Metian, 2008; Hartviksen et al.,
2014; Dani, 2018; Alfiko et al., 2022). When fed to fish, there will
also be some members within a microbial population that can
utilize some of the protein components better than others and have
a distinct growth advantage. Since the main component of these
protein sources are amino acids any variation in the content and
composition will select for some microorganisms. Typical microbial
use of amino acids includes synthesis of proteins needed for
bacterial physiological functions, energy production through
deamination, decarboxylation or desulfurization. Furthermore, the
intestinal microbiota can utilize amino acids as substrates for
fermentation which allows the gut microbiota to produce various
essential fermentation metabolites also needed for the normal
function of the host (Zhao et al., 2019). These include short-chain
fatty acids (SCFAs) which will be covered in section 4.1.
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The amino acid driven alteration of diversity and composition of
the GM can also be modulated by the different types of metabolites
produced, including nitric oxide, ammonia, polyamines, hydrogen
sulfide (H,S), indoles, and phenols in both the proximal and distal
intestine (Dai et al, 2011; Macfarlane and Macfarlane, 2012). For
example, the use of amino acids for deamination will increase in
bacterial species possessing aminotransferases like alanine- and
aspartate-aminotransferases and will lead to increased accumulation
of ammonia. Ammonia is toxic and can therefore limit the survivability
of some microorganisms, while selecting for those microorganisms that
can use ammonia as electron donors and utilize it as an energy source.
Therefore, high amounts of some amino acids may promote the
growth of beneficial bacteria and inhibit the growth of pathogenic
bacteria by influencing the host immune system, which will be
discussed in section 5.2.

Altered abundance and structure of the GM can affect apparent
nutrient digestibility in fish by excreting digestive enzymes (Ray et al.,
2012; Wang et al, 2015; Ringo et al, 2016; Ma et al,, 2017). In
rainbow trout, reductions in nutrient utilization was observed along
with a reduction in the alpha diversity of GM following increasing
inclusions of plant proteins (Michl et al., 2017). Plant based protein
sources, especially soybean meal is commonly used as protein sources
in carnivorous fish diets. They are often heavily processed to remove
antinutritional factors, as in soybean concentrates. However, some
antinutrients will always be present, and many yet uncharacterized
are assumed to be antimicrobial. Therefore, giving diets containing
plant meals to fish will often induce massive changes in the intestinal
microbiome, with a selective advantage to those microorganisms that
are tolerant to or even able to utilize these antinutritional factors.
Following a shift in diets from animal- to plant-based diets for grass
carp (Ctenopharyngodon idella), the abundance of Bacteroides,
Erysipelotrichaceae and Lachnospiraceae in the GM increased while
the abundance of Cetobacterium decreased (Hao et al., 2017a).
Likewise, the abundance of Lactococcus lactis subsp. lactis was
increased, while that of Weissella confusa was decreased in Atlantic
salmon (Salmo salar) GM fed a diet supplemented with 20% soybean
meal (Reveco et al., 2014). In rainbow trout, several studies have
shown to a clear trend towards increased ratio of Firmicutes to
Proteobacteria when FM is replaced by various plant-based protein
ingredients (peas, soybean, canola) (Desai et al., 2012; Blaufuss et al.,
2020; Perez-Pascual et al., 2021). Since many common pathogens are
within the Gram negative phylum Proteobacteria (like Vibrio), a
reduction of members of this phylum is often regarded
as advantageous for GIT health (Rimoldi et al., 2018a). The specific
effects will however vary with species and detailed nature of
the protein sources. In grass carp, replacing FM to plant
protein increased the richness of the genus Bacteroides and families
Erysipelotrichaceae and Lachnospiraceae while the abundance of the
beneficial bacterium Cetobacterium of the family Fusobacteriaceae
was reduced (Hao et al., 2017b).

In recent years, insect meals have become interesting
alternatives to FM having good amino acid profiles and
sustainable. It is also interesting to note that for many fish
species, insects are part of the natural diets. In rainbow trout,
replacing 50% of FM with a diet containing 15% of black soldier fly
(Hermetia illucens) larvae protein increased the abundance of
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phylum Firmicutes, Lactobacillus and Bacillus, while reducing
Proteobacteria, Aeromonas (Rimoldi et al., 2021). In Atlantic
salmon replacing a commercial diet with an insect meal
supplemented enriched GM with members of the Bacillaceae
family (Li et al., 2022b). The study also showed that insect meal
increased alpha diversity in the mucosa (autochthonous), although
not in the digesta. This contrast other studies using Atlantic salmon
(Li et al,, 2022a) and rainbow trout reported increased alpha
diversity in the digesta (Terova et al,, 2019; Bruni et al.,, 2018).
The discrepancy is probably related to external factors such as trial
conditions, insect processing method, insect species or analytic
approaches. When the GM response to insect feeding is
compared across species (seabass, seabream and rainbow trout),
responses vary significantly (Antonopoulou et al., 2023).
Nevertheless, the general impression is that replacing FM with
insect meal selects for a “good” GM.

There is also an increased trend to replace fishmeal with other
terrestrial protein sources such as poultry by-products. The effects
do vary, but in several aspects, they have elements of results from
using plant proteins. For example, in Nile tilapia, animal protein
increased GM Proteobacteria and reduced Bacteroidetes and
Cetobacterium (Pereira et al., 2024). Replacing FM with poultry
by-products in gilthead seabream (Sparus aurata) diets increased
both the abundance and diversity of the intestinal microbiota of the
fish (Fontinha et al., 2021), and partial replacement of FM with a
combined poultry by-product and vegetable protein meal increased
the ratio of Firmicutes to Proteobacteria in GM of rainbow trout
(Rimoldi et al., 2018b).

3.1.2 Dietary lipids

Fish oil has always been an important oil source in fish diets
due to their high content of the essential omega-3 fatty acids
eicosapentaenoic acid and docosahexaenoic acid. However, with an
expanding aquaculture industry, the availability is limited and the
cost is high. In a previous comprehensive review, Ringo et al. (2016)
discussed the dietary effect of lipid on fish gut microbiota, and today
alternative lipid sources are now being included into fish diets in
increasing amounts. These mainly include plant-based sources, and
to a lesser extent other alternatives like algal products. Dietary lipids
will surely affect the GM. The mechanisms are less well known than
for proteins. However, lipids are a energy sources and building blocks
for bacterial growth and metabolism. As such, different types of lipids
such as saturated, unsaturated fats, and omega-3 fatty acids have
varying effects on the growth and composition of gut bacteria.
Moreover, lipids are digested by both host and bacterial lipases,
and fatty acids can be degraded for energy release, thereby producing
a long range of fatty acids (long, short, unsaturated, double bond
position) which are known to be antimicrobial to many bacterial
species. In this sense, the type of lipid consumed by the host
constitutes a selective process for the microbes residing in its
intestine (for reviews see Ringo et al., 2016; Turchini et al,, 2022).
Although less studies, the microbes can also have indirect effects
though modulations of host the immune and other physiological
effects (Zhang et al,, 2012; Tanca et al., 2018).

In an interesting study, Ma et al. (2018) revealed that
microencapsulated lipid increased the abundance of beneficial
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bacteria such as Bacillus and Paenibacillus and reduced pathogenic
bacteria like Pseudoalteromonas and Roseovarius, when compared
to normal lipid inclusion. Furthermore, they showed that capsules
containing 60-40 fish oil (FO)-linseed oil had less effect on the GM
than capsules containing 60-40 palm oil-linseed oil. In Atlantic
salmon, Pseudomonas jessenii/fragi-like strains were the
predominant GM species in fish fed a sunflower oil supplemented
diet, while Pseudomonas submarinus/marincola-like strains and
Staphylococcus spp. were dominant when fed a rapeseed oil diet
(Ringo et al,, 2016). This findings contrasts with the study of
Atlantic salmon where Nikouli et al. (2021) reported no effect on
GM composition when fish were fed fish-oil or plant oil-based diets.
A general lack of effect was also noted by Huyben et al. (2020) in
gilthead seabream where replacement (40%) of FO with camelina
(Camelina sativa) oil had no effects on GM. However, increasing
the level to 60% reduced the abundance of intestinal Lactobacillus.
In juvenile golden pompano (Trachinotus ovatus) more saturated
fatty acids increased GM diversity compared to fish fed more
unsaturated fatty acid (Guo et al,, 2021). In turbot (Scophthalmus
maximus) feeding small amounts of oregano oil (1ml/kg) increased
the relative abundances of some beneficial bacteria such as
Akkermansia, Bifidobacterium and Faecalibacterium and reduced
the abundance of Listonella and Sphingomonas compared to fish fed
FOs (Guangxin et al., 2022). Feeding Tiger puffer (Takifugu
rubripes) various terrestrial oils (soybean, palm, beef tallow) for
50 days impaired intestinal functions by reducing the abundance
of some butyric acid-producing bacteria (Lachnospiraceae,
Eubacterium, Butyricicoccus, Clostridium and Roseburia) and
bacteria related to digestion and absorption (Sphingomonas,
Romboutsia and Brevibacillus) (Kong et al., 2023). An interesting
finding in this study was that refeeding with FO modulated and
restored the GM composition.

Although most studies so far have looked at the effect of oil
substitutions, there has also been some studies on the effect of single
fatty acids on GM. In Arctic charr, Ringo et al. (1998) reported
higher population level of intestinal lactic acid bacteria (LAB) in fish
fed 7% linolenic acid (18:3 n-3) or 4% of long chain-omega-3 PUFA
(LC n-3 PUFA) compared with the fish fed linoleic acid (18:2 n-6).
Feeding of gilthead seabream, a combination of short and medium-
chain 1-monoglycerides (SILOhealth 108Z) increased the number
of beneficial gut bacteria including Lactobacillus while reducing the
number of Gammaproteobacteria (phylum Proteobacteria).
Atlantic salmon fed low amounts of LC-n-3PUFA had a higher
abundance of Firmicutes while fish fed high levels had higher levels
of Proteobacteria (Jin et al., 2019). Feeding oxidized oil to rice field
eel (Monopterus albus) reduced GM alpha diversity and abundance
of Clostridia, while increasing Fusobacteria (Cetobacterium), which
led to gut microbiota dysbiosis (Peng et al., 2019).

From the accumulated data it appears that dietary lipids will
affect GM of fish and will select for several groups of bacteria
producing compounds like SCFAs that will affect gut-brain and GM
signaling. However, the effects appear more variable and sometimes
contradictory even within species. Some studies also vary the lipid
so much that the effects observed may be more due to oxidative
stress or essential fatty acid deficiency rather than a consequence of
microbial metabolism.
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3.1.3 Dietary carbohydrates and fiber

Carbohydrates will most certainly affect the GM of aquatic
animals. This is especially true for fibers (carbohydrate chains that
cannot be degraded by the host often due to B 1—4 glycosidic
bonds) since many microbial species will degrade and utilize them.
The bacterial utilization and selection will depend on the type of
fiber. Fibers have been reported to be beneficial in both animals and
fish (e.g., DeVries et al., 2001; Ringp et al., 2010; Cerezuela et al.,
2013; Sonnenburg and Sonnenburg, 2014). Typical results are
increasing GM diversity as in largemouth bass dietary fibers (Lin
et al., 2020) and total number of bacteria as in Caspian whitefish
(Rutilus frisii kutum) (Mirghaed et al., 2018). Carnivorous fish
normally consume very little carbohydrates and fibers. But in
farmed species, fibers have become a major feed ingredient and
will affect microbiota.

Increasing the dietary content of carbohydrates will, in general,
have negative consequences on the GM in fish and can cause
physiological dysfunction (Boulange et al, 2016). In largemouth
bass fed 15% corn starch reduced the abundance of beneficial
bacteria including Lactobacillus, while the abundance of potentially
pathogenic bacteria increased such as Brevundimonas and Ralstonia
(Zhou et al., 2021). Zhang et al. (2021) noted that feeding Chinese
perch (Siniperca chuatsi) high levels of carbohydrates reduced gut
lactate content, microbial diversity and the quantity of beneficial
bacteria. In the high carbohydrate group, Mycoplasma was the
predominant species while butyric acid-producing bacteria and
butyric acid level was reduced. These are well recognized as triggers
for enteritis. Likewise, feeding 30% of corn starch to Japanese seabass
(Lateolabrax maculatus) resulted in a reduction of Firmicutes and
Bacillus, while increasing the relative abundance of Proteobacteria
and Bacteroidetes at the phyla level, and Photobacterium and
Paraclostridium at genera level causing lipid deposition and glucose
metabolism disruption (Zheng et al., 2023). But as for the other
nutrients, results can vary between species and trials. In grass carp,
Zhang et al. (2023¢) showed that low dietary levels of carbohydrates
(100g/kg of corn starch) increased the abundance of pathogenic
bacteria (Ralstonia and Elizabethkingia) in the GM, while 400 g/kg
increased the abundance of Flavobacterium.

3.2 Probiotics, prebiotics and antibiotics

As mentioned above, several dietary ingredients will alter the
GM. In many cases, this shift may be harmful to the host, while
others have beneficial effects (see Nayak, 2010; Caipang et al., 2020;
Dawood et al., 2020; Hasan and Banerjee, 2020; Ringo et al., 2020,
Ringo et al., 2022; Allameh et al., 2021; Vargas-Albores et al., 2021).
In addition to these indirect and occasionally inadvertent effects of
dietary components on the composition and abundance of the GM,
intestinal microbes can also be altered via direct measures, such as
through the addition of prebiotics or probiotics. These components
are therefore added in a deliberate attempt to improve the health of
the host. Other components such as antibiotics are used to prevent
and treat bacterial diseases in fish, but will as a side effect also affect
other bacteria in the GM. The known impacts of these additives are
present in the following sections.
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3.2.1 Probiotics

To enable beneficial microorganisms to become established in
the GIT, it is becoming more common, in practical aquaculture, to
add one or more “good” live bacteria directly into the diets (Druart
et al,, 2014; Vargas-Albores et al., 2021). This is termed a probiotic
approach where these bacteria should become established in the
host intestine. Here they would change the diversity, composition
and function of the fish gut microbiota through several mechanisms
such as competing with the harmful bacteria for attachment sites
and nutrients thereby reducing the growth and colonization of
pathogenic bacteria. Moreover, probiotics produce different types of
antimicrobial compounds, which inhibit the growth of harmful
bacteria and parasites in the intestine of the fish (Chen et al., 2024;
Ferdous et al., 2024). The positive modulation of the gut microbiota
in fish in turn resulted in improvement in the growth, gut health,
nutrient metabolism, immune response and disease resistance of
the host (Qi et al,, 2024). The most commonly used probiotic
species in aquaculture include Pediococcus acidilactici (Bactocell)
Lactobacillus, Bacillus, Lactococcus and Saccharomyces (e.g. Nayak,
2010; Caipang et al., 2020; Ringe et al., 2020)The effects of
probiotics on GM of teleosts are summarized in Table 1.

TABLE 1 Summary of effects of probiotics added to fish species.

10.3389/fmars.2024.1495373

3.2.2 Prebiotics

An alternative, and more practical approach than adding live
bacteria, is to include the food components that the “good” probiotic
bacteria would need to become established in the GI. This is the
prebiotic approach. Most prebiotics are non-digestible or indigestible
fibers that are utilized by beneficial bacteria (probiotics) for their
growth. The presence of a normal gut microbiota enhances the
efficiency of nutrient absorption and metabolism by stimulating the
growth of beneficial bacteria that help break down and metabolize
nutrients in the gut. Furthermore, prebiotics played a significant role
in modulation of the immune response by promoting the growth of
beneficial bacteria that support a balanced immune function, thereby
enhancing the fish’s ability to resist pathogens and diseases. Positive
modulations of gut microbiota by prebiotics also help to maintain the
integrity of the gut barrier and promote the production of beneficial
metabolites such as short-chain fatty acids, which have anti-
inflammatory and protective effects on the gut lining and reduce
gut-related disorders in the fish. Reduction of pathogen colonization
of the intestine due to computing for space and nutrients with the
beneficial bacteria which can promote their proliferation because of
prebiotics is another scenario of the application of prebiotics in

Effects on the GM

References

tdiversity of GM and the relative abundance
of beneficial bacteria (such as Bacillus sp.),
and |relative abundance of opportunistic
pathogenic bacteria (such as Aeromonas sp.)

(Li et al., 2019a)

Probiotics Species Dietary
supple-mentation

Clostridium butyricum Tilapia 10° CFU g !

Bacillus subtilis Nile tilapia 10° CFU ¢!

B. subtilis HGee-1

Lactobacillus bulgaricus

Lactic acid bacteria (LAB)

Zebrafish

Common carp

Turbot

0.5 and 1.0% HGcc-1 (10"
CFU g™

5x10” CFU g™

In culture water to a
concentration of 10°
CFU/mL

1 GM diversity

1 abundance of intestinal
Fusobacteria and Cefobacterium

1 ratio of lactic acid bacteria in the gut

Simpson index| Shannon index 1.

(Tang et al., 2020)

(Wang et al,, 2022)

(Alishahi et al., 2018)

(Guo et al., 2020)

Clostridium butyricum (CB)

Large yellow croaker
(Larimichthys crocea)
larvae

0.1, 0.2 and 0.4% CB (5x10°
CFU g™

Tabundance of CB and |diversity of
gut microbes.

(Yin et al., 2021)

Lactobacillus plantarum CCFM639

Nile tilapia

10°CFU g !

Jabundance of Comamonadaceae,
Enterovibrio and Porphyromonadaceae

(Yu et al., 2019)

Probiotic (Sanolife PRO-F;
composed of B. subtilis,

B. licheniformis, and B. pumilus)

B. subtilis CMCC63501, L.
paracasei, and R. palustris
ACCC10649 to make
compound probiotics

Streptococcus faecalis

Pangasius

Crucian carp

Blunt snout bream
(Megalobrama
amblycephala)

A concentration of 10'°
CFU g

10°-10* CFU/mL

10°CFU g !

1 GM content

Tnumber of Firmicutes, Planctomycetes,
Verrucomicrobiota at the phylum level

Highest values of intestinal alpha diversity
and intestinal abundances of Actinobacteria,
Chlamydiae, Firmicutes, Planctomycetes,
Verrucomicrobia, Clostridium

and Synechococcus

(Haque et al., 2021)

(Zhang et al., 2022b)

(Xu et al., 2020a)
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TABLE 1 Continued

Probiotics

Species

Dietary

supple-mentation

10.3389/fmars.2024.1495373

Effects on the GM

References

Rummeliibacillus stabekisii

Bacillus pumilus SE5

Bacillus coagulans SCC-19

Nile tilapia

Grouper
(Epinephelus coioides)

Common carp

10° CFU g ', 10’ CFU g™

10°CFU g !

107, 10° and 10° CFU g*

tabundance of potential probiotics (Bacillus
and Lactobacillus spp.) and |abundances of
potential pathogenic bacteria (Streptococcus
and Staphylococcus spp.)

|relative abundance of Vibrio (potentially
pathogenic) while Lactobacillus
significantly 1

tabundance of Bacillus and Lactobacillus,
and |abundance of some pathogens (e.g.,
Shewanella and Vibrio)

(Tan et al., 2019)

(Yang et al,, 2019)

(Chang et al., 2021)

Multi-strain probiotic (MSP)
composed of Bacillus licheniformis
SK3927, Bacillus amyloliquefaciens
SK4079, and B. subtilis SK4082,
Lactobacillus brevis SK1751,

L. plantarum SK3494, and
Saccharomyces cerevisiae SK3587.

Juvenile
olive flounder

10%-10° CFU kg™* MSP

Enriched abundance of Lactobacillus

(Niu et al., 2019)

Bacillus sp. SJ-10 and Olive flounder 10° CFU ,g"1 trichness of bacterial population (Jang et al., 2019)

L. plantarum

B. coagulans G1902 Turbot 10° CFU ¢! |relative abundances of Listonella and (Guanggxin et al., 2022)
Sphingomonas and frelative abundances of
several potential beneficial bacteria (such as
Akkermansia, Bifidobacterium
and Faecalibacterium)

B. subtilis Nile tilapia larvae 10® CFUg™ 1relative abundance of beneficial (Deng et al., 2022)
Cetobacterium and Bacillus

Lactococcus lactis JCM5805 Nile tilapia 10° CFUg’1 Altered the composition of host GM (Xia et al., 2020)

Bacillus coagulans BC1

Crucian carp

2 x 10" CFU/fish)

fabundance of Cetobacterium
labundance of opportunistic pathogens such
as Bacteroides, Vibrio and Aeromonas

(Hu et al., 2024)

Clostridium butyricum

Lactobacillus acidophilus AC

Large-mouth bass

Zebrafish

3.2x10°CFU/kg

10° CFU/mL & 107 CFU/mL

labundance of Firmicutes and Mycoplasma.
Increased the abundance of Fusobacteria
and Cetobacterium.

labundance of Burkholderiales,
Candidatus_saccharibacteria_bacterium, and
Sutterellaceae, while Tabundance

of Cetobacterium.

(Chen et al., 2024)

(Qiu et al., 2024)

Bacillus velezensis and Rainbow trout 107 CFU/g Trelative abundance of Ruminococcus, (Zhao et al., 2023)
Lactobacillus sakei Lachnospiraceae ucg-004, Leptotrichia,
Bacillus coagulans, Porphyromonadaceae,
Anaerococcus, Photobacterium, and
Paenibacillaceae and Eubacterium hallii
Bacillus amyloliquefaciens US573 European sea bass 107 CFU/g 1Genera Firmicutes and Sporosarcina. (Chouayekh et al., 2023)
|Proteobacteria and Phyllobacterium genus
Bacillus coagulans Turbot 108 CFU/g labundance of Clostridia, Turicibacter, (Zhao et al., 2024)
(Scophthalmus Erysipelotrichales, and Lachnospiraceae
maximus)

Bacillus cereus and B. subtilis

Pengze crucian carp
(Carassius auratus
var. pengze)

1 x 10° CFU/kg

| opportunistic pathogen Aeromonas and
tin Romboutsia and
Clostridium_sensu_stricto

1 number of observed OTUs, Chaol,ACE,
Shannon, and Simpson in

bacterial community

(Li et al., 2022a)

Weissella confusa

Rainbow trout

3 x 107 CFU/g

Tabundance of LAB

(Kahyani et al., 2021)
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TABLE 1 Continued

Probiotics Species Dietary

10.3389/fmars.2024.1495373

Effects on the GM References

supple-mentation

B.velezensis TPS3N B.subtilis TPS4 1.0 x 10° CFU/ml

and B. amyloliquefaciens TPS17

Nile tilapia

| abundance of pathogenic bacteria (Kuebutornye et al., 2020)

Staphylococcus and Aeromonas

Bacillus cereus and Labeo rohita 1x10° CFU/g feed

Geotrichum candidum

labundance of Staphylococcus saprophyticus, | (Ghori et al.,, 2022)
Sporobolomyces lactosus, Trichosporon,

and Cryptococcus

Lactobacillus plantarum HC1775 Large-mouth bass 10° CFU/L tabundance of phylum Tenericutes and (Jin et al., 2024)
mycoplasma and Leifsonia genera, while
|Proteobacteria and of Aeromonas.

Lactobacillus plantarum SHY21-2 Zebrafish 108 CFU/mL tabundance of Lactiplantibacillus, (Jiang et al., 2024)

Combination of Bacillus subtilis) Labeo rohita
and Lactobacillus plantarum and

Lactobacillus buchneri

10° and 10" CFU/ml

Leucobacter and Gemmobacter after
zebrafish were infected with
Aeromonas hydrophila.

1 total viable colony and LAB. (Ferdous et al., 2024)

Clostridium butyricum Large yellow croaker 5 x 10° CFU/g

1 - positive effect; — - no significant effect; | - decrease effect.

aquaculture. Many studies demonstrated that incorporating
prebiotics into the diet of fish can help maintain a healthy gut
microbiome and support overall fish health and performance
(Merrifield et al., 2010; Ringo et al.,, 2010, Ringo et al., 2014; Druart
et al., 2014; Davani-Davari et al., 2019; Dawood et al., 2020).
Prebiotics used in aquaculture mainly include mannan-
oligosaccharide (MOS), B-glucan, fructo-oligosaccharide (FOS),
xylooligosaccharide (XOS), galactooligosaccharide (GOS) and
inulin (Dawood and Koshio, 2016; Nawaz et al., 2018; Dawood
et al, 2020; Yukgehnaish et al, 2020). Modulation of the GM
following administration of prebiotics are summarized in Table 2.

3.2.3 Antibiotics

With the rapid growth of aquaculture production there has been
a concomitant increase in disease outbreaks, and to combat such
outbreaks, antibiotics have been utilized. While the use of
antibiotics in aquaculture varies substantially between different
countries, antibiotics have been detected in most aquatic
environments, of which human medicine, terrestrial animal
farming and aquaculture are the main sources (Kim et al., 2017;
Danner et al., 2019; Bojarski et al., 2020). Antibiotics function by
inhibiting bacterial survival/growth through various mechanisms,
such as targeting the structural integrity of the bacterial cell wall,
inhibiting bacterial protein biosynthesis, inhibiting of bacterial
DNA replication or inhibiting of bacterial folic acid metabolism
(Kapoor et al,, 2017). Importantly, these antimicrobial mechanisms
target all sensitive species in the “natural” bacterial community in
addition to the disease-causing agents, thus selecting for those
species that are resistant to the treatment. In turn, this results in
an alteration in the diversity and composition of fish GM. Indeed,
the use of antibiotics cause an imbalance of fish gut microbiota and

Frontiers in Marine Science

1relative abundance phylum (Yin et al,, 2021)

Firmicutes, Clostridium butyricum and
Aliivibrio, while

Iphylum Actinobacteria and

genus Acinetobacter

can lead to dysbiosis. Dysbiosis is defined as the loss of beneficial
microbes, expansion of pathobiont microbes, or loss of the diversity
of the microbes (Petersen and Round, 2014).

In line with this, Limbu et al. (2019) determined that
oxytetracycline exacerbated the adverse effects of a high-fat diet on
the gut of juvenile Nile tilapia, leading to microbiota dysbiosis. The
effect of a combination of antibiotics containing vancomycin,
enrofloxacin, florfenicol, and metronidazole at different doses on the
gut microbiota of grass carp indicated that at higher doses (at 2 mg/
fish/d except for vancomycin at 1 mg/fish/d) increased the abundance
of Proteobacteria, while the abundance of Fusobacteria and the genus
Cetobacterium was reduced (Sun et al., 2021). Furthermore, olaquindox
in zebrafish, florfenicol in channel catfish and a combination of
kanamycin, gentamicin, colistin, metronidazole, and vancomycin in
Devils Hole pupfish (Cyprinodon diabolis) resulted in the decline of the
relative abundance of Cetobacterium in the intestinal contents
(He et al, 2017; Wang et al, 2019; Bhute et al, 2020). A study
performed by Almeida et al. (2019) showed that treatment of
zebrafish with oxytetracycline led to increased relative abundance of
the Rhodobacter genus from phylum Proteobacteria. Administering
oxytetracycline or amoxicillin to olive flounder reduced the diversity
and quantity of GM (Kim et al., 2019). Carlson et al. (2017) showed
that rifampicin reduced the diversity and composition of gut
microbial communities in Western mosquitofish (Gambusia affinis).
Administration of florfenicol-containing diets to catfish increased the
relative abundance of Plesiomonas and Aeromonas (Wang et al., 2019).
In zebrafish, olaquindox reduced the abundance of Cetobacterium and
increased Enterobacter (He et al.,, 2017). Wang et al. (2020) established
that norfloxacin caused a significant decrease in the diversity and
relative abundance of Proteobacteria in the GM of juvenile large yellow
croaker (Pseudosciaena crocea), while there was an increase in
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TABLE 2 Summary of modulatory effect of prebiotics on GM of fish species.

Prebiotics

Species

Dietary

supplementation

Effects on the GM

10.3389/fmars.2024.1495373

References

Mannan-
oligosaccharide (MOS)

B-glucan

B-glucan (MacroGard®)

Mannan-oligosaccharides
(MOS) and fructo-
oligosaccharide (FOS)

Nile tilapia juveniles

Nile tilapia

Common carp

Regal peacock
(Aulonocara stuartgranti)

8 and 15 g kg

0.4% concentration

Supplemented, 1%

4 gkg' MOS + 1.5 gkg ' FOS

1 number of aerobic and lactic
acid bacteria

1 abundance of beneficial microbiota
such as Lactobacillus, Phycicoccus,
and Rikenellaceae

Total |bacterial count, but Tnumber
of bacterial species

1 Lactobacillus counts

(Levy-Pereira et al., 2018)

(Xu et al.,, 2020b)

(Jung-Schroers et al., 2018)

(Mirzapour-Rezaee et al.,, 2017)

Galactooligosaccharide
(GOS)

Caspian white (Rutilus
kutum) fish and Caspian
roach (Rutilus

caspicus) fingerlings

Supplemented, 2%

LAB predominated in the total
viable count

(Hoseinifar et al., 2019)

Inulin,
Galactooligosaccharide
(GOS), D-sorbitol

Juvenile chu’s croaker
(Nibea coibor)

IG (including 0.5% inulin
and 0.5% GOS);

GS (0.5% GOS and 0.5% D-
sorbitol);

IGS (0.33% inulin, 0.33%
GOS and 0.33% D-sorbitol)

Modulated the GM. The highest
Shannon and Simpson diversity
indices in the IGS group.

(Li et al., 2019b)

Fructo-oligosaccharide (FOS)

Inulin

Immunogen®—MOS (18%)
and B-glucan (1-3, 1-6, 30%)

Tilapia (Oreochromis niloticus x
O. aureus)

Nile tilapia
(Oreochromis niloticus)

Shabout (Tor grypus)

0.5, 1,2 and 4 gkg"'

5gkg’

Supplemented with
Immunogen® at 0.5, 1
and 1.5%

1 total bacterial counts in the 2 and 4
gkg! groups, LAB counts in the 4 g
kg™ group, and bacilli counts in all
FOS groups (p <.05).

Inulin did not affect GM diversity but
altered its composition

Feeding different levels of
Immunogen® tnumber of
Lactobacillus spp.

(Poolsawat et al., 2020)

(Wang et al., 2021c)

(Mohammadian et al., 2021)

Xylooligosaccharide (XOS)

Tilapia (Oreochromis niloticus x
O. aureus)

The basal diet supplemented
with 0.5, 1, 2 and 4 g.kg'1
XOS, respectively

1 numbers of LAB and Bacillus in
each XOS group, and the |number of
Escherichia coli in 2 and 4 gkg'
supplementation groups

(Poolsawat et al., 2021)

Inulin

GroBiotic®-A

Nile tilapia
(Oreochromis niloticus)

Totoaba juvenile

Supplemented, 0.2%,
0.4%, 0.8%

2% of dry weight

Addition of 0.8% inulin in the 16 psu
(practical salinity unit) group restored
the composition, alpha-diversity and
beta-diversity of the GM to the
freshwater group pattern.

Caused changes in bacterial
community composition

(Zhou et al., 2020b)

(Gonzalez-Félix et al., 2018)

Cello-oligosaccharides

Rainbow trout

0.5 and 1.5%

1 abundance of Ruminococcaceae,
Bacillaceae and Lactobacillacea

(Singh et al., 2024)

D-mannose

Fermacto®

Largemouth bass

Asian seabass
(Lates calcarifer)

1 and 2%

0.3%

| abundance of Staphylococcus and
Achromobacter, while increased
Aurantimicrobium and

alpha diversity

1 alpha diversity and the abundance
of beneficial bacteria such as
Enterococcus faecium, Lactococcus
lactis, Mitsuokella, Macrococcus
caseolyticus, Staphylococcus sciuri,
Vagococcus fluvialis and Lactococcus
gravidae

| abundance of Plesiomonas

(Sun et al.,, 2024)

(Huang et al., 2023)
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TABLE 2 Continued

Prebiotics Species Dietary

10.3389/fmars.2024.1495373

Effects on the GM References

supplementation

polysaccharide-based Nile tilapia 0.5% and 0.75%

prebiotics Aloe vera extract

Fructooligosaccharide Stellate sturgeon 1%

(Acipenser stellatus)

Galactomannan European sea bass 0.5%

oligo-saccharides (Dicentrarchus labrax)

Mannan oligo-saccharide Rainbow trout 0.2%

1 - positive effect; — - no significant effect; | - decrease effect.

Tenericutes. Short-term antibiotic treatment of the hybrid grouper
(Epinephelus fuscoguttatusQ x E. lanceolatus?) significantly reduced
the number and diversity of gut microbes, the abundance of Firmicutes,
and the ratio of Firmicutes/Bacteroidetes (Xu et al., 2022). Injection,
oral administration and soaking of Nile tilapia with enrofloxacin for 48
h resulted in a decrease of the relative abundance Corynebacterium,
Clostridium sensu stricto_3 and Bacillus and an increase in
Akkermansia, Ralstonia and Romboutsia genera in the intestine of
the fish (Chen et al., 2023). In addition, feeding Nile tilapia with a diet
containing oxytetracycline (100 mg/kg/day) for eight days resulted in
an increment in the abundance of Plesiomonas (Payne et al., 2021).
Another study performed by Payne et al. (2022) demonstrated that
supplementation of oxytetracycline (35 mg/kg body weight of fish/day)
to the diet of rainbow trout for seven days led to a reduction of
Mycoplasma and Bacillus, while increasing the abundance of
Aeromonas, Deefgea and Pseudomonas in the intestine of the fish.
These and other studies clearly demonstrate that the effects of
antibiotics on the gut microbiota of fish can vary depending on the
type of antibiotics, dosage, duration of application, and fish species.
Antibiotics can change the diversity and composition of the GM of
fish, and the changes caused by different types of antibiotics may be
positive or negative. In addition to their direct selection of specific
microbes, antibiotics can also affect the gut microbiota indirectly by
several mechanisms including, alteration of the immune system and
overall health of the fish, which in turn can impact the gut microbiota
diversity and structure, and this can result in alteration in metabolism
of nutrients, immune functions, resistance to diseases and overall
health and development of the fish. The development of antibiotic
resistance microbiome in the gut of the fish will also affect the normal
microbiota profile in the gut of the fish as well as the environmental
microbiome structure due to the inappropriate of prolonged
application of antibiotics in the fish. As in animal species, the
number of antimicrobial resistance genes in pathogenic bacteria
have increased, and due to this the effectiveness of antibiotics has
been reduced along with increased occurrence of infectious diseases
in the aquaculture environments (Santos and Ramos, 2018; Dube and
Okuthe, 2024). It has been reported that mutation or horizontal
transfer of resistance genes through conjugation, transformation and
transduction are the main ways for the development of antibiotic
resistance bacteria (Spetz, 2003; Munita and Arias, 2016).
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1 Planctomycetes, Firmicutes, and (Bera et al., 2023)
Bacillus while Proteobacteria Jand

Verrucomicrobia. |

1 total culturable autochthonous (Akrami et al., 2013)

bacteria and autochthonous LAB.

| abundance of Corynebacterium, (Rimoldi et al., 2020)
Enterococcus, Shewanella, Erwinia,
and Photobacterium, whereas

Lactobacillus 1.

Markedly | Aeromonas/Vibrio spp. (Dimitroglou et al., 2009)

This transferring of genes and/or plasmids might contaminate the
whole population in an aquaculture environment and affect the
diversity and composition of gut microbiota of the fish through
promoting the proliferation of potential pathogens and hindering the
growth of beneficial bacteria in the gut of the fish (Ruzauskas et al,,
2018; Preena et al., 2020). Therefore, it is crucial to apply antibiotics
cautiously, and properly (in the time of application as well as dose)
using the proper guidelines to reduce the negative effects on the gut
microbiota of fish and utilization of alternative strategies will be
important rather than depend entirely on antibiotics for treatment of
aquatic animal diseases.

3.3 Environmental factors

While diet and dietary additives such as pro-, pre and antibiotics
play major roles in the formation of the gut microbiota, the water
environment provides a complex and diverse living environment for
aquatic animals with many important factors affecting the GM
(Spanggaard et al, 2000). Among them, temperature, salinity,
inorganic salts (especially ammonia nitrogen and nitrite) and pH
are important parameters. In addition, heavy metal ions, pesticides
and other substances in diets or the water environment will also
impact fish GM (Navarrete et al., 2008).

3.3.1 Temperature

Fish are ectotherm animals, and the diversity, structure, and
abundance of GM change with water temperature. Seasonal changes
are a natural part of many fishes’ life cycle and will often affect the
gut microbiota. Indeed, Al-Harbi and Naim (2004) observed that
the relative abundance of GM in Oreochromis niloticus X
Oreochromis aureus varied significantly with seasons. Similar
findings were made by Hagi et al. (2004) in common carp, silver
carp, channel catfish (Ictalurus punctatus) and deepbodied crucian
carp (Carassius Carassius). They noticed that the dominant LAB
during summer was L. lactis while L. raffinolactis dominated during
winter. In an extended experiment, Hovda et al. (2012) analyzed the
GM of Atlantic salmon during a one-year cycle where water
temperatures varied between 5,5 and 18,8°C. They concluded that
while there were some small variances in the composition, the
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overall changes in the GM were not significant. In contrast to this,
Neuman et al. (2016) conducted a study in Tasmanian Atlantic
salmon fed two different diets at changing water temperatures. They
documented that the differences in GM from the dietary groups
increased when the water temperatures increased from 10.1 to 18.5°
C. This showed that water temperature was the main driver of
changes in the GM of these fish. These discrepancies could be owed
to other environmental factors differing between the trials, such as
ratio of temperature shifts, bacteria present in water etc.

Global warming and its side effects of increased frequencies of
extreme weather will impact all aspects of life (Garrabou et al,
2022). This is also likely to affect numerous aspects of intestinal
microbiota in affected fish species. Sanchez-Cueto et al (2023)
simulated heat wave conditions and established that elevated
temperatures substantially influenced the microbiota composition
and decreased alpha diversity in greater amberjack (Seriola
dumerili). Huyben et al (2018) showed lower bacterial diversity
and abundance of LAB, especially Lactobacillus, in rainbow trout
reared in 18°C rather than 11°C for 6 weeks. A decreased abundance
of Lactobacillus and overall lowered bacterial diversity in rainbow
trout was also demonstrated by Zhou et al. (2022), in a study which
also established that the number of Mycoplasma, Firmicutes, and
Tenericutes increased significantly following acute heat stress.
Acute heat stress has also been shown to impact the GM of
gilthead seabream by facilitating increased growth of the potential
pathogenic Streptococcus in fish fed high lipid diets (Pelusio et al.,
2021). Jones et al. (2018) detected significant differences in the
community structure and diversity of GM of Mottled spinefoot
(Siganus fuscescens) in temperate-, subtropic- and tropic-waters and
Soriano et al. (2018) showed that the predominant bacterial families
in yellowtail kingfish (Seriola lalandi) reared at low water
temperatures (20°C) were Saprospiraceae, Comamonadaceae and
Micavibrio, changing to Pseudomonadaceae, Alcaligenaceae and
Microbacteriaceae at higher water temperatures (26°C). By rearing
chinook salmon (Oncorhynchus tshawytscha) at 8, 12, 16 and 20°C,
Steiner et al (2022) established that elevated temperature had a
significant effect on the gut microbiota, with the dominant taxa
gradually changing from Vibrionaceae to Fusobacteriaceae.
Importantly, these changes were significantly correlated with the
physiology and health of the fish, affecting parameters such as
histology, fatty acids, plasma biochemistry and hematology. In
chum salmon (Oncorhynchus keta) exposure to temperatures
above or below the control temperature triggered significant
dysbiosis in the fecal microbiota (Ghosh et al., 2022). The authors
showed that Vibrio and Tenacibaculum sequence variants were
highly abundant at high and low temperatures, respectively, and
importantly concluded that the opportunistic growth of these
pathogenic species may impede host immunity.

From the above-mentioned studies it is clearly showed that
temperature is an important factor affecting the composition and
diversity of the GM. This is owed to the natural ability of some
bacterial species and strains to thrive at specific temperatures as well
as their differing potential to adapt to shifts in surrounding
temperatures. Importantly, this may in turn impact the well-being
of the fish. Though temperature is a deciding factor for the
microbiota, the host-specific composition and diversity of the GM
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means that the response to shifts in temperature is highly species
dependent. For example, by exposing two invasive fish species
(common carp and largemouth bass) to increased temperature,
Zhang et al. (2023b) were able to determine that the GM
communities in common carp changed significantly within one
week, while the GM communities of the largemouth bass exhibited
no significant changes. Concomitantly, the researchers identified 10
predicted bacterial functional pathways in common carp that were
temperature dependent, while no functional pathways were
identified in largemouth bass. In sum, they concluded that the
GM of the common carp was more sensitive to temperature
fluctuation and more plastic than that of largemouth bass.
Notably, the plasticity of fish GM in response to temperature is
not only species dependent but appears to be linked to the overall
thermal tolerance of the host. In fact, Kokou et al (2018) conducted
an experiment in which they performed transgenerational selective
breeding cold tolerance in tropical tilapias and concluded that the
microbiomes of cold-resistant fish showed higher resilience to
temperature changes, indicating that the microbiome is shaped by
its host’s selection.

3.3.2 Salinity

Salinity is an important environmental factor that can affect the
survival and growth of fish, and also the diversity and structure of
GM. Yoshimizu and Kimura (1976) discovered that the composition
of salmonid GM changed in salmonids during seawater transfer.
They observed that Monospora and Enterobacteriaceae were
predominant in freshwater, while halophilic Vibrio was the
predominant genus in seawater. More recently, Rudi et al. (2018)
documented that the freshwater-to-seawater transition had a major
influence on Atlantic salmon GM composition and quantity. Indeed,
there was a 100-fold increase in bacterial quantity in seawater along
with a relative increase of Firmicutes and a relative decrease of both
Actinobacteria and Proteobacteria. Additionally, freshwater GM had
a lower alpha diversity than saltwater GM. Despite the shift, the
researchers also identified some unaffected gut microorganisms,
namely three Clostridia and one lactobacillus-affiliated phylotype
that were highly prevalent and co-occurring. This confirms
suggestions that there is a stable core of microorganisms apart
from the alterable population. Notably, the increased diversity
observed in saltwater for Atlantic salmon is not necessarily
conserved across salmonoid species. Zhao et al (2020a) conducted
a trial in which chinook salmon either spent their whole lives in
freshwater or were reared in freshwater facilities before being
transferred to seawater. In doing so, researchers documented that
species richness and diversity were significantly higher in freshwater
farmed salmon than in those farmed in a marine environment.
Oppositely to the anadromous fish which migrate from freshwater
to saltwater for growth and development, catadromous fish migrate
from saltwater to freshwater. In a recent study in Asian sea bass (Lates
calcarifer), this transfer was established to affect both mucosa- and
digesta-associated microbiota (Morshed et al., 2023). Plesiomonas
and Cetobacterium were dominant in both the mucosa- and digesta-
associated microbiota of freshwater-acclimated fish while pathogenic
Vibrio, Staphylococcus, and Acinetobacter genera were dominant in
the saltwater group.
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It is notable that salinity appears to be among the most decisive
factors for the diversity and composition of the GM: Indeed, in
chinook salmon (Zhao et al,, 2020a), salinity was reportedly more
important than water temperature with regards to the effect on GM,
and in Atlantic salmon the shift from freshwater to saltwater
significantly impacted the GM while diet did not show significant
associations with the microbiota (Rudi et al, 2018). Despite this
documented significance, it is important to keep in mind that in both
anadromous and catadromous fish the shift in habitat from fresh- to
saltwater occurs in parallel with the maturation of the fish and
concomitant physiological changes which allow them to acclimate
to the new environmental salinity. These processes can have a
separate, but simultaneous impact on the GM, which can make it
very difficult to separate the changes caused directly by altered
salinity. To address salinity as an isolated factor it can therefore be
useful to study the impact on fish who either have not started or
completed their maturation. In line with this, several recent studies
have been conducted. Liu et al (2023) exposed grass carp to three
different salinities (0, 2 and 6 ppt) for 8 weeks. They established that
increased salinity reduced the proportion of beneficial bacteria such
as Fusobacteria and Firmicutes, while the proportion of
Actinobacteria, Verrucomicrobia and Acidobacteria increased.
Similarly, shifts in salinity also affected the dominant intestinal
microbial taxa in juvenile largemouth bass (Sun et al.,, 2023), and
in striped catfish juveniles (Pangasianodon hypophthalmus) the
Vibrio genera increased while the Akkermansia genera decreased
with increasing salinity (Hieu et al, 2022). Additionally, genus
Sulfurospirillium was predominantly in fish exposed to salinity
treatments while alpha diversity measures generally showed a
decreasing pattern as the salinities increased.

3.3.3 Pollution, inorganic salts, heavy metals
and microplastics

The pollution of costal, river and lake environments are of great
concern as it can have adverse effects on the health of aquatic animals.
A plethora of studies have been performed describing how pollution
affects both animals in general, but also the GM in particular. To
study the effects of accidental oil spills, Bagi et al (2018) exposed
Atlantic cod (Gadus morhua) to increasing levels of crude oil for 28
days and established that the diversity of the GM was significantly
affected. Specifically, the abundance of Deferribacterales increased,
while the abundance of Fusobacteriales and Alteromonadales
decreased at the highest exposure level. The pollutants can be
administered through several pathways. In saltwater, fish will drink
seawater with any pollutants precent, and in both seawater and
freshwater prey may be contaminated. The intestine is especially
vulnerable as crude oil metabolites are known to be excreted into the
intestinal tract via bile.

Alongside accidental oil spills, heavy metal contamination has
become a severe environmental concern. Given the growing evidence
that heavy metal exposure may cause various metabolic diseases
partly due to heavy metal induced dysbiosis of the gut microbiota
(Duan et al., 2020), the impact of various metals on the GM of fish has
become a growing field of research. A 2020 study by Yan and
colleagues showed that exposure to a cocktail of cadmium, lead
and zinc exposure significantly influenced the diversity of the GM
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and intestinal function of marine medaka (Oryzias melastigma). The
effects were gender dependent with the heavy metals inducing greater
alterations in males. The authors interpreted this as the intestinal
microbiota of adult male marine medaka being more sensitive to the
heavy metals compared to the GM of the female fish, which coincides
with their findings that more metabolic pathways were affected in
male fish than in female. In their discussion the researchers stated
that exposure to heavy metals increased abundances of Firmicutes,
Proteobacteria and Bacteroidetes in females, and speculate that the
relative protection seen in the female fish may be due to the reported
link between the Firmicutes such as Lachnoclostridium-10,
Ruminococcaceae, and Lactobacillus and SCFAs, which can
enhance intestinal endocrine function, prevent infection, and
protect intestinal health (Lemaire et al,, 2018). These heavy metals
can also influence the microbiota separately. Indeed, lead has been
shown to cause gut microbiota dysbiosis and hepatic metabolic
disorder in zebrafish (Xia et al., 2018a), and a 2020 study
established that cadmium exposure altered the intestinal microbiota
in freshwater crayfish (Procambarus clarkia) with regards to richness,
diversity and composition, while also causing histological changes in
the intestines (Zhang et al, 2020b). Importantly, a functional
prediction analysis of intestinal microbial communities showed that
Cd exposure could significantly alter the pathways related to
metabolism, diseases, cellular processes, and more, thus
highlighting the functional importance of such microbiome studies.

Copper is a heavy metal of particular concern since it is used as
an antifouling agent in both boat paint and fish nets. Though
copper is an indispensable trace element for fish, exposure to
increased concentrations of can have a severe effect on the health
of the fish (reviews by Liao et al., 2023a; Malhotra et al., 2020).
Moreover, given its function as an antimicrobial agent and the
repeated demonstration that copper exposure can cause growth
impairment in several fish species (reviewed by Tavares-Dias,
2021), the effect of this heavy metal on the GM is highly relevant.
Meng et al. (2018) exposed common carp to a high levels of copper
(0.28 mg Cu/L), and documented that the o-and B-diversity of GM
were significantly changed, and reduced the abundances of several
putative SCFA-producing bacteria, including Allobaculum, Blautia,
Coprococcus, Faecalibacterium, Roseburia, and Ruminococcus. The
significance of SCFAs will be discussed in section 4.1, but it is
notable that the authors related this to lipid metabolism and
immunity. Exposing tiger puffer to 0, 50, 100 or 500 ug/L copper
for three days, Liu et al (2024) noticed that increased copper
concentration cause significant damage to the intestinal tissue and
that the exposure also altered the structure of the intestinal
microbiota. At 100 and 500 g/L the colonization of the bacterial
gut was inhibited and the intestinal barrier disrupted. This would
have made the fish susceptible to infections by pathogens. The
exposure also impacted the production of bacterial metabolites such
as L-histidine, arachidonic acid, and L-glutamic acid, notably
related to energy metabolism and immunity. The effect of copper
on the GM has also been demonstrated in Nile tilapia, where
exposure to subacute levels (0,5 mg/L, 1 mg/L and 2 mg/L Cu®")
for 14 days resulted in reduced bacterial diversity, a decreased
abundance of Ruminococcus and Shigella and increased abundance
of Edwardsiella and Aquabacterium (Zhang et al., 2022a).
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In recent years the toxic properties of microplastics (MPs) have
gained attention, largely due to their ubiquitous presence in marine
environments. They are easily ingested by fish and have been shown
to accumulate in several organs. For example, polyethylene
microbeads have been shown to accumulate including eyes and
kidneys of medaka (Chisada et al, 2021), while polystyrene
microplastics accumulated in the gut, gills, liver and brain of Nile
tilapia (Ding et al., 2018). The accumulation in the gut is of
particular relevance to the present review, particularly given that
ingestion of MPs has been demonstrated to cause mechanical
damage to the intestine of gilthead sea beam (Varo et al., 2021),
as well as impact the diversity and structure of intestinal microbiota
in several species, including zebrafish (Huang et al, 2021), Nile
tilapia (Zhang et al., 2022a), and marine medaka (Yan et al., 2020).
Importantly, the dysbiosis of the GM caused by MPs as well as
heavy metals like cadmium, copper, lead and zinc has different or
exaggerated when combined. This because MPs have been proposed
to function both as a toxic substance and as a transport carrier for
heavy metals (Kutralam-Muniasamy et al., 2021). Indeed, Yan et al
(2020), exposed marine medaka to either MPs alone (100 ug/L
about 1 x 103 particles/mL 2.5 um fluorescent polystyrene), heavy
metals (Cd 10 ug/L, Pb 50 ug/L, and Zn 100 pg/L) or MPs and
heavy metals combined (MPs 100 pg/L, Cd 10 pg/L, Pb 50 ug/L,
and Zn 100 pg/L) for a month and concluded that, while all
treatments changed the composition of the GM, the impact was
highly dependent on the exposure-group as well as gender. In fact,
while MPs treatment reduced the diversity and abundance of
intestinal microbiota, the heavy metal and combined treatments
increased them. Additionally, the combined treatment caused a
higher pollution load on the gut and triggered significant changes of
as Burkholderiales, Betaproteobacteria, and Corynebacteria.

Another common pollutant in water ecosystems is ammonia. The
major source of this pollutant is agriculture, sewage effluents and
industrial waste (Randall and Tsui, 2002) along with residual feed and
excretion from aquaculture. The toxic effect of ammonia on overall fish
health and various organs is well documented (Wicks et al., 2002; Benli
et al., 2008; Tudorache et al., 2008; McKenzie et al., 2009; Schram et al.,
20105 Sinha et al., 2014), but given the increased appreciation of the
GM as an important contributor to the well-being of fish, several recent
studies have also included data on the impact of ammonia on the GM.
A 2017 study by Qi and colleagues showed that chronic ammonia
exposure (30 days) altered the composition of intestinal microbiota of
crucian carp (Carassius auratus), while Yan et al (2021) established that
ammonia exposure changed the abundance and evenness of intestinal
microbes in hybrid grouper (9 Epinephelus fuscoguttatus x &
Epinephelus lanceolatu), with increased relative abundance of
Fusobacteria and a significant decrease the relative abundance of
Gemmatimonadetes. This change occurred in parallel with
significant up-regulation of antioxidant, inflammatory cytokines, and
apoptosis genes. A chronic (28 days) ammonia exposure in yellow
catfish (Pelteobagrus fulvidraco) established that the abundance of
Flavobacteriaceae, Vibrio, Pseudomonas, Aeromonas and
Streptococcus increased in exposed groups showing increased
intestinal cell necrosis, lamina propria edema and reduced width of
intestinal villi (Luo et al., 2024). In juvenile yellow catfish, Wang et al
(2021a) documented that acute ammonia exposure (96h) resulted in
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increased ammonia accumulation in both the intestine and muscle,
concomitantly with an altered amino acid composition and enzymatic
activity in the muscle. Additionally, the exposure induced a reduction
in diversity, richness as well as evenness and structure of the GM. At
the phylum level, the abundance of Fusobacteria increased following
ammonia exposure. This led the authors to speculate that Fusobacteria
increased as a protection mechanism against ammonia toxicity in the
intestine, although the mechanism remains unclear. Furthermore, the
reduction of Firmicutes and Actinobacteria suggested to the researchers
that the high concentrations of ammonia can interfere with nutrient
absorption and disrupt intestinal barrier functions which could impact
the host’s defense capacity against pathogen invasion. At the genus
level, the population level of the beneficial bacteria Cetobacterium
increased following ammonia exposure, which is similar to findings in
crucian carp (Qi et al,, 2017). Considering this, Wang and colleagues
speculated that Cetobacterium might represent a positive factor in
ammonia toxicity resistance, related to ammonia detoxification (Wang
et al., 2021b). It is also notable that the two above mentioned studies in
yellow catfish (Wang et al., 2021b; Luo et al., 2024) showed different
effects on the GM. By comparing the two, it becomes exceedingly clear
that differing concentrations, durations and fish sizes/maturities has a
significant impact on how ammonia influences the GM and should be
taken into account when considering studies on this topic.

Importantly, while the effects of ammonia exposure on the GM
can be caused both by direct exposure, it can also stem from the
acidification resulting from hydration to ammonium. One example
of this comes from a study performed in the Amazon fish tambaqui
(Colossoma macropomum), in which low water pH (pH 4.0)
significantly reduced the abundance of gut Flavobacterium while
the ratio of Firmicutes and Bacteroides were significantly increased
(Sylvain et al.,, 2016). Notably, the authors concluded that despite
these differences, the GM largely adapted to the shift in pH.
Importantly, the GM was determined to be more resilient to the
lowered pH than the skin microbiota, likely because the GM are
naturally exposed to acidic pH from gastric sections, and the
researchers speculated that the dysbiosis they observed resulted
from host physiological stress rather than directly from acute acidic
exposure. Notably, this may be the case for the effect seen from
several of the environmental factors.

3.4 Stress

Stress is a topic separate from but related to the topic of
environmental factors. Stress is a series of neuroendocrine and
physical responses to a stressor that aims to optimize the animal’s
ability to cope with the threat. Some argue for the necessity for the
stressor to be uncontrollable and/or unpredictable (Koolhaas et al.,
2011), while others have a wider perspective. The stress response is
often termed a “fight-or-flight” response as one of its main goals is
to provide energy to regain homeostasis or regain control. The
response starts as sensing and interpretation of the stress signal by
the fish’s equivalent to the limbic system such as the dorsolateral
and dorsomedial pallium in the telencephalon (Wendelaar Bonga,
1997; Schreck et al., 2016; Vindas et al., 2017). This initiates a
sympathetic adrenergic response both via direct innervation into
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tissues like the heart (often noradrenaline) and indirectly via neural
activation of chromaffin cells in the head kidney to secrete
adrenaline into circulation. This adrenergic-driven activation
increases the capacity of energy generation and consumption and
includes increased heart rate, improved gill and muscle perfusion,
intestinal motility, and often reduced intestinal blood flow. To be
able to maintain a high energy output, energy stores are mobilized
including degradation of glycogen. Sometime after stress, typically
5-10 minutes, the hypothalamus-pituitary-interrenal axis will have
activated interrenal cells to produce cortisol that will stimulate the
restoration of energy supplies, and in the long term will help reduce
energy costs by downregulating non-essential processes such as
immune responses and growth.

Physiologically, stress will also affect the intestine through
various pathways. The severity of response seems to vary with
species and intestinal sections. Nutritional status when exposed to
stress also seems to be important for the severity of response, often
with non-fed fish mounting a more violent response than fed fish in
a postprandial state (Olsen et al., 2005, 2008). A typical response to
stress in mammals is the increased secretion of fluid, digestive
enzymes and mucus, that combined with increased peristalsis will
transport the digesta in distal direction (Gustafsson and Johansson,
2022). The barrier function also tends to be impaired often through
increased paracellular permeability, and the gut microbiota will be
altered (Leigh et al,, 2023). This appears to be the general findings in
many fish species. In salmonids, acute stress has been shown to
transport intestinal mucin towards the anus (Olsen et al., 2005,
Olsen et al., 2008), exhaust eicosanoid cascades (Olsen et al., 2012)
and rupture of junctional complexes eventually leading to impaired
barrier functions that may last for several days after exposure (Olsen
et al,, 2002, Olsen et al., 2005). As mentioned above, the significant
species-dependent response makes it difficult to generalize
responses. For example, the acute stress response in Atlantic cod
(Gadus morhua) is generally less severe than in salmonids where
impacts on intestinal integrity is less noticeable with lower
magnitude of cortisol and glucose changes and lower increase in
clinical markers for tissue damage (Olsen et al., 2008). Many of
these responses to acute stress will also have a direct impact on gut
microbiota (Ringe et al., 2014; Lv et al., 2021; Zhou et al., 2022). The
effects are probably most important for the autochthonous
microbiota which is largely embedded in the mucin layer (see
section 2). Here they function in concert with antimicrobial
peptides, immunoglobulins, proteins etc. to regulate microbial
composition (Reverter et al., 2018). The layer will also prevent
colonization on enterocyte surfaces. When mucus is detached
following stress, it will mix with fecal matter and be transported
out of the fish. The lack of protective mucin and antimicrobial
factors will therefore lead to increased frequency of bacteria
penetrating into microvillous surface of enterocytes (Olsen et al.,
2002; Ringo et al., 2014) Furthermore, cellular damage and
increased paracellular permeability will increase the likelihood of
microbial penetration into the intestinal tissue generating
inflammation and other damage. Such changes are likely to
challenge the symbiotic relationship between host and microbiota.
This can alter microbial fermentation patterns and the gut-brain
communication axis. To what extent these changes become
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permanent or will return to pre-stress levels is not well
documented in fish. However, there is some data suggesting that
early stress in Atlantic salmon will cause lasting effects on the
intestinal microbiome (Uren Webster et al., 2021).

In many cases, stress is repetitive, or the environmental changes
are long lasting or permanent. This will lead to an allostatic
adaptation by the fish, where setpoints are changed to minimize
the load under the new conditions (Korte et al., 2007). Within limits,
the fish can cope with these changes, but the new environmental
factors will favor part of the microbiome causing major changes in
the microbial composition. This is often seen with changes in
environmental factors like temperature, salinity (Lai et al., 2020;
Liu et al, 2022b). At very high load, regulatory mechanisms are
exhausted resulting in allostatic overload or chronic stress. In fish,
chronic stress has been reported to reduce nutrient utilization (Ringo
and Olsen, 1999; Yang et al,, 2022), and to induce several
morphological features (varies with tissue segments) including
mucosal folding, transepithelial resistance and several molecular
pathways involved in tissue repair and inflammation (Ringe et al,
2014; Lovmo et al., 2020; Lovmo et al., 2022) Chronic stress also tends
to alter many immune functions such as inhibiting lymphocyte
activation and immunoglobulin secretion (Tort et al, 2022). All
these factors will, as far as we know, affect microbiome
composition and function, and in some cases open to the
establishment of pathogen agents. In sturgeon hybrids (Acipenser
baeri x Acipenser schrenckii), heat stress led to inhibition of digestion
and increased abundance of potential pathogen bacteria (Yang et al,,
2022). In addition to the physiological effects of stress on the intestine
and the microbiome, cortisol will also be translocated into the
intestinal lumen and come in direct contact with the microbiome.
This also opens for a direct effect of cortisol on the microbiome. One
example is the study of (Duran-Pinedo et al,, 2018) who showed that
cortisol increased the metabolic profiles of the oral microbiome, and
some cultured bacteria, towards bacteria (eg genus Fusobacteria) that
are involved in human diseases and the development of periodontal
disease. In juvenile Atlantic salmon, Uren Webster et al (2020)
suggested that the elevated fecal cortisol excretion by chronically
stressed fish caused the observed reduction in prevalence of “good”
LAB and increase in potential pathogens. In a previous shrimp study,
Xiong et al. (2017) stated, “that stress inhibits the natural microbiota’s
growth, thereby opening the door for pathogenic bacteria to multiply,
thus fostering an overgrowth and disease”. In a later study, Li et al.
(2018) put forward a hypothesis that reducing Pacific white shrimp
(Litopenaeus vannamei) weight may be due to increased prevalence
of pathogens and decreased population levels of lactobacilli, with a
result; a loss of weight. Shrimp aquaculture and factors affecting the
GM are reviewed in El-Saadony et al. (2022).

3.4.1 Pathogen associated stress

Bacterial disease happens when pathogen’s environment becomes
suitable, which usually occurs because of an unhealthy diet or
external stress. Pathogen infection is an important type of stress to
aquatic organisms, and several studies, both ex vivo and in vivo, have
shown that infection will affect gut morphology (e.g., Ringo et al,
2006, Ringo et al., 2007; Salinas et al., 2008) and change the GM. In a
feeding experiment using Arctic charr fed soybean-, linseed- and
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marine oils on aerobic gut microbiota before and after challenge with
Aeromonas salmonicida ssp. salmonicida, Ringe et al. (2002) revealed
decrease in total viable counts of adherent bacteria in hindgut and
modulation of the microbiota composition, after challenge. However,
as molecular methods were not used in this study, one can question if
the results present a correct picture. Aeromonas hydrophila infection
has shown to gradually reduce the ratio of Firmicutes and
Proteobacteria in the GM of grass carp, followed by increased
proportion of Fusobacteria (Zhou et al., 2020a; Sun et al, 2022).
The most common bacterial infections affecting fish include
streptococcosis, vibriosis, furunculosis and mycobacteriosis (Irshath
et al, 2023). In a study with European chub (Squalius cephalus)
infected by the intestinal parasite Pomphorhynchus sp. revealed
significantly less GM diversity than the uninfected individuals
(Colin et al., 2022). In addition, the relative abundances of the
main bacterial phyla, including the Firmicutes, Fusobacteria,
Actinobacteria and Proteobacteria were substantial changed,
confirming its pivotal role in gut microbial assemblage. Recently,
Chang et al. (2023) showed the diversity and richness of the intestinal
GM of common carp was significantly changed by A. hydrophila
infection with an increase in the relative abundance of Vibrio,
Bacteroides and Cetobacterium, in infected fish. Surprisingly,
Aeromonas was not detected in neither of the three groups,
resistant-, susceptible- or control fish. One interesting finding was a
significant increase in the relative abundance of Lactococcus,
Akkermansia and Vibrio in resistant fish vs. susceptible and control
fish. Nocardiosis, an infectious disease caused by Nocardia cause high
mortalities in fish culture, but the effects of Nocardia infections on
fish intestinal microbiota is less investigated. In a recent study using
tilapia, Medina-Felix et al. (2024) revealed that Nocardia infection
caused high mortality and severe changes, loss of diversity and
increase of Proteobacteria, in the stomach microbiota, but lesser
effect was observed in intestine. Based on the statement by Minniti
et al. (2017) that “in aquaculture, fish seem to be more susceptible to
pathogens compared to wild fish”, pathogen-associated stress merits
further investigations, but to avoid overlaps, readers with interest in
the mechanism-driven dysbiosis by pathogenic bacteria and further
information of dysbiosis by pathogens in fish are recommend having
a closer look at the review paper by Medina-Felix et al. (2023).

4 Communication pathways between
the microbiota and the host

Thus far, factors that impact the microbiota have been
discussed. Importantly, the impact of these changes on the fish is
mediated through the pathways by which the microbiota
communicates with the host and vice versa (Figure 1). Indeed, the
GM communicates with host cells and the host organism via a
variety of metabolites with a wide range of bioactivities. Mammalian
studies have shown that these metabolites include SCFAs,
secondary bile acids (BAs), vitamins, gases, tryptophan and indole
derivatives, and neurotransmitters such as serotonin, dopamine,
and gamma-aminobutyric acid (GABA) (reviewed by Liu et al,
2022a). Studies also show that the GMs involvement in regulating
metabolite production is largely conserved across vertebrates
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including fish (Mountfort et al, 2002; Tsuchiya et al., 2008;
Borrelli et al., 2016; Xiong et al., 2022). Some metabolites, such as
SCFAs, are produced by the GM directly from diets, while others,
such as secondary BAs, are generated by the host and then modified
by the GM. Given that signaling by these metabolites constitute the
major communication pathways between the GM and the host, this
section aims to provide a curated overview of the most relevant
metabolites, how their production is regulated and how they
interact with the host on a molecular and cellular level.

4.1 Short chained fatty acids

The ability of certain members of the GM, such as
Faecalibacterium, Bifidobacteria and Lactobacilli (LeBlanc et al.,
2017) to produce SCFAs is reported to be key to the interaction
between the microbiota and the host, and according to Liu et al.
(2022a) the SCFAs have therefore become “the cynosure of all the
gut microbiota metabolites”. SCFAs are fatty acids (FFAs) with
fewer than 6 carbon atoms. In both mammals and fish, acetate,
propionate and butyrate have been demonstrated to be the main
metabolites produced by bacterial fermentation of dietary fibers and
starch in the colon (Clements et al., 1994; Zhang and Davies, 20165
Hao et al., 2017b) and the highest concentration of SCFAs in fish
intestine is in the posterior region. Indeed, in herring cale (Odax
cyanomelas), 85% of the total SCFAs were detected in this region
(Clements et al., 1994), while a study in silver drummer (Kyphosus
sydneyanus) determined that the concentrations of acetate,
propionate and butyrate were 1.1, 0.0 and 0.0 mM in the
stomach, 37.4, 13.9 and 2.1 mM in the proximal section and
37.55, 12.8 and 1.3 mM in the distal gut, respectively (Mountfort
et al., 2002). The same study also established similar trends for
butterfish (Odax pollus) and marblefish (Aplodactylus arctidens).
Acetate is the most abundant SCFA in many teleosts, but the
acetate: propionate: butyrate ratio is species dependent. One study
demonstrated that the gut commensal microbiota in adult zebra fish
are capable of synthesizing acetate, propionate and butyrate at a
ratio of 90:5:5 (Cholan et al., 2020). In Atlantic salmon the ratio was
66:20:14 in fish fed a marine diet (Nimalan et al., 2022), and in grass
carp it was 70:15:15 in fish fed a control FM diet, though both
amount and ratio was shown to change upon alteration of feed,
resulting from the altered GM that followed (Hao et al., 2017a). One
study looking into the SCFA ratio in the posterior region of the
intestine determined it to be 83:8:9 in herring cale and 74:17:9 in sea
carp (Crinodus lophodont) (Clements et al., 1994). Notably, the
same study determined the ratio in butterfish to be 64:21:14, a
finding which is incongruous with the findings by Mountfort et al.
(2002), who concluded the ratio to be 78:18:4 (mM levels were
reportedly 20,8, 4.7 and 1.0 for acetate, propionate and butyrate,
respectively) in a presumably comparable region of the intestine.
This difference may be owed to variations in the diets between the
experiments, or by factors such as slight variations in the gut region
examined, microbiota composition, site of fermentation, host
genotype, host age and various environmental factors. These
variables are known to influence the amount of SCFAs and their
relative proportion, and the difference in findings highlights the
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need to better our understanding of the mechanisms by which this
is regulated.

Following their production, SCFAs can function as energy
sources, regulators of gene expression and as signaling molecules
recognized by specific receptors. However, the three main SCFAs
differ significantly in their potential effect on host physiology. In
mammas, butyrate is for example utilized as the primary energy
source for colonocytes (Donohoe et al., 2011; Riviere et al., 2016),
and can also orchestrate the genes encoding tight-junction proteins
and regulate the redistribution of occludin to prevent abnormal
intestinal permeability (Wang et al., 2012). Acetate and propionate
reach the liver via the portal vein. Propionate is metabolized by
hepatocytes and has been shown to increase insulin sensitivity and
attenuate the lipogenic pathway, thus lowering liver triglyceride
levels (Cheng and Lai, 2000; Chambers et al., 2015; Weitkunat et al.,
2016). Research has also shown that propionate can be used for
synthesis of glucose in the liver (den Besten et al., 2013). Acetate is
reported in high concentrations in systemic circulation and
functions as a versatile metabolite in a myriad of cellular
pathways, including, but not limited to, mitochondrial energy
metabolism, reactive oxygen species (ROS) metabolism,
lipogenesis and histone-and lysine acetylation (Bose et al., 2019).
The vastly different physiological functions of the SCFAs highlight
the importance of studying the rate, ratio and extent of SCFA
production, which results from a complex interplay between many
variables, including diet, gut transit time, activity and microbiota
composition (Brinkworth et al., 2009; Peng et al., 2013; Tottey et al.,
2017; Bishehsari et al., 2018). Blautia, for example, is known to be
an acetogen producers (Park et al., 2012), while Faecalibacterium
and Roseburia are butyrate producers (Duncan et al., 2002). A full
review of the functions of the gut microbiota metabolites was
conducted by Liu et al. (2022a). Importantly, though much of the
status quo is taken from mammalian studies, there are indications
that important functions and impacts of the SCFAs are conserved in
fish. A study by Zhang et al. (2020a) showed that antibacterial
activity and oxygen consumption of head kidney macrophages from
turbot (Scophthalmus maximus L.) increased upon incubation with
sodium butyrate, sodium propionate or sodium acetate.
Additionally, Liao and colleagues (Liao et al., 2023b) showed that
increased acetate production by the GM in zebrafish led to
enhanced immunity though upregulated expression of IL-22 and
antimicrobial peptides. Nevertheless, functional characterizations of
the various SCFAs in fish is a knowledge gap that should
be addressed.

4.1.1 SCFA signaling

Another important aspect of SCFA signaling is the pathways
through which they exert their function. In mammals, SCFAs have
been demonstrated to exert their physiological functions either via
the activation of G-protein coupled receptors (GPCRs) or inhibition
of histone deacetylases (HDACs) (Parada Venegas et al, 2019).
Although there is limited research on the SCFA signaling pathways
in fish, the ubiquity of the pathways makes it likely that mechanisms
and receptors are largely conserved. This section will therefore
briefly summarize what is known from mammalian data before
presenting the limited status quo from research in fish.
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The best studied SCFA receptors in mammals are free fatty acid
receptor 2 (FFAR2 - GPR43) and free fatty acid receptor 3 (FFAR3
— GPR41) (Brown et al., 2003). Studies have shown that both FFAR2
and FFAR3 are highly expressed in the intestines (Karaki et al,
2006; Dass et al., 2007; Tazoe et al.,, 2009), specifically in
enteroendocrine cells, specialized cells of the GIT which release
GI hormones that binds to local cellular and neuronal receptors and
also circulate with the blood-stream producing a myriad of
metabolic and immunologic effects. There are several types of
enteroendocrine cells, including I cells, which secrete
cholecystokinin (CCK), K cells, which secrete gastric inhibitory
peptide (GIP), L cells, which secrete glucagon-like peptide 1 and 2
(GLP-1 and GLP-2) and peptide YY (PYY), and enterochromaffin
cells that secrete serotonin. FFAR2 has also been located to gastric
ghrelin cells (Engelstoft et al., 2013), and both FFAR2 and FFAR3
have been established to be expressed on gastric brush cells (Eberle
et al,, 2014). Both FFAR2 and FFAR3 signal via GPCR pathway,
though while FFAR2 is reported to be capable of duel signaling via
both Goq and Gau pathways, FFAR3 signals exclusively via Gai/o.

In addition to FFAR2 and FFAR3, two other receptors are
recognized as SCFA receptors in mammals, namely G-protein
receptor 109a (GRP109a - also known as hydrocarboxylic acid
receptor 2 - HCAR?2) and olfactory receptor 78 (OLDR78). Neither
have been extensively studied, but most is known about GRP109a.
This receptor was first identified as a receptor for nicotinic acid
(niacin) (Benyo et al., 2005), but has later been further characterized
as a receptor for fatty acids as well. It is unique from FFAR2 and
FFAR3 in its ligand selectivity, as it is activated by the longer
SCFA, in such as butyrate, pen-tanoate, hexonoate and
beta-hydroxybutyrate (Taggart et al., 2005; Offermanns, 2017).
GRP109a is expressed in macrophages, other immune cells,
adipocytes, as well as pancreatic 3 cells (Benyo et al., 2005; Wang
et al,, 2016), and activation of the receptor has been shown to have
an anti-inflammatory and anti-carcinogenic effect in the intestine
(Thangaraju et al., 2009; Smith et al., 2013; Singh et al., 2014).

As previously stated, much less is known in fish and functional
characterizations of receptors associated with the recognition of
SCFAs have not yet been widely published. In zebra fish, Cholan
et al. (2020) identified a gene termed hcarl which shared 43%
identity with human hcarl, hcar2 and hcar3 as well as mouse hcarl
and hcar2 though genes directly homologous to both GPR109a
(HCAR2) and OLFR78 remain unidentified in fish. Additionally,
one study identified and validated ten free fatty acid receptor genes,
termed gpr40L, in common carp that showed a tight relationship
with mammalian SCFA receptors, both with regards to protein
phylogeny and genetic synteny (Petit and Wiegertjes, 2022). Via
phylogenetic analysis the authors determined that these ten genes
showed a division into three subclasses names a, b and ¢, and they
showed a closer relationship with FFAR2 than FFAR3. The authors
also performed in silico investigations for genomes of 25 fish
species, mostly teleosts, and largely confirmed the observations
from the common carp study regarding division into subgroups and
conservation of synteny and concluded that all teleosts gpr40L
genes appear closest to the human GPR43 and that the teleost
grp40L family originated from a single ancestral gene multiplied by
tandem duplication and later divergence. The study of Petit and
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Wiegertjes (2022) provided indications that there may be a FFAR-
based SCFA signal-relaying system in teleosts but did not provide
any insight into tissue distribution of gene expression or effects of
any relevant variables (such as feed intake, feed ingredients, stress,
pro-, pre- or antibiotics etc.) on said expression.

Interestingly, in a study by Wentzel et al. (2020), the authors
reported that macrophages from common carp can polarize into
MI1- and M2 phenotypes when subjected to immune stimuli (IPS
and cAMP, respectively) and that the conserved functions and
corresponding transcriptional profiles were comparable to that
observed in mammalian macrophages. According to Petit and
Wiegertjes (2022), several of the genes identified as grp40L in
common carp were among the genes affected by the stimuli. This
indicates that these genes play a role in immunomodulatory
responses, thus strengthening the assumption that they share a
functional relationship with the human FFAR2.

Aside from signaling via GPCR, SCFAs can also exert regulation
by inhibiting the function of histone deacetylases. Acetylation of
lysine residues within histones relaxes chromatin structure,
facilitates access of transcription factors to promoter regions and
increases gene transcription. Histone deacetylases (HDACs)
remove acetyl groups from histones, tightening chromatin
structure and preventing transcription. Several mammalian
studies have shown that SCFAs can function as inhibitors of
HDAC, thus promoting increased gene expression (Hinnebusch
et al., 2002; Kiefer et al., 2006; Waldecker et al., 2008; Lin et al,,
2015). Of the SCFAs, butyrate is the most potent inhibitor, while
acetate did not inhibit HDACs. The inhibitory effects may also be
tissue dependent as orally administered acetate increased
acetylation and inhibit the activity and expression of HDAC2 in
rodent brain (Soliman and Rosenberger, 2011). In fish, the
previously addressed study by Zhang et al. (2020a) demonstrated
that butyrate increased both oxygen consumption and bactericidal
activity and that these effects were due to HDAC inhibition by
butyrate leading to enhanced production of antibacterial effectors
and increased bacterial killing of macrophages.

4.2 Bile acids

Bile salts, conjugates between bile acids (Bas) and an amino acid
are the main component of bile in many fishes. In mammals, BAs
are significantly affected by the gut microbiota and will therefore
affect lipid absorption, as well as in intestinal and liver health. Given
that several reviews have recently been written on the topics of
microbial production of bile acids and mechanisms of their
physiological functions (Liu et al., 2022a; Collins et al., 2023;
Fogelson et al., 2023; Ridlon and Gaskins, 2024), this section will
focus exclusively on relevant research that has been conducted
in fish.

Interestingly, Rawls et al (2004) showed that genes involved in
cholesterol metabolism and trafficking as well as in bile acid
biosynthesis could be modulated by the microbiota in both mice
and zebrafish. Indeed, the genome of zebrafish possesses orthologs
of many mammalian genes known to be involved in bile salt
homeostasis, including the FXR (named NR1H4 in fish) (Wen
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et al, 2021), and a 2022 study by Xiong and colleagues
demonstrated that adding Citrobacter freundii GCOI isolated from
grass carp intestine to the feed of mice and zebrafish resulted in
altered bile acid profiles, while also affecting lipid metabolism and
upregulating expression of a key gene (CYP7A1) in BA synthesis.
From this the authors concluded that the impact of specific
intestinal microbes on BA metabolism is conserved between
higher and lower vertebrates. Notably, bile acids also impact
microbiota composition in fish. For example, a trial in which a
blend of bile salts was added to the diet of gilthead seabeam over the
course of 90 days resulted in a modulation of the microbiota with
differential effects on the anterior and posterior intestine.
Specifically, the relative abundance of Desulfobacterota doubled
in the anterior region, while the levels of Firmicutes increased and
Proteobacteria, Actinobacteriota, and Campylobacterota were
reduced in the posterior region when supplementing the diet with
bile salts (Ruiz et al., 2023).

4.3 Vitamin synthesis by the microbiota

From mammalian studies it is known that the GM can synthesize
certain vitamins, specifically vitamin K and B group vitamins such as
biotin, cobalamin, folates, nicotinic acid, pantothenic acid,
pyridoxine, riboflavin and thiamine (Hill, 1997). The vitamins
synthesized by the GM are important for bacterial metabolism, but
there is also evidence that vitamins will enter the organismal vitamin
metabolism pathways. In an early study, Frick et al. (1967) showed
that humans subjected to low vitamin K diets for 3-4 weeks did not
develop vitamin deficiency, while humans treated with broad
spectrum antibiotics to suppress the microbiota showed a
significant decrease in plasma prothrombin levels. Later studies
have used modern metagenomic sequencing to investigate
pathways for vitamin synthesis by the GM. Magnusdottir et al.
(2015) used systematic genomic assessment to investigate the
presence of biosynthetic pathways for eight B vitamins, namely
biotin, cobalamin, folate, nicotinic acid, pantothenate, pyridoxine,
riboflavin, and thiamin, in 256 common human gut bacteria. In doing
so, the authors were able to predict the proportion of each phylum to
produce each vitamin. The most synthesized vitamins were riboflavin
and nicotinic acid, with 166 and 162 identified potential producers,
respectively. For riboflavin and biotin almost all microbes belonging
to the Bacteroidota, Fusobacteriota and Proteobacteria phyla were
predicted to possess the required pathways, while a much smaller
portion of Firmicutes and Actinobacteria were predicted to have to
potential for vitamin B biosynthesis. Upon comparing their
predictions with experimental data from 16 organisms they
documented that 88% of their predictions agreed with published
data, providing credence to their approach. Interestingly,
Magnusdottir and co-authors reported that partial vitamin
biosynthesis from some microorganisms were completed by the
biosynthetic pathways of others. This suggests that microorganisms
exchange B-vitamin or B-vitamin metabolites among each other, thus
enabling the survival of organisms that do not synthesize some or any
of these essential cofactors. This underlines the co-evolution of the
gut microbes. It also means that not all microbially produced vitamin
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B will be available to the host, as it is consumed by non-vitamin
producing bacteria.

In fish, an important study by Sugita et al. (1991), investigated the
vitamin B12-producing ability of the intestinal microbiota in
Japanese eel, carp, goldfish, ayu, tilapia and channel catfish.
In doing so they established that Bacteroides type A predominated
in carp and tilapia, fish species that do not require dietary vitamin
B12, as well as in goldfish and ayu. However, Bacteroides type A was
not detected in the eel and channel catfish, fish which require dietary
vitamin B12. The authors also reported that there is a close
relationship between the amounts of vitamin B12 and viable counts
of Bacteroides type A in the intestinal contents of carp, strongly
indicating that it is involved in vitamin BI12 production in the
intestinal tract of freshwater fish. There are however no concrete
studies on the relative contribution of the GM to the total fish vitamin
synthesis. However, owing to established knowledge regarding the
genera of bacteria responsible for producing various vitamins, studies
in fish may provide some indications. For example, Cetobacterium, a
known vitamin B12 producing genus has been documented to be was
the most abundant genus in the intestinal microbiota of Giant
Amazonian fish (Arapamia gigas) (Ramirez et al., 2018), European
seabass, hybrid striped bass (Morone chrysops x Morone saxatilis),
red drum (Sciaenops ocellatus), common carp, hybrid tilapia
(Oreochromis niloticus x Oreochromis aureus) (Ofek et al., 2021),
channel catfish, largemouth bass and bluegill (Lepomis macrochirus)
(Larsen et al., 2014) and several cichlid species (Baldo et al., 2015).
Cetobacterium was also reported to be a highly abundant genus in
farmed adult Nile tilapia (Wu et al, 2021) and Atlantic salmon
(Gajardo et al,, 2017). Given that Cetobacterium isolated from the
intestine of several freshwater fish has been demonstrated to be
capable of producing vitamin B12 (Tsuchiya et al.,, 2008), the role of
the GM in the vitamin homeostasis of fish species is a scientific field
poised for further development. This is underscored by a recent study
which established that an increase in acetate producing
Cetobacterium somerae contributed to glucose homeostasis and
improved carbohydrate utilization in zebrafish (Wang et al., 2021a).
Though there is some data on the production of vitamins from the
GM of fish, it is a research topic ripe for further development. In a
commercial perspective is it of great interest to understand the role of
the gut microbiota in vitamin homeostasis. For Atlantic salmon it is
of particular interest because there have been significant variations in
the vitamin B12 content in salmon the last 15 years (Moxness
Reksten et al., 2022), which influences the commercial value of the
fish, as well as growth and other physiological parameters.

4.4 Neurotransmitters

During the process of evolution, the microbes which inhabit the
gut have established a symbiotic relationship with their host. The
GM contribute to digests the hosts dietary components to meet its
own nutritional need while simultaneously providing energy and
nutrients for the host. Additionally, the GM also produces some
neuroactive metabolites such as neurotransmitters or their
precursors. In mammals this has been shown to affect the total
concentrations of these neurotransmitters or their precursors in the

Frontiers in Marine Science

10.3389/fmars.2024.1495373

brain (Gao et al,, 2018), suggesting that the neurotransmitter
synthesis pathway in the brain may directly or indirectly affect
neuronal activity of cognitive function of the brain. The metabolites
produced by the mammalian GM include the neurotransmitters
glutamate, y-aminobutyric acid (GABA), serotonin and dopamine
(Strandwitz, 2018). Additionally, some bacterial metabolites can act
as signaling molecules which induce the synthesis and release of
neurotransmitters by enteroendocrine cells (Yano et al., 2015).
Importantly, neurotransmitters like GABA, dopamine and
serotonin do not penetrate the blood-brain barrier, and as such
they must be synthesized in the brain from local pools of
neurotransmitter precursors. Most of these precursors are amino
acids like tyrosine and tryptophan derived from diet, which are
converted to functional neurotransmitters through a series of
intermediate steps by various host enzymes. In this, the protein/
amino acid metabolism taking place in the intestinal microbiota is a
key regulator. Amino acids present in food can meet entirely
different fates depending on the physiological conditions of the
body and the microorganisms present in the intestines. They can be
absorbed intact, or as part of di- or tripeptides (Rojas-Garcla et al.,
2016; Vacca et al.,, 2023), or directly incorporated into the bacterial
cells providing nutrition for the intestinal flora, they can be
metabolized into biogenic amines by a decarboxylation reaction,
they can be metabolized through a series of reactions like fission,
deamination, decarboxylation, oxidation and reduction to produce
structurally related indoles and phenols (Davila et al., 2013).

5 Effects of microbiota on the host

One major focus field of research is the potential influence GM has
on the host. It is often presented as established knowledge that bacteria
present in the human body outnumber human cells by a ratio of 10:1
(Béckhed et al., 2005; Gill et al., 2006; Turnbaugh et al., 2007; Hsiao
et al,, 2008). This remarkable ratio often serves as a compelling entry
point into the field as it highlights the major role microorganisms likely
play in the host physiology. While more recent studies have debunked
the 10:1 ratio in favor of a much more muted ratio of 1:1 in humans
(Sender et al., 2016), the explosion of research into the role of the gut
microbiota has also transcended into other species. The attention paid
to this “new organ” has shed some much-needed light on the
important and varied roles of the intestinal bacteria. In this section
we aim to highlight and discuss the knowledge of teleost GM on
appetite and immune responses of the hosts.

5.1 Appetite control via the microbiota-
gut-brain axis

The possible modulation of appetite and energy homeostasis by
GM has been the focus of much research over the last decade
(Wessels, 2022). In all vertebrates, including fish, appetite, feeding
behavior and feed intake is controlled by the brain (Rennestad et al,,
2017; Soengas et al., 2018; Volkoff and Rennestad, 2020). The key
appetite controlling centers are localized in the hypothalamus where
there are neural circuits that either stimulate (orexigenic) or inhibit
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(anorexigenic) feeding. These hypothalamic neurons release
neuropeptides that acts on higher order integrating neurons
that modulate appetite and the motivation to eat at any given time
(Wee et al,, 2019). A range of external environmental signals (e.g.,
presence of feed via visual and olfactory cues) as well as internal
signals (e.g., stress, social interactions, circulating levels of nutrients
and metabolites) will modulate this motivation (Delgado et al., 2017).
The appetite controlling center(s) continuously receive peripheral
inputs from the body that affects these neurons, and the GIT provides
some of the key signals that results in hunger that tend to initiate a
meal, or satiety that tend to terminate a meal, or satiation that tend to
motivate the animal to not ingest a new meal for some time (the
period between meals). The importance and range of signaling
pathways affecting appetite originating in the GIT, and thus the
gut-brain axis, have been the subject of studies for a long time
(Wessels, 2022). However, how the GM may affect these signaling
pathways has only recently been given attention. The signals
originating in the GIT that reach the brain acts via the afferent n.
vagus and sympathetic nerves, or via circulation after crossing the
blood-brain barrier (Figure 2). In fish the main center for appetite
control seems to be in the nucleus lateralis tuberis (NLT) area of the
hypothalamus (Norland et al., 2023), an analogue of the arcuate
nucleus in mammals. In the NLT there are neurons that express
cocaine- and amphetamine-regulated transcript (cart) and
proopiomelanocortin (pomc) neuropeptides. As in mammals the
pomc peptide undergoes posttranslational modifications and one of
its products, 0-MSH, together with CART sems to inhibit appetite.
Other neurons express and release neuropeptide Y (NPY) and agouti-
related peptide (AgRP) that in some species seems to stimulate
appetite. Together, these NLT neuronal populations comprise the
key neuropeptide expression of the melanocortin system (MCS). The

Appetite control center:
Neuropeptide release
(Agrp, Cart...)
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Feed
intake
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MCS is relatively well-conserved among vertebrates, including fish.
However, several rounds of whole-genome duplication in teleosts
species (Glasauer and Neuhauss, 2014) have resulted in the presence
of several paralogous genes, some of which may have resulted in
divergent functions. For instance, in Atlantic salmon, a salmonid-
specific fourth whole-genome duplication has led to the key potential
neuropeptides of the MCS repertoire being compromised of three
npy, two agrp, ten cart and three pomc genes (Kalananthan et al.,
2020, Kalananthan et al., 2021; Tolés et al., 2021).

In mammals the MSC neurons have been shown to express
receptors for several of the hormones released in the GIT and thus
receive the circulating signals from the GIT. In addition, there are
also important input from the GIT conveyed through the NTS in
the brainstem and through the PVN area. Not all these pathways are
equally well described in fish as in mammals. However, the need for
a close integration of digestion and feed intake to ensure sufficient
supply of nutrients and energy to an animal requires an intimate
communication that includes control and feedback in the gut brain
axis, suggest that these systems may be conserved in animals.

There is a broad range of afferent signals from the digestive tract
that transmit the status of the filling of the digestive tract and the
status of the digestive process. The signals originate in stretch and
chemical receptors that sense GI-luminal content (qualitative and
quantitative) and are transmitted via release of hormones from
enteroendocrine cells (EEC) or through nerves, initially the enteric
nervous system (ENS). There is a wide range of hormones released
by EEC, and the most recently studied include ghrelin (GHRL),
cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), and
peptide YY (PYY) (Steinert et al., 2017). Moreover, insulin
released from endocrine pancreas has a strong impact on
reducing appetite after a meal. Additionally leptin that in

Signals to the brain via
n. vagus or spinal nerves
and circulation

Gastrointestinal tract (GIT

Possible relationship between feeding behavior and GM-derived bioactive metabolites, gut signaling pathways, and brain regulation of appetite. The
GM and its metabolites are believed to influence neuropeptide secretion in the GIT (See Figure 1). The specific gut peptides released from the
enteroendocrine cells varies across different GIT regions (St: stomach- ghrelin; Intestine- Cck, Pyy, Glpl). The extrinsic innervation of the gut is
mainly vagal in the proximal part [St, proximal midgut (PMg)], while the midgut (Mg) and hindgut (Hg) are innervated by spinal nerves (Nilsson, 2012).
The signals are transmitted to the appetite control center in the brain via the nerves or circulatory system. Glpl may also act via modulation of
insulin secretion in the endocrine pancreas. Neuropeptides (e.g., Agrp, Npy, Cart, Pomc) in the brain modulate feeding behavior and ultimately feed
intake. The proposed pathways are mainly derived from mammalian studies and remain to be fully elucidated in fish. (Based on Rgnnestad et al.,

2017; Butt and Volkoff, 2019; Blanco et al.,, 2021; Pereira et al., 2024).
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mammals also is expressed in the GIT in addition to i.e. adipose
cells may also contribute to modulate appetite (Obradovic et al.,
2021) also seems to affect appetite in fish (Chisada et al., 2014;
Mankiewicz et al., 2022) although the mechanisms may be different.
The signaling pathways in the GIT includes the complex enteric
nervous system (ENS) that consist of two neural networks located in
the submucosa layer and has pacemaker cells and controls i.e.,
motility via release of neurotransmitters based on the amino acid
tryptophan associated neurotransmitter serotonin (5-HT:
Serotonin, 5-hydroxytryptamine), dopamine and GABA.

Prior to the relatively recent description of the microbiota as a
potent modulator of a range of physiological and psychological factors,
even controversially termed as an “extra organ” (as discussed by Riccio
and Rossano, 2020), the GIT bacteria were largely ignored, even in
studies of digestion. Most of the classical roles described to bacteria
were related to production of some vitamins and factors affecting
absorption (e.g., LeBlanc et al., 2013), effects related processing of fiber
related to motility and water balance, and pathogens that affects
homeostasis. Over the last two decades there has been studies that
has changed in the view of the role of the luminal microbiota to also
include significant impacts on host, via interactions with the GIT that
may even be bidirectional. There are a range of possible mechanisms
described that enables the microbiome to interact with known signaling
pathways that affect the host appetite control, but also with novel
pathways where specific microbial metabolites can stimulate release of
appetite regulating hormones and neurotransmitters. These pathways
include: 1) Direct activation of n. vagus or transmission of
neurotransmitters (e.g. GABA, 5-HT) from the GM that stimulate
the ENS; 2) Production or induction of metabolites that pass the
intestinal barrier, enter the circulation and eventually pass the blood-
brain barrier to interfere with neurological functions and 3) Microbial-
associated molecular patterns (MAMPs, e.g, LPS) and metabolites
produced by the microbiota that may signal to the immune system
(Asano et al,, 2012; Zhang and Davies, 2016; Butt and Volkoff, 2019;
Wessels, 2022). If, and to what extent GM in fish may influence
appetite and energy homeostasis through these and possibly also novel
mechanisms still largely remains to be elucidated (Blanco et al., 2021;
Volkoff, 2024; Niu et al., 2024)

Regarding 1) The short-chain fatty acids (SCFAs) are believed to
be the major mediators that link the microbiome and CNS in
animals. They have been shown to stimulate secretion of peptide
hormones from the enteroendocrine cells such PYY and GLP-1,
amino acid tryptophan with the associated neurotransmitter
serotonin (5-HT: serotonin, 5-hydroxytryptamine), dopamine and
GABA (Yano et al, 2015; Zhang and Davies, 2016). Regarding 2)
There are numerous commensal and pathogenic bacteria that
synthetize short peptide fragments that are strikingly similar to
fragments of leptin, ghrelin, PYY and NPY (Fetissov et al., 2008;
Alcock et al, 2014) and catecholamines (Asano et al., 2012) that
might potentially affect the central regulation of appetite by triggering
the respective neurons. This will reportedly affect the release of
central appetite regulating neuropeptides like neuropeptide Y
(NPY) and proopiomelanocortin (POMC) (Breton et al., 2016),
thus making nutrient sensing of SCFAs central in the regulation of
appetite and energy homeostasis (Mayer et al, 2015; Read and
Holmes, 2017; Bliss and Whiteside, 2018).
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The effects of gut microbiome on metabolism and appetite
control in mammals continues to be discussed. Based on some
initial high-profile findings in gnotobiotic mice (Bickhed et al,
2004, Bickhed et al., 2007) which was also reported in the popular
press (e.g., Kolata, 2013) it was suggested that the GIT microbiome
serve an important role in controlling feed intake, energy
homeostasis and weight. Following these results there have been a
huge interest to document and understand the underlying
mechanisms. On whole animals, there have i.e., been several trials
conducted where the GIT microbiome from lean mice have been
transferred to obese mice with the aim to reduce feed intake and
weight. This method is termed fecal microbiota transplant and has
also been, and continues to be, tested in human intervention
studies. In a critical review of trials published over the past 15
years (Dalby, 2023) failed to document consistent evidence for the
role of the microbiome, as an independent factor, in regulating feed
intake, adiposity and body weight in mice, rats and humans. In fact,
some of the earlier studies are criticized for selective reporting of
data and there is also a lack of long-term data (Dalby, 2023). Also, in
the studies published over the last years most reported that they
failed to show coherent differences between treatments raising
questions about the previously proposed relationship between
GM and obesity (Fleissner et al., 2010; Dalby et al, 2017; Yu
et al., 2020; Moretti et al., 2021).

While there are several studies in mammals that reports link the
GM with cognition, mental health and a range of physiological and
pathological states (Tooley, 2020; Shoubridge et al., 2022), most of
these studies have been done in an area where the overall work
targets to understand obesity and related health issues related to
metabolic syndrome and diabetes, thus focusing on identifying
mechanisms that will allow a reduction of appetite and/or in
combination in alterations in metabolism that reduce body fat. As
such, the mechanisms described in the communication between
GIT microbiota and the host involve satiety and energy expenditure
inducing pathways (Fetissov, 2017). The functional significance of
these appetite related signals is to induce satiety at the end of a meal,
and thus terminate eating, or to prevent ingesting a new meal while
there is still significant content in the GIT. As previously described
of the neural and hormonals signals originating in the GIT it is only
Ghrelin that has a described orexigenic role. Studies in mammals
show that ghrelin also stimulates growth hormone (GH) secretion
from the pituitary (hence the name, growth hormone-releasing
peptide), thereby increasing adiposity and reducing energy
expenditure and that that ghrelin level is linked to stomach filling
and the anticipation of a meal (partly as a conditional response) and
meal initiation (Howick et al.,, 2017). In teleost fish the role of
ghrelin on appetite is still not clarified, and there are studies that
indicate both orexigenic and anorexigenic effects (Jonsson, 2013;
Zhong et al., 2021), whether this is due to species differences or
methodological challenges remains to be determined.

The potential effect of the gut microbiome on metabolism and
appetite has been examined in a number of fish species (Butt and
Volkoff, 2019; Niu et al., 2024). In grass carp, many biosynthetic and
metabolic pathways of carbohydrates, amino acids and lipids
change as the composition of microbiota changes (Ni et al,
2014). In zebrafish, the colonization of the gut by microorganisms
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promotes epithelial absorption of fatty acids (Semova et al., 2012)
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 (Sheng et al., 2018). In addition, Olive flounder fed a
diet supplemented with Bacillus clausii display higher weight gain,
feed efficiency and growth performance compared to fish fed
control diets (Ye et al., 2011). The authors of the same
publication suggest this could be attributed to increased food
intake and improved nutrient digestibility. All this data suggests a
strong influence of the microbiota in fish metabolism.

Still, similarly to mammals, owing to studies reporting diverging
results, the influence of microbiota composition on food intake is still
debated. For example, zebrafish larvae treated with Lactobacillus
rhamnosus affected the GM, transcriptome and several properties
of the intestinal epithelium and also led to elevated growth (Falcinelli
et al,, 2015). In a later study by the same group they demonstrated
treatment caused reduced appetite and feed intake compared to
control fish (Falcinelli et al., 2016). In this study Glp-1 (glucagon),
leptin and insulin mRNA (all presumably anorexigenic) increased
while the orexigenic npy, goat, cbl decreased. A study that used the
same probiotic in an encapsulated form showed significant opposite
effects in juvenile Nile tilapia. In this case the fish administered the
probiotic grew much better, and there was increased expression of
npy, agrp and ghrelin, while there was a reduction in leptin that
together supported an orexigenic drive (Gioacchini et al,, 2018). A
recent study demonstrates that exposure to the cyanobacterium
Microcystis aeruginosa significantly alters appetite regulation in
stone moroko by increasing appetite-inhibiting factors (cart, glp-1)
and reducing stimulatory factors (agrp, orexin), linked to changes in
lipid, amino acid, and cholesterol metabolism (Niu et al., 2024). In
contrast, the macrophyte Ottelia acuminata mitigates these adverse
effects, suggesting potential protective interactions via altered
regulation of intestinal metabolites. Although appetite was not
studied a modulation of microbiota affected anxiety in larval
zebrafish larvae, and Lactobacillus plantarum (a probiotic) reduced
anxiety-related behavior in conventionally-raised zebrafish larvae
(Davis et al,, 2016). The link between stress and appetite is well
known, and reduced appetite is often the first sign of stress in fish.
Taken together this shows that although there are demonstrated
signaling pathways in the communication between GM and the host
and that this may include appetite control, the overall effect on whole
animals is not fully understood.

However, carp fed a diet supplemented with fructo-
oligosaccharide (FOS) display increased levels of heterotrophic
aerobic bacteria and LAB, but no changes in feeding rates
compared to fish fed a control diet (Hoseinifar et al., 2014).
However, it is important to keep in mind that these studies are
vastly different, using different model organisms and different
additives. They are therefore difficult to compare.

With regards to understanding how and to what extent the GM
affects appetite via the described mechanisms above it is important
to note that there are dynamic changes in the communication in the
gut brain axis that correlates with the status of the digestive process
and the gut transit of food and digesta. At the same time, the GM
assemblies are specific per anatomical site and are highly dynamic
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during food digestion, indicating that digestive status and/or
sampling time are factors potentially influencing the GM
compositions. This was demonstrated in southern catfish (Silurus
meridionalis) a carnivorous species characterized by rapid growth
that typically ingest large meals and where there were large spatial
and temporal variation in GM community after a meal (Zhang
et al,, 2017). The spatial variation of microbial diversity stomach
was larger than in the gut. This suggests that the signals originating
in the GM that affect appetite and energy metabolism in the host
may change significantly during a meal. In conclusion, there is a
need for more targeted and specialized studies investigating specific
signaling pathways involved in the GM-gut-brain axis, comparable
to those conducted in mammalian models

5.2 Immune system

Along with nutrient metabolism, and energy homeostasis, the
GM has been generally recognized as a significant component of
the intestinal mucosal immune system including regulation of
innate and adaptive immunity (Figure 1). On one hand, GM can
stimulate Th1 cells, regulatory T and B cells to produce Interleukin-
10 (IL-10) to maintain the homeostasis of the mucosal immune
system (Sun et al., 2018; Maldonado Galdeano et al., 2019; Mishima
etal, 2019). GM can also regulate the host’s health by maintaining
balance and inhibiting the growth of potentially pathogenic bacteria
(Maldonado Galdeano et al., 2019). Furthermore, oral probiotics
can induce intestinal epithelial cells to produce macrophage
chemotaxis protein 1 through Toll-like receptors (TLR), and then
activate the mucosal immune system (Maldonado Galdeano et al.,
2019; Liu et al,, 2020). Upon intestinal barrier damage, LPS, one of
the most immune stimulatory components derived from the
cytoderm of Gram-negative bacteria, enter the host circulation
and is recognized by TLR on immune cells initiating
inflammatory responses (Hug et al., 2018; Witkowski et al., 2020).

In recent years, abundant autochthonous bacteria have been
isolated for immunological studies of aquatic species. Tan et al.
(2019) reported that R. stabekisii used as probiotic improved innate
immunity against Aeromonas hydrophila and Streptococcus iniae
infections in tilapia. The mechanism appeared in part to be due to
modulation f the intestinal microbiota by increasing the abundance
of Bacillus sp. and Lactobacillus sp. and reducing the abundance of
Staphylococcus sp. and Streptococcus sp (Abarike et al., 2018). Niu
et al. (2019) isolated six probiotics (Bacillus licheniformis, Bacillus
amyloliquefaciens, Bacillus subtilis, Lactobacillus brevis, L.
plantarum and Saccharomyces cerevisiae) from the intestinal tract
of juvenile olive founder and established that administration of
multi-strain probiotics significantly improved the non-specific and
specific immune responses of juvenile olive flounder by increasing
the activities of myeloperoxidase (MPO), lysozyme, glutathione
peroxidase (GPX) and the expression of proinflammatory genes
IL-1B, IL-6 and TNF-o. Probiotic supplements (Lactobacillus
rhamnosus JCM1136 and Lactococcus lactis subsp. lactis
JCM5805) added together or apart not only significantly
increased the length and density of intestinal microvilli, but also
increased the colonization of probiotics in the intestine of Nile
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tilapia, which enhanced the immune response and disease
resistance (Xia et al., 2018b). These observations strongly suggest
that GM is a vital part of the intestinal immune system, and the
structure and metabolites of GM are important in maintaining
intestinal health. Indeed, the impact of the GM on host immunity is
an expanding and promising research field, recently reviewed more
extensively by Zhang et al. (2024) and Morshed and Lee (2023).

6 Perspectives

Though the knowledge regarding gut microbiota, metabolism
and immunity has increased in fish and shrimp in recent years,
several issues still merit further investigations. Indeed, there is a
plethora of publications documenting the alteration in microbiota
profiles upon altered conditions, including diet, dietary additives
and environmental factors, but few studies explore the underlying
mechanisms of how such changes impact the host. When it comes
to the way in which the microbiota communicates with the host,
several knowledge gaps have been described throughout the text
(See also Figure 1). The take-home message is that, while knowledge
from mammalian studies provide a firm starting point from which
to explore these pathways, studies focused on fish species is needed
to further our understanding. One example of this not brought up
within the review is the topic of mechanisms or ligand-specificity
for the free fatty acid receptors responsible for relaying SCFA-
signaling. Crucially, there are significant species variations with
regards to SCFA potency in activating FFAR2 and FFAR3 in
mammals. In humans the rank order of potency for FFAR2 has
been reported to be C2 = C3 > C4 > C5 = C1 whereas for FFAR3 it is
C3 =C4 =C5> C2>ClI (Milligan et al,, 2009). C2 is 20-fold more
selective at human FFAR2 than at human FFAR3, while it is
equipotent at both mouse orthologs. On the other hand, C3 is 12-
fold more selective at mouse FFAR3, but exhibit similar potency at
human orthologs (Schmidt et al., 2011). One would assume that
there may be similar variation in ligand specificity between paralogs
in teleosts as well as between teleost species. Experimental testing of
ligand potency and specificity is therefore a highly relevant field of
investigation when exploring these receptors in fish species.

In sum, the content presented in this review demonstrates that
there have been significant leaps in our understanding of the GM,
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