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Abstract: Intestinal bacterial community in rainbow trout (Oncorhynchus mykiss) is increasingly
recognized as important for aquaculture and fish health. This review summarizes the current
knowledge on how various feed components, including animal- and plant-derived ingredients, as
well as other feed additives, influence the gut microbiota of rainbow trout. Studies using 16S rRNA
gene profiling and metagenomics demonstrate how dietary changes affect the composition, diversity,
and functionality of bacterial communities. The findings suggest that there is no single optimal
alternative ingredient for fish feeds, but emphasize that the ratio of natural components plays a more
significant role in shaping the intestinal bacterial community of trout. This balance is crucial for
maintaining diversity, functionality, and overall fish health, thereby promoting growth and disease
resistance, while enhancing aquaculture efficiency. The use of popular animal protein derived from
the larva of Hermetia illucens increases the amount of Pseudomonadota, but the chitin they contain
can prevent the absorption of nutrients. Thus, the development of optimal feed formulas requires
careful selection and balancing of various natural ingredients to sustain a healthy microbiota and
overall fish well-being.
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1. Introduction

Rainbow trout (Oncorhynchus mykiss) is one of the most popular fish species for
industrial farming. Compared to other commonly farmed species, such as Atlantic salmon,
cod, and carp, rainbow trout stands out for its rapid growth rate and adaptability to various
rearing conditions. It exhibits high productivity and capacity for rapid weight gain, making
it competitive in the market. The nutritional value of rainbow trout meat is comparable
to that of Atlantic salmon, being rich in protein and beneficial fatty acids. Trout is less
demanding in terms of rearing conditions compared to cod and carp, making it a preferred
choice for aquaculture [1,2]. Recent studies (2019-2024) have confirmed the popularity
of trout for industrial farming and its value as a source of protein and fatty acids in the
human diet.

The gut microbiome of fish significantly influences digestion, immune system de-
velopment, and overall health. Studying the composition and functions of the intestinal
bacterial communities in rainbow trout plays a key role in optimizing rearing conditions
and enhancing production efficiency. Next-generation sequencing (NGS) technology al-
lows for detailed analysis of the gut microbiome, identifying both dominant and rare,
non-culturable microorganisms. Through NGS, in-depth studies of microbiome dynamics
and their impact on digestion, the immune system, and the overall health of trout are made
possible, contributing to the development of more effective rearing strategies. Modern
techniques, such as DNA sequencing and metagenomics, have significantly enhanced
the investigation of the gut microbiota in the rainbow trout. These methods enable the
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identification of a broad spectrum of microorganisms, including non-culturable species,
and allow for the analysis of their functions and interactions. These approaches provide
more accurate assessments of the effects of a diet, probiotics, and rearing conditions on the
microbiota, opening new avenues for optimizing aquaculture. Nutrition is a key factor in
the life of the trout, as feed components significantly influence the composition of the gut
microbiome, altering the balance of microorganisms and impacting the fish’s vital functions.
Therefore, studying the influence of feed components on the composition of bacterial com-
munities in the fish intestine is of particular interest. Various animal and plant components
in the diet can have diverse effects on its composition and function. Understanding these
relationships will enable the development of optimal feed formulations that promote the
health and growth of fish. The diversity of animal and plant components of rainbow trout
feed will significantly influence the species composition of its gut microbiome, and certain
feed components may foster a more favorable microbial community, which in turn could
enhance fish health and production efficiency.

The NGS-based 16S rRNA sequencing method is more effective than traditional
methods for studying fish intestinal microbiome, allowing for precise classification of
bacteria, including rare species, and helping to track changes in the microbial community
influenced by factors such as a diet [3]. The NGS-based 16S rRNA method has been widely
applied in gut microbiota studies across various fish species, including carp, Atlantic
salmon, and African catfish. These studies provide detailed insights into the microbiome,
which is crucial for understanding its role in fish health and disease. For example, the
study by Zhang et al. (2020) demonstrated that the microbiome of carp significantly
changes depending on environmental conditions and diet, affecting its immune system and
growth [4]. Similarly, the study by Wang et al. (2021) demonstrated that the microbiome
of Atlantic salmon plays a key role in metabolism and nutrient absorption, which is
crucial for aquaculture and productivity enhancement [5]. In turn, research on African
catfish conducted by Lee et al. (2022) revealed that the microbiome of this species exhibits
unique functional characteristics that could be utilized for the development of new disease
prevention and treatment methods [6]. These studies underscore the importance of using
NGS (Next-Generation Sequencing) for microbiome analysis, as this method allows for the
identification of rare and difficult-to-culture microorganisms, as well as functional analysis
of the microbiome.

Investigations into the microbiome of wild rainbow trout have shown that its gas-
trointestinal tract hosts diverse bacteria that play an essential role in digestion and the
overall health of the fish. Bacillota (synonym of Firmicutes) and Bacteroidota (synonym
of Bacteroidetes) are involved in the catabolism of complex carbohydrates and provide
energy to the organism. Pseudomonadota (synonym of Proteobacteria) contribute to pro-
tein digestion and are involved in the immune response. Some pathogenic bacteria, such
as Aeromonas salmonicida and Flavobacterium psychrophilum, can cause infections in fish,
leading to diseases. Research indicates that these pathogenic bacteria can be found in the
gastrointestinal tract of wild rainbow trout [7-11].

The aim of this review is to analyze and summarize current knowledge about the
influence of various feed components, including animal, plant, and other natural addi-
tives, on the microbial composition of the gastrointestinal tract of rainbow trout, and to
determine the most suitable raw materials for commercial feed production. To achieve this
goal, an analysis of the diversity of the gastrointestinal microbiome of rainbow trout under
different dietary regimes was conducted. This review will consolidate data on the relation-
ship between nutrition and the microbiome, and provide practical recommendations for
improving the conditions of rearing and breeding rainbow trout.

2. Methods

For the meta-analysis, studies were selected using the search terms gut OR intestine
AND microbiome OR microbiota OR ‘bacterial community” AND fish OR trout OR ‘On-
corhynchus mykiss’” in the abstracts, titles, and keywords within peer-reviewed databases
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such as Scopus and PubMed. In Figure 1, a flowchart of the study selection process for
conducting the analytical work is presented

Scopus PubMed 155 studies excluded based on the
following criteria:
240 studies based on 136 studies based on =
title/keywords title/abstract - Review articles

- Studies not involving Oncorhynchus

mykiss

Y - In vitro studies

215 full-text studies published since 2019 that meet

» - Studies involving factors other than
diet

the query criteria

45 studies excluded based on the
following criteria:

A 4

60 full-text studies meet the query criteria - Absence of 16S rRNA sequencing

A 4

data
- Investigated organ

I

- . 3 studies excluded because the
| 18 studies meet the query criteria I—' . . . . )
investigated dietary ingredients are
¢ chemical compounds

| 15 studies meet the parameters |

Figure 1. Flow chart illustrating the systematic literature search and data selection processes.

A systematic selection process was conducted, starting with the establishment of
stringent inclusion criteria followed by manual filtering of articles. The initial selection
comprised 376 articles published within specific years, each providing full-text access. Each
article was then meticulously reviewed based on its type, subject matter, and key research
factors. Articles that did not involve dietary experiments with rainbow trout, as well as
review papers lacking primary data, were excluded from the analysis.

Subsequent selection only included in vivo studies that involved analyses of various
parts of the fish intestine, its contents, and mucus, with the infection status of the subjects
not considered as an exclusion criterion.

To achieve the objectives of the study, only publications utilizing 16S rRNA bacterial
profiling methods were included, narrowing the selection to 60 suitable articles. Of these,
42 articles were excluded as they did not meet the criteria for the specified methods. Further
exclusions involved experiments focused on the effects of individual chemical compounds
on the composition of the fish intestinal microbiota.

The selection of articles underwent rigorous filtration, with each exclusion justified on
scientific grounds. Excluding articles that did not include dietary experiments with rainbow
trout and meta-analyses was necessary to ensure a focus on primary data. The exclusion of
studies that did not employ 165 rRNA bacterial profiling methods was driven by the need
to obtain detailed and reliable data on the microbiota composition. Experiments involving
individual chemical compounds were excluded as they did not provide a comprehensive
analysis of the impact of diet.

The final review included 15 studies conducted under various fish rearing conditions,
such as recirculating aquaculture systems, net pens, and flow-through aquarium systems.
These studies described changes in the bacterial community composition of the gastroin-
testinal tract of rainbow trout in response to dietary modifications, whether involving
complete replacement or partial substitution of specific ingredients.



Microbiol. Res. 2024, 15

2202

3. Results

All the analyzed studies focused on identifying new raw materials to replace tra-
ditional ingredients, such as fishmeal, in commercial feeds with more environmentally
sustainable and economically viable alternatives (Table 1). Experimental research was con-
ducted across various countries, including Italy, China, France, Sweden, and New Zealand,
both on farms and under laboratory conditions. The fish were reared in different systems,
such as net pens, flow-through aquariums, and recirculating aquaculture systems (RAS).
The microbial community in all studies was assessed by evaluating changes in the bacterial
communities of the trout gastrointestinal tract using profiling of different hypervariable
regions of the 165 rRNA gene.

Table 1. Studies with accessible data used for the analysis of the gut bacterial community composition
of rainbow trout.

Rearin, Target
Feed Ingredient Objects 8 Hypervariable Results Reference
System .
Region
Diet based on The p l;fmt—based.dlet was d.o mmated Hans-Christian
fishmeal and fish by Bacillota, while the traditional Ingerslev et al
. Intestinal RAS V5 “marine diet” was dominated by i
oil versus . 2014
. Pseudomonadota, Bacteroidota, and
plant-derived Acti [12]
ctinomycetota.
A diet with a Dominance of Cetobacterium sp. in the Gatesoupe F-]
different ratio of Distal gut microbiome of fish fed a diet high in P
. Tank V3-V4 ) . etal., 2018
plant and animal content plant protein and oils, compared to [13]
components the marine diet.
Bacillota, Pseudomanadota,
Bacteroidota, Mycoplasma, and
Actinomycetota taxa were
predominant. The Clostridia taxon
dominated in fish with a diet high in
By-product meals  Feces, proximal plant proteins. The addition of . Rimoldi S et al.,
. . Flow- poultry by-products to the trout diet
from the rendering  mucosa, distal V3-V4 . ; 2018
industry mucosa through did not lead to changes in overall [14]
microbial diversity or richness. The
observed changes in intestinal
microbiome composition were
actually related to the ratio of plant to
animal proteins, regardless of the
animal protein sources.
The percentage of black soldier fly
meal in the diet affected the Terova. G. et al
Black solider fly abundance of Actinomycetota and o v
. Feces RAS V3-V4 . 2019
(Hermetia illucens) Pseudomanadota (producers of lactic [15]
acid and butyrate), while maintaining
an overall normal microbiome.
Replacing 50% of fish meal with black
soldier fly meal in the diet reduced
the numbers of Pseudomanadota,
Lactobacillaceae, Leuconostocaceae,
Black solider fl Flow- Fusobacteriaceae, and Rimoldi, S. et al.,
(Hermetia illucm}q]s) Gut content throuch V4 Shewanellaceae, and increased the 2021
& numbers of Bacillota, Vagococcus, [16]

Erysipelothrix, and Vibrio.
Oceanobacillus genus was present in
the microbiome with black soldier fly
meal diet.
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Table 1. Cont.
Rearin Target
Feed Ingredient Objects 8 Hypervariable Results Reference
System .
Region
Replacing fishmeal with Tenebrio
molitor meal did not affect the
composition and diversity of the
microbiome. The only changes Terova, G. et al.,
Mealworm Gut mucosa Flow- V3_V4 caused by the complete replacement 2021
(Tenebrio molitor) through of fishmeal with Tenebrio molitor [17]
larvae meal were a reduction in
Pseudomonadota and a decrease in
taxa belonging to the families
Ruminococcaceae and Neisseriaceae.
Gut content, Dor.mnance of Tenericutes and Singh Aprajita
Neurospora Bacillota by the end of the
. . mucosal RAS V4 . et al., 2021
intermedia scrapings experiment, compared to the [18]
pimg traditional commercial diet.
S. cerevisiae Gut content, Tank Vi Yea§t sup.pleme.nts d}d not disrupt D.L.etal., 2018
mucosa the intestinal microbiota of trout. [19]
The presence of capsaicin in the diet
increased alpha diversity in the fish
.. microbiome. Additionally, a diet . .
Capsaicin, Trametes . . 7 Julia Mougin
. Intestinal and Flow- containing only capsaicin increased
versicolor, V3-V4 A . etal., 2023
. gut content through the number of Clostridiaceae. With a
Ganoderma lucidum . . [20]
Ganoderma lucidum diet, the
abundance of Pseudomanadota
increased.
Replacing fish meal with cottonseed
Protein concentrate Gut content protein concentrate in the diet led to a Liu Yang et al.,
’ RAS V3-V4 decrease in Actinomycetota and an 2020
from cotton seeds mucosa . . . :
increase in Bacillota in the gut mucus [21]
microbiome.
Replacing fish meal with
plant-derived protein decreased
Plant-derived E?acii?;;atgtg’?;ﬁiorleiigjl while Zhang, C. etal.,
protein, rapeseed Gut content Cage V3-V4 mye e 2023
. Replacing fish meal and fish oil with
oil . . [22]
plant alternatives increased the
abundance of pathogens Schlesneria,
Brevundimonas, and Mycoplasma.
Overall, the experimental diet did not
A microcapsulated affect the alpha and beta diversity of
mixture o fpfour Proximal and the microbiome, but a therapeutic Huyben, D. et al,,
. distal Tank V3-V4 diet with organic plant acids and oils 2021
organic acids and . . .
1 intestines, feces reduced the number of opportunistic [23]
three essential oils .
pathogens Aeromonas hydrophila and
Acinetobacter.
A diet containing 0.1% Chinese yam
. reduced Actinomycetota and
Chinese yam . . . . .
(Dioscoren Intestine and Patescibacteria, while a diet containing F etal.,
oppositifolia L.) 1t content RAS V3-V4 0.4% Chinese yam increased 2020
ef( fract ) & Patescibacteria, Bifidobacteria, [24]

Marvinbryantia, and Candidatus
Saccharimonas.
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Table 1. Cont.
Rearin, Target
Feed Ingredient Objects 8 Hypervariable Results Reference
System .
Region
In the control group, the most
common genera were Deefgea and
Aeromonas. In the experimental
Intestinal groups, the dominant genera were Etyemez, Miray
Garlic extract Cage V4 Deefgea and Mycoplasma. In the group etal., 2028
mucosa > : ;
receiving the highest amount of garlic [25]
extract, the dominant genus was
Aeromonas, with Deefgea and
Exiguobacterium also present.
A mix of plant A plant-based diet increased the
proteins and oils, abundance of Bacillota and decreased .
microalgae the abundance of Pseudomanadota Pérez Pascual,
ae, Gut content Tank V3-V4 . . . ’ et al., 2021
Saccharomyces Replacing plant proteins with yeast

cerevisiae, Hermetia
illucens

. . 2
and insect proteins restored the [26]

fish microbiome.

Animal proteins in diets are being partially or entirely replaced with plant-based
proteins, insect-derived proteins, and yeast fractions, while animal fats are substituted with
essential oils and plant extracts. In some experiments, the diets included combination of
alternative protein and fat sources alongside traditional formulations. In a study comparing
marine and plant-based diets for rainbow trout’s immune defense against Yersinia ruckeri,
it was found that plant components exerted a prebiotic effect, stimulating the growth of
specific bacteria. Notably, fish fed a plant-based diet under RAS conditions were dominated
by Bacillota, including Streptococcus, Leuconostoc, and Weissella. In contrast, marine diets led
to the dominance of Pseudomonadota, Bacteroidota, and Actinomycetota, demonstrating
significant differences in the trout gut microbiota composition [12].

In another study, a group of scientists used food industry by-products combined with
plant components as a replacement for fish meal in rainbow trout diets under aquarium
conditions. The results indicated that changes in the microbial community of distal and
proximal gut mucus, as well as feces, were associated not with the replacement of fish meal,
but with the ratio of plant to animal components in the diet. When comparing marine
diets to plant-based ones, it was observed that diets high in plant proteins and oils led to
the dominance of Cetobacterium sp. in the microbiome, which synthesize vitamin B12 and
support fish growth [13,14].

The primary alternative protein source is meals derived from the larvae of the insect
Hermetia illucens. The inclusion of this meal in the diet significantly alters the microbial
composition of the gastrointestinal community. Studies of gut content and feces have shown
that diets containing varying amounts of black soldier fly meal under RAS conditions
reduce the abundance of Actinomycetota and Pseudomonadota, which are producers of
lactic acid and butyrate, and play a crucial role in the host’s proper functioning. In flow-
through systems, replacing 50% of fish meal with 15% black soldier fly meal also reduces
the numbers of Pseudomonadota, Lactobacillaceae, Leuconostocaceae, Fusobacteriaceae,
and Shewanellaceae, while increasing the abundance of Bacillota, Vagococcus, Erysipelothrix,
and Vibrio. It was noted that the genus Oceanobacillus is observed in the microbiota only
when Hermetia illucens is included in the diet. The use of meals derived from the larvae
of another insect species, Tenebrio molitor, did not show significant changes in the gut
mucus microbiome composition compared to commercial fishmeal-based feeds, according
to weighted UniFrac analysis [15-17].

The use of yeast and fungi is not yet widespread, but several studies demonstrate the
potential of these components as alternatives to traditional raw materials. For instance, in a
RAS-based study, replacing 30% of the traditional feed with the biomass of the filamentous
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fungus Neurospora intermedia over 30 days resulted in a sharp change in the microbiome
community from days 0 to 20 of feeding but by day 30 the microbiome was similar to that
of the traditional diet. By the end of the experiment, the dominant phyla in both the control
and the experimental groups were Tenericutes and Bacillota. In a study involving the
biomass of Saccharomyces cerevisiae, it was shown that yeast supplementation increased the
yeast load in the intestines of fish in a flow-through system but did not affect the microbial
community. The use of the fungus Ganoderma lucidum in the diet led to an increase in
Pseudomonadota [18-20].

Plant-based protein concentrates are also used as alternatives to animal proteins in
experiments. For instance, the cottonseed protein concentrate in the diet of fish reared
in recirculating aquaculture systems (RAS) led to changes in the composition of intestine
content and mucus microbiota, specifically decreasing the abundance of Actinomycetota
and increasing Bacillota. However, when fish meal was replaced with plant proteins in
the diet of cage-reared fish, the opposite trend was observed: Bacillota and Bacteroidetes
decreased, while Planctomycetota levels increased. Additionally, replacing fish oil with
rapeseed oil in fish diets led to an increase in pathogens such as Schlesneria, Brevundimonas,
and Mycoplasma within the intestinal microbiome of the fish [22].

In contrast, an experiment that included organic plant acids (sorbic acid, fumaric acid,
malic acid, and citric acid) and essential oils (thymol, vanillin, and eugenol) showed no
significant statistical changes in alpha and beta diversity. However, there was a reduction in
the number of opportunistic pathogens such as Aeromonas hydrophila and Acinetobacter [23].

The use of 0.1% Chinese yam extract in fish diets resulted in a reduction in Actino-
mycetota and Patescibacteria, while a 0.4% concentration led to an increase in Patescibacteria,
Bifidobacteria, Marvinbryantia, and Candidatus Saccharimonas. Meanwhile, the inclusion of
garlic extract resulted in the dominance of Deefgea, and Mycoplasma. In the group that
received the highest concentration of extract, Aeromonas was the dominant genus, with
a lesser representation of Deefgea and Exiguobacterium. Capsaicin was found to have a
general effect on increasing the alpha diversity of the fish gut microbiome compared to
conventional diets and led to an increase in the abundance of Clostridiaceae [24].

When fish were fed a plant-based protein and oil diet in aquarium settings, the amount
of Bacillota increased, while Pseudomonadota showed a decrease. Replacing plant proteins
with Saccharomyces cerevisiae and Hermetia illucens proteins restored the fish microbiome.

4. Discussion

Studying the microbial composition is crucial for understanding the health and well-
being of this fish species, as the microbiota plays a key role in metabolism and immune
defense. Traditional research methods do not always accurately assess microbial changes,
while next-generation sequencing (NGS) offers more precise and detailed bacterial classifi-
cation, revealing even rare species and tracking dynamic shifts in the microbiome under
various influencing factors.

The gut microbiota of rainbow trout (Oncorhynchus mykiss) undergoes significant
changes depending on the diet composition, which includes plant-based, animal com-
ponents, as well as fungi and yeast. The diet composition substantially influences the
microbial community in the intestine of rainbow trout, leading to shifts in populations of
both beneficial and pathogenic bacteria. Altering the gut microbiome composition through
dietary changes contributes to improved fish health and growth performance.

According to experimental data, the use of alternative raw materials such as plant
extracts and oils, insect protein, and fungal components can positively impact the bacterial
communities in the gastrointestinal tract of trout. This may reduce the need for antibiotics,
enhance disease resistance, and ultimately lead to higher productivity and ecological
sustainability in aquaculture production.



Microbiol. Res. 2024, 15

2206

4.1. The Impact of Animal Components on Changes in the Gut Microbiota of Rainbow Trout

Animal-based ingredients such as fish oil and fish meal are fundamental components
of commercial feeds for trout, as they reflect the primary diet of wild fish species and
have a positive effect on intestine microbiota composition, promoting the proliferation of
beneficial bacteria such as Lactobacillus and Bifidobacterium. Studies by Lim et al. (2020)
and Romarheim et al. (2022) demonstrated that including fish oil in the diet contributes
to improved intestine health and enhanced resistance to infections [27,28]. Fatty acids
present in fish possess antimicrobial properties and can inhibit the growth of pathogenic
microorganisms such as Flavobacterium psychrophilum and Edwardsiella tarda.

Studies show that the use of black soldier fly (Hermetia illucens) meal in fish diets
can promote the proliferation of beneficial bacteria in the intestine. Black soldier fly meal
contains numerous essential nutrients and antioxidants, which have a positive effect on
the intestinal microbiota composition of fish. The inclusion of insect-derived proteins in
the diet of Atlantic salmon has been associated with significant alterations in the profile of
intestine metabolites, such as short-chain fatty acids and secondary bile acids, indicating
an improvement in fish health and immune response. Similarly, a metabolomic study
on rainbow trout demonstrated that the incorporation of insects into the diet enhances
microbiota diversity and increases the abundance of beneficial metabolites in the fish’s
intestinal tract [29].

However, black soldier fly larvae meal may negatively impact the gut microbiome of
rainbow trout (Oncorhynchus mykiss) due to several factors. First, black soldier fly larvae
contain a substantial amount of chitin, which is an indigestible polysaccharide. Chitin
can adversely affect the intestine microbiota since it is difficult for fish to digest and may
promote the growth of pathogenic bacteria by reducing the availability of nutrients for
beneficial microorganisms. Second, black soldier fly larvae may contain anti-nutritional
factors, such as phenolic compounds and tannins, which can disrupt digestion and nutrient
absorption. These substances can inhibit the growth of beneficial bacteria and stimulate the
proliferation of pathogens. Third, the amino acid profile of black soldier fly larvae meal
may be imbalanced compared to those of traditional fish feeds. Although this meal is a
rich protein source, an unbalanced amino acid composition may result in an insufficient
supply of essential amino acids for rainbow trout, which in turn can affect the composition
and function of the gut microbiota. Lastly, black soldier fly larvae contain various lipids,
including saturated fatty acids. A high content of specific lipids may alter the intestinal
microbiome, promoting the growth of bacteria that metabolize fatty acids while suppressing
the growth of other, more beneficial microorganisms. Therefore, the use of black soldier
fly larvae meal and other insect-based ingredients in rainbow trout diets requires caution
due to their potential adverse effects on the microbial ecosystem and fish digestion. Other
components, such as animal by-products (meat and bone meal, blood meal), warrant
further investigation.

4.2. Impact of Plant-Based Components on the Gut Microbiota Composition of Rainbow Trout

Plant-based components, such as soy products, rapeseed 0il, and various cereals, are
widely used in aquaculture feeds due to their availability and low cost. For instance, the
substitution of fish meal for plant proteins in carp diets has been associated with increased
microbiota biodiversity and alterations in metabolic pathways related to carbohydrate and
amino acid absorption, as confirmed by metagenomic analysis [21,30]. However, studies
indicate that a high content of plant-based components in the diet may lead to intestinal
microbiota imbalance. Specifically, research by Johansen et al. (2020) and Refstie et al. (2021)
suggests that plant proteins and carbohydrates may be poorly digestible for O. mykiss,
leading to the accumulation of undigested residues in the intestine and creating a favorable
environment for the growth of pathogenic microorganisms, such as Aeromonas hydrophila
and Vibrio anguillarum [31,32]. Moreover, plant components may contain antinutrients
such as phytates and tannins, which negatively affect nutrient absorption and may cause
inflammatory responses in the intestine, further altering the microbiota towards pathogenic
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species [33]. Studies have also shown that tannins can inhibit the growth of beneficial
bacteria and stimulate the proliferation of pathogenic microorganisms, thereby impairing
intestinal health. Phytates can form insoluble complexes with minerals, leading to their
unavailability for absorption by the fish. This can result in deficiencies of essential minerals
required for maintaining metabolic processes and overall fish health.

Plant extracts and organic acids also play a crucial role in regulating the microbial
composition of the gastrointestinal tract of fish. Zhang et al. (2023) found that the addition
of plant extracts to feeds helps control the growth of pathogenic bacteria and promotes the
increase in beneficial microorganisms [22].

Plant-based raw materials contribute to the diversity of the intestinal microbiome
in rainbow trout, which may positively influence its immune system and overall health.
However, these materials cannot be used as the basis of the diet, as the antinutrients and
indigestible fibers found in plants may hinder the absorption of essential nutrients. This can
lead to reduced growth, deteriorating health, and impaired physiological performance in
the fish. Therefore, plant-based raw materials should be used in combination with animal
protein sources to provide complete and balanced nutrition for trout.

4.3. The Impact of Fungi and Yeasts on the Gut Microbiota Composition of Rainbow Trout

The use of fungi and yeasts in fish feeds is gaining popularity due to their environmen-
tal sustainability, high protein content, and bioactive compounds, as well as their positive
effects on fish health. These ingredients are produced on renewable substrates or waste
products, reducing the burden on marine ecosystems. Fungi and yeasts provide fish with
proteins and amino acids comparable to those of animal origin, and also contain bioactive
compounds such as beta-glucans, vitamins, and prebiotics that enhance the immune system
and improve overall health. Moreover, they promote the development of beneficial gut
microbiota, improving digestion and nutrient absorption. The economic efficiency of their
production also makes them an attractive alternative to traditional protein sources in the
feed industry. The process of producing fungal components for fish feeds involves several
key stages. First, specially cultivated strains of fungi and yeasts, such as Saccharomyces
cerevisiae, are selected. These microorganisms then undergo fermentation in bioreactors,
after which the resulting biomass is dried and pelleted in order to preserve its nutritional
and probiotic properties. These components maintain their activity and stability during
long-term storage, thanks to optimal processing technology and storage under controlled
conditions. The stability of the components is ensured by maintaining appropriate temper-
ature and humidity conditions, which minimizes the loss of efficacy and ensures consistent
feed quality.

In studies on the effects of these components on intestine microbiota changes, yeast
extracts and fungal cell walls are primarily used, playing a significant role in modulat-
ing the gut microbiota of rainbow trout species. Research by Li et al. (2023) and Mar-
tinez et al. (2024) shows that yeast-derived components, such as 3-glucans and mannan-
oligosaccharides, can act as prebiotics, promoting the growth of beneficial bacteria and
improving the immune status of fish [34,35]. Extracts from fungi, such as Saccharomyces
cerevisiae, enhance the intestinal barrier function and reduce inflammatory processes, which
also contributes to creating a more favorable microbial environment.

Yeasts like Saccharomyces cerevisiae are also widely used in fish feed production. A
study by Li et al. (2023) demonstrated that yeasts help reduce the levels of pathogenic
bacteria in the fish gut and improve digestion by stimulating the growth of beneficial
microorganisms [34].

Changes in the microbial composition of the gastrointestinal tract of fish after the
inclusion of the aforementioned feed components can vary. For example, an increase
in the proportion of Lactobacillus and Bifidobacterium may improve digestion and immu-
nity, as these bacteria are beneficial, and facilitate nutrient absorption and protection
against pathogens.
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On the other hand, a reduction in Enterococcus and Aeromonas levels may decrease the
risk of infectious diseases in rainbow trout, as these bacteria can be pathogenic and cause
various animal diseases, including intestinal infections.

The introduction of fungal components into the diets of rainbow trout significantly
influences the microbial community of the gastrointestinal tract of the fish, contributing to
the proliferation of beneficial bacteria, improved digestive processes, and increased resis-
tance to pathogens. This, in turn, supports the growth and health of the fish, although these
components cannot serve as the foundation of commercial feeds due to their insufficient
levels of protein and fat.

5. Conclusions

The development of aquaculture, particularly concerning trout, is impossible without
improving feeds, which can be evaluated based on parameters such as nutrient absorp-
tion efficiency, impact on growth, and overall fish health. Optimizing feed composition,
including the balance of essential proteins, fats, vitamins, and minerals, is a key factor in
enhancing the productivity and sustainability of aquaculture systems. Improved feeds
contribute to faster trout growth, enhanced immunity, and reduced environmental impact,
ultimately supporting the successful development of aquaculture. The alteration of the gut
bacterial community structure in rainbow trout (Oncorhynchus mykiss) is a process influ-
enced by various components derived from animals, plants, and fungi. Animal-derived
ingredients, rich in essential amino acids and omega-3 fatty acids, demonstrate improve-
ments in gut health and an increase in growth productivity. However, a high proportion of
such ingredients may lead to an imbalance in the microbial community, which often favors
pathogenic bacteria. Plant ingredients offer an alternative, providing the organism with
fiber and phytochemicals that promote the growth of beneficial bacterial populations such
as lactic acid bacteria and contribute to overall health and disease resistance. However,
the predominance of these components may also encourage the growth of pathogenic
microbiota due to the presence of indigestible residues and antinutrients. Fungal-based
components, especially those derived from yeasts and fungal cell walls, possess unique
prebiotic effects, enhancing immune responses and creating a more resilient intestinal
environment. The integration of these diverse dietary sources requires careful balance to
optimize the intestinal microbiota composition, ensuring efficient nutrient utilization by
rainbow trout while maintaining a healthy and stable gut environment. This review high-
lights the complex interplay between these dietary components and their respective roles
in shaping the intestinal bacterial community, emphasizing the need for further research
to identify optimal combinations and concentrations that promote maximum health and
productivity in rainbow trout.
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