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General Introduction

Rainbow trout aquaculture

Among the diverse family Salmonidae, several species are grown for commercial fish
production in artificial aquaculture systems in marine, brackish or freshwater
environments. Major species essentially belong to the genera Salmo and Oncorhynchus,
whose common distinguishing characteristic is the natural range of distribution with the
Atlantic and Pacific Ocean, respectively, and thus, their distinction based on genetic
divergence. However, the life history of most salmonids is anadromous, characterized by
a migration from freshwater - to marine waters and back to freshwater for spawning [1].
From a nutritional point of view, salmonids are particularly valued for their high protein
content, high levels of omega-3 fatty acids such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), richness in minerals and vitamins, and as a source of
antioxidants. In terms of tons live weight, rainbow trout (Oncorhynchus mykiss, Waldbaum
1792) has become a major species in inland aquaculture production worldwide, with a
production of 739.5 thousand tons in 2020 [2]. The introduction of rainbow trout into
several countries for farming purposes has unfortunately resulted in the unintentional
release of rainbow trout into non-native habitats. In addition, the deliberate release of fish
to allegedly enhance native fish fauna for recreational fishing has intensified the
distribution of rainbow trout, resulting in its inclusion in the top 100 invasive species

worldwide [3].

The nutritional requirements for salmonid aquaculture diets are similarly high in protein
(40 - 55%). The demand for these high protein levels has traditionally been met by
fishmeal (FM) and fish oil (FO), which are highly dependent on wild capture fisheries and
are therefore considered a limiting resource. The total use and demand of FM in aquafeeds
increased from 1882 KT in 1995 to 4300 KT in 2005, but a decrease to 2385 kT in 2020
was observed [4], when 132.4 kT and 66.2 kT of FM and FO, respectively, were used as
trout feed (Oncorhynchus mykiss, Salvelinus fontinales, Salmo trutta). On the other hand,
the demand for an alternative, more sustainable protein source in aquafeeds may explain
the downward trend in the use of FM, for example in Atlantic salmon, and the search for
suitable substitutes, driven by feed manufacturers and related research. In summary,
research into FM and FO replacements and their effects on fish growth, performance, and

health of fish has become a major focus of aquaculture research.
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There is no doubt that FM is an ideal raw material because it is naturally high in protein,
has a balanced amino acid (AA) profile that naturally matches fish requirements, is a
source of valuable polyunsaturated fatty acids (PUFAs), is highly digestible, and is
palatable to rainbow trout [4]. Therefore, FM is an excellent energy source for carnivorous
fish. However, much of the research effort in the last two decades has focused on plant-
based raw materials including soybeans, corn, rapeseed, peas, canola, and wheat [5-8]. In
addition, insect meal, macroalgae, microbial biomass, fishery and aquaculture products,
and animal by-products have been proposed as potential resources [9]. It is suggested
that the ideal replacement for FM and/or FO will not be found in a single ingredient, but
rather in a combination of several protein sources [10]. Moreover, limiting resources such
as trace minerals, vitamins and eventually limiting AA must be considered. Soybean meal
(SBM) can be incorporated into salmonid diets up to a certain inclusion level [11], until
the relatively low crude protein content cannot meet the energy requirements and
eventually, SBM is known to induce soybean meal induced enteritis (SBMIE) at
inadequate doses [12]. By extracting the soluble carbohydrate fraction from protein-rich
dehulled soybean meal, the crude protein content is improved and the levels of
antinutritive factors (ANFs) are reduced. The resulting soy protein concentrates can
replace up to 75% of the FM without causing enteritis [13], although these methods are
associated with a relatively high production effort. However, canola and rapeseed isolates
contain residues of ANFs such as phytic acid, saponins, tannins, soluble non-starch
polysaccharides and gossypol. Phytic acid for example negatively affects growth
performance and nutrient and energy utilization. Phosphorus bound by phytate is
inaccessible to fish and is leached into the environment, potentially causing algal blooms
[14]. Interestingly, rainbow trout have been shown to be able to adapt to, for example, a
high soy diet, resulting in changes in oral tolerance, microbiota and growth in rainbow
trout [15]. It appears that nutritional programming, in which diet-dependent molecular
pathways are favored and expressed early in feeding, resulted in greater acceptance of
plant-based diets[16]. In addition, some rainbow trout genetic lines grow more efficiently
on plant-based diets than others [17], and it is therefore expected that microbial

responses will differ between trout genetic lines.

Beyond addressing optimal feed supply, another critical aspect of aquaculture is the
management of stress in farmed fish populations. Stressors such as handling,

transportation, water quality fluctuations, and high stocking densities [18] can adversely
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affect fish health and welfare, resulting in reduced growth rates, increased susceptibility
to disease, and reduced overall production efficiency [19]. It is also known that feeding
rainbow trout with complete plant-based diets induces physiological stress as evidenced
by an increase in the immune response [20], which is thought to be associated with the
observed reduction in growth. Stress management in aquaculture requires a multifaceted
approach that includes improvements in environmental conditions, husbandry practices,
and nutritional strategies. Ensuring optimal water quality through regular monitoring
and maintenance can help reduce stress associated with poor environmental conditions.
To reduce stress responses in fish, minimizing physical disturbance, especially when
transporting fish, requires best practices for handling and transportation. Inevitably,
nutrition is known to play a key role in stress management. While plant-based diets have
become a sustainable alternative to traditional FM-based diets, diets must be formulated
to meet the nutritional requirements of fish and minimize physiological stress. Research
on functional feeds incorporating stress-reducing additives such as probiotics, prebiotics,
and immunostimulants is ongoing and shows promise in improving fish resilience to

various stressors [21].

Understanding of the physiological stress mechanisms in fish, including hormonal
changes, immune function, metabolic adaptations, and modulation of the intestinal
microbiome, is critical for developing effective stress management strategies in
aquaculture. Recent developments in molecular biology and genomics, for example, are
providing insights into stress-related gene expression and pathways that can inform
selective breeding programs aimed at selecting for stress tolerance in farmed fish
populations. However, these approaches do not provide a comprehensive understanding
of the microbial contribution to stress management and health status [22]. Finally, the
welfare implications of stress management must be considered ethically, most notably
because of consumer demand for sustainably and humanely farmed seafood. Ensuring the
welfare of farmed fish not only increases production efficiency, but is also consistent with

the growing emphasis on ethical and sustainable food production systems.

Teleost digestive system and the gut microbiome

The anatomical diversity of the digestive system in teleosts is highly variable. It has been
adapted by evolutionary processes to specific feeding habitats and food sources which
can be classified into detritivorous, herbivorous, omnivorous, and carnivorous feeding

behaviors. The general structure of the fish gastrointestinal (GI) system is divided into
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head gut, foregut, midgut, and hindgut. The foregut is subdivided into oral (buccal) and
gill (pharyngal) sections [23]. The foregut, which follows includes the esophagus, stomach
(present in salmonids, percids, etc.), and pylorus, accounts for a significant proportion of
the morphological variation in the digestive system observed in fish. Posterior to the
pylorus, the midgut begins with the intestine, as the nutrient absorbing and digesting part
of the gastrointestinal tract (GIT). As a carnivore, the rainbow trout diet in its natural
habitat consists of pancrustaceans (insects and crustaceans), mollusks, fish eggs, and
small fish, and is therefore adapted to a protein-rich diet. The length of the intestine in
carnivorous fish is the shortest in fish compared to herbivorous species such as common
carp. A detailed description of digestion in fish is described in [24]. The intestine
anastomoses to the hindgut, where the sphincter is located and the intestinal contents are

processed via the rectum and released as feces.

Between the lumen of the gastrointestinal tract and the epithelium of the absorptive cells
(enterocytes), a layer of mucus is continuously secreted by goblet cells, forming an
important barrier between the external and internal environments of the GIT. Mucus is a
viscoelastic matrix composed of water, gel-forming mucin glycoproteins, lipids, and many
proteins that acts as a physical and chemical barrier for the epithelial surfaces and can be
considered as the first line of defense against pathogens during the process of nutrient
absorption [25]. However, a resident microbial community is permanently associated
with the mucus (autochthonous), which resists prevailing conditions such as gastric
juices, and can be distinguished from the digesta-associated allochthonous bacteria,

which only pass through the system and are unable to colonize [26-28].

The microbiome is known to be an important component of the digestive system and is
sometimes referred to as an additional organ [29]. The microbiome is defined as the
collection of commensal, symbiotic, and pathogenic microorganisms, including bacteria,
viruses, fungi, archaea, and their associated molecules such as nucleic acids, proteins,
lipids, and polysaccharides that share a particular habitat [30]. The evolution of metazoan
organisms has always been associated with microorganisms, dating back at least 10°¢
million years since their appearance. A co-evolution of host and microbes, via several
epithelia serving as contact surfaces, has shaped the existence of the so-called holobionts
[31]. To understand the scale, microorganisms outnumber human cells by 10 to 1, but
occupy only about 1% to 3% of the body mass [32]. The most representative kingdom in

the intestinal microbiome of most fish, and the focus of most agricultural microbiome
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studies, are bacteria [33,34]. Fish-associated bacteria are mainly found in epithelial
compartments such as the gastrointestinal tract, including the intestinal contents and gut
mucosa, skin, gills [35,36] and to a lesser extent in other tissues such as the swim bladder
[37]. The fact, that such compartments have a contact surface with the environment
makes exposure to other living organisms, mostly microbes, almost inevitable and has led
to ongoing co-evolution with these microorganisms [38]. Although most studies examine
bacterial communities, numerous studies show that, depending on the host organism,
other microorganisms contribute to the microbiome, sometimes beneficial or even
pathogenic. Prominent beneficial examples include methanogenic archaea in ruminants
[39], mycorrhizal fungi associated with plant roots [40], and/or yeasts associated with
several animal microbiomes, including fish such as rainbow trout [41]. A milestone in
(human) microbiome research was the Human Microbiome Project (HMP) [42], launched
in 2007, which aimed to characterize the human microbiome and its role in human health
and disease. The HMP has contributed important research in this field and set valuable
standards and methods for microbiome research. In addition, the HMP laid the foundation
for several follow-up projects, including the Earth Microbiome Project (EMP) or the Ocean

Microbiome Project (OMP), among others.

Understanding the gut microbiome of rainbow trout is critical for advancing sustainable
aquaculture practices, particularly in the context of alternative proteins in aquaculture
feeds. As the aquaculture industry demands for alternatives to FM and FO, plant proteins
have emerged as promising substitutes. However, given its pivotal function in nutrient
digestion, metabolism, immune function, and overall health, the effective utilization of
plant proteins is closely associated with the intestinal microbiome [43]. In particular,
microbes contribute to food digestion in animals through the secretion of additional
digestive enzymes [44] and, for example, enable the digestion of certain plant
polysaccharides that would otherwise be nutritionally unavailable [45-47]. In addition,
microbes can contribute to vitamin synthesis, immune system modulation, barrier
function, metabolic regulation, neurological function, and pathogen defense in the host
[30,48]. It is evident that microbes are a natural part of the host and are thus affect by
antibiotic treatment in aquaculture. Antibiotics are used in aquaculture to control and
prevent unwanted, pathogenic microbes and are sometimes the only option to control
disease outbreaks. While the main goal is to control for pathogenic microorganisms,

mostly bacteria, unfortunately, the natural microbiome, especially on the skin but also in
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the gut, is also affected by this treatment, which can often lead to dysbiosis in the
microbiome [49]. This emphasizes the necessity for a comprehensive understanding of
the gut microbiome of fish, not only in the context of disease but also in terms of its role
in maintaining health. It is established that members of a healthy microbiome, for
instance, prevent pathogen colonization through indirect mechanisms, including the
production of bile acids, maintenance of the epithelial barrier and the synthesis of
antimicrobial compounds [50]. Furthermore, studies in germ-free mice demonstrate the
influence of the gut microbiota on several aspects of the immune system and gut
development, and highlight that commensal microbes are necessary for the proper
maturation of gut-associated lymphoid tissue (GALT) [51]. Then, Bates and colleagues
showed in germ-free zebrafish that gut morphology and function were disrupted and that
subsequent colonization with a defined microbial community restored gut differentiation
and function [52]. In vitro studies show that Carnobacterium isolated from Atlantic salmon
is able to antagonize fish pathogenic bacteria [53], and lactic acid bacteria (LAB) in
particular have been suggested to have a distinct function in protecting the gut from
pathogens in fish [54]. It is evident that modulating the gut microbiota of fish held in
aquaculture provide an effective means of suppressing pathogens and enhancing host
immune defenses [55], and have also been suggested to improve water quality [56].
Furthermore, the results to date demonstrate that the intestinal microbiome in fish is a
significant factor in the success of fish farming. From this perspective, the gut-associated
microbiome of fish is critical for a sustainable and modern aquaculture, including animal
welfare considerations as well as the economics and sustainability of feed raw materials.
Nevertheless, in order to adequately address these issues, it is imperative that
aquaculture microbiome research moves towards a functional understanding of the gut
microbiome. While the microbiome research in fish has predominantly focused on
describing microbial communities, primarily bacteria, there is an urgent necessity to gain

insight into the microbial activities, including those of fungi and archaea.

Functional role of the gut microbiome in fish

Compared to other animal systems, little is known about the functional contribution of
the microbiome to the fish host [57]. In addition to culture-dependent methods that
analyze specific bacteria in a predefined environment, and provide information on their
metabolism and function in general, functional prediction in fish has been achieved using

computational tools such as PICRUSt, Tax4Fun, Piphilin or Vikodak [58], based on
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taxonomic information from 16S rRNA gene sequencing. Using these applications, it is
possible, for example, to break down the trophic levels of different fish species [59] and
to identify the feeding habits of fish from their metabolic profile based on such data.
However, these approaches are limited in their ability to address specific enzymes or
metabolites involved, for example, in the digestion or transport of specific AA. This
information is essential for understanding the microbial contribution to the digestive
system or health status of farmed fish. To illustrate, the sequencing of non-host RNA offers
significant insights into the genes expressed by microbes in the GIT of fish, thereby
facilitating an understanding of the microbial contribution to the digestion of different
feeds. To overcome the lack of functional insight into fish microbiomes, Limborg and
colleagues proposed a holo-omics approach, that combines multiple omics strategies,
such as the host genome, including transcriptome and epigenome, but also its associated
microbes, understood by metabolome and metatranscriptome analysis, among others
[60]. Although metatranscriptome analysis was introduced in the early 2000s, studies
using RNA sequencing to understand the functional character of microbiomes are limited
[61], and especially in studies related to fish hosts. In particular, the comparatively high
diversity and proportion of community members, as well as the high cost of sequencing
and the short half-life of RNA, represent significant limitations in metatranscriptome
analysis. However, these challenges have been gradually addressed in recent years, with
the advent of advanced techniques and tools. Moreover, the interpretation of
metatranscriptomic data necessitates the use of sophisticated bioinformatics tools and
databases that have emerged in recent years. A further challenge is that fish guts are
complex environments, which include varying pH levels, host diet variations, and
environmental conditions. These additional factors make it difficult to obtain consistent
and reproducible results in fish gut microbiomes. The necessity for standardized
laboratory procedures and the utilization of specialized bioinformatics tools to accurately
annotate and interpret the copious data generated presents another considerable
challenge. Furthermore, the dynamic nature of RNA expression, which can fluctuate
rapidly in response to environmental stimuli or stressors, presents a significant challenge
in capturing a comprehensive snapshot of microbial activity at any given time. To advance
our understanding, there is a need for improved methodologies, more extensive

databases for fish-associated microbes, and more cost-effective sequencing technologies.
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Effects of stress on the gastro-intestinal tract

In order to achieve successful, productive aquaculture, in addition to high yields, a
fundamental goal is the reduction of stress which is an essential indicator of animal
welfare. The Farm Animal Welfare Committee (FAWC, 1993) defines animal welfare in
terms of the “Five Freedoms”, which encompass the following: (1) an animal is free from
thirst, hunger, and malnutrition; (2) freedom from thermal and physical discomfort; (3)
freedom from pain, injury, and disease; (4) freedom from fear and distress; and (5)
freedom to express normal behavior [62]. While some of these recommendations may
appear self-evident in the context of aquaculture production, it may prove challenging to
quantify and discern the resulting welfare outcomes in certain scenarios. This is partly
due to the subjective nature of assessing the physical and emotional state of an individual.
In addition, potential interactions within these parameters may impede the attainment of
optimal welfare. Impaired growth and developmental disorders [63] are late markers and
indicative of a tertiary response, wherein stress is more likely to be prolonged, repeated,
and unavoidable. At the molecular level, the primary stress response is initiated by the
release of glucocorticoids such as cortisol, which regulates adaptive metabolic,
physiological, and behavioral adjustments [64,65]. Furthermore, the endocrine system
engages in a sophisticated and bidirectional manner involving the nervous and immune
systems, ultimately leading to diminished health and well-being [66]. Molecular markers
of the immune system thus represent a promising alternative for the precise, timely, and
sensitive detection of stress [67]. The intricate relationship between the microbiome, the
immune system, and stress is of paramount importance for maintaining overall health.
Stress can disrupt the delicate equilibrium of the gut microbiome, which may in turn affect
immune function and potentially lead to intestinal dysbiosis [68]. It is known that the
microbial contribution to host immunity operates at two levels: the development of the
adaptive immune system in vertebrates is modulated by the exposure to commensal
bacteria [69]. Then, the mere presence of beneficial bacteria prevents the colonization of
potential pathogens. In addition, active inhibition of pathogens is achieved through the
excretion of toxic secondary metabolites [70], and structural and metabolic functions are
provided. A benefit to microorganisms is in this context a nutrient-rich environment
provided by the host which is preferably free of external stressors. It has been
demonstrated that transport, netting, and rearing density have a significant impact on the
microbial composition of the skin in Atlantic salmon [71]. Although there have been

successes in recent years in replacing FM with plant-based diets, the tolerance of the
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plant-based diets is and should also be considered in the context of the mucosal immune
system [55] and is therefore related to and influenced by stress situations in aquaculture.
As the microbiome plays a central role in regulating the development and functionality of
the mucosal immune system, changes in microbial composition and their respective

activities may affect the ability of the fish host to mount mucosal immune responses.

Conversely, the microbiome plays a key role in stress resilience by communicating with
the brain via the gut-brain axis [72], regulating neurotransmitter production and
modulating stress hormone levels. The influence of the microbiome on the stress
resistance of zebrafish has been demonstrated in several studies [73,74]. Furthermore,
the physiological effects of bacterial metabolites on various aquaculture species have
been observed. Imbalances in the microbiome have been linked to the development of
stress-related disorders, underscoring the necessity for a comprehensive understanding
and effective management of these interactions to ensure optimal welfare. By focusing on
alterations in the composition of the intestinal microbiota of fish, several stress mediators
have been identified. In rainbow trout subjected to acute heat stress, there was a notable
decline in the overall diversity of the microbiota, accompanied by a marked increase in
the abundance of Mycoplasma bacteria [75]. It is evident that stress affects the
composition of the microbiome. Nevertheless, the impact of stress on the activity of the
gut microbiome of rainbow trout remains poorly understood. It can be concluded that the
intestinal microbiome exerts a significant influence on the immune system, the
physiological stress management, and therefore the effects of stress on, for example, well-

being, development, and growth.

Objectives and aim of the thesis

The central aspect of modern and sustainable aquaculture is, and has consistently been, a
sensible nutritional strategy that meets the nutritional requirements of the fish while at
the same time conserving (natural) resources in the best possible way. In addition, a
husbandry environment that respects and avoids additional (handling) stress is a key
objective. With these aspects in mind, the ultimate aim of the present work was to
examine the composition and functional character of the intestinal microbiome of
rainbow trout, with a particular focus on its dependence on dietary plant protein and
handling stress in two genetically distinct farmed rainbow trout lines in RAS. While
considerable research has been conducted to understand the elucidate the composition

of microbial communities, this work represents a significant advancement in our
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understanding of the functional role of microbes in the intestinal tract of fish. The study
aims not only to provide valuable insights into the general influence of diet and stress on
the microbiome, as well as to explore the significant interplay between the dietary
treatments and husbandry conditions. Accordingly, a 59-day feeding trial was conducted
in two recirculating aquaculture systems (RAS; Appendix B, Figure B-1), each containing
a distinct genetic line of rainbow trout. In each trout genetic line, 16S rRNA gene
sequencing was employed to elucidate the changes in the microbial composition of the
gut contents and gut mucus when fishmeal is partially replaced by plant proteins, and
furthermore, to ascertain the impact of stress on this variation. In addition, an untargeted
RNA sequencing approach was employed to examine the gut mucus microbial community
of a single trout genetic line, with the objective of elucidating alterations in
metatanscriptome. This approach offers insights into microbial metabolic provisioning.
Given that a balanced and healthy gut microbiome is essential for fish welfare and
therefore for a productive and sustainable aquaculture, this work will contribute to our
understanding of how to optimize microbiome management to improve fish health and

provide to overall aquaculture efficiency.

This thesis and its chapters are based on the following research questions and thereby

will contribute to the current knowledge of the salmonid microbiome:

(i) How does a plant-based feeding strategy affect the gut microbial community of
rainbow trout, either in the gut contents or in the gut mucus?
(Chapters 1, 2)

(i)  How is the microbial composition affected by handling stress? How are these
effects influenced by (i)?

(Chapter 1, 2)

(iii) How does genetic origin determine the effects in (i) and (ii)?
(Chapter 1, 2)

(iv) Which metabolic pathways are provided by the microbes for the utilization of
plant or animal raw materials in the gut mucus of rainbow trout genetic line A?
(Chapter 3)

(v) How are these microbial metabolic pathways being affected by handling stress?

(Chapter 3)
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In addition to the research questions that are addressed in this thesis, an overarching
objective was to develop a bioinformatics pipeline that enables the performance of
metatranscriptome analysis and 16S rRNA gene analysis from raw sequencing data to
feature tables with taxonomic classification, phylogenetic information, and diversity
analysis. These tables can then be analyzed in downstream applications using statistics
and visualization. At the outset of this project, the Institute of Animal Nutrition and
Metabolic Physiology lacked the necessary resources to process such data sets. The
overarching goal, therefore, was to establish a computing environment capable of
processing sequencing data for other projects investigating the microbiome in the
digestive tract of livestock. A list of publications resulting from this work can be found in

Appendix A.
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Abstract

Background: The aim of the present study was to characterize the effects of handling
stress on the microbiota in the intestinal gut contents of rainbow trout (Oncorhynchus
mykiss) fed a plant-based diet from two different breeding lines (initial body weights: A:
124.69 g, B: 147.24 g). Diets were formulated in accordance with commercial trout diets
differing in their respective protein sources: fishmeal (35% in fishmeal-based diet F, 7%
in plant protein-based diet V) and plant-based proteins (47% in diet F, 73% in diet V).
Experimental diets were provided for 59 days to all female trout in two separate
recirculating aquaculture systems (RASs; mean temperature: A: 15.17°C + 0.44, B: 15.42°C
+ 0.38). Half of the fish in each RAS were chased with a fishing net twice per day to induce

long-term stress (Group 1), while the other half were not exposed to stress (Group 0).

Results: No differences in performance parameters were found between the treatment
groups. By using 16S rRNA amplicon sequencing of the hypervariable region V3/V4, we
examined the microbial community in the whole intestinal content of fish at the end of the
trial. We discovered no significant differences in alpha diversity induced by diet or stress
within either genetic trout line. However, the microbial composition was significantly
driven by the interaction of stress and diet in trout line A. Otherwise, in trout line B, the
main factor was stress. The communities of both breeding lines were predominantly
colonized by bacteria from the phyla Fusobacteriota, Firmicutes, Proteobacteria,
Actinobacteriota, and Bacteroidota. The most varying and abundant taxa were Firmicutes
and Fusobacteriota, whereas at the genus level, Cetobacterium and Mycoplasma were key
components in terms of adaptation. In trout line A, Cetobacterium abundance was affected

by factor stress, and in trout line B, it was affected by the factor diet.

Conclusion: We conclude that microbial gut composition, but neither microbial diversity
nor fish performance, is highly influenced by stress handling, which also interacts with
dietary protein sources. This influence varies between different genetic trout lines and

depends on the fish’s life history.

Keywords: intestinal microbiome, stress, plant-based diets, aquaculture, Oncorhynchus
mykiss, 165 rRNA gene
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Introduction

The global amount of fish produced in aquaculture has been constantly growing over the
past 20 years, as is consumer demand [1]. This sector is a fundamental element in
providing the human population with high-quality proteins. However, a profound
demand for improved standards concerning animal welfare and nutrition, as well as
sustainable production procedures, has been made by consumers. Despite aquaculture
being a major and important pillar in food production, it lacks sustainability when it
comes to feeding fish meal (FM) and fish oil made up of marine fish stocks, which have
suffered from serious depletion in recent decades [1]. Therefore, it is necessary to use
alternative protein sources with appropriate nutritious qualities in an aquafeed
formulation. Many years of research have found suitable substitutes, such as oilseeds,
legumes, cereal grains [2,3], or insect meal [4]. Compelling quality measures for

alternative feeds include low percentages of starch, fiber, and antinutrients [5].

Nevertheless, it is well established that dietary components change the environmental
parameters for bacteria residing within the intestines of animals, the so-called microbiota
[6,7], which have earned an essential role in digestion, nutrient absorption, immune
function, and protection against pathogens or modulation as part of the gut-brain axis [8].
Hence, diet formulation and the source of ingredients can alter the composition of the
intestinal microbiota [7,9] and thus the health condition of the host. Desai and colleagues
revealed that a plant-based diet increased the overall richness, diversity, and abundance
of lactic acid bacteria (LAB) from the phylum Firmicutes [10]. Lactococcus has been used
as a probiotic on the basis of its inhibitory effects against fish pathogens shown in rainbow
trout [11] and Atlantic salmon [12,13]. It has also been reported that health beneficial
commensals Streptococcus, Leuconostoc, and Weissella seem to be promoted when fish are
fed a diet containing rapeseed oil and pea meal [14]. In contrast, Villasante and colleagues
[15] revealed that a decreased abundance of LAB members Leuconostoc and Weisella
while feeding a high carbohydrate diet is associated with fatty liver disease (hepatic
steatosis) in Atlantic salmon. Additionally, juvenile rainbow trout are less susceptible to
infection of Yersinia ruckeri diets and thus refer to a prebiotic effect of plant-derived
products [14]. The effects of plant-based fish feed on the intestinal microbiome and thus
host health are diverse and need to be evaluated when it comes to fish welfare in a

stressful environment.
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Moreover, lipase- and protease-producing bacteria are associated with a carnivorous diet,
but the overall diversity compared to herbivorous fish decreases [16]. However, a
constant set of bacteria seems to sustain and form a core microbiota in several species
[17-20] inter alia rainbow trout [3,21-24]. As several studies support, the core
microbiota of rainbow trout is dominated by phyla Bacteroidetes, Proteobacteria,
Firmicutes, and Actinobacteria, which seems to be consistent in wild-caught and
selectively bred fish. Eventually, a well-balanced microbiome inhabits beneficial members
that provide the host with valuable extracellular enzymes (carbohydrates, cellulases,

phosphatases, esterases, lipases, and proteases), fatty acids, vitamins, and AA [25].

Besides an optimal nutrient supply, rearing conditions preferably free of handling, and
group or environmental stress are desired for effective aquaculture. Handling stress,
transportation, sorting, grading, and rearing conditions, such as temperature [26,27] and
stocking rates [3,28], are common stress factors. Possible consequences include an
increased susceptibility to pathogenic diseases [29]. Previous studies on zebrafish have
pointed to a connection between stress resistance and the microbiome [30], and studies
on rodents have revealed a severe change in the gut microbiome induced by stress
[31,32]. Further, in mammals, a negative impact on immunity and microbiome disruption
induced by stress was reported, which may cause neurological disease [8], and in wild
and cultured fish, stress is a trigger for increasing susceptibility to disease. Studies have
been conducted on the negative impact of stress on the microbiome mediated via the
stress hormone cortisol, resulting in individual changes in taxa [33]. An important role of
the intestinal microbiome is to be a regulator of the gut-brain axis in vertebrates, which
acts in the sympathetic and parasympathetic as well as central nerval system. Considering
that microbial colonization is influenced by diet type, it can be hypothesized that the
stress response is also affected. Conversely, as mentioned previously, stress may disrupt
microbial gut composition; thus, an interaction between these two factors must be
considered. Based on the observed positive effects of bacteria promoted by plant-based
diets, it can be hypothesized that fish fed plant-based diets might also be less susceptible

to stress.

Several microbiome studies on productive livestock have revealed a strain-specific
composition of the gut microbiome. Interestingly, distinct rainbow trout genetic lines
have a specific composite microbiota that differs from other genetic lines [21,28]. It has

also been revealed that the response to a plant-based diet varies among the three isogenic
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trout lines based on transcriptomic profiling, where no distinction between genetic trout
lines can be observed when fed a conventional FM diet [34]. Thus, it is likely that trout
line-specific microbiota may be involved in the response to plant-based diets. Genetic
selection for certain trout lines and their phenotypes in aquaculture might have an equal
impact on the microbial community as environmental parameters and must be

considered when analyzing the microbiome.

This study aimed to examine the following hypotheses: (i) the intestinal microbiome of
rainbow trout is affected by an external handling stressor and (ii) there is an interaction
effect between the inclusion of plant-based protein sources in the diet and handling stress
on the microbial community. To evaluate the possible genetic influences on this

interaction, two rainbow trout breeding lines were examined.
Results

Rainbow trout performance

At the end of the trial (day 59), the individual final body weights (FBWs) of 10 fish per
tank (n = 240) did not differ significantly between the treatments. Further discussion of
performance parameters, also in relation to molecular stress markers, has been published
elsewhere [35]. Nevertheless, in order to discuss effects in relation to the intestinal
microbiota comprehensively, individual FBW and initial body weight (IBW), as well as
performance parameters based on group weights from day 50, are presented in Table 1-
1: neither stress nor diet had a significant influence on performance parameters, except
for a significantly increased daily feed intake (DFI) in trout from both breeding lines fed
with diet V in comparison to fish fed with diet F (A: p < 0.001; B: p = 0.009). Since not all
of the initially stocked fish were used for microbiota analysis, the number of samples of

IBW and FBW varied.
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Table 1-1 Initial (mean * SD, na= 216, ng= 192) and final body weights of individual
rainbow trout (mean * SD, na= 120, ng= 120) and performance parameters (SGR, FCR, DFI,
PER, and PRE) based on group weights from day 50 in relation to experimental groups
(mean # SD, n = 3).

Line Treatment IBW FBW SGR FCR DFI PER PRE
0-v 124,91 £0.23 347.80 +38.25 1.76 £0.03 0.88+0.01 1.54+0.00®° 2.73+0.04 44.32+0.92

A 1-v 12471 +£0.25 343.01 +£45.00 1.73+0.06 0.89+0.03 1.54+0.01® 2.69+0.10 43.99+5.98
O-F 124.52 +0.66 359.82 +34.10 1.78+0.02 0.85+0.01 1.51+0.01* 2.77+0.02 45.79+0.10

1-F 124.62 +0.22 350.09 *40.50 1.72+0.03 0.87+0.01 1.49+0.01* 2.70+0.03 41.49+3.48

0-v 146.90 £ 0.41 433.00 +58.23 1.74+0.04 0.89+0.02 1.54+0.03® 2.71+0.07 41.19+0.42

B 1-v 147.75 +£0.76 421.73 +69.35 1.76 £+0.07 0.87+0.03 1.53+0.01® 2.76+0.10 39.40%6.48
O-F 147.15+0.41 410.63 +43.93 1.75+0.05 0.85+0.02 1.49+0.01* 2.75+0.07 45.48+0.90

1-F 147.15+0.51 415.29 +56.39 1.78+0.02 0.85+0.01 1.51+0.00* 2.77+0.04 44.55+0.91

IBW initial body weight (g), FBW final body weight (g), SGR specific growth rate, FCR feed conversion ratio,
DFI daily feed intake, PER protein efficiency ratio, PRE protein retention efficiency. For the formula, see the
supplementary section Perfomance parameters. Values in the same column with different superscript
letters within each genetic trout line are significantly different (p < 0.05). Unstressed group (0), stressed
group (1), fishmeal diet (F), plant-based diet (V).

16S rRNA bacterial assignment from the intestinal gut content of rainbow trout

To assess the intestinal microbial composition of individual trout, bacterial DNA extracted
from total gut content at the 16S rRNA V3-V4 region was sequenced. Demultiplexed
[llumina MiSeq reads comprised of 2 x 300 bp were imported in Qiime2, with a raw total
read count of 7,458,158 per read direction. After primer trimming and denoising,
5,408,391 reads, which correspond to a total loss of 27.48%, were left for further analysis.
After taxonomic classification, amplicon sequence variants (ASVs) identified as
cyanobacteria or mitochondrial origins were removed from the dataset because they
were considered contaminated. Samples from batches with contaminated negative
controls (i.e., with reads originating from fish intestinal microbes) were removed from
further analysis. Generally, samples were considered contaminated when the extraction
control from that run had a considerably high number of reads. In total, 145 samples were
left for further analysis, comprising 41 initial samples and 104 treatment samples. For the
experimental dataset (without RAS samples), a total ASV count of 764 (69 samples) for
Group A and 540 (35 samples) for Group B were left for further downstream analysis.
Finally, 2,446,407 reads remained for downstream analysis, including initial sampling (A:
n = 21, B: n = 20) and experimental samples. The average number of reads was 16,872

(without rarefaction).
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The impact of stress on microbial diversity

Alpha diversity measures, including observed ASVs (richness) as a qualitative parameter
and Shannon diversity index and Simpson index as quantitative parameters, were
estimated based on genus-level data to compare taxonomic diversity between treatments.
The average observed ASVs across all treatments within each genetic trout line did not
vary significantly between A (~28) and B (~29). Evaluation of trout line A revealed no
significant interaction or any significant effect of diet or stress on any of the diversity
measures. Considering richness and evenness (Shannon), diversity in treatment groups
0-F and 0-V was higher on average than in treatment groups 1-F and 1-V. However, in
trout line B, we found significantly higher observed ASVs for stressed fish in contrast to
unstressed fish, independent of dietary composition (p = 0.03). This effect was also

observed for the Shannon and Simpson indexes, although it was not significant.
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Figure 1-1 Alpha diversity indices including observed ASVs, Shannon diversity, and
Simpson indexes of the four treatments from rainbow trout gut content after 59 days of
feeding. The left panel shows trout line A (0-F, 0-V, 1-F, 1-V), and the right panel shows trout
line B (0-F, 0-V, 1-F, 1-V). Boxes are colored according to factor stress, where the unstressed
group (0) is yellow and the stressed group (1) is blue. FM-based diet (F) and plant-based diet

(V).n=3.
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Beta-diversity is affected by stress and diet

First, we intended to determine the overall microbial community composition altered by
diet-by-stress treatments in genetic trout lines. For nonmetric multidimensional scaling
(NMDS), we calculated unweighted UniFrac distances to evaluate community structure by
integrating phylogenetic information and presence or absence information and further
weighted UniFrac distances, which additionally included abundance data based on genus-
level data. First, a model that included only initial samples from A and B demonstrated
significant differences between both genetic trout lines prior to the trial (Figure 1-2A4,
unweighted, p = 0.001; Figure 1-2B: weighted, p=0.001; permutational multivariate
analysis of variance [PERMANOVA], Supplementary Table 1-T-3).

Graphical representation of unweighted UniFrac of trout line A (Figure 1-3 A) revealed no
clustering by treatment but rather whether the fish were stressed or not. However, the
PERMANOVA results revealed significant differences in microbial composition among
treatments, explained by the interaction factor of stress and diet (p = 0.033). This was also
confirmed by weighted UniFrac (PERMANOVA, p = 0.017, Figure 1-3C). Results of
pairwise statistical comparison in trout line A indicated scarce significant differences
between treatment A-0-V and A-1-V (p = 0.055) in unweighted UniFrac but significant
differences in stressed trout fed either diet F or V (p = 0.046) in weighted UniFrac.
Additionally, differences were also observed in treatments fed diet F, where the stress

factor had a significant impact (p = 0.028).

Individuals from line B significantly differed by factor stress (PERMANOVA, unweighted:
p =0.001, weighted: p = 0.046), which was also confirmed by NMDS visualization (Figure
1-3B, unweighted; Figure 1-3D, weighted). However, no interaction between diet and
stress was observed in trout line B (PERMANOVA, unweighted: p = 0.19, weighted: p =
0.111). The variability of microbial communities within groups was further tested by
dispersion analysis incorporating both UniFrac distances on genus-level data. Consistent
with previous results, significantly increased values for dispersion (distance to centroid
for each sample in the associated group) in trout line B for stressed fish across the diet
were detected in the unweighted UniFrac distance (analysis of variance [ANOVA], p =
0.041, Supplementary Table 1-T-3). No significant differences in trout line A were

observed.
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Figure 1-2 Microbial composition comparison of rainbow trout gut contents among
initial samples of both genetic trout lines on genus-level data using NMDS on unweighted
(A) and weighted UniFrac (B) distances. Initial samples are colored in dark red (A-init) and
dark blue (B-init).
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Figure 1-3 Microbial composition comparison among treatments on genus level data
from rainbow trout gut content. NMDS on unweighted UniFrac distances for trout lines A
and B (4, B) and weighted UniFrac distances for trout lines A and B (C, D). The stress factor
is colored gold (0) and red (1) for trout line A and green (0) and blue (1) for trout line B.
Diets are depicted with circles for the FM diet (F) and triangles for the plant-based diet (V).

Taxonomical composition of microbial communities

To further analyze the microbial gut composition of rainbow trout, we examined the
relative abundances on the phylum and genus levels. Over all analyzed libraries, 25 phyla
were observed, from which the top six dominant phyla across all treatments in trout lines
A and B were Fusobacteriota, Firmicutes, Proteobacteria, Actinobacteriota,
Desulfobacterota, and Bacteroidota, as shown in Figure 4. Phyla with a relative abundance
<0.05 were declared as ‘Other.” Multiple contrast tests between treatments revealed that
intestinal microbiota from trout line A exposed to stress in both diets was significantly
increased with Fusobacteriota (p = 0.04) compared to trout with no stress exposure.

When comparing Fusobacteriota abundance within stress groups, abundance decreased
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when diet V was fed (not significant). Contrary to trout line A, the increased abundance of
Fusobacteriota in both stress groups in trout line B was associated with diet V (0: p =
0.045; 1: not significant). In addition, trout not exposed to stress had a higher abundance

of Fusobacteriota within their respective diet group.

The abundance of Firmicutes is >25% in all treatments, except for A-1-F (22%), which did
not deviate significantly from the mean abundance. Firmicutes represents the most
abundant phyla across all treatments. In trout line A, although not significant, Firmicutes
abundance was reduced in trout exposed to stress in both diets compared to trout that
were not stressed. A different effect in trout line B was observed, where diet V in the
stressed and unstressed groups reduced the abundance of Firmicutes. Proteobacteria was
represented by 14-25% and 15-23% in trout lines A and B, respectively. Bacteria from
the phylum Desulfobacterota were highest in the unstressed group, disregarding the
factor diet in trout line A, and an inverse effect, where the highest abundance was in the
stressed groups, was observed in trout line B. Less variation was observed in

Actinobacteriota and Bacteroidota.

Initial sampling from breeding line A (A-init) was composed of a high abundance of
Desulfobacterota (33%) and Fusobacteriota (21%) and a low abundance of
Verrucomirobiota (3%), which was present only in the initial samplings. Half of the
microbiota in the initial sampling from trout line B was composed of Firmicutes (50%),
followed by less abundant taxa Proteobacteria (19%) and Actinobacteriota (15%).
Further bacterial taxa found in the initial sampling of both genetic trout lines can be found

in the supplementary material section (Figure 1-S-3).
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Figure 1-4 Mean relative abundance (%) at the phylum level of the gut content
microbiota from rainbow trout line A in the left and B in the right panel. Each bar
represents a diet-stress combination treatment within the genetic trout lines. Phyla with a
representation of relative abundance < 0.05 were pooled in the category ‘Other.” The
arrangement of the bars is based on abundance, except for the most abundant phyla, which
is placed at the bottom for legibility. The mean value joins the data from each individual fish
for the corresponding treatment across the three modules. Unstressed group (0), stressed
group (1), fishmeal diet (F), plant-based diet (V).

Classification down to the genus level was achieved for 265 and 211 ASVs in lines A and
B, respectively. Taxa with an abundance of less than 0.01% were declared as ‘Other,’
which led to 37 genera, as displayed in Figure 1-5. The phylum Fusobacteriota comprised

a single genus in both genetic trout lines, Cetobacterium, and was thus close to absence in
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B-init (Supplementary Figure 1-S-4). Thus, abundances from this phyla resemble the
genus distribution. Stressed fish from trout line A showed significantly increased
abundances in Bifidobacterium (12%, p = 0.023) and Enhydrobacter (4%, p = 0.036) when
fed diet V. Otherwise, an increased abundance of Staphylococcus (6%, p = 0.036) was
observed in non-stressed fish when fed diet V in contrast to diet F. In treatment A 1 F,
significantly reduced abundance of Lactobacillus (0.5%, p = 0.011) compared to A-0-F
(4%) was observed. Furthermore, diet V significantly increased the appearance of
Brevundimonas (2%, p = 0.029) and Candidatus Microhrix (2%, p = 0.023) when fish were

stressed in contrast to diet F when stressed.

In trout line B, the highest abundance of Lactococcus (21%) and Plesiomonas (3%) was
observed in treatment B-0-V compared to all other treatments. The highest abundance of
Mycoplasma was found in unstressed fish fed diet V (19%). Although not significant,
Mycoplasma was lower in abundance (mean: 6%), and Streptococcus was higher in
abundance (mean: 2%) in fish that were stressed despite the factor diet. Carnobacterium
was not present in any treatments of trout line B, except for B-1-F (0.5%). Bifidobacterium
had the highest abundance (15%) in treatment 0-F, whereas in the other treatments, no

particular variation was observed.
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Figure 1-5 Mean relative abundance (%) at the genus level of the gut content
microbiota from rainbow trout line A in the left and B in the right panel. Each bar
represents a diet * stress combination treatment within the genetic trout lines. Genera, with
a representation of 1.5%, were pooled in the category ‘Other.” The arrangement of the bars
is based on abundance, except for the most abundant phyla, which is placed at the bottom
for legibility. The mean value joins the data for each individual fish for the corresponding
treatment across the three modules.

To determine which microbes contributed the most to the observed differences in the
microbial composition of intestinal gut contents, a linear discriminant analysis of effect
size (LefSe) was conducted. Several taxa were identified as significantly differentially
abundant among the treatments based on the estimated effect size. From these results,
Table 1-2 shows the corresponding treatments and linear discriminant analysis (LDA)
scores for each significant genus. A prominent phylotype, Cetobacterium from the phylum
Fusobacteriota, was significantly enriched in the very distinct treatment groups A-1-F and
B-0-V. Most of the reads were classified as uncultured bacterium, while some could be

assigned as Cetobacterium somerae. Furthermore, Mycoplasma (B-0-V), Photobacterium
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(A-1-F), Plesiomonas (B-0-V), Acinetobacter (B-0-F), Bifidobacterium (A-1-V), and

Lactobacillus (A-0-F) were significantly enriched in the respective treatments.

Table 1-2 Linear discriminant analysis effect size (LEfSe) results of relevant features
significantly (p < 0.05) characterizing experimental treatments.

Treatment Phylum Genus ef_Ida padj
A-O-F Firmicutes Lactobacillus 4.358 0.002
A-0-V Bacteroidota Bacteroides 4.173 0.035
A-0-V Proteobacteria Rhodobacteraceae_uncultured 3.400 0.018
A-1-F Fusobacteriota Cetobacterium 4.892 0.002
A-1-F Proteobacteria Photobacterium 4.573 0.002
A-1-F Proteobacteria Plesiomonas 3.957 0.015
A-1-F Actinobacteriota Dietzia 3.758 0.004
A-1-V Actinobacteriota Bifidobacterium 4.415 0.020
A-1-V Actinobacteriota Candidatus_Microthrix 4.070 0.035
B-O-F Proteobacteria Acinetobacter 4.431 0.033
B-0O-F Proteobacteria Schlegelella 3.893 0.040
B-O-F Proteobacteria Roseomonas 3.616 0.033
B-0-V Fusobacteriota Cetobacterium 4.879 0.008
B-0-V Firmicutes Mycoplasma 4.725 0.041
B-0-V Proteobacteria Plesiomonas 4.445 0.004
B-0-V Actinobacteriota Rhodococcus 3.720 0.029
B-1-F Actinobacteriota Microbacteriaceae 4.265 0.036
B-1-F Verrucomicrobiota  Luteolibacter 3.827 0.036
B-1-F Proteobacteria Bosea 3.717 0.047
B-1-F Proteobacteria Rhizobiaceae 3.695 0.029
B-1-F Actinobacteriota Rothia 3.480 0.029
Discussion

The present study is the first to investigate the microbial community composition and
performance of two rainbow trout (Oncorhynchus mykiss) genetic lines in RAS exposed
to handling stress while fed plant-based diets—important parameters in fish farming with
regard to animal health and welfare. We believe that this data sheds more light in the
commensal relationship of host and bacteria, with a focus on allochthonous (transient)
inhabitants. Recently, attention has been paid to the intestinal microbiome of aquaculture
species, as it plays a key role in health, growth, and disease status [36,37]. Consequently,
investigating the interaction of factors that shape the microbiome, such as diet, stress,
environment, or genetic state, among others, is crucial. By conducting marker gene
sequencing at the hypervariable V3/V4 region of the 16S rRNA gene of microbes residing

in the intestinal gut material of rainbow trout haltered in RAS, modifications of the
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microbial landscape in the gut content of rainbow trout through interacting effects of
handling stress and plant-based diets were evaluated. In this study, as an FM replacement
(diet V), we used 20.5% soy protein concentrate, 5% soybean meal, and 15.2% wheat
gluten. Otherwise, diet F comprised 6% soy bean concentrate, no soybean meal at all, 6%
wheat gluten, and 35% fishmeal as protein sources. To simulate handling stress and thus
trying to obtain its impact on microbial communities in combination with diet, fish were

exposed to chasing with a net as an external stress stimulus.
Fish performance

The experimental diets used in this trial were formulated according to commercial trout
diets with varying inclusion levels of plant-based proteins and met all nutritive
requirements for rainbow trout. Therefore, the single effects of the experimental diets on
fish performance were not expected and were not observed. However, we hypothesized
effects on performance parameters through the applied handling stressor and through an
interaction of both factors (diet*stress), as we expected the microbiome to be a
physiological modulator of the stress response in fish [30]. Surprisingly, we also did not
observe single effects of stress or effects of a diet-stress interaction in both breeding lines
on fish performance, except for a significantly increased DFI associated with diet V. Daily
feed intake varies with 0.03 g*d-1 on average between the two dietary treatment groups,
which can be important in large-scale production but is supposedly of minor biological

relevance when examining intestinal microbiota.
Alpha diversity

Mean microbial richness and diversity parameters did not significantly differ between
treatment groups, except for a gain in observed ASVs in stressed fish from trout line B,
independent of the experimental diet fed. Indeed, samples of treatment groups B-0-F and
B-0-V have much fewer sequencing reads after filtering and decontamination procedures
since less than half of the samples are left in comparison to all other treatments. This
might explain the statistical differences found in the observed ASVs. However, the
observed values in this study are still in the range of what has been observed in other
microbiota studies in rainbow trout [3,28], even though there are several studies that
report less [38] or even an increased number of taxa [22,23,39] in the intestinal contents
of rainbow trout, which might be a consequence of missing standardization in

metagenomic profiling studies of bacteria since, for example, several hypervariable



28 Chapter 1

regions and sampling procedures can be found in the literature regarding the same
species. Nevertheless, the significant effect of handling stress on observed ASVs in trout
line B should not be neglected. The increase in bacterial taxa could reflect a protective

mechanism of the intestine against external stress.
Community composition of intestinal gut microbiota

Analysis of the intestinal gut content at the phylum level revealed that five taxa, namely
Fusobacteriota, Firmicutes, Proteobacteria, Actinobacteriota, and Bacteroidota, dominated
the communities in both breeding lines and across all treatments. Our findings agree with
previous studies that defined these phyla as major taxonomic groups of the vertebrate
gastrointestinal tract [40] or yet more important in studies on rainbow trout [3,14,23,41]
or fish in general [42]. Exceptional is the presence of Desulfobacterota, which is not
described in the previously mentioned ‘core-microbiota’ in fish. Previously classified as
Deltaproteobacteria, this anaerobic group represents sulfate-reducing and moreover
fermentative syntrophic bacteria [43]. The highest abundance was detected in A-init, and
evaluating other treatments, this phyla can be classified as a low abundant phylum similar
as in [41]. In agreement with a previous study, the domination of Fusobacteriota and
Firmicutes in the intestinal gut microbiota of rainbow trout [44] were Cetobacterium and

Mycoplasma, which represent the predominant genera in the bacterial community.

There seems to be no comprehensive interaction of diet and stress modulating the
frequency of a particular phylum in either genetic trout lines or rainbow trout,
respectively, when evaluating the statistical results of the relative abundance data
(Supplementary Table 1-T-5, 1-T-6). Although bacteria from the phylum Firmicutes
displayed the dominant phyla in all treatments in both breeding lines, no significant
statistical association with a certain diet or stress situation was found. However, several
studies [10,14,45] revealed that plant-based proteins in the diet favor the presence of
Firmicutes, and another study showed that high-temperature stress is able to decrease the
abundance of bacteria belonging to that phyla [27]. Although not significant, a trend of
increased Firmicutes occurrence could be observed in the primarily FM-based diet in trout
line B, which is opposed to the previously mentioned association with a plant-based diet.
Another study analyzing the stress stimuli hypoxia and high fish density on the
microbiome of the skin mucus layer in brook charrs found a significant increase in
pathogenic microbes and a decrease in probiotic-like bacteria [46]. In the present study,

no such primary regulation of certain bacterial clades could be assigned to the applied
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parameters, possibly due to the applicable inter-sample variation within the treatments.
A further conclusion of the previously mentioned studies is the increased abundance of
Proteobacteriota in fish fed an FM-based diet, while diets of plant origin seem to promote
bacteria from the phylum Firmicutes. In trout from line B, though not significant, a similar
effect can be observed. However, bacteria from the phylum Fusobacteriota must be
considered within the ratio Firmicutes:Proteobacteria. The phyla Actinobacteriota,
Desulfobacterota, and Bacteroidota show only minor changes in abundance and no

significant association with diet or stress.
Prevalence of specific genera in certain treatments

Our analysis revealed that the second most abundant phyla was Fusobacteriota.
Interestingly, 99.97% of all ASVs belong to the genus Cetobacterium. Similar observations
were made in omnivorous fish, such as common carp [47], with 93.94% coverage of
Fusobacteriota and 8,081 sequences out of 8,085 of Fusobacteriota in a study by van
Kessel et al. [48]. Furthermore, a diet-related study of largemouth bass revealed up to 89.9
% coverage by Cetobacterium [49,50]. In humans, Cetobacterium is associated with
protein and carbohydrate fermentation [51], while in freshwater fish, Cetobacterium is
known for vitamin B12 and short-chain fatty acids [52]. These attributes correspond to
the results of the aforementioned studies in that Cetobacterium abundance seems to be
associated with an omnivorous-herbivorous diet in freshwater fish [52,53]. The presence
of Cetobacterium in the gastrointestinal tract of rainbow trout was found to be the most
abundant genus in the mucus layer of rainbow trout [54,55], and yet another study
suggests an association with carnivorous fish [16]. While this study revealed a strong
association with two certain treatments, the marked presence of Cetobacterium was
found in all gut materials of the sampled rainbow trout. Such a general increased
abundance of that species leads to the assumption that Cetobacterium plays a key role in
the digestion of certain nutrients and might be crucial for vitamin B12 metabolism in
rainbow trout. Further studies in this context need to be conducted to address the

function of Cetobacterium within this microenvironment.

Another recurring bacterial genus is Mycoplasma—in this data, allocated to the phylum
Firmicutes, formerly classified as Tenericutes [56]. It has been reported that Mycoplasma
portrays a dominant representative commensal in the gastrointestinal tract regardless of
compartmentation of rainbow trout [27,28,41,55,57-59] and other salmonids [60-64]

while found to be pathogenic in human hosts [65]. A few studies have observed
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Mycoplasma to be the most abundant taxa in rainbow trout gut digesta, and the quantity
was unaffected by the respective diet [66,67]. In comparison to sequences obtained from
gut digesta, Mycoplasma has been found to be more associated with the mucus layer
within the alimentary tract [68]. Furthermore, Mycoplasma abundance has been found to
be positively correlated with FBW and disease resilience in Atlantic salmon [62,69]. Our
findings support the hypothesis that Mycoplasma is a dominant microbe in the gut
contents of salmonid hosts. While still lacking an exact detailed assertion of the
relationship and function between microbe and host, a long and close evolutionary and
ecological commensal connection has been proposed. As salmonids are ammonotelic and
are not able to de novo synthesize arginine (and its derivates), one explanation for the
strong presence of Mycoplasma in general may be its ability to detoxicate ammonia via its
pathway by building up a nitrogen carrier. While in the aforementioned studies the focus
was on metagenomic analysis of Mycoplasma, transcriptomic data of such scenarios may
unravel the functional relationship between this microbe and the host. Because it is
frequently reported in rainbow trout, the omnipresence of Mycoplasma in gut contents is
unequivocal, regardless of what environmental conditions or diets are being applied. In
particular, in the present treatment, no significant patterns between the conditions were
determined. Although LEfSe results indicated substantive association of Mycoplasma with
plant-based diet and no stress exposure in trout line B, a general connection between diet
and stress cannot be related; thus, these findings underline the ubiquity of Mycoplasma in

the alimentary tract of rainbow trout.

Bacteria from the genus Bifidobacterium were found to be present in all treatments, with
a marked dominance in stress fish fed a plant-based diet in genetic trout line A. Otherwise,
in trout line B, such bacteria had their highest abundance in unstressed fish fed an FM-
based diet. Representatives from the genus Bifidobacterium are heterofermentative
microorganisms and play a major role in the utilization of carbohydrates in several
organisms. Because of their beneficial properties, they have been used as probiotics in
rainbow trout, where they are able to enhance growth performance and nutrient
utilization [70]. While Bifidobacterium are common and major representatives of the
mammalian gut, reports about their presence in rainbow trout and other finfish are scarce
[71]. In one of our previous studies, we connected the abundance of bacteria belonging to
the order of Bifidobacteriales to a plant-based diet in juvenile brown trout [9]. However,

in the present study, abundance profiling of Bifidobacterium did not reveal a strong
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connection to any of the tested parameters. The overall (equal) presence of this taxa might

be caused by the constant energy content across the diets.
Stress as the main regulator of the microbiome

The genetic trout lines used in this study were raised in two distinct aquaculture breeding
facilities and thus experienced high environmental variation. Because of the different life
histories, conditions prior to the experiment, the different genotypes (genetic variation),
and deviating adaptation parameters (time, feeding, etc.), we expected a predetermined
bacterial community in each genetic trout line due to early colonization events prior to
the experiment. This hypothesis was supported by our findings that the intestinal gut
microbiota compositions from trout lines A and B prior to the experiment clearly
separated with regard to phylogenetic beta diversity analysis. Which of the multiple
factors or a combination of all are responsible for these observations is not evident, but
such microbial imprinting has also been observed in rainbow trout [28] among other
species [17,72]. Therefore, we analyzed both breeding lines separately. Suggesting that
gut microbiome modification is affected by both diet and stress in general, early
colonization can be resolved and supports the general idea of a flexible and malleable
microbiome at several life stages [7,9,14]. Interestingly, the husbandry conditions in the
RAS were arranged to overcome the initial distinction by the early colonization of both
genetic trout lines, suggesting an alignment of the microbial landscape due to the
experimental setup at the end of the experiment. This indicates that life history effects on
the microbial population can be modulated again. Nevertheless, there are differences
between the two genetic trout lines in their response to the experimental treatments,

suggesting a genetic impact on the stress-diet-microbiome interaction.

In trout line A, the microbiota was altered through the interaction of the factors of diet
and stress. Within each respective diet, the response of the intestinal gut microbiota was
significantly affected by the stress level to which the fish was exposed, which finally
resulted in a significant discrimination of microbial composition based on phylogenetic
distance matrices. As has been proposed elsewhere, these results support the hypothesis
of a connection between physiological conditions (induced by stress) and nutrition. As
has been shown in mammals [8] and zebrafish [30], the microbiome acts as part of the
gut-brain axis, a complex network in which both parts communicate with each other via
several mechanisms. Neurotransmitter released through brain-controlled glands,

induced by, for example, an external stressor, can be bound by microbes and thus change,
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for example, nutrient absorption or pathogen defense. Conversely, members of the
microbiota affect the host via afferent pathways of the vagus nerve to the central nervous
system or by secreting metabolites that communicate to the immune system or passing
through the intestinal barrier. Another study revealed [26] that temperature stress in
combination with a soybean meal diet induces enteritis, a severe health issue in salmonid
aquaculture. The question of whether stress modulates diet utilization or whether a
certain diet alters coping with a stress stimulus cannot be answered up to this point. In
trout line B, differences in the microbial gut composition are explained by factor stress.
Our results demonstrate that the microbial gut composition of trout was not affected by
the diets we provided. Further investigation needs to be conducted to elaborate on what
physiological changes in the host are triggered. While the stress in trout line A interacts
with diet composition, trout line B seems to be less affected by the diet, which suggests
that the microbiota is able to maintain its microbial composition, not depending on which
diet was fed. Similar to a study on the stress response of the brook charr microbiome [73],
the genetic background of rainbow trout determines how susceptible the microbial
composition is to stress, which is a trend we observed in this study. The conclusion is that
the microbiomes of rainbow trout fed a plant-based diet are less susceptible to an external
stressor in certain breeding lines. Moreover, we already demonstrated for trout line A that
the FM-based diet significantly increased the expression of particular immune markers,
such as immunoglobulins D (membrane-bound and secreted) and T (membrane-bound)
in contrast to the plant-based diet [35]. When exposed to stress, fish fed the FM-based diet
also significantly upregulated the expression of TNFa, a proinflammatory cytokine that is
upregulated in response to circulating stress hormones. With respect to the enhancing
effects of plant-based diets on bacteria that have a presumably positive effect on fish
health, as previously observed [10,11,74], it might also be possible that plant-based diets
are actually supportive of rainbow trout under stress. In combination with our
observations of the interaction effect of stress and diet on the intestinal microbiota in
trout line A, there seems to be a strong relationship between the immune response of
trout and its intestinal microbiota in response to external stimuli, which needs to be

addressed in the future.
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Conclusions

Contemplating the experimental setup of this study, the most influential factor on the
intestinal gut microbiota of rainbow trout is stress status. We found that the response of
the microbial composition to stress is presupposed by (i) the examined breeding line and
(ii) which diet was provided. Based on these factors, the influence of stress on the
intestinal microbiota of rainbow trout changes. Although our data can demonstrate and
corroborate shifts in the microbial community as a function of diet and/or stress, at this
stage, we note no ability to predict how these shifts may impact the physiology of the fish
or the microbiome so far. Further research related to how a stress-diet constellation
affects the mechanisms at a molecular level, and especially the interaction of host and
microbiome, needs to be conducted. Furthermore, the data disclosed that no effect of the
aforementioned factors on alpha diversity or performance parameters was present.
Additionally, the diet and stress constellation we provided had a significant impact on the
abundance of two genera, namely Cetobacterium and Mycoplasma, which represent two
recurrent genera within the intestinal gut microbiome of rainbow trout. The exact role of
these genera in such husbandry conditions requires further investigation. Since the
results of the standard performance parameters revealed no indication of an influence by
stress, diet, or a diet-stress interaction, the gut microbiome composition seems likely to

be a sensitive biomarker for stress exposure in aquaculture.
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Materials and Methods

Animals and experimental design

The experiment was conducted at the Fraunhofer Research Institution for Individualized
and Cell-Based Medical Engineering (IMTE) (former: “Gesellschaft fiir Marine Aquakultur
mbH” (GMA, Biisum, Germany)). All experiments involving fish handling procedures were
executed with the strict permission of the animal welfare officer of the IMTE and the local
authority of Schleswig-Holstein (MELUND, V 241-36,754/2018) following relevant
institutional and national guidelines for the care and use of laboratory animals (German
animal welfare law; TierSchG and Regulation for the Protection of Animals Used for
Experimental and Other Scientific Purposes; TierSchVersV as the national
implementation of Directive 2010/63/EU). The research also adhered to Aquaculture

Research ethical guidelines.

The multifactorial experiment was conducted in triplicate, composed of three factors with
two levels each: breeding line (A or B), diet (F or V), and stress exposure (0: no stress; 1:

stress).

Fish were reared in two RASs, each consisting of a 4.0 m® water body (20 tanks 4 150 L).
Breeding lines were spatially separated into two RASs to avoid epidemic risk factors.
Twelve of the 20 tanks were stocked with 18 individuals from breeding line A and 12 of
the 20 tanks with 16 individuals from breeding line B to assure a similar stocking density
(15 kg/m?). Thus, a total of 2* experimental groups were established in triplicate (n = 3).
Tanks were stocked with female rainbow trout (Oncorhynchus mykiss) of either breeding
line A, obtained from Forellenzucht Trostadt (Forellenzucht Trostadt GbR, Tautenhahn,
Germany), which originates from Troutlodge (Bonney Lak, USA), or breeding line B,
purchased from Themar Fischzuchtanlage GmbH (Themar, Germany), originating from
Frédéric Cachelou (Sarrance, France). Fish were exposed to constant environmental
parameters for RASs A and B, respectively, comprising 15.17°C + 0.44, 15.42°C * 0.38
water temperature, 9.67 + 0.69 mg 1-1, 9.47 + 0.49 02 concentration, pH 7.2, 7,16, 4.62
ppt + 0.63, 4.56 + 0.61 salinity, 0.43 * 0.14, 0.50 * 0.22 mg I-1 Ammonium (NH4+), and
0.96 +0.34, 1.07 = 0.35 mg I-1nitrite (NO2-) (mean value and standard deviation) checked
on a daily routine. Light was provided for 15 h per day. Prior to the trial, the fish of
breeding line A were acclimatized to the rearing system for six weeks, while the fish of

breeding line B were acclimatized for 12 days due to logistic issues concerning fish
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acquisition. The experimental trial lasted 59 days in total. During adaptation, fish feeding
rates were restricted to 0.5% of total biomass per day, applying the original diets of the
respective breeding facility to avoid additional feeding stress effects (commercial trout

diets from BioMar for line A and Skretting for line B).
Diets

Rainbow trout were fed two experimental, isonitrogenous, and isoenergetic diets,
formulated according to commercial trout diets differing in fish protein (35% diet F, 7%
diet V; Table 1-3) and plant-based proteins (47% diet F, 73% diet V). Fish diets were
purchased from a company specialized in the production of experimental feed (Sparos
Lda., Olhdo, Portugal). Pellets were extruded to a size of 4 mm and fat was applied via

vacuum coating. Two times per day, 1.5% of the total tank biomass was fed per hand.
Handling

To induce handling stress and to avoid a bias in feed intake, fish were forcefully chased
with aquarium nets twice a day for 60 sec, two hours after each feeding event. Stressed
and non-stressed fish were spatially separated within the RASs (experimental block
design) to avoid random effects in the non-stressed experimental groups caused by
chasing in the surrounding tanks. To prevent any skin lesions or further injuries, stress
activities were conducted with high precautions to avoid direct contact with the nets. No
mortalities occurred during the experiment in either treatment group. Before the start of
the trial, all fish stocked into the two RASs were individually weighed (initial body weight;
IBW), as well as all sampled fish at the end of the trial for the microbiome analysis and
some additional samples used in another study for blood analysis (N = 240) after 59 days.
Group weights of the experimental groups were determined on the starting day and on
days 15, 35, and 50 to calculate the specific growth rate (SGR), feed conversion ratio
(FCR), daily feed intake (DFI), protein efficiency ratio (PER), and protein retention
efficiency (PRE) (Supplementary section; [35]). The last group measurements for
performance parameters were acquired after 50 days to avoid additional handling of

stress effects for the final sampling on day 59.
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Figure 1-6 Scheme of treatments used in this study. Two different genetic trout lines
were used and identified as A or B. A 60s stress impulse twice a day splits the treatments into
stressed (1) and non-stressed (0) fish groups. Trout were fed either a FM-based diet (F), or a
plant-based diet (V).
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Table 1-3 Experimental diets F (FM-based) and V (plant-based). The analytical
components of the diet ingredients (% of original substance) were provided by SPAROS Lda,
Olhdo, Portugal. Information about nutritional values and energy content was acquired at
the IMTE, Biisum.

Ingredient F [%] V [%]
Fish meal LT70°2 35.00 7.00
Fish protein concentrate 2.50 2.50
Soy protein concentrate® 6.00 20.50
Wheat gluten 6.00 15.20
Corn gluten 5.00 5.00
Soybean meal 48°¢ 0.00 5.00
Wheat meal 15.00 11.40
Faba beans (low tannins) 6.00 6.00
Fish oil 13.92 14.64
Rapeseed oil 9.28 9.76
Vitamin & Mineral Premixtures INVIVO 1 % 1.00 1.00
Vitamin C¢ 0.05 0.05
Vitamin E® 0.05 0.05
Antioxidant 0.20 0.20
Monocalcium phosphate 0.00 1.00
L-lysine 0.00 0.10
L-tryptophan 0.00 0.10
DL-methionine 0.00 0.50
Total 100.00 100.00
Nutritional composition (as fed basis)

Water 5.58 5.22
Crude ash 7.74 4.85
Crude protein 41.75 42.66
Crude fat 26.50 26.48
Carbohydratef 18.43 20.79
Gross Energy [MJ kg™'] 23.54 23.92

aPeruvian fishmeal LT: 670 g kg1 crude protein (CP), 90 g kg1 crude fat (CF), EXALMAR, Peru.
bSoycomil PC: 630 g kg-1 CP, <10 g kg-1 CF, ADM, The Netherlands.

cSolvent extracted dehulled soybean meal: 480 g kg-1 CP, 26 g kg-1 CF, SORGAL SA, Portugal.
dVitamin C: >35% sodium and calcium salts of ascorbyl-2-phosphate, Lutavit C35, BASF, Germany.
€Vitamin E: >50% DL-alpha-tocopheryl acetate, Lutavit E50, BASF, Germany.

fCarbohydrate = 100 - (water - crude ash - crude protein - crude fat)
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Sample collection

Before the start of the trial, 21 fish from each breeding line and at the end of the trial (day
59), in total 169 fish (21 fish/treatment, 7 fish/tank), were randomly sampled for
microbiome analysis as follows: animals were anesthetized with a blow on the head and
killed afterwards by cutting the gill vein. By placing fish on clean surfaces, the
gastrointestinal tract was dissected using sterile scissors and scalpels. Feces were
collected by squeezing the entire intestinal tissue posterior to the stomach toward the

anus. Fecal samples were stored immediately on dry ice in 5 ml sterile tubes.
DNA isolation, library preparation, and sequencing

A total of 250 mg of pre-homogenized gut content was mixed with 1 ml InhibitEx buffer
in 0.70 mm Garnet Bead tubes. Lysis of bacterial cells was achieved in a SpeedMill PLUS
(Analytik Jena GmbH, Jena, DE) at a high speed for 45 sec. After an incubation time of 5
min at 550 rpm by 95°C, lysed cells were pelletized for 1 min at 20.000 rcf. Total bacterial
DNA culled from fish gut contents was subsequently extracted using 200 pl supernatant
as input for QIAmp® DNA fast stool mini kit (Qiagen, USA, Cat. no. 51604), which was
conducted according to the manufacturer’s instructions on a QIAcube® automation
machine (Qiagen, USA). Additionally, 12 extraction blanks were included to obtain

possible contamination during DNA preparation.

For sequencing, a one-step polymerase chain reaction (PCR) amplification of the V3-V4
region of the 16S rRNA gene was performed using forward and reverse primer 341F
‘CCTACGGGAGGCAGCAG’ and 805R ‘GGACTACHVGGGTWTCTAAT’ [75], respectively, in a
dual-barcoding approach. A final volume of 26 pl comprised of 5.0 pul 5X Phusion HF buffer,
0.5 ul ANTP (10 mM), 0.3 pl Phusion Hot Start Il Polymerase (2 U/ul; Thermo Fisher
Scientific), 9.2 H20, 4 pl of each primer (100 pM), and 3 pl microbial DNA template were
prepared. Each PCR reaction plate included a negative control with nuclease-free water
to account for contamination and a reaction employed with a mock community
(ZymoBIOMICS Microbial Community Standard, Cat. no. D6305) as a positive control
composed of eight bacterial isolates with defined abundances to verify adequate
performance. Following an initial denaturation temperature of 98°C for 30 sec, 30 cycles
were carried out as follows: 98°C (0:09 min), 55°C (1:00 min) annealing temperature, and

72°C (1:30 min) extension temperature. After cycling, the amplificants were extended
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with a final round at 72°C for 10:00 min. The expected fragment size of 550 bp was

verified via gel electrophoresis on a 2.0% agarose gel.

Sequencing of the V3-V4 region from the 16S rRNA gene amplicons of fish feces resulted
in positive and negative controls (in total 294 sequencing samples); it was executed at the
Institute of Clinical Molecular Biology (IKMB, Kiel University) on an Illumina MiSeq
platform (Illumina Inc., San Diego, CA, USA) using MiSeq Reagent kit v3 according to the
manufacturer’s specification and Trautmann et al. [76], ending up with 2 x 300 bp paired-
end reads. Raw sequences obtained during the study are stored at the NCBI Sequence
Read Archive (SRA) and can be accessed via the SRA accession number SRP355371 or the
BioProject ID PRJNA797926.

Bioinformatics

Demultiplexed reads exempted from sequencing adapters were provided by the
sequencing facility as FASTQ files, of which read quality was examined using FastQC [77]
and MultiQC [78]. FASTQ files were imported into Quantitative Insights Into Microbial
Ecology 2 (Qiime2 2021.2.0 [79]) where the following processing was performed. The
Cutadapt plugin [80] was used to trim any leftover primers and/or spacers. To denoise,
filter for low-quality reads and chimeras, and merge paired-end reads, the integrated
DADAZ2 plugin [81] was run with truncation parameters of 270 for forward reads, 247 for
reverse reads, and a truncation quality cutoff of 5. The outcome resulted in a feature table
based on the ASVs and their corresponding representative sequences. Features with an
occurrence in less than two samples or an overall frequency of less than 16 were
discarded using the filter-features command of the feature-table plugin. To assign
taxonomy to ASVs, a naive Bayes classifier was trained against a SILVA 99% database
(release 138), with regions of interest extracted from full-length sequences using the
corresponding primer V3-V4 and the feature-classifier plug-in. Reads from the SILVA
database were extracted to generate custom reference sequences. Features classified as
Cyanobacteria, assumed to derive from plant chloroplasts, and mitochondrial origins
were excluded from further analysis. Only ASVs classified as bacteria and identified at
least to the phylum level were kept. Based on the extraction controls, five extraction
batches were excluded from further analysis due to contamination effects. A phylogenetic
tree was generated using a de novo approach by conducting a multiple alignment using a

fast Fourier transform via the giime phylogeny plugin. Mock community samples were
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separated from the dataset and analyzed for accurate expected abundance according to

the manufacturer.

The following analysis was performed using RStudio and the R package phyloseq [82]. For
alpha diversity analysis, richness was estimated using observed features, Shannon
diversity, and Simpson index, which additionally included evenness. All parameters were
estimated based on the genus level. To compare how many taxa are shared among
samples (beta-diversity), unweighted and weighted UniFrac distances were assessed

using the R package vegan [83] and visualized using NMDS.
Statistics

Statistical evaluation of the data was executed using the computation software R (2021).
Growth performance parameters, alpha diversity, and relative abundances of taxa
evaluation began with the definition of an appropriate statistical mixed model [84,85].
Both breeding lines were tested in separate models. The particular model included diet
and stress, as well as all their interaction terms (two-fold), as fixed factors. The tanks were
regarded as a random factor. The residuals were assumed to be approximately normally
distributed and heteroscedastic. These assumptions are based on graphical residual
analysis. Based on this model, a pseudo R? was calculated [86] and a two-way NOVA was
conducted, followed by multiple contrast tests [87] in order to compare the several levels
of the influence factors. The initial samples were tested against the treatments (sampling
time) for alpha diversity and abundance data in a separate model while using the same

parameters.

Multivariate analysis of beta diversity in rainbow trout gut microbiome communities was
applied to weighted and unweighted UniFrac distances using the adonis function from the
vegan package with 999 permutations, with diet and stress as interaction factors.
Pairwise PERMANOVA was executed with pseudofactor treatment as a factor and no p-
value adjustment using the R package RVAideMemoire. Instead, the required comparisons
were chosen, and p-values were adjusted manually using the method ‘holm.” Multivariate
homogeneity of group dispersions (betadisper, vegan) using treatments as pseudofactors

was conducted.

LEfSe [88] was applied using the R package microbiomeMarker to identify bacteria that
contribute the most to the differences in community by performing LDA scoring to

estimate the effect size (threshold = 3.5) with treatment as a pseudofactor and non-



Chapter 1 41

parametric Kruskal-Wallis test using the mean values. All p-values obtained by LEfSe
were corrected for multiple comparisons using the Benjamani-Hochberg false discovery

rate method.
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Supplementary section 1

Additional tables 1-T-1, 1-T-4, 1-T-5, 1-T-6, 1-T-7 and 1-T-8 can be found
under https://doi.org/10.1186/s42523-023-00253-9

Performance parameters

Specific growth rate (SGR), feed conversion ratio (FCR), daily feed intake (DFI), protein
efficiency ratio (PER) and protein retention efficiency (PRE) (performance parameters)

where calculated based on group measures by the following equations:
SGR = [In(FGW) - In(IGW)] / t * 100

FCR = (F:/1000) / (FGW - IGW)

DFI = SGR * FCR

PER = (FGW - IGW) * 1000 / CP:

PRE = CPg4 / CP: *100

FWG: final group weight (kg), IGW: initial group weight (kg), t: 59 days, Ft: total feed intake (g), CPt: total crude protein
intake (g), CPg: total gained body protein (g)

. mn
. 75

. Bacillus (unclassified) 17.01% 10.1% . Bacillus subtilis
. Enterococeus (unclassified) . Enterococcus faecalis

100

75

Escherichia-Shigella (unclassified) Escherichia coli

10.98% 18.4%

Lactobacillus fermentum
50 50

Lactobacillus fermentum

Listeria {unclassified) Listeria monocytogenes.

relative abundance

Pseudomonas (unclassified) 13.4% Pseudomonas aeruginosa
. Salmonella (unclassified) Pab . Salmonella enterica

. Staphylococcus (unclassified) 7.74% . Staphylococcus aureus

Figure 1-S-1 Mock Community Standard Left bar plot (mean observed) shows mean
relative abundance of three mock community probes sequenced parallel to the trial samples.
Right bar plot (ZymoBIOMICS Microbial Community Standard, Cat. no. D6305) shows
relative abundance given by the manufacturer.
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Figure 1-S-2 Alpha diversity indices Observed ASVs, Shannon diversity and Simpson
of initial sampling in the gut content from trout line A and B.
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Figure 1-S-3 Mean relative abundance (%) at the phylum level of the intestinal
microbiota from both trout lines past adaptation time and prior to the experiment.
Genera with a representation of 1.5 % were pooled in category ‘Other’. The arrangement of
the bars is based on abundance, except for the most abundant phyla, which is placed at the
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bottom for legibility. The mean value joins data on each individual fish for the corresponding

trout line.
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Figure 1-5-4 Mean relative abundance (%) at the genus level of the intestinal
microbiota from both trout lines past adaptation time and prior to the experiment.
Genera with a representation of 1.5 % were pooled in category ‘Other’. The arrangement of
the bars is based on abundance, except for the most abundant phyla, which is placed at the
bottom for legibility. The mean value joins data on each individual fish for the corresponding

trout line.
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except for the most abundant phyla, which is placed at the bottom for legibility. The mean
value joins data on each individual fish for the corresponding treatment across three

modules.

Table 1-T-2 Alpha diversity statistics

OBSERVED
ANOVA

(Intercept)

diet
stress
diet:stress
multiple contrasts
diet stress Estimate
F-V 0 3.333
F-V 1 1.638
F-V 2.486
stress diet Estimate
0-1 F 5.541
0-1 \Y 3.846
0-1 4.693
SHANNON
ANOVA

(Intercept)

diet

stress

diet:stress

multiple contrasts

diet stress Estimate
F-v 0 -0.1848
F-v 1 -0.5896
F-V -0.3872
stress diet Estimat
0-1 F 0.6566
0-1 Vv 0.2518
0-1 0.4542
SIMPSON

ANOVA

(Intercept)
diet

stress
diet:stress

multiple contrasts

diet stress Estimate
F-V 0 0-0.07338
F-V 1 0-0.17330
F-V 0 0.12334
stress diet Estimate
0-1 F 0 0.15352
0-1 V 0 0.05361
0-1 0.10356

Std. Error
3.321
3.982
2.593

Std. Error
4.152
3.106
2.593

Std. Error
0.3479
0.3666
0.2527

e Std. Erro
0.4073
0.2991
0.2527

Std. Error
0.10105
0.10986
0.07463

Std. Error
0.12127
0.08703
0.07463

F-value
3,226,108
22,289
41,161
11,434

tvalue
1.004
0.411
0.959

tvalue
1.334
1.238
1.81

A
F-value
25,159,819
0.50499
458,634
0.34303

t value
-0.531
-1.609
-1.532

rtvalu
1.612
0.842
1.797

A
F-value
25,752,749
162,851
286,182
0.45043

t value
-0.726
-1.577
-1.653

1.266
0.616
1.388

p-value
<.0001
0.1738
0.0770
0.3161

Pr(>[t])
0.556
0.899
0.366

Pr(>|t])
0.376
0.425
0.108

p-value
<.0001
0.4975
0.0646
0.5742

Pr(>|t])
0.84
0.261
0.164

e Pr(>|t])
0.26
0.655
0.11

p-value
<.0001
0.2377
0.1292
0.5210

Pr(>[t])
0.726
0.272
0.137

Pr(>|t])
0.41
0.792
0.203

Estimate
-4,037
-1,042
-2,540

Estimate
-8,777
-5,782
-7,279

Estimate
0.9229
-0.1427
0.3901

Estimate
-0.09509
-1.16067

-0.6279

Estimate
0.32186
-0.03971
0.1411

Estimate

0.08101
-0.28055
-0.09977

Std. Error
3,297
4,363
2,734

Std. Error
3,420
4,267

2,734

Std. Error
0.5518
0.5661
0.3953

Std. Error
0.5388
0.5784
0.3953

Std. Error
0.17011
0.17413

0.1217

Std. Error
0.15929
0.18408
0.12171

F-value

11,894,706
130,728
812,099
0.29995

tvalue
-1,224
-0.239
-0.929

tvalue
-2,566
-1,355
-2,662

F-value
5,846,236
0.52793
312,373
0.75686

t value
1.672
-0.252
0.987

tvalue
0-0.176
9-2.006
-1.588

F-value
6,486,191
0.86328
147,879
0.85422

t value
1.892
-0.228
1.159

t value
0.509
-1.524
-0.82

p-value
<.0001
0.2905
0.0247
0.6009

Pr(>[t])
0.437
0.965
0.384

Pr(>|t])
0.0697
0.3725
0.0324

p-value
<.0001
0.4911
0.1205
0.4131

Pr(>|t])
0.246
0.961
0.357

Pr(>[t])
0.98
0.155
0.156

p-value
<.0001
0.3837
0.2634
0.3861

Pr(>[t])
0.182
0.968
0.284

Pr(>|t])
0.852
0.3
0.439
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Table 1-T-3 Beta diversity statistics

A

stress

diet
stress:diet
A-0-V : A-O-F
A-1-V : A-1-F
A-0-V : A-1-V
A-O-F : A-1-F
B

stress

diet

stress:diet
B-0-V : B-O-F
B-1-V: B-1-F
B-0-V: B-1-V
B-O-F : B-1-F
initial sampling
A-init:B-init

unweighted UNIFRAC

adonis pairwise comparison

0.023
0.282
0.033

0.001
0.557
0.19

0.001

pvalue adjustment: holm

0.557
0.046
0.055
0.028

0.096
0.783
0.109
0.002

weighted UNIFRAC

adonis
0.031
0.03
0.017

0.046
0.137
0.111

0.001

* factor for discriminating inital samples and treated samples

Homogeneity of multivariate dispersions

< TMOoORrRmE®<<TORD

Average Pr(>F)
0.3961

0.3740 0.1958
Pt 0.8438
Average Pr(>F)

oI oo
03702 07758

Average
0.3760
0.3255
0.3695
0.3397
Average
0.3237
0.3413
0.3159
0.3506

pairwise comparison

0.798
0.008
0.394
0.022

0.208
0.277
0.093
0.084

Pr(>F)
0.005118

0.1013
Pr(>F)
0.494

0.1045
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Abstract

Via 16S rRNA gene amplicon sequencing, this study explores whether the gut mucus
microbiota of rainbow trout is affected by the interaction of a plant-protein-based diet
and a daily handling stressor (chasing with a fishing net) across two genetic lines (A, B).
Initial body weights of fish from lines A and B were 124.7g and 147.2g, respectively. Fish
were fed 1.5% of body weight per day for 59 days either of two experimental diets,
differing in their fish meal (fishmeal-based diet (F): 35%, plant-based diet (V): 7%) and
plant-based protein content (diet F: 47%, diet V: 73%). No diet- or stress-related effect on
fish performance was observed at the end of the trial. However, we found significantly
increased observed ASVs in the intestinal mucus of fish fed diet F compared to diet V. No
significant differences in Shannon diversity could be observed between treatments. The
autochthonous microbiota in fish fed with diet V was dominated by representatives of the
genera Mycoplasma, Cetobacterium, and Ruminococcaceae, whereas Enterobacteriaceae
and Photobacterium were significantly associated with diet F. The mucus bacteria in both
genetic lines were significantly separated by diet, but neither by stress nor an interaction,
as obtained via PERMANOVA. However, pairwise comparisons revealed that the diet
effect was only significant in stressed fish. Therefore, our findings indicate that the mucus-
associated microbiota is primarily modulated by the protein source, but this modulation

is mediated by the stress status of the fish.

Introduction

The aquaculture industry has become the world’s largest contributor of nutritious aquatic
food for human consumption [1]. With global efforts to reduce the use of fish meal (FM)
and fish oil (FO) from wild capture fisheries in aquafeeds [2], there has been a profound
development in the last two decades in the partial substitution of conventional FM with
plant-based ingredients, insect meal, or animal by-products [3-5]. In carnivorous fish,
such as rainbow trout, 20 40% of the FM fraction can be replaced by soybean meal (SBM),
for example, with little effect on growth, gut health, and nutrient utilization [6-8]. While
soybean products have a relatively high crude protein (CP) content and a favorable amino
acid profile, high amounts of carbohydrates and antinutritive factors (ANF) have
previously been associated with adverse effects such as low digestibility, induction of mild
to severe enteritis [6], and malfunction of the intestinal mucosa in carnivorous fish [9].

However, the use of highly processed soybean products, such as soybean protein
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concentrates (SPC), reduces these adverse effects, thereby increasing their use in

aquafeeds [10-12].

In intensive aquaculture, potential (handling) stress, such as stocking density, netting,
grading, transportation, and handling [13], are ubiquitous, and several physiological
biomarkers such as growth, behavior, histological, and immunological parameters for
early indication of stress in fish exist [14-16]. A consequence of such stimuli may lead to
a disbalance in homeostasis or allostasis, which is followed by a negative physiological
and behavioral response (stress), and can lead to the loss of appetite, overall performance,
immunosuppression, reduced reproductivity, and cognitive ability [17]. Especially in
mammals, it is well established that stress is able to disrupt the microbial (gut)
communities via several vectors, such as hormones and immune factors secreted by the
host or the bi-directional communication of the nervous system and peripheral intestinal
functions known as the gut-brain axis [18]. It is likely that similar interactions dictate the

condition in other vertebrates, including fish.

It is now generally accepted that environmental factors and feeding strategies mediate
the profile of the microbiome, and studies on several salmonid species and alternative
diets exist [6,19-24]. However, there is still a substantial lack of information about the
influence of stress on the microbiome and its interaction with the fish host. In a seven-
month feeding trial, rainbow trout were fed a plant-based diet with a main substitution of
FM and FO with plant proteins and oils, high cortisol values, during which apathetic and
stress-related behavior was observed [25]. Contrary to this, another study revealed no
measurable stress response based on cortisol, glucose, and lysozyme plasma levels when
rainbow trout were fed a FM and crude protein-reduced diet combined with applied
handling stress [26]. We previously observed that the expression of molecular stress
response markers such as tumor necrosis factor (TNF)a and immunoglobulins [27] are
downregulated in rainbow trout fed with a plant-based diet while exposed to an external
stressor compared to trout fed with a FM-based diet. These results demonstrate the
potential impact of plant-based diets in combination with handling stress on fish health,

physiology, and welfare.

From a holistic perspective, the intestinal microbiome can represent a natural mediator
in this system. Especially the mucus layer, whose interface is proposed to be of major
importance for host health due to the interactions with adherent bacteria. Those

autochthonous bacteria are embedded within a viscoelastic matrix containing water, gel-
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forming mucin glycoproteins, lipids, and several proteins [28]. Such bacteria are
attributed with assisting functions such as gut health, nutrient metabolism, pathogen
protection, and host immunity [29]. The evolution of an adaptive immune system along
mucosal tissues has been proposed to be the conclusion of a long-term interlaced
interaction of symbiotic microorganisms and host factors [30,31]. It is now generally
acknowledged that the gut microbiome represents an important driver of animal welfare
and fish performance [32]. Thus, a balanced and functional mucosal epithelium populated
with commensal microbes is vital for fish health, and an imbalance can cause dysbiosis
and malfunction in this multi-individual system. However, studies related to stress as a
mediator on the intestinal mucus microbiota of rainbow trout are scarce to date.
Therefore, understanding the microbiome of the alimentary tract with all its sub-
microcompartments under different feeding and stress conditions has to be considered

for analysis by using high-throughput sequencing techniques.

Consequently, the present study (i) aimed to characterize the resident microbiota of the
intestinal mucosa of rainbow trout from two different trout genetic lines via 16S rRNA
gene sequencing fed with either a FM-based diet or a plant-based diet. We hypothesized
that the diet type interacts with an external stressor when modulating the mucus
microbiota of trout. Therefore, we (ii) aimed to further induce chronic stress in rainbow
trout by chasing the fish twice daily with a fishing net inside the tank and evaluated the
interaction of diet type and stress on the mucosal bacteria. In a recently published study
[33], we investigated the allochthonous microbiota in the gut contents obtained from the
same individual trout, where an interaction of stress and diet led to a significant change
in the composition and abundance of its related bacterial communities. Based on these
results, we (iii) decided to evaluate the effects of diet and stress on the different intestinal

compartments in a meta-study combining both datasets.
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Results

Growth performance of rainbow trout

We used two different genetic lines (A and B) of female rainbow trout in a 59-day
experiment to assess the influence of a plant-based diet (V) in comparison to a rather
fishmeal-based diet (F) in combination with simulated handling stress on the mucosal gut
microbiota. We additionally assessed classical performance parameters, including
specific growth rate (SGR), feed conversion ratio (FCR), daily feed intake (DFI), protein
efficiency ratio (PER), and protein retention efficiency (PRE), based on group measures
from feeding-day 50. Neither the substitution of FM with plant-based ingredients nor the
simulated handling stress significantly affected fish growth performance or nutrient
utilization (Table 1-1), apart from daily feed intake, which was significantly lower (p
<0.001) in fish fed the fishmeal diet F (1.54 * 0.02) than in fish fed the plant-protein-
based diet V (1.50 + 0.01). However, a difference in daily feed intake of 0.04% is not
considered biologically relevant. The average SGR was 1.75 #* 0.05 for trout genetic line A
and 1.76 = 0.05 for trout genetic line B. A detailed discussion of fish growth results from

the same experiment is published and discussed elsewhere [27,33].
16S rRNA gene sequencing analysis

A total of 209 samples, collected from the intestinal mucosa of two breeding lines of
rainbow trout and 10 extraction controls, were sequenced using the V3-V4 16S rRNA
primer on an Illumina MiSeq platform, which generated 12.2 million reads in both
directions with an amplicon length of 2x300 bp. After ASV clustering, mitochondrial and
chloroplast reads were removed from the dataset and subsequently quality-filtered
resulting in 178 samples that were further analyzed. 72 (A) and 75 (B) samples from the
end of the trial and 19 (A-init) and 12 (B-init) initial samples (Supplementary Table 2-S-
2) were sustained in the data set. Of the total 5,813,585 raw reads, excluding the technical
controls, 3,659,931 filtered reads, with 168 unique ASVs, were left for downstream

analysis.

Positive controls (mock samples) were included in the sequencing run and evaluated for
accurate taxonomical identification at the species level and quantitative measures of

defined bacteria (Supplementary Figure 2-S-1).
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Dietary effect on alpha diversity

Evaluation of alpha diversity parameters revealed an overall low richness and Shannon
diversity in the intestinal mucosa in both trout genetic lines and all treatments. Figure 2-1
shows the mean values of alpha diversity measures (Observed and Shannon) among
dispersion parameters. The alpha diversity parameters of each trout line were tested with
a two-way ANOVA using a linear mixed-effect model with diet and stress as main factors
and both as interaction factors. Tanks were considered random factors. In both trout
genetic lines, we observed a significantly increased richness in fish fed diet F in
comparison to diet V (trout line A: p = 0.016; trout line B: p = 0.04, Supplementary Table
2-S-3). However, taking into account species evenness, no significant differences between
treatments in Shannon diversity indices could be observed. Although trout lines were not
statistically compared, both have alpha diversity within the same magnitude, suggesting

similar bacterial richness and evenness.
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Figure 2-1 Alpha diversity indices in relation to the treatment group. Alpha diversity
indices, including Observed ASVs (upper panels) and Shannon diversity index (lower panels)
for intestinal mucosal tissue of trout genetic lines A (left panels) and B (right panels). Boxes
are colored according to the experimental diet (F: fish meal diet, light green; V: plant-based
diet, orange). Stressed group (1) and unstressed group (0). n=3.

Effects of diet and stress on beta diversity of the gut mucus community

To explore differences in bacterial communities obtained from rainbow trout gut mucus
explained by diet or stress, phylogenetically unweighted and weighted UniFrac distances
were calculated based on genus level and represented by non-metric multi-dimensional
scaling (NMDS) for unweighted distances (Figure 2-2). By using the adonis function, a
permutational analysis of variance (PERMANOVA, Table 2-1) was performed to test for
the main effects of diet and stress, and interactive effects in the respective trout genetic
line. Unweighted and weighted UniFrac distances in trout line A revealed that the
microbial communities are significantly separated when considering diet as a factor
(PERMANOVA, unweighted: p = 0.002, weighted: p = 0.001) and no effects were detected

for stress as well as no interaction effects. This diet effect is significantly pronounced in
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fish that were stressed (pairwise comparison MANOVA, Table 2-2: unweighted: p = 0.002,
weighted: p = 0.05). Congruently, testing for differences in trout line B for the main effects
and interactions revealed diet as the main factor modulating the microbial communities
in both distances (PERMANOVA unweighted: p=0.002, weighted: p=0.021). It was also
confirmed by pairwise comparison that the diet effect occurred only in stressed fish
(Pairwise comparison MANOVA, Table 2-2: unweighted: p = 0.034). This is in accordance
with the clustering of communities by the factor diet (visualized by colors) in figures 2-2A
and b and the results from the analysis of similarities (ANOSIM, Table 2-1). A multivariate
test for homogeneity in (beta) dispersion applied for diet and stress on both distances of
each trout line revealed equal dispersion except for factor diet in weighted distances of

trout line A (p = 0.045) (Supplementary Table 2-S-4).



64 Chapter 2
. b J N R
a g3 A ’T‘ 0.2 diet
p =0.002 o p = 0.002
A.
0.2
0.1 .
A A
- . 2
0.1 Y o A A A 2 e A
-
~ A ® o 0.0+ A
Z 40 A . A. ! ry =z N A‘
sh o A ) Y
[ ] A A A a 0.1+ ..
0.1 = ..‘:" 4 A
A
Aea 0.2
0.2 L
A °® .
p(j” N Qf'll' Q'é( g Qé N N Qé)
stress ¢ 0 4 1 diet o« F o V stress ¢« 0 4 1 diet F eV

Figure 2-2 Beta diversity metrics indicating diet as a factor for microbial clustering.
Panels a and b: Non-metric multi-dimensional scaling (NMDS) plot of unweighted UniFrac
distances that incorporate phylogenetic information and presence/absence data from the
mucus of the intestinal gut of rainbow trout lines A (a) and B (b) based on genus-level data.
Dots are colored according to the factor diet and shaped according to the factor stress.
Bacterial communities in both breeding lines cluster significantly by the factor diet indicated
by p-value in the top right corner of the graph. Panels ¢ and d: Number of shared ASVs
between treatment groups in trout genetic line A (c, green) and B (d, blue). Unstressed group
(0), stressed group (1), fishmeal diet (F), plant-based diet (V).
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Table 2-1 Results of PERMANOVA analysis using adonis function and anosim on
unweighted and weighted UniFrac distances of intestinal gut mucus microbiota of two
rainbow trout genetic lines (A and B) with factors diet (fishmeal diet F, plant-based diet V)
and stress (unstressed group 0, stressed group 1).

UNWEIGHTED WEIGHTED
Adonis ANOSIM Adonis ANOSIM

p-value R? p-value R? p-value R? p-value R?
A
STRESS 0.755 0.007 0.856 -0.021 0.935 0.004 0.434 -0.001
DIET 0.002 0.067 0.002 0.095 0.001 0.081 0.003 0.117
STRESS*DIET 0.082 0.025 - - 0.826 0.006 - -
B
STRESS 0.967 0.003 0.818 -0.016 0.706 0.006 0.693 -0.011
DIET 0.002 0.056 0.001 0.098 0.021 0.053 0.006 0.085
STRESS*DIET 0.865 0.006 - 0.933 0.003 - -

Table 2-2 Pairwise comparison using permutation MANOVA of unweighted and
weighted UniFrac distances of intestinal gut mucus microbiota of two rainbow trout genetic
lines (A and B), using treatment as a factor. P-values were manually adjusted with method
holm. Unstressed group (0), stressed group (1), fishmeal diet (F), plant-based diet (V).

UNWEIGHTED WEIGHTED
p-value p-value
A
0-V:0-F 0.485 0.050
1-V:1-F 0.002 0.050
0-V:1-V 0.510 1
0-F:1-F 0.354 1
B
0-V:0-F 0.071 0.182
1-V:1-F 0.034 0.182
0-V:1-V 1 1
0-F:1-F 1 1
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Structure of the autochthonous community of bacteria in the gut intestinal

The relative abundance of bacteria isolated from the intestinal gut mucosa of rainbow
trout revealed a community dominated by the phyla Fusobacteriota, Proteobacteria,
Actinobacteriota, Desulfobacterota, Spirochaetota, and Firmicutes (Fig. 2-3,
Supplementary Figure 2-S-2). The category “Other” implies entities that are represented
by less than 0.05%. On the basis of mean relative abundance, Firmicutes and
Fusobacteriota represent the most abundant phyla across all treatments, including trout

lines A and B.

On the genus level, the microbial communities are overrepresented by Mycoplasma from
the phylum Firmicutes in trout lines A (mean: 52.0%) and trout line B (mean: 76.1%). In
trout line A, higher abundance was observed in diet V independent of stress (A-0-V mean:
59.8%; A-1-V mean: 58.6%) compared to diet F in both stress groups (A-0-F mean: 43.6%;
A-1-F mean: 45.9%). This was confirmed to be significant by linear discriminant analysis
of effect size (LEfSe, diet: p = 0.001, Table 2-3). In trout line B, Mycoplasma abundance
was enriched in fish that were not stressed (mean: 65.5%) compared to fish that were
stressed (mean: 62.6%). Moreover, a significantly higher abundance (LEfSe, diet: p =
0.011, Table 2-3) in fish fed diet V was observed. The second most abundant genus from
the phylum Firmicutes was Carnobacterium, which was only present in trout line A and
not in trout line B. Here, stressed fish fed with diet V had the highest abundance (mean:
3.8%). Considering relative abundance, Cetobacterium, the single representative of the
phylum Fusobacteriota, was found to be the second most abundant genus in trout lines A
(mean: 41.4%) and B (mean: 14.7%). In trout line A, Cetobacterium was more abundant
in fish fed diet F (not significant) compared to diet V. An obverse effect is observed in trout
line B, where Cetobacterium abundance is increased when fed with diet V, which was
confirmed by LEfSe analysis (p<0.001). In both trout lines, Photobacterium, from the
phylum Proteobacteria, is significantly promoted when provided with the FM-based diet
compared to the plant-based diet (LEfSe, A, diet: p < 0.001; B, diet: p < 0.001; Table 2-3).

Furthermore, in trout line A, Plesiomonas, Lactobacillus, Crenobacter, and two unclassified
genera from the family Desulfovibrionaceae and Enterobacteriaceae, and in trout line B,
Lactococcus and three unclassified genera from the family Desulfovibrionaceae and
Enterobacteriaceae were significantly enriched in diet F (Table 2-3). An unclassified genus
from the Ruminococcaceae was found to be enriched in diet V in trout line B. In addition,

we identified Lactococcus, Plesiomonas, Bosea, Brevinema, Shewanella, and Enhydrobacter
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as representatives with an overall low abundance (<0.05%). Shewanella was identified as
a unique genus in the unstressed group fed with diet V in trout line B. The remaining
genera displayed are of less than 4% mean abundance for each treatment and are not
found to be different among the treatments. A total of 21 ASVs in trout line A (Figure 2-
2c) are shared among all four treatments, with Mycoplasma, Cetobacterium, Brevinema,
Enhydrobacter, and Cutibacterium as the dominant representative genera. In trout line B,
27 ASVs intersect between treatments; were in addition to the genera in trout line A,

Photobacterium, Plesimonas, Mesorhizobium, and Harryflintia are shared (Figure 2-2d).
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Figure 2-3 Microbial composition of the intestinal gut mucosa. The four respective bars represent a
diet-stress combination after the 59-day trial from both trout genetic lines, and the frequency of bacteria
is indicated as the mean relative abundance. The data is based on the taxonomic rank genus. Category
‘Other’ implies taxonomical clades with an overall abundance of < 0.15 %. The order of the bars is arranged
by abundance, except for the most abundant genus, which is placed at the bottom for legibility. Each
treatment incorporates individual fish data from the three (N=3) tanks. Unstressed group (0), stressed
group (1), fishmeal diet (F), plant-based diet (V).
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Table 2-3 Linear discriminant analysis effect size (LEfSe) results that explain
significantly different (p < 0.05) genera in the gut mucus microbiota of rainbow trout
between diet types.

Trout genetic line Genus enrich_group ef_lda pvalue padj
Photobacterium F 5.0666 <0.001 <0.001
Plesiomonas F 4.4470 <0.001 <0.001
Desulfovibrionaceae_unculture £
d 4.0606 0.0405 0.0405

A Lactobacillus F 3.9885 0.0073 0.0073
Crenobacter F 3.8322 0.0253 0.0253
Enterobacteriaceae F 3.7741 0.0470 0.0470
Mycoplasma V 50496 0.0012 0.0012
Photobacterium F 5.1655 <0.001 <0.001
Desulfovibrionaceae F 4.6168 0.0021 0.0021
Lactococcus F 4.4111 0.0005 0.0005

B Enterobacteriaceae F 43175 0.0018 0.0018
Cetobacterium V  5.0332 <0.001 <0.001
Mycoplasma V 48299 0.0110 0.0110

\Y

Ruminococcaceae

4.4533 0.0385 0.0385

Microbiota comparison between samples from gut mucus and gut contents

We used previously published [33] 16S rRNA amplicon sequence data derived from the
gut contents of the same individual trout from this experimental trial to compare the
microbial structure of the gut mucosa in a meta-analytical approach. Information about
diet, stress, or trout genetic line was neglected to focus on differences between the
sampling sites of the intestine of rainbow trout. Individual communities from gut contents
(N =104) and mucus (N = 147) were examined using NMDS on Bray-Curtis distances on
genus-level data (Figure 2-4b). Samples clustered according to their sample type, which
was confirmed by PERMANOVA using sampletype as a factor (p = 0.001), suggesting
significant differences in their microbial composition despite the effects of diet, stress,
and trout line observed in previous results. Differences between the sample types were
also observed in alpha diversity, where significantly increased values of observed ASVs
(Wilcoxon, p = 1e-38) and Shannon diversity indices (Wilcoxon, p = 2.3e-21,
Supplementary Figure 2-S-5) were accounted for samples extracted from gut contents.
Figure 2-4c shows a Venn diagram where 819 and 42 ASVs were detected in contents and
mucus, respectively. In total, 79 ASVs overlap in both sample type communities, with the
maximum number of 3 shared ASVs (Figure 2-4c, histogram: N of shared ASVs) being

observed in 23 samples (N samples). To identify which bacteria contributed the most to
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the respective group variable sample type, a LEfSe analysis was performed on this dataset
(Figure 2-4a). The genera Mycoplasma, Cetobacterium, Photobacterium, Brevinema,
Plesiomonas, and unclassified bacteria from Desulfovibrionaceae (LDA score > 4.0)

accounted for greater relative abundance in samples from mucus compared to gut
contents, where Bifidobacterium, Staphylococcus, Corynebacterium, Bacteroides,

Acinetobacter, and Lactobacillis (LDA score > 4.0) were more abundant.
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Figure 2-4 Comparing the microbiota of intestinal sub-compartments mucus (pink)
and gut contents (brown). Samples were analyzed according to the sample type,
regardless of diet, stress, or trout line. LEfSe was conducted with sample type as the group
factor (a). NMDS of Bray-Curtis distance reveals significant differences in bacterial
community composition (b). Panel (c) shows a histogram where the number of shared ASVs
against the number of samples is presented and a VENN diagram with observed ASVs in

sample types gut content, mucus, and shared fraction. Data from gut content samples are

obtained from [33].
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Discussion

Alternative protein sources that replace fishmeal remain a controversial and important
research subject in aquaculture, fish nutrition, and animal husbandry. On the other hand,
sustaining husbandry conditions in aquaculture, which entail an environment (almost)
devoid of stress, is what drives current research. Hence, this study aimed to examine the
impact of a plant-based diet and simulated handling stress in fish farming on the
microbiota associated with the intestinal mucosa in two genetic lines of rainbow trout.
This well-defined resident microbiota is known to be essential to the host digestive
system and is involved in several fundamental functions such as pathogen prevention,
immune function, mucosal immunity, and nutrient metabolism [34]. Apart from that, it
has been demonstrated that the intestinal gut microbiome differs between fish species or
trophic levels [35,36], inter-individual variation [37], developmental stage or age, tissue
of interest, including sub-compartments, health status, and dietary treatments, among
others [38]. Considering those characteristics, mucus-associated bacteria are of major
significance for the animal host, and thus, we analyzed those bacteria and, in a meta-
analytical approach, compared them with lumen-associated bacteria from [33] to gain a
deeper understanding of the entire rainbow trout gut microbiota in relation to handling

stress and feeding plant-based diets.

We did not observe any significant effect of the diet or the stress provided by chasing the
fish on rainbow trout performance parameters in both trout genetic lines. The feed
formulation in this trial was designed to meet all the nutritional requirements of rainbow
trout and contained no limiting ingredients. The level of plant-based proteins was chosen
so as not to affect growth performance, as the microbiome was to be studied under
realistic feeding conditions with a plant-based diet. For a more detailed discussion of fish

growth performance, please review [27] and [33].

It is known from several previous publications about rainbow trout [19,39-43], Atlantic
salmon [44-47] and humans [48], that the bacterial richness of the intestinal mucus layer
is inherently low. Our results are in a similar size range and we further observed a
significant association between decreased microbial richness in the gut mucus of fish fed
with a diet composed of plant-based proteins in both trout genetic lines. In general, high
microbial richness is assumed to have beneficial effects for the host since it comes with a
higher metabolic capacity [49]. Previous studies reported that plant-derived proteins are

able to increase the number of species observed in the gut. The decrease in microbial
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richness induced by the plant-based diet was thus an unexpected result (Fig. 2-1). On the
other hand, the chasing, which was chosen to simulate handling stress in aquaculture like
stocking, grading, sorting, and transporting, did not induce a significant change in alpha
diversity. Nevertheless, the evenness expressed by the Shannon diversity index of the
present species was unaffected by stress or diet in both trout genetic lines. As has been
observed in several other studies, a general high level of variability between individuals

within the respected treatments was observed.

Regardless of diet, stress, and trout line, pronounced differences in alpha diversity and
microbial composition were observed between samples derived from intestinal contents
[33] and the intestinal mucus layer. Here, the intestinal content is marked by a four-fold
higher richness (diff. in mean richness diet vs. mucus, p = 2.3e-21) in terms of ASVs
compared to a general low microbial richness in the mucosal gut tissue. Those findings
are in strong agreement with previous studies on the microbiota of mucus in rainbow
trout [39,41,42,50], Atlantic salmon [44,46,47], or yellow catfish [40]. Otherwise, higher
bacterial richness was observed in the mucosa of the middle intestine of common grass
carp compared to the gut digesta [51]. Furthermore, higher richness values in the gut
mucosa were also found in rainbow trout treated with Pediococcus acidilactici prebiotic
compared to a control group [52]. However, low species richness in mucosal tissues is
assumed to be characteristic and undermines accurately defined species composition.
Beyond that, resident bacteria are supposedly maintained predominantly by host-related
factors [13,53], whereas otherwise transient digesta-associated communities are
assumed to be more sensitive to environmental and dietary changes [41,54]. Our results
do not confirm those statements, as the resident microbiota in the present study is
predominantly impacted by dietary factors. An explanation for increased richness in
intestinal contents might further be that the bacteria-rich chyme passes the intestine and
is, according to that, a composition of bacteria derived from ingested microorganisms,
bacteria derived from feed, and bacteria uncoupled from the mucosal community during
the passage time of the digesta. The latter is represented by the fraction of 79 ASVs shared
between the two compartments, while only a minor share is unique to the mucus
compartment. The majority of the shared fraction has a consensus of 2-4 ASVs, implying
that the similarity in gut mucosa and digesta lies in a minor count of bacterial genera and

has high inter-individual variation.
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Consistent with alpha diversity results, the composition of bacteria in the intestinal mucus
microbiota of rainbow trout is primarily modified by the diet type in both trout genetic
lines. However, we observed that these changes in the mucosal bacterial community due
to the experimental diet are mediated by the handling stress, as significant differences
between diets only occurred in stressed fish, as shown by pairwise comparisons of
unweighted UniFrac distances. The modulation of the microbiota by stress involves
complex interactions between the brain, the gut, and the microbiome, and there are
several potential mechanisms. Stress in general activates the central nervous system,
leading to the release of stress hormones such as cortisol [55]. Some bacteria are sensitive
to cortisol, and alterations in hormone levels may create a selective environment for
certain bacterial taxa. In Atlantic Salmon, for example, elevated fecal cortisol levels were
associated with changes in the diversity and structure of the fecal microbiome, such as a
decline in the lactic acid bacteria Carnobacterium sp. and an increase in OTUs within the
classes Clostridia and Gammaproteobacteria [56]. The bacterial mucus community of our
study was not generally affected by handling stress, but significant effects could be
observed in combination with a change in the dietary protein source. A study in Atlantic
cod juveniles demonstrated that tryptophan or phenylalanine supplementation
significantly reduced plasma cortisol in cod juveniles after exposing them to acute stress
[57]. Our experimental diets were designed to have an even amino acid profile meeting
the nutrient requirements of rainbow trout (Table 2-4), however, the activity of digestive
enzymes in the gastrointestinal tract can also be influenced by stress. For example, it was
shown for Asian seabass in RAS that secretion and activity of digestive enzymes were
significantly decreased with increasing stocking density (a chronic stressor) [58]. Stress-
induced changes in protease activity, for example, may thus affect the efficiency of protein
digestion and the availability of free amino acids for the organism or the intestinal
microbiota. From our dataset alone, however, it is impossible to draw comprehensive
conclusions on the physiological mechanisms behind these observations, and further
investigations are needed. Nevertheless, a possible mechanistic connection between diet
and stress is further supported by our previous findings, in which stress in trout genetic
line A and an interaction of stress and diet in trout genetic line B were the key factors

modulating the bacterial composition in gut contents [33].

16S rRNA analysis identified Firmicutes, Fusobacteriota, Proteobacteria,

Desulfobacterota, and Spirochaetota at the phylum level as the top five taxa in the
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intestinal gut mucosa of rainbow trout. The first three taxa are part of the core resident
microbiota of rainbow trout [39,59,60], whereas Desulfobacterota and Spirochaetota
seem to be less observed in residential communities [61]. Furthermore, differences
explained by the factor diet are within the abundance of bacteria from the genus
Mycoplasma, which is more abundant in fish fed with plant-based proteins in trout line A
and less pronounced in trout line B. As the most dominant genus in the phylum Firmicutes,
Mycoplasma represented 52% (mean) of the bacteria in trout line A and 76% (mean) in
trout line B. Mycoplasma has been identified as a key member of the healthy gut
microbiota in the intestinal digesta [52,59,62-66] and mucus [39,41,67] of rainbow trout
and Atlantic salmon [45,68-72] using 16S rRNA amplicon sequencing. Huyben and
colleagues [42] revealed a similar high abundance of Mycoplasma in both the intestinal
digesta and mucosa when reared under different temperatures, and a comparable high
abundance was also found in the intestinal contents of two susceptible breeding lines of
rainbow trout reared under different stocking densities [62]. Furthermore, a study
investigating the adherent gut microbiota of rainbow trout fed with dietary insect meal
from Hermetia illucens showed an increased abundance of Mycoplasma microbiota [73],
and the application of feed additive P. acidilactici MA18/5M also promoted an increase of
Mycoplasma in the intestinal mucosa [52]. The highlighted recurrence of Mycoplasma
implies a strong association between microbes and the gut microbiota of rainbow trout
hosts under different conditions. In addition, its presence is associated with a positive
health status, carotenoid utilization, and improved growth [46,74]. Rasmussen and
colleagues further proposed an improved metabolism for salmonids harboring
Mycoplasma, explained by increased ammonia detoxification, better food utilization, and
subsequent enhancement of growth. Interestingly, evidence was found that Mycoplasma
promotes the degradation of long-chain polymers such as chitin, which explains its
presence when an insect-meal diet is provided [75]. While Mycoplasma was highly
abundant in both digesta and mucus, our results indicate a major presence of Mycoplasma
in the gut mucosa, which underlines its highly commensal relationship to the host.
Although gut mucosa harbors fewer different bacteria, bacteria from the genus
Mycoplasma seem to colonize in high abundance, implying a potential beneficial function
for salmonid hosts. Further investigations on the potential functions of Mycoplasma-
related species beneficial for rainbow trout mucus microbiota need to be conducted by

implementing meta-transcriptomics and/or metabolomics.
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Notably, the increased abundance of Mycoplasma in fish fed diet V is accompanied by a
decreased abundance of the luminous bacteria Photobacterium from the phylum
Proteobacteria in trout line A. A similar ratio shift of Firmicutes and Proteobacteria in
rainbow trout gut contents, though, was observed when fishmeal was entirely replaced
by terrestrial proteins [76]. In trout line B, however, Cetobacterium seems to colonize the
niche of Photobacterium when fed with a plant-based diet. It has been reported that
Photobacterium is a common inhabitant of the alimentary canal of carnivorous fish [77]
and is rather promoted when fed with a fishmeal-rich diet, which is in strong agreement
with the results of the present study. A study investigating the microbiome residing on
feed in several aquaculture feeding experiments found Photobacterium to be a dominant
genus, or at least remaining DNA, in the feed microbiome [78]. Although it is considered
that the mucus microbiota is not significantly affected by transient DNA fragments, and
observation of Photobacterium can be considered a true resident. However, some
members, like Photobacterium damselae, are known to be pathogenic in aquacultured fish,
including rainbow trout [79]. A similar increase of Firmicutes at the expense of
Proteobacteria induced by plant ingredients was observed by Desai and colleagues [21],
and moreover, a similar ratio displacement of Firmicutes:Proteobacteria was observed in
Atlantic salmon [68] and chinook salmon [80] associated with a fresh-to seawater
transfer. Our results identified Photobacterium as the dominant representative of the
phylum Proteobacteria, while the aforementioned studies revealed other bacterial
species in this phylum. The recurring reciprocation between Firmicutes and
Proteobacteria, here predominantly Photobacterium, might be explained by a growth
inhibition of Photobacteria induced by Firmicutes bacteria (trout line A and references)
or Cetobacterium as observed in trout line B when fed with a plant-based diet, which has
been previously postulated by Zhao and colleagues [81] in chinook salmon. Interestingly,
the induction of Photobacterium by the primarily FM diet in trout line A in the present
study was accompanied by proportionally higher expression levels of proinflammatory
cytokines [27]. Upregulation of interleukin 13 plays an important role in the regulation of
immune and inflammatory processes in the intestine (mucus) and has been observed
during infections with potential pathogens in rainbow trout or gilthead sea bream [82,83]
or when exposed to stress. However, only some members of the genus Photobacterium
are recognized as potential pathogens in multiple cultured fish species, and bacteria from
the genus Photobacterium in our study could not be reliably assigned at the species level.

We thus assume that the members of Photobacterium observed in the present study are
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either mutualistic candidates of the healthy carnivorous alimentary canal or that the
quantity of Photobacterium is in a dimension of low danger of infection since no further

indication of serious infection was observed.

As an exclusive representative of the phylum Fusobacteriota, we identified bacteria from
the genus Cetobacterium, which is a common microbe in the intestine of fish like common
carp [84], bass [85], and Nile tilapia [86] and was identified as a dominant representative
in carnivorous teleostei [53,85]. In rainbow trout, however, Cetobacterium prevalence
was reported frequently [39,41,63,64,67], but not to the extent seen in the present study.
Here, Cetobacterium abundance is high in trout line A and less abundant in trout line B.
An increase of Cetobacterium in fish fed a plant-based diet, independent of the applied
stressor, as opposed to fish fed the FM diet in trout line B was observed, whereas in trout
line A, a decrease associated with the plant-based diet was observed. Similar enrichment
of Cetobacterium was observed in the intestinal contents of young zebrafish fed a diet high
in soy protein concentrate [87]. In addition, Wang and colleagues postulate that
Cetobacterium presence seems to be associated with improved glucose utilization
mediated by acetate (and other short-chain fatty acids) accumulation. Another study,
investigating five different freshwater fish, identified the vancomycin-resistant bacteria
Cetobacterium someare as an indigenous colonizer of intestinal contents, which produces
vitamin B12 to a great extent [88] and represents a major source of vitamin B12 in fish
metabolism since it remains an essential metabolite. Notably, Cetobacterium is a viable
resource for beneficial metabolites such as butyrate, acetate, and propionate and
suppresses the colonization of potential pathogens. Moreover, it seems to be associated
with plant-based feeding, gut fermentation, vitamin B12 production, and the provision of
enzyme activity [39,84]. We identified Carnobacterium as the only representative of lactic
acid bacteria (LAB) in trout line A from treatment group 1-V. Bacteria from this genus are
common in the gut microbiota of fish, and because of their beneficial role, they engage in
gut health and protection against multiple fish pathogens in rainbow trout [89].
Additionally, they have been applied as probiotics in several aquaculture species
[69,90,91]. LAB are characteristic for carbohydrate fermentation and are favored when
feed stuff is rich in carbohydrates. However, soybean meal (5%) and wheat meal (11%)
constitute the only carbohydrate sources in the provided plant-based diet, which is also
supplemented in the FM diet (15%) and are most likely not considered the inducers of

bacteria from this genus in treatment group 1-V.
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This study explores the impact of a plant-based diet and simulated handling stress on the
gut mucus microbiota in rainbow trout. Despite no significant effects on fish performance,
the plant-based diet led to decreased microbial richness in the gut mucus. Stress did not
influence alpha diversity but mediated changes in the mucosal bacterial community
induced by the experimental diet. Notably, Mycoplasma dominated in the gut mucosa,
showcasing its commensal relationship and potential health benefits for rainbow trout.
Photobacterium, a Proteobacteria, decreased with the plant-based diet in trout genetic
line A, while Cetobacterium increased in trout genetic line B. These changes suggest a
reciprocal relationship between Firmicutes and Proteobacteria, potentially influencing
the immune response. The study highlights the complex interplay between diet, stress,
and mucosal microbiota and emphasizes the need for further research to unravel the
underlying mechanisms. Our findings provide valuable insights into optimizing

aquaculture practices by recognizing the nuanced relationships that shape fish gut health.
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Material & Methods

Ethics statement

All animal handling procedures were approved by the animal welfare officer of the
Fraunhofer Research Institution for Individualized and Cell-based Medical Engineering
(IMTE) (former: ‘Gesellschaft fiir Marine Aquakultur mbH’) and by the local authority of
Schleswig-Holstein (MELUND, V 241-36,754/2018), according to relevant institutional
and national guidelines for the care and use of laboratory animals (German animal welfare
law; TierSchG and Regulation for the Protection of Animals Used for Experimental and
Other Scientific Purposes; TierSchVersV as the national implementation of the Directive
2010/63/EU). The research also adhered to Aquaculture Research ethical guidelines and
was conducted in compliance with the ARRIVE guidelines [92].

Experimental animals and feeding trials

All experimental procedures involving rainbow trout were operated at the IMTE facility
in Biisum, Germany. The 59-day feeding trial was conducted in two identical recirculating
aquaculture systems (RAS), each equipped with 20 tanks & 150 L, stocked with female
rainbow trout from two different trout genetic lines (A and B). Trout genetic line A was
acquired from Forellenzucht Trostadt (Forellenzucht Trostadt GbR, Tautenhahn,
Germany), with its origin traced back to Troutlodge (Bonney Lake, USA). Trout genetic
line B was purchased from Themar Fischzuchtanlage GmbH (Themar, Germany), and its

origin can be traced to Frédéric Cachelou (Sarrance, France).

Twelve tanks of one RAS were stocked with 18 individuals from trout genetic line A (mean
individual weight: 124.7 g + 0.4), and twelve tanks of the second RAS were stocked with
16 individuals from breeding line B (mean individual weight: 147.2 g + 0.7) to maintain a
uniform stocking density of 15 kg/m?. Fish in both RAS experienced 15 h light exposition
per day and were subjected to consistent environmental conditions (mean #* sd): water
temperature (A: 15.17 °C £ 0.44, B: 15.42 °C + 0.38), dissolved oxygen concentration (A:
9.67 £ 0.69 mg 1-1, B: 9.47 + 0.49 mg 1-1), pH (A: 7.20 £0.40, B: 7.16 + 0.23), salinity (A:
4.62 ppt+0.63, B: 4.56 ppt+0.61), ammonium (A: 0.43 mg 1-1+0.14, B: 0.50mg 1-1
+0.22), and nitrite (A: 0.96 £ 0.34 mg 1-1, B: 1.07 + 0.35 mg 1-1).

Two experimental diets (F and V, feed formulation in Table 2-4), with equal nitrogen and

energy content, were formulated and administered twice daily by hand (1.5% of tank-
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based group weight per day). Briefly, the fishmeal-based diet F contained 35% fish meal
and the plant-based diet V contained 7% fish meal. In order to assess the impact of
handling stress, half of the fish were chased twice daily for 60 seconds using an aquarium
net 2 hours after feeding (1), while the other half remained unexposed to this stress factor
(0). Consequently, a total of eight experimental groups were established in triplicates (n
=3): A-0-V, A-1-V, A-0-F, A-1-F, B-0-V, B-1-V, B-0-F, B-1-F. A more detailed description of

the experimental design can be found in [33].
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Table 2-4 Experimental diets F (FM-based) and V (plant-based) used in this study. The
analytical components of the diet ingredients (% of original substance) have been provided
by SPAROS Lda, Olhdo, Portugal. Nutritional values and energy content was received at the

GMA, Biisum.

Ingredient F [%] V [%]
Fish meal LT70°2 35.00 7.00
Fish protein concentrate 2.50 2.50
Soy protein concentrate® 6.00 20.50
Wheat gluten 6.00 15.20
Corn gluten 5.00 5.00
Soybean meal 48°¢ 0.00 5.00
Wheat meal 15.00 11.40
Faba beans (low tannins) 6.00 6.00
Fish oil 13.92 14.64
Rapeseed oil 9.28 9.76
Vitamin & Mineral Premixtures INVIVO 1 % 1.00 1.00
Vitamin C¢ 0.05 0.05
Vitamin E® 0.05 0.05
Antioxidant 0.20 0.20
Monocalcium phosphate 0.00 1.00
L-lysine 0.00 0.10
L-tryptophan 0.00 0.10
DL-methionine 0.00 0.50
Total 100.00 100.00
Nutritional composition (as fed basis)

Water content 5.58 5.22
Ash content 7.74 4.85
Protein content 41.75 42.66
Fat content 26.50 26.48
Carbohydrate content 18.43 20.79
Gross Energy [MJ kg™'] 23.54 23.92

3Peruvian fishmeal LT: 670 g kg™ crude protein (CP), 90 g kg™* crude fat (CF), EXALMAR, Peru.
bSoycomil PC: 630 g kg-1 CP, <10 g kg-1 CF, ADM, The Netherlands.

‘Solvent extracted dehulled soybean meal: 480 g kg—-1 CP, 26 g kg-1 CF, SORGAL SA, Portugal.
dVitamin C: >35% sodium and calcium salts of ascorbyl-2-phosphate, BASF, Germany.

€Vitamin E: >50% DL-alpha-tocopheryl acetate, BASF, Germany.
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Sampling procedures

Upon completion of the 59-day trial, the total intestines of 21 fish from each of the 8
treatments (7 fish per aquarium) was withdrawn to obtain gut content and mucus tissue.
Therefore, fish were numbed by a blow to the head and subsequently euthanized by
slitting the gill vein. The sample acquisition was conducted under sterile conditions to
avoid contamination of the microbial communities by using sterilized scalpel blades and
forceps. After carefully squeezing out the gut content (stored separately) and removal of
remaining content material by rinsing the intestine with 10 ml sterile H20 (DECP treated;
Carl Roth, Cat. no. T143.1) using sterile syringes, the mucus tissue was collected by
carefully scraping the epithelial surfaces from the mucosal layer using a sterile plastic
spatula. All samples were transferred to sterile Eppendorf tubes, placed on dry ice

immediately and stored at -80°C until subsequent analysis.

Bacterial DNA purification

Bacterial DNA obtained from the mucus layer of the intestines of rainbow trout from each
treatment was purified using AllPrep® PowerFecal® DNA/RNA (Qiagen, USA, Cat. no.
80244) which enables simultaneous purification of microbial DNA and RNA from the
same sample. As input, roughly 200 pL. mucus was transferred into a microbial lysis tube
and consequently lysed with a Precellys® Evolution homogenizer (Bertin Corp., USA, Cat.
no. P000062-PEV0O0-A) for 45 s at 10.000 rpm. On a random basis, parallel to the
biological samples, negative samples containing only lysis buffer were used as extraction
controls. The rest of the purification steps were conducted according to the
manufacturer’s instructions except for another 1-minute incubation and elution step
using the eluate generated with a volume of 30 pL buffer to increase the DNA yield. Until

the samples were used for DNA sequencing, they were stored at -80 °C.

16S rRNA library preparation and sequencing

For sequencing, the variable regions V3-V4 from 16S rRNA genes were amplified using
the primer pair hV3F-hV4R [93] in a dual barcoding approach. For amplification reactions
and sequencing specifications, we refer to [33,94]. In addition to the biological samples,
negative sequencing controls, positive controls (mock community, ZymoBIOMICS
Microbial Standard), and extraction controls were sequenced on the Illumina MiSeq v3

2x300 bp (Illumina Inc., San Diego, CA, USA). Laboratory work, except for the DNA
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purification steps, was conducted at the Institute of Clinical Molecular Biology (IKMB, Kiel

University).

Bioinformatical processing

Following the demultiplexing procedure, read quality was examined using FastQC [95]
and MultiQC [96]. Processing of the sequencing reads was executed via the bioinformatics
platform Quantitative Insights Into Microbial Ecology 2 (Qiime2 2021.2.0 [97]). Read
trimming of leftover primers and spacers was performed with the giime cutadapt trim-
paired command [98]. Chimera filtering, quality sorting, and merging of paired-end reads
were conducted via the integrated DADA2 [99] pipeline with the command giime dadaZ2
denoise-paired, where the output is a feature-table with amplicon sequence variants
(ASV). Accordingly, ASVs with a frequency of <16 and an absolute abundance of <2 per
sample were filtered from the dataset. Taxonomic annotation was conducted by using a
naive Bayes classifier from the giime feature-classifier plugin, previously trained with the
SILVA database [100] (release 138). ASVs classified as Cyanobacteria or mitochondrial
DNA and ASVs with origins other than bacterial, were filtered out from further analysis.
The taxonomic classification threshold was set at the phylum level. To conduct
phylogenetic analysis of ASVs, a rooted tree was generated via the gqiime phylogeny align-
to-tree-mafft-fasttree command. The ASV abundance table, taxonomic information, and
the rooted tree, together with a mapping file, were incorporated into the phyloseq [101]
package in R.

We also used 16S rRNA amplicon data generated from the intestinal gut content [33],
together with data obtained in this study, to identify differences in the microbiota
between the two intestinal compartments (sample types). The data was evaluated only

according to the sample type, diet, stress, and trout line parameters were ignored.

Statistical evaluation and analysis

Alpha diversity, including the observed number of ASVs and Shannon diversity, was
calculated using phyloseq. To determine statistical differences in alpha diversity, a Linear
Mixed Effect (LME) model was defined [102,103]. The model included diet and stress and
their interaction terms (two-fold) as fixed factors, and tanks were incorporated as
random factors. The residuals were assumed to be approximately normally distributed
and heteroscedastic. Those conclusions were drawn based on graphical residual analysis.

Based on this model, a Pseudo R* [104] was calculated, and an analysis of variances
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(ANOVA) was conducted. Following the LME models, multiple contrasts were conducted

to compare factor levels [105].

A Welch two-sample t-test was used to compare means between the initial sampling of
fish and all treatments combined, disregarding diet and stress within the respective trout
line. Bacterial diversity between sample types of mucus and gut content was calculated as
above. The Shapiro test was used to assess a normal distribution and the F-test to check
for variance homogeneity. The non-parametric Wilcoxon rank sum test, used to compare
bacterial diversity between sample types, and VENN diagrams were implemented with

the phyloseq extension package MicEco [106].

Non-metric multidimensional scaling plots were plotted by using weighted and
unweighted UniFrac distances for diet and stress, respectively. To analyze data according
to sample type (mucus and gut content) we use a Bray-Curtis dissimilarity matrix. All data
used for Beta-Diversity analysis was Hellinger-transformed. Permutational analysis of
variances (PERMANOVA) and analysis of similarities (ANOSIM) using the package vegan
[107] were used to test for statistical differences between groups. Multivariate
homogeneity of groups dispersions (betadisper) was calculated using the same package.
Following, pairwise comparisons were performed with the R package RVAideMemoire
with no corrections for multiple testing, instead choosing only relevant groups, and p
values were later manually adjusted using method holm. Boxplots were prepared using

the ggplot package in R.

To determine which bacteria explain the differences in the experimental groups most
probably, we conducted a linear discriminant analysis of effect size (LEfSe) [108] with
diet as a group factor based on beta diversity results. The analysis utilizes a
nonparametric statistical test on individual taxa obtained from the given samples.
Resulting statistical differences, indicated by an alpha value < 0.05 and an LDA log score
of >3, were then displayed in a bar graph. The same analysis was used with sample type

as a group for mucus and gut content samples.
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Additional tables 2-T-1, 2-T-5, 2-T-6 and 2-T-7 can be found under
https://doi.org/10.1038/s41598-023-50071-x
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Figure 2-S-1 Relative abundance of commercial community standard with mean
observed (left bar) composition from sequencing and the expected composition from
theoretical information of zymo standard (ZymoBIOMICS Microbial Community Standard,
Cat. no. D6305, right bar).
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Figure 2-S-2 Microbial composition of the intestinal mucus on phylum level. The four
respective bars represent a diet-stress combination after the 59-day trial from both trout
genetic lines, and the frequency of bacteria is indicated as the mean relative abundance. The
data is based on the taxonomic rank phylum. Category ‘Other’ implies taxonomical clades
with an overall abundance of < 0.15 %. The order of the bars is arranged by abundance,
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except for the most abundant genus, which is placed at the bottom for legibility. Each
treatment incorporates individual fish data from the three (N=3) tanks. Unstressed group
(0), stressed group (1), fishmeal diet (F), plant-based diet (V).
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Figure 2-S-3 Beta diversity of initial sampling of trout genetic line A and B using
unweighted UniFrac distance with a significant p-value according to PERMANOVA.
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Figure 2-S-4 Microbial composition of the intestinal mucus of initial sampling on
genus level. The frequency of bacteria is indicated as the mean relative abundance.
Category ‘Other’ implies taxonomical clades with an overall abundance of < 0.15 %. The
order of the bars is arranged by abundance, except for the most abundant genus, which is
placed at the bottom for legibility.
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Figure 2-S-5 Alpha diversity parameters Observed ASVs and Shannon diversity of the
intestinal gut mucus and gut content indicating significant differences between both
environments confirmed by non-parametric Wilcoxon test.

Table 2-5-2 Read information gut mucus

treatment line diet stress N mean_reads sd mean_Obs_ASVs raw_reads filter_reads
A-O-F A F 0 16 18083 14070 13 508228 289338
A-0-V A V 0 16 21757 19108 10 720579 348117
A-1-F A F 1 21 28462 29163 16 917340 597772
A-1-V A \ 1 19 18235 13914 10 624899 346677
A-init A nA 0 19 10900 7801 18 285060 207290
B-0-F B F 0 18 24479 18850 12 726178 440645
B-0-V B Vv 0 18 20225 12759 10 489066 364061
B-1-F B F 1 20 22812 14383 13 684922 456255
B-1-V B Vv 1 19 27975 14879 10 746550 531546
B-init B nA 0 12 6517 5178 11 110763 78230
TOTAL nA nA nA 178 nA nA nA 5813585 3659931
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Table 2-5-3 Alpha diversity statistics gut mucus

ANOVA numDF denDF F-value p-value | numDF denDF F-value p-value
diet 1 8 91,053 0.0166 1 8 65,776 0.0334
stress 1 8 0.4701 0.5123 1 8 0.0709 0.7968
diet:stress 1 8 16,843 0.2305 1 8 0.3360 0.5781
diet stress ANOVA Estimate Std. Error tvalue Pr(>|t]) | Estimate Std.Error tvalue Pr(>|t])
F-V 0 2,348 1,919 1,224 0.4322 1,945 1,556 1,250 0.4185
F-V 1 5,819 1,862 3,124 0.0271 3,147 1,371 2,295 0.0951
F-V 4,084 1,337 3,054 0.0157 2,546 1,037 2,455 0.0396
stress diet Estimate Std. Error tvalue Pr(>|t]) | Estimate Std.Error tvalue Pr(>|t])
0-1 F -2,754 1,946 -1,415 0.339 | -114,565 180,271 -0.636 0.781
0-1 \Y 0.717 1,834 0.391 0.909 | 0.05661 102,554 0.055 0.998
0-1 -1,018 1,337 -0.762 0.468 | -0.5445 10,370 -0.525 0.614
Jinit/post_treatment A | B
Welch Two Sample t-test t p-value t p-value
samplingtime 25,503 0.01847 0.08817 0.931
O
unpaired T-test t p-value t p-value
init 0-F -23,149 0.0423 -0.099766 0.9221
init 0-v -37,776 0.0032 0.28314 0.7843
init 1-F -13,411 0.2107 0.32301 0.7517
init 1-v -32,364 0.0088 0.19234 0.8524
‘mucusffaeces L
Wilcoxon rank sum test p-value p-value
sampletype 1.0e-38 1.0e-38
SHANNON
A L
ANOVA numDF denDF F-value p-value | numDF denDF F-value p-value
diet 1 8 40,998 0.0775 1 8 0.3427 0.5744
stress 1 8 23,652 0.1626 1 8 0.4369 0.5272
diet:stress 1 8 27,556 0.1355 1 8 0.0085 0.9288
diet stress Estimate Std. Error tvalue Pr(>|t]) | Estimate Std. Error tvalue Pr(>|t])
F-V 0 0.02326 0.11837 0.197 0.9758 | 0.06798 0.16533 0.411 0.900
F-V 1 0.30868 0.12471 2,475 0.0724 | 0.08994 0.17114 0.526 0.843
F-V 0.16597 0.08597 1,931 0.0896 | 0.07896 0.11898 0.664 0.526
stress diet Estimat e Std.Erro rtvalu e Pr(>|t]) | Estimate Std. Error tvalue Pr(>|t])
0-1 F -0.24806 0.11049 -2,245 0.103 | -0.08986  0.17019 -0.528 0.841
0-1 \' 0.03735 0.13174 0.284 0.950 | -0.06790 0.16630 -0.408 0.901
0-1 -0.10536 0.08597 -1,225 0.255 | -0.07888  0.11898 -0.663 0.526
S -
Welch Two Sample t-test t p-value t p-value
init:post_treatments -0.16566 0.8699 -0.88041 0.3941
S
unpaired T-test t p-value t p-value
init 0-F 0.20168 0.8431 10,202 0.328
init 0-v -0.54502 0.596 0.99143 0.3424
init 1-F 0.94598 0.3625 0.34545 0.7348
init 1-v 0.32169 0.7524 10,486 0.3197
Wilcoxon rank sum test p-value p-value
sampletype 2.3e-21 2.3e-21

Table 2-S-4 Beta diversity statistics gut mucus. Homogeneity of multivariate dispersion.

A Average Pr(>F) Average Pr(>F)
OB oo D322 s
L 02476 gaool 004585
B Average Pr(>F) Average Pr(>F)
0 oz O8O gl 09299
U ozms 0% qap 02019
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Abstract

Expanding the analysis of the gut microbiome from microbial profiling towards a
functional understanding is indispensable for investigating its role in fish welfare, growth,
and health. This study presents the first non-targeted RNA sequencing strategy
(metatranscriptome), that aimed to reveal the microbial activities in the intestinal mucus
of farmed rainbow trout and how they are affected by a plant-based feeding and handling
stress. In doing so, 499 transcripts were identified as differentially expressed among a
plant-based diet (V) in comparison to a conventional fishmeal diet (F) and the simulation
of handling stress in rainbow trout gut microbiome. Pairwise comparison revealed
highest number of differentially expressed genes (DEGs) between fish fed diet F and V and
additional stress treatment. While most of the genes were associated with amino acid
metabolism and carbohydrate utilization none of the DEGs were sufficiently annotated to
reveal the impact of diet and stress on the metatranscriptome. However, among others,
we identified Prevotella, Faecalibacterium, Cetobacterium, Klebsiella and Photobacterium
as active members of the gut microbiome. Beside the dominance of bacteria in the

metatranscriptome we found minor functional activity of archaea and virus.

Introduction

It is now widely acknowledged that the gut microbiome holds pivotal significance in the
digestive systems of multicellular organisms, encompassing ruminants, swine, poultry [1]
and aquatic animals like salmon [2], carp [3], catfish [4], or rainbow trout [5-7]. 16S rRNA
gene sequencing has become the gold standard in microbiome research, also in
aquaculture [8], enabling characterization of the phylogeny of host-associated microbial
communities and their dependency on nutrition, alternative protein sources such as soy
bean or insects, probiotics, prebiotics, pathogens, stress, and host genetics. 16S rRNA gene
sequencing revealed, that the the core microbiota in the intestinal of rainbow trout
comprises of the three bacterial groups Firmicutes, Fusobacteriota and Proteobacteria
[7,9]. Nonetheless, assumptions based on compositional data like 16S amplicon surveys
remain speculative. In order to assess the potential of microbiomes in their entirety, a
deeper understanding of their function and influence on host physiology, for example in
nutrient metabolism, is necessary [10]. Therefore, we have to expand the view from which

microbes are present, towards analyzing microbial activities, characterized by the
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presence of their genes, transcripts, and enzymes [11], that contribute to the host-
microbe system. Particularly, some bacteria can take on the same role in an ecosystem,
and predictive approaches based on marker gene sequences are not able to provide

reliable information about the metabolic contribution of specific bacteria [12].

Beyond 16S rRNA gene sequencing, shotgun-metagenomic sequencing has contributed to
the understanding of the functional effects of probiotics in the salmonid microbiome [13-
17]. Follow up studies focused on the salmonid-associated bacterium Mycoplasma
[2,7,18] and investigated the evolutionary relationship between salmonids and their
functions within the intestine. In two of our recent publications [6,7], we could reveal a
strong association of Mycoplasma with the intestine of rainbow trout in general and its
association with a plant-based diet. Nevertheless, other representatives such as
Cetobacterium and Photobacterium have been identified as common mutualists in the
rainbow trout gut microbiota, and their functional contribution in the interplay of host
and microbe remains unidentified. In order to fully understand how the gut microbiome
functions and to distinguish between active and inactive members of the microbiome,
RNA sequencing approaches targeting the active, known, and unknown transcripts of the

microbiome are promising.

While transcriptome analysis has become a valuable tool to study gene expression in
hosts [19,20], metatranscriptome studies targeting the RNA molecules of microbiomes,
except for human studies, have been limited to a few studies in fish [21-24], marine
organisms [25-27], water-living microbes [28] and livestock animals. Major challenges in
such approaches are the reconstruction of the transcriptome using de-novo approaches,
which require careful evaluation of available assemblers and the selection of appropriate
metrics [29]. Additionally, missing reference genomes to map transcripts to functions and
taxonomy, especially with complex microbial communities, makes the annotation of RNA
sequencing reads difficult and biased towards overrepresented entries from model-
organisms [30]. According to the current state of the literature, this is the first approach
that aims to characterize the metatranscriptome by non-targeted RNA-sequencing of the
intestinal mucus of rainbow trout, with the main objectives: (i) evaluate if and how a
plant-based diet and potential handling stress induce changes in the expression of
microbial-derived genes; (ii) disentangle major microbial metabolic activities; and (iii)
how is the taxonomic composition of the microbiome based on RNA sequencing compared

to a 16S amplicon approach.
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Methods

Experiment description and sample collection

A detailed description of the fish haltering experiment can be found in chapter 2 [6] and

chapter 3 [7].
RNA extraction, bacterial mRNA enrichment and sequencing procedure

Following sampling procedure and storage specifications, total RNA from the intestinal
mucus of 32 rainbow trout from trout genetic line A was extracted using AllPrep®
PowerFecal® DNA/RNA (Qiagen, USA, Cat. no. 80244), allowing simultaneous processing
of DNA and RNA from the same biological sample. Extraction was conducted by following
the manufacturer’s protocol, except for an additional incubation and centrifugation step
to increase extraction yield. Extracted RNA was stored at =20 °C until library preparation.
Extraction and analysis of DNA were conducted for 16S rRNA amplicon sequencing to
evaluate microbial composition and were published elsewhere [7]. RNA quantity was
assessed by measuring the concentration using a Qubit™ Fluorometer (Thermo Fisher
Scientific, Cat. no. Q32850) with the Broad Range assay. To enrich for bacterial mRNA, the
NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs, USA, Cat. no.
#E7490) was adapted by proceeding with 5 pg of non-poly-adenylated (poly-(A)) RNA
located in the supernatant (step 16). The target fraction of putative non poly-(A) nucleic
acid products of ~100 pl was purified using RNAClean XP (Beckman Coulter, Cat. no.
A63987). RNA integrity and quality were estimated by high sensitivity RNA screen tape
analysis using a TapeStation (Agilent Technologies, USA). cDNA libraries were prepared
using [llumina Stranded Total RNA, including enzymatic depletion of abundant rRNA with
Ribo-Zero Plus. Subsequently, prepared libraries were pooled and loaded on three lanes
of a NovaSeq6000 S4 flow cell, with each sample being sequenced on three lanes to
achieve a pre-defined read depth of each sample. Library preparation and sequencing on
a NovaSeq6000 system were performed at the Institute of Clinical Molecular Biology

(IKMB) in Kiel to target for ~150 M paired-end reads 2x150bp reads per sample.
Bioinformatical processing of RNA-seq data

The bioinformatical processing is depicted in Figure 3-1 and is also available on GitHub
(https://github.com/biomarv/metatranscriptome-analysis). In total, 8.3 billion reads

(1,14 TB) were generated by RNA-sequencing. First, RNA sequencing reads were
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subjected to quality control using FastQC [31] and MultiQC [32] to estimate options for
subsequent quality filtering. Additionally, FastQC and MultiQC were applied during the
following preprocessing steps to evaluate quality after each processing step. The raw pair-
end reads were merged into a single continuous sequence using PEAR v.0.9.6 [33]. The
resulting merged sequences were further trimmed with Trimmomatic v.0.39 [34] with a
window size of 4 and an average quality of 15 (slidingwindow:4:15). In addition,
remaining adapter contaminants were removed and reads with a length of <50bp and
leading and trailing bases with a quality of <20 were excluded. In silico removal of residual
rRNAs from the dataset was utilized by applying SortMeRNA v.4.3.6. [35] with default
rRNA databases including 16S, 23S, 18S, 28S, 5.8S, and 5S. Quality-trimmed non-rRNA
reads were mapped to the latest assembly of the rainbow trout genome, USDA_OmykA_1.1
(GCF_013265735.2, NCBI), using the HISAT2 v.2.2.1 [36] alignment tool to exclude host
RNA from downstream analysis. Non-aligned reads were considered potential non-host

mRNA, while aligned reads were discarded.
De novo metatranscriptome assembly

Potential non-host mRNA, removed from technical sequencing residuals, rRNA, and reads
of rainbow trout origin, was utilized to reconstruct a de novo metatranscriptome of
rainbow trout gut mucosa using the Trinity [37,38] assembler with a minimum contig
length of 200, a k-mer length of 25, and a minimum k-mer coverage of 2. In silico
normalization to read coverage of 50 was done prior to assembly. Transcripts that were
assembled underwent clustering at a 95% identity threshold to eliminate redundancy
using CD-HIT v4.8.1 [39]. The quality of the assembly was assessed according to the
guidelines of the Trinity manual and by using the Transrate [40] software. Read
representation of the assembly was done by re-aligning transcripts to the transcriptome

assembly using the bowtie2 aligner.
Differential gene expression (DGE) analysis of isoforms

To estimate transcript abundance, RNA reads were mapped against the reconstructed
metatranscriptome by RSEM with BowtieZ integrated into the Trinity software. The
resulting isoform count matrix was subsequently transferred into R to perform
differential expression (DE) analysis using DESeq2 [41] using default parameters. The
count matrix was filtered for transcripts with at least 20 counts. For the DE analysis, a

multi-factor design matrix with contrasts considering diet and stress as factors was
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assigned (~ diet + stress + diet:stress). The interaction of diet and stress was also tested
by designing an interaction term. Differences among contrasts were considered
statistically significant when the adjusted p-value was <0.05 (p-values were corrected
using Benjamini-Hochberg procedure). Additionally, results were filtered by only
considering isoforms with a Log2FoldChange of >= 1 and a baseMean of >=20 for further
analysis. Variance stabilized transformed data was used to perform principal component
analysis (PCA) in DESeqZ2 to inspect the dataset for batch effects, visualize the relationship
between samples, and identify potential outliers. To evaluate statistical effects, a

PERMANOVA analysis was conducted with diet, stress, and interaction as factors.
Taxonomic and functional assignments of putative mRNAs

Taxonomy assignment of the trinity assembly was assessed by aligning reads against a
subset of the National Center for Biotechnology Information’s (NCBI) non-redundant
(NR) protein database, including bacteria, fungi, archaea, and virus using the BLASTX
algorithm in DIAMOND v2.1.6. with an e-value threshold of 10-5. To assign taxonomy to
the aligned sequences, the Lowest Common Ancestor (LCA) algorithm was implemented
with the MEtaGenome Analyzer (MEGAN, v6.0). Given the possibility of multiple
alignments, the LCA algorithm assigns each unigene to the lowest node in the NCBI
taxonomy, which includes the set of NR-aligned sequences, whenever feasible. Functional
annotation was further performed by categorizing proteins into Cluster of Orthologous

Groups (COGs) [42] and SEED [43] were assigned within the MEGAN software.

As an alternative annotation method, we used the Trinotate pipeline [44], which was
initially invented to annotate de-novo assembled transcriptomes. We also predicted likely
protein-coding regions and converted RNA transcripts into proteins using TransDecoder.
In Trinotate, transcripts are mapped against the Swissprot database using Blastx and

Blastp to infer homologies. Protein domains are identified using Pfam.

In addition, we used the metagenome of Mycoplasma related to rainbow trout intestine
(Oncorhynchus mykiss, Candidatus M. salmoninae mykiss (MSM)) from the study [13] to
annotate potential mRNAs using the Hisat2 aligner, as we assume a strong presence of the

genus Mycoplasma based on the findings from the study and other literature.
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Results and Discussion

The microbial composition of rainbow trout is well characterized by sequencing
approaches based on amplicon sequencing targeting the 16S rRNA gene [7,45-47].
However, phylogenetic data do not adequately describe the intestinal microbiome and do
not provide information on the functional role of the microbiome in a given environment,
such as the gut of rainbow trout. With the present study, we aim to fill this research gap
and report the first gut mucus metatranscriptome of rainbow trout by characterizing the
metabolic activities and taxonomic composition based on untargeted RNA sequencing and

showing how they are modulated under different dietary and stress regimes.

There is a lack of consistency in the processing of metatranscriptomic data in general, and
a challenge of untargeted RNA sequencing is to construct and evaluate an analysis pipeline
that sufficiently preserves the metatranscriptome of rainbow trout gut mucus. While
several automated workflows for metatranscriptome analysis are available [30], many
studies use custom pipelines to adapt the most effective workflow for the individual
dataset, integrating multiple bioinformatic tools with individual settings and processing
of the reads. Therefore, we took great efforts to evaluate the existing literature to find the
most effective pipeline to analyze this dataset (Figure 3-1). The intestinal mucus
microbiota was targeted for RNA sequencing because it represents the indigenous
population of bacteria modulated by evolutionary processes, and thus a beneficial
metabolic contribution of such communities is expected. In addition, we intended to
investigate whether a plant-based diet (73% plant protein), which is a common procedure
in many aquaculture species, is still advisable when the fish are exposed to stress by
evaluating the microbial activities in the intestinal mucus. Due to cross-communication
between the host immune system and autochthonous bacteria, a stress effect may be

more readily recognized here than in the transient community of the gut.

RNA quality assessment was evaluated by considering the RNA Integrity Number (RIN).
The RNA population is comprised of a high abundance of eukaryote RNA based on 18S
and 28S RNA, which is due to the presence of high host RNA. While those values were
expected, we additionally observed that the 28S peak showed some degree of
degradation, which is also reflected by the low RIN values, which averaged <8. As a

consequence, the minor share of microbial RNA is expected to undergo the same degree
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of degradation, which is known to negatively affect read mapping and transcriptome

assembly.

Bioinformatics analysis pipeline for metatranscriptome
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Figure 3-1 Metatranscriptome analysis pipeline of the intestinal mucus of rainbow trout. The workflow
consisted of a laboratory part, preprocessing from raw sequencing reads to assembly and annotation of putative
non-eukaryotic mRNA. Differential gene expression was conducted using DESeq?.

Raw Read Processing

RNA sequencing resulted in 8.3 B reads (8,310,388,835) obtained from 32 intestinal
mucus samples from rainbow trout (Appendix Table 3-S-1). Following preprocessing of
reads, including merging, trimming, and RNA classification, 351,641,267 putative mRNA
reads from the intestinal mucus metatranscriptome, which corresponds to ~5% putative

mRNA (Figure 3-2) in each sample, remained.

We filtered 41.8% (mean) of the raw reads because of their rRNA origin. rRNAs tend to
make up a significant portion (up to 90%) of RNA [48,49] because they form the structural
and catalytic core of ribosomes from hosts and symbionts, and rRNA is thus transcribed
at high levels. rRNA depletion is a common strategy in library preparation, and depletion
efficiency can result in up to 99% rejection [23,50,51]. Our results show that microbial

communities in the intestines of rainbow trout have 41.8% of rRNA leftovers. It can only
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be speculated why the amount of rRNA was not sufficiently removed by the ribo-depletion
step. Alternative rRNA intermediates during processing, rRNA fragmentation, variability
in rRNA sequences, and/or technical variability during library preparation are possible
scenarios that slipped through the ribo-depletion process. However, this is why we
included an additional in silico depletion step. We also considered library preparation
without ribo-depletion and later in silico classification of rRNA species, which allows
additional phylogenetic classification of rRNAs [52] which has the additional benefit that
the data can then be used to compare and assign taxonomy to rRNA. However, considering
the high proportion of rRNAs, limited read depth would have overrepresented rRNA

species.

Additionally, we observed that 53.3% (mean, Figure 3-2) of host mRNA remained in the
library after host mRNA removal (non-eukaryotic mRNA enrichment). We adapted an
isolation module, similar to the approach in [51] invented to enrich poly-adenylated
mRNA from humans, mice, and rats, which is absent in non-eukaryotic mRNA. In contrast
to those model organisms, no commercially available protocols to extract bacterial mRNA
from fish intestines are available at the moment. Such adaptation of mRNA enrichment
kits has been found to be successful [51], although the chemical composition varies. The
fragmentation of RNA reads evaluated by RIN values might have negatively impacted the

prokaryotic mRNA enrichment.
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Figure 3-2 Pre-processing evaluation. Compositional barplot (left) showing RNA species
composition of RNA sequencing library with ~5% putative non-eukaryotic mRNAs. Read
counts (y-axis) remaining after pre-processing steps (x-axis) illustrated as dot plot (right).
For downstream analysis, ~300 M reads are left after adaptor- and low-quality trimming,
rRNA, and host mRNA depletion.

Metatranscriptome Assembly

Given that most microbiomes, are not well represented in public databases, the microbial
transcriptome has to be reconstructed using a de-novo assembly approach. Read
assembly approaches can significantly improve annotation outcomes. Careful evaluation
of the assembly processes is essential, and only a few de-novo assemblers are available
and applicable to metatranscriptomes [29,53]. The reconstructed metatranscriptome
based on putative non-eukaryotic mRNAs using the trinity de-novo assembler resulted in

919,089 genes, which are represented by 1,052,514 transcripts (contigs) after de-
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duplication. A summary of the assembly metrics is demonstrated in Table 3-1, and the
results from the assembly examination using Transrate are shown in Appendix Table 3-
S-2.Isoforms have an average contig length of 319 nt and an N50 value of 434. Considering
the diversity of the intestinal mucus microbiota of rainbow trout, which is comparatively
low [7], a high N50 value was expected. The rumen metatranscriptome, assembled with a
N50 value of 197 bp, represented a community with high diversity [54] and the coral
metatranscriptome achieved a N50 value of 1556 bp [26] indicating a rather low diversity.
Both values show the connection between the N50 value and the diversity, which is why
an N50 value of 434 is acceptable for the rainbow trout metatranscriptome. The largest
contig was found to be 21,808 bp. To estimate the quality of the assembly, we assessed
the RNA-seq read representation in the metatranscriptome to evaluate if reads were
properly paired. The alignment resulted in 74.87% of RNA-seq reads mapped back to the
trinity assembly, which is in line with the expected read representation. We further
counted full-length trinity transcripts in the assembly and determined that 1431 proteins
have >80% alignment coverage and are represented by nearly full-length transcripts

(Appendix Table 3-S-3).

Table 3-1 Descriptive parameters of the de-novo-assembled metatranscriptome from
rainbow trout gut mucus.

Trinity Assembly (isoforms) 1,052,514
Median Contig Length 319
Average Contig 416.3

Assembly length (bp) 438,161,953
Contig N50 434

ORFs 297,451

complete ORFs 62,644

Internal ORFs 106,586

5' Partial ORFs 87,426

3' Partial ORFs 40,795

Trinity Read Representation 74.87
%GC 45.65

DIAMOND NR annotated 68,265
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Annotation of the rainbow trout intestinal mucus metatranscriptome

The classification of the trinity assembly from rainbow trout intestinal mucus was limited
to bacteria, archaea, virus, and fungi sequences from the NR protein database at NCBL
Considering that sequence homology results from the evolutionary history of sequences
and proteins, similar sequences indicate similar functional properties. This similarity
search resulted in 68,265 annotated unigenes (7.45% identification rate, Table 3-1), from
which 14,072 transcripts were successfully assigned to known proteins, indicating a high
proportion of uncharacterized and hypothetical proteins in the dataset. Transrate ORF
prediction was similar, with 79,590 coding sequences, while Transdecoder identified
164,949 likely coding regions. Annotation of microbial communities in the gut of gilthead
sea bream resulted in 10% matches in NCBI's NR database of the total assembled RNA
transcripts [22]. Another study comparing five different metatranscriptome datasets
using the same pipeline resulted in the annotation of up to 72% in a kimchi population,
which inhabits few taxonomical groups, resulting in a good annotation, and as little as
16% in a rumen metatranscriptome [55]. In the present dataset of rainbow trout
metatranscriptome, we expected a higher annotation rate due to the predicted ORFs using
TransDecoder, which resulted in 164,949 putative protein coding sequences. It can
therefore be assumed that the non-annotated proportion of protein-coding sequences is
due to missing matches with sequences coding for proteins from NCBI's NR database.
Further, it can be assumed that most of the functions are expressed by undetected genes
that have not been reported so far in public databases. However, sequencing a large
diversity of transcripts from a wide array of organisms remains challenging in the field of
metatranscriptomics. To sufficiently annotate transcripts from rainbow trout, a reference
metagenome, ideally from the same species or population, would significantly improve
annotation, as in, for example, the human gut microbial gene catalogue [56]. However,
Leodn et al. recently published a preprint Salmon Microbial Genome Atlas (SMGA) [57],
which supposedly would result in a more successful functional annotation of the rainbow
trout metatranscriptome. The authors of the study paved the way for functional
annotation by allocating a genome atlas for metatranscriptome studies in salmonids and
annotating RNA sequences from the microbiome of Atlantic salmon, which resulted in an
identification rate of ~16%. Compared to the present study, the SMGA enabled a much

higher annotation rate of metatranscriptomic data. Unfortunately, the SMGA was not
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available at the time of writing this manuscript, but a follow-up investigation of this data

is highly advised and planned.
Taxonomy of the rainbow trout intestinal mucus metatranscriptome

Based on the mapping of putative non-eukaryotic mRNA to known proteins, we
additionally evaluated the taxonomic assignments of microbial mRNAs. The considerable
majority of coding protein sequences were classified as bacteria (94.69%), with less
assignment to viruses (2.22%), eukaryotes (1.04%), and archaea (0.06%) (Appendix
Table 3-S-4). The Heunggongvirae make up the largest part of the virus group, whereas
Pararnavirae and Bacteriophage sp. are only found in low abundance. Based on the
available data, it can be assumed that viruses are only slightly represented in the mRNA
population. Results of the metatranscriptome of gilthead sea bream [22] show that
51.43% of the microbial community was assigned to fungi. However, due to the bacterial
mRNA enrichment approach, where fungal mRNA was depleted, we are not able to make
assumptions about fungal activity or presence in this study but it is known from other

studies, that yeast is a common

25% 50% 75% 100%

Actinobacteria Candidatus Saccharibacteria [ Firmicutes N Proteobacteria | Verrucomicrobia
Phylum [l Bacteroidetes . Cyanobacteria Fusobacteria Spirochaetes
Candidatus Melainabacteria ' Eurvarchaeota B Planctomycetes I© Tenericutes

Figure 3-3 Phylogenetic composition of mRNA transcript collection (assembly) from
rainbow trout gut mucus mapped to known bacterial genes from NCBI’s NR database.

inhabitant of fish microbiomes [18,58]. We identified a very low proportion of archaeal
mRNAs, namely reads assigned to Methanobrevibacter and Methanosphaera. Our results
were very similar to those found in common grass carp (0.05%) [23] and gilthead sea
bream (1.65%) [22]. Regarding bacteria, on phylum level, the majority of mRNAs
belonged to Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, and
Fusobacteriota (Figure 3-3). Compared to the taxonomic classification based on 16S rRNA
gene data from gut mucus (Chapter 2, Figure 2-3), we found a greater relative abundance
of bacteria belonging to Actinobacteria and Bacteroidetes in the RNA dataset. Similar to

the 16S dataset, Firmicutes represents the most abundant phylum, and Proteobacteria
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was found to be more represented in the metatranscriptome than in the 16S dataset. The
most abundant bacterial mRNA sequences belonged to Prevotella (23.6%),
Faecalibacterium (14.4%), Cetobacterium (12.5%), Klebsiella (8%), Photobacterium (6%),
and Cutibacterium (4%) (Figure 3-4).

To our knowledge, there is only one study [59] that identified members of Prevotellaceae
as part of the rainbow trout gut microbiota at all based on 16S rRNA gene sequencing.
Members of this family, especially those from the genus Prevotella, are associated with the
fermentation of plant materials in ruminants, swine, and poultry and are thus associated
with an herbivorous and omnivorous diet. Additionally, Prevotella is found in high
abundance in the human gastrointestinal tract and in addition, a human contamination
cannot be excluded. We explain the perceived presence of Prevotella in the
metatranscriptome of the gastrointestinal tract of rainbow trout and its absence in 16S
amplicon surveys by misaligning sequences to representatives’ proteins in the database.
It is likely that the true bacterium that expresses the transcript assigned to Prevotella is
not in the dataset or that the sequences are more similar to those of Prevotella. However,
it can be assumed that the putative mRNAs might play a role in the fermentation of
carbohydrates based on homologies, while only the taxonomic assignment was
misleading. Unfortunately, from the 112 differentially expressed transcripts between
diets F and V in the unstressed group and the 125 in the stressed group (Table 3-2), which
will be discussed in detail later in this section, no annotation results are available. Thus, a
diet or stress effect on the presence of Prevotellaceae or carbohydrate-related metabolic
pathways remains speculative, although the formulated diets have a very low content of

carbohydrates since they resemble only a small dietary fraction of salmonids.

A prominent phylotype of the phylum Firmicutes has been reported to colonize the
gastrointestinal tract of several salmonid species [60-62] including rainbow trout
[7,18,63-65] belonging to the genus Mycoplasma. Based on our RNA-seq survey, only 10
sequences resulted in an alignment with a classification of Mycoplasma using the NR
database from NCBI. As a consequence, we obtained metagenomic data targeting
Mycoplasma species from the intestinal microbiome of rainbow trout [13] to verify the
low presence of Mycoplasma. Surprisingly, we could only assign 161 contigs successfully
to 58 contigs of the metagenome of Mycoplasma (Appendix Table 3-S-5), indicating a low
abundance of Mycoplasma related transcripts in the intestinal mucus of rainbow trout. Of

these assignments, the majority were classified as ribosomal origin, and no functional
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proteins that could inform about the activity of Mycoplasma. Either the assessment of
Mycoplasma transcripts is methodically insufficient by our analysis pipeline or
Mycoplasma is functionally inactive in our experiment and is only a present inhabitant of
the intestine of rainbow trout. However, this assumption remains incomplete since being
present as a microbe requires metabolism, reproduction, and other processes to stay
alive, and thus genes related to such processes should be present. One reason for the low
number of matches might be that the NR database is largely composed of human or mouse
redundant proteins, and reads from salmonid Mycoplasma are not well represented in the
database. Previous studies reported a positive effect of Mycoplasma species on salmonid
host metabolism induced by the synthesis of terpenoids [14,66] and a potential role in

ammonia utilization in the gut, which seems to be an advantage for the host since

0% 25% 50% 5% 100%
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Figure 3-4 Community composition of the trinity assembly annotated with the NR database on genus level.

excessive feeding in aquaculture raises nitrogen accumulation. However, of the only 12
transcripts that were identified as of Mycoplasmatales origin, no functional information
is present in the NR database. The minor representation of Mycoplasma transcripts in the
metatranscriptome library was, thus, unexpected but might be the result of the relatively
small genome (<1000 protein-encoding genes). Mycoplasma proteins are very well

represented in NCBI's NR database, that underrepresentation can be excluded.
Functional results and discussion COG Results and Discussion

Figure 3-5 visualizes COG functional categories based on the best BLAST matches to COG
database, including metabolism, information storage and processing, cellular processes,
and signaling, as a generic summary of the bacterial activity in the gut of rainbow trout
regardless of the treatment groups. Functional annotation revealed that the majority of
assembled contigs are referred to Amino acid transport and metabolism (11.5%),
Carbohydrate transport and metabolism (11.1%), Translation, ribosomal structure, and

metabolism (9.57%), Replication, recombination, and repair (9.51%) and Energy
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production and conversion (8.58%). The predominant activity of amino acid metabolism
in rainbow trout intestinal was previously observed by functional prediction on 16S
marker gene analysis results [65]. Such high amino acid metabolism reflects the protein-
rich nutrition of carnivorous rainbow trout and is thus high compared to the functional
categories active in humans, carp, and termite gut [23,49,51]. It was suspected that the
dietary protein that was fed (plant-based or fishmeal) did not induce any specific enzymes
or pathways in the bacterial metabolism. However, we additionally checked for
carbohydrate metabolism due to the additional soybean meal in diet V, which included
3.8% more cellulose than the diet F, which eventually induced the expression of
carbohydrate-active genes. By predicting functional profiles, similar functional categories
were assigned to the mucus microbiota of rainbow trout, parallel to the general high

abundance of lactate acid bacteria, indicating high amino acid metabolism [67].
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[G] Carbohydrate transport and metabolism L ]
[J] Translation, ribosomal structure and biogenesis -
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[O] Posttranslational modification, protein turnover, chaperones - [ ]
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Figure 3-5 Results of COG functional categories for the reads from the trinity assembly
shown as total abundances on the x-axis.
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Based on previous assumptions, that Mycoplasma might be beneficial in ammonia
utilization, we specifically targeted for nitrogen utilization in the metatranscriptome by
using the SEED classification and did observe the expression of arginine biosynthesis in
most of the samples (Appendix Figure 3-S-3), glutamine synthesis, and polyamine
metabolism. However, no expression pattern due to the dietary treatments was observed
in the samples, and DESeq2 analysis (see next paragraph) did not reveal any differences
regarding ammonia utilization that resulted in an annotation. Nevertheless, the increased
presence of metabolisms such as arginine synthesis, polyamine synthesis, glutamine
synthesis together with an indication of putrescine utilization (Appendix Table 3-S-3)
indicates not only protein biosynthesis but also increased ammonia utilization. The
observation of putrescine and urea utilization in the metatranscriptome may be an
indication of increased activity of ammonia fixation via the urea cycle by bacteria and thus
confirms the assumption based on the Mycoplasma presence, although the observed

genes are not directly related to Mycoplasma species.

Another common inhabitant of freshwater fish, Cetobacterium, which is known for the
production of short-chain fatty acids and vitamin B12 (cobalamin) among others [68], has
been previously observed in the gut of rainbow trout [7,69]. We specifically investigated
the metatranscriptome for genes related to the production of vitamin B12 and found 202
genes involved in cobalamin synthesis but could not connect those genes taxonomically
to Cetobacterium. However, genes that were taxonomically assigned to Cetobacterium
(Appendix Table 3-S-6) involved those related to physiological processes. We further
wanted to reveal if genes are present that are expressed by Photobacterium. Little is
known about the potential activity of Photobacterium in the intestinal tract of fish except
that a previous study revealed the expression of CAZymes that are involved in the
depolymerization of hemicellulose, chitin, and glycosaminoglycans [57]. However, of the
68 transcripts annotated as Photobacterium, only three provided functional information,
including a serine protease, an RNA polymerase-binding transcription and protein-

tyrosine phosphatase.
Stress and dietary effects on gene expression

The DGE analysis tool DESeq2 was used to evaluate changes in the relative expression of
microbial transcripts in the intestinal mucus of rainbow trout induced by the plant-based
diet or handling stress. The analysis is based on the unannotated isoforms resulting from

the de-novo trinity assembly. After preparing and running the DGE analysis, we identified
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genes with abnormal expression from the model with reduced dispersion from mean
expression values. This is because at low expression levels, stochastic variation, such as
sampling noise or technical variability, can have a greater impact on the observed counts.
Otherwise, these genes may be potential outliers or are unlikely to have unique biological

characteristics, such as being highly specialized or regulated under specific conditions.

In total, 499 isoforms (Benjamini-Hochberg padj<0.05, Table 3-2, Appendix Figures 3-S-1
and 3-S-2) were identified as differential across all treatment comparisons, including the
interaction effect of diet and stress. Of these, the highest number of DEGs was found in the
A-1-F vs. A-1-V comparison, where 63 and 62 transcripts were up- and 62 down-
regulated, respectively, in diet V under stress. Collective transcriptomic changes in fish
fed diet V with stress treatment compared to no stress showed a low number of DEGs,

where 47 transcripts are upregulated and 23 are down-regulated.

Evaluation of the within-group variability of transcriptomic changes according to stress
and diet treatments using PCA (Figure 3-6A) revealed that there is strong variability
between samples in the same treatment and no consistent clustering of transcripts
according to diet and/or stress. A PERMANOVA was performed based on the vst data,
which showed no significant differences between treatments. However, on axis PC2, the
samples are sectioned by an unknown variable and explain only 10% of the variance. The
cause of the clustering could not be determined. We further visualized treatments A-0-F
and A-1-V to assess the interaction between diet and stress (Figure 3-6B). Here, a slight
clustering according to the treatments was observed, but not statistically confirmed by
PERMANOVA. However, we additionally looked at the differentially expressed genes the
were common to both diet and stress treatments which resulted in only a small fraction
of commonly expressed transcripts (Figure 3-6C) although they did not show a clear

treatment assignment.
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Table 3-2 Number of up and down-regulated transcripts in the intestinal mucus of
rainbow trout between diet and stress groups. Pairwise comparisons of significant
(padjs0.05) DE transcripts between A-0-F and A-0-V, A-1-F and A-1-V, A-0-F and A-1-F and
A-0-V and A-1-V. Unstressed group (0), stressed group (1), fishmeal diet (F), plant-based diet

().

Comparison Upregulated Downregulated Total
A-0-F vs A-0-V 41 71 112
A-1-F vs A-1-V 63 62 125
A-0-F vs A-1-F 58 45 103
A-0-V vs A-1-V 47 23 70
stress*diet interaction 47 42 89
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Figure 3-6 Rainbow trout metatranscriptome gene expression profiles represented by
principal component analysis of variance stabilized data (A). Interaction of diet and stress
was evaluated by a separate PCA analysis with treatment A-0-F and A-1-F (B). Biological
replicates are colored by treatments. A VENN diagram (C) showing coinciding expression of
transcript between the four treatments. Unstressed group (0), stressed group (1), fishmeal
diet (F), plant-based diet (V).
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Conclusion

Our metatranscriptomic analysis contributes to the comprehension of the function of the
intestinal mucus-associated microbiota of rainbow trout and how it is modulated by
feeding regimes and stress situations. We found evidence for the metabolic activity of
non-eukaryotic organisms, including bacteria and, to a lesser extent, viruses, and archaea,
characterized by the expression of several genes associated with amino acid metabolism.
Similar to the results from 16S rRNA analysis, a plant-based diet and handling stress
significantly modulated the expression patterns of those genes. However, we did not
sufficiently annotate the DEGs and could therefore not identify the function or metabolic
pathway responding to the treatments. Although we could not directly disentangle the
involvement of Mycoplasma, Cetobacterium, and Photobacterium, we found evidence for
elevated ammonia utilization and vitamin B12 metabolism in the gut mucus of rainbow
trout. In order to obtain a deeper understanding of those genes and how they are involved
in the response to plant proteins and stress, functional gene information is necessary to

further investigate the role of the microbiome in the intestinal mucus of rainbow trout.
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Figure 3-S-1 Results of differentially expressed transcripts associated with diet in
intestinal mucus of rainbow trout. Volcano plots of significant DE transcripts between A-
0-F and A-0-V (A), A-1-F and A-1-V (B). Unstressed group (0), stressed group (1), fishmeal
diet (F), plant-based diet (V).
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Figure 3-S-2 Results of differentially expressed transcripts associated with diet in
intestinal mucus of rainbow trout. Volcano plots of significant DE transcripts between
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Figure 3-S-3 Heatmap of a subset of transcripts referred to nitrogen utilization. On
the x axis are the samples and on the y axis the ascribed functional categories. For treatment
ascription are color code is presented on the top of the heatmap were diet and stress are

used as indicators. Unstressed group (0), stressed group (1), fishmeal diet (F), plant-based
diet (V).
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Table 3-5-1 Overview of RNA preprocessing, quality, and RNA sorting of 32 gut mucus samples from rainbow trout genetic line A. Treatment
code: Unstressed group (0), stressed group (1), fishmeal diet (F), plant-based diet (V). The blue row summarizes the total read count after the
respective processing step including the total read count of putative mRNAs used for the de-novo assembler.

PRE-PROCESSING QUALITY & ADAPTORS RNA SORTING
RAW MERGING TRIMMOMATIC SORTMERNA RIBODETECTOR
putative
® g mRNAs (non-
-g gv median non rRNA host mRNA, %
® @ read total PE assembled Adaptor & non rRNA | (Ribodetector Hisat2 | % putative Host
S |3 length reads” reads (SE) trimmed reads | low quality | (sortmerna out) out) rRNAs | % rRNA | alignment out) mRNA | host reads RNA
65 | A-0-V 142 bp 337,749,934 319,679,012 319,060,108 618,904 154,543,909 153,239,567 163,211,857 51.05 11,664,068 3.65| 141,575,499 | 44.29
66 | A-O-F 142 bp 252,066,302 234,951,278 234,395,340 555,938 124,966,031 123,971,695 108,434,973 46.15 9,569,721 4.07 | 114,401,974 | 48.69
67 |A-1-V | 142 bp 250,886,045 | 233,634,127 233,106,315 527,812 121,486,302 | 120,503,308 | 110,637,019 | 47.35 10,025,444 4.29 | 110,477,864 | 47.29
68 | A-1-F 142 bp 223,264,365 | 209,408,270 208,929,021 479,249 130,753,448 | 129,773,109 77,195,234 | 36.86 10,828,490 5.17 | 118,944,619 | 56.80
69 [ A-0-V | 152 bp 153,028,586 | 140,942,789 140,581,388 361,401 70,979,364 70,415,028 69,037,688 | 48.98 5,752,447 4.08 | 64,662,581 | 45.88
70 | A-O-F 157 bp 173,737,949 154,370,486 153,910,470 460,016 105,515,554 104,827,982 47,707,344 30.90 8,292,562 5.37 | 96,535,420 | 62.53
71| A-1-V 152 bp 209,412,448 190,778,781 190,275,215 503,566 123,726,192 122,751,974 65,574,805 34.37 10,780,932 5.65| 111,971,042 | 58.69
72 | A-1-F 147 bp 292,333,527 | 269,242,700 268,552,470 690,230 162,665,335 | 161,422,292 | 104,644,092 | 38.87 12,937,017 4.80 | 148,485,275 | 55.15
73 | A-0-V | 157 bp 194,395,206 | 173,932,783 173,411,803 520,980 106,574,847 | 105,815,619 66,077,728 | 37.99 9,029,532 5.19 | 96,786,087 | 55.65
74 | A-O-F 162 bp 177,419,693 | 154,139,402 153,641,546 497,856 111,684,850 | 110,815,128 41,086,974 | 26.66 10,054,546 6.52 | 100,760,582 | 65.37
75 | A-1-V 152 bp 279,606,751 251,329,551 250,649,727 679,824 159,304,630 158,251,655 90,292,122 35.93 11,330,348 4.51 | 146,921,307 | 58.46
76 | A-1-F 152 bp 259,422,399 236,906,940 236,344,265 562,675 143,232,983 142,125,978 92,004,277 38.84 11,358,075 4.79 | 130,767,903 | 55.20
77 | A-0-V 152 bp 295,591,174 270,175,116 269,457,709 717,407 152,824,072 151,524,813 115,334,378 42.69 13,447,060 4.98 | 138,077,753 | 51.11
78 | A-0-F 142 bp 266,127,343 | 244,431,693 243,852,516 579,177 150,409,350 | 149,151,908 92,185,724 | 37.71 13,046,289 5.34 | 136,105,619 | 55.68
79 | A-1-V 147 bp 410,552,613 377,371,840 376,428,533 943,307 229,552,993 | 227,952,434 145,274,981 38.50 17,612,493 4.67 | 210,339,941 | 55.74
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80 |A-1-F  |147bp | 367,805,837 | 334,378,403 333,552,707 | 825,696 226,538,983 | 224,722,046 | 105,196,787 | 31.46 20,116,977 6.02 | 204,605,069 | 61.19
81| A0V |147bp | 217,221,057 | 194,959,956 194,480,629 | 479,327 112,992,719 | 112,128,638 | 80,623,829 | 41.35 8,240,493 4.23 | 103,888,145 | 53.29
82|A-0-F |137bp | 213,102,653 | 197,814,605 197,414,809 | 399,796 117,557,322 | 116,519,979 | 78,820,144 | 39.85 10,151,551 5.13 | 106,368,428 | 53.77
83| A1V |157bp | 339,833,129 | 299,135,364 298,215,429 | 919,935 192,368,839 | 190,831,041 | 104,308,792 | 34.87 16,522,080 5.52 | 174,308,961 | 58.27
84 |A-1F  |152bp | 126,404,087 | 113,770,247 113,442,088 | 328,159 70,325,205 | 69,831,422 | 42,623,100 | 37.46 5,294,653 4.65| 64,536,769 | 56.73
85|A-0-V |147bp | 238,862,044 | 215,742,325 215,228,430 | 513,895 113,440,582 | 112,533,273 | 100,880,539 | 46.76 9,461,100 4.39 | 103,072,173 | 47.78
86 |A-0-F |142bp | 270,901,820 | 246,115,176 245,484,718 | 630,458 163,161,950 | 161,953,698 | 81,114,516 | 32.96 13,716,740 5.57 | 148,236,958 | 60.23
87 |A1V  |152bp | 247,422,740 | 222,969,338 222,340,454 | 628,884 146,430,893 | 145,354,831 | 74,833,499 | 33.56 12,702,625 5.70 | 132,652,206 | 59.49
88 |A-1-F |142bp | 306,552,241 | 283,266,977 282,647,884 | 619,093 129,962,335 | 128,945,739 | 151,668,953 | 53.54 9,335,103 3.30 [ 119,610,636 | 42.23
89| A0V |152bp | 232,614,474 | 212,906,315 212,350,101 | 556,214 99,041,662 | 97,982,927 | 112,249,704 | 52.72 9,470,834 4.45| 88,512,093 | 41.57
90 |A-0-F |137bp | 285,532,772 | 263,175,082 262,664,580 | 510,502 156,317,540 | 155,024,424 | 105,053,924 | 39.92 12,370,944 4.70 | 142,653,480 | 54.20
91|A-1-V_ |147bp | 282,005,602 | 261,112,574 260,512,048 | 600,526 140,349,564 | 139,371,188 | 119,184,108 | 45.64 9,195,152 3.52 | 130,176,036 | 49.85
92 |A-1-F |132bp | 314,236,558 | 293,138,683 292,594,200 | 544,483 151,821,742 | 150,497,045 | 139,447,761 | 47.57 10,466,561 3.57 | 140,030,484 | 47.77
93 |A-0-V_|142bp | 265,763,746 | 250,949,320 250,453,736 | 495,584 111,034,586 | 110,118,965 | 138,503,529 | 55.19 8,433,817 3.36 | 101,685,148 | 40.52
94 |A0-F  |142bp | 281,381,597 | 262,659,328 262,081,517 | 577,811 146,802,287 | 145,787,732 | 114,264,675 | 43.50 9,769,579 3.72 | 136,018,153 | 51.79
95|A-1-V_ |147bp | 282,408,819 | 258,745,063 258,139,669 | 605,394 151,906,534 | 150,787,037 | 105,113,638 | 40.62 11,533,410 4.46 | 139,253,627 | 53.82
96 |A-1-F  |142bp | 262,745,324 | 245,665,832 245,138,192 | 527,640 132,276,418 | 131,264,015 | 111,849,371 | 45.53 9,130,624 3.72 122,133,391 | 49.72
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Table 3-5-2 Transrate metrics from the Table 3-S-3 Full Length transcript analysis

trinity assembly. for non-model organisms.

assembly Trinity95.fasta #hit_pct_cov_bin | count_in_bin| >bin_below
n_seqs 1052514 100 967 967
smallest 201 90 464 1431
largest 21808 80 543 1974
n_bases 438161953 70 680 2654
mean_len 416.30036 60 936 3590
n_under_200 0 50 1325 4915
n_over_1k 46058 40 2043 6958
n_over_10k 28 30 3171 10129
n_with_orf 79590 20 4098 14227
mean_orf_percent 57.28529 10 2165 16392
n90 236

n70 317

n50 434

n30 652

nl10 1297

gc 0.45557

bases_n 0

proportion_n 0

score NA

optimal_score NA

cutoff NA

weighted NA

Table 3-S-4 Kingdom abundance from trinity assembly annotated using the non-
redundant (NR) protein database from NCBI

Kingdom | Abundance | perc labels |group cs Trinity_assembly
Archaea 42| <0.0001|0.06% |Archaea 66283 | Trinity_Assembly
Bacteria 62761 94.7 | 94.69% | Bacteria 66241 | Trinity_Assembly
Eukaryota 689 1.0|1.04% |Eukaryota 3480 | Trinity_Assembly
Not

assigned 1320 2.0/1.99% | Not assigned 2791 | Trinity_Assembly
Viruses 1471 2.212.22% | Viruses 1471 | Trinity_Assembly
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Table 3-5-5 mRNA assignments using the Oncorhynchus myKkiss, Candidatus M.
salmoninae mykiss (MSM)) reference from the study [13] to allow for Mycoplasma
identification.

>RuvX___ Bacteria_71__ 72bb4fa938c018f8534d151eb3f2c4a59fd09921c4f605f5¢c30e 77fc bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S16__ Bacteria_71__ 62ca7173c94f89c05dbf3024ea773d7f9849c3d94ea3d0cdf8d0eef2 bin_id:Mycoplasma_salmoninae_mykiss
>tRNA_m1G_MT__ Bacteria_71__ 04007878e86b392d7cf35711cf9f3ae22f8fcf44374002fcf3a8fe6d bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L19__ Bacteria_71__ 929b7baf5ce49c4550e4632ffa76cb7aaf858451a61f1c0e383206dc bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S15__ Bacteria_71__ 207e0981f2925fef980b210e 1da70395082ee8f31b828ce5ca7681b1 bin_id:Mycoplasma_salmoninae_mykiss
>tRNA-synt_1d___ Bacteria_71__ 08532b0fc1136a685137a16627c9e6e2a2ee341eea221f916cea5824 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S20p__ Bacteria_71__ ad4eb123364ad24df1c50fb195449a5d5568eadb35533af83031c2cba bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L32p__ Bacteria_71__ d83580162b31c9d6f41353bbe9690d5c4450ff0225597dffbe94295a bin_id:Mycoplasma_salmoninae_mykiss
>UPF0O054__ Bacteria_71__ aa8812d783c986e1ddd63f61le36a4c69645506da9254e15bd36dd987 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L21p__ Bacteria_71__ 76fc73925b15eaafdbb2dbf1f4a66d2c287515bb0acaf3eb205d90ab bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L27__ Bacteria_71__ 54bb8d249559ccc7239f15a0fc6c8978c9e 1419a450ff4bb9caafd47 bin_id:Mycoplasma_salmoninae_mykiss
>RBFA___ Bacteria_71__ 8ecb3f2220d26cec855d9b30825aae 8ff84a8eeae922a0885ef0a413 bin_id:Mycoplasma_salmoninae_mykiss
>Pept_tRNA_hydro__ Bacteria_71__ 0839a87d1leccOb6d03f9212dcc8f617edale01cfbc74b16141a03710 bin_id:Mycoplasma_salmoninae_mykiss
>SecE__ Bacteria_71__ 71c74a7b9b0b16b4467f6c4bf014649198deal6d97bbd714b467ch14 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L35p__ Bacteria_71___ 1c06ac416bd5971570116490ab92e6c596d5272ab1ffe67a99¢cd5fbb bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L28  Bacteria_71__ 51a95e6d0299cae0f0cb1256ea289d7df1bf065f6b9d0f09162054fc bin_id:Mycoplasma_salmoninae_mykiss
>EF_TS__ Bacteria_71__ 5e6a213fd7422e9c86da9be704f9db62cc5f5438f6cc44126f2ddb7d bin_id:Mycoplasma_salmoninae_mykiss

>RRF___ Bacteria_71__ 2e77024e00c101eba00b4593f7a660e2736a753131f91233010b78c7 bin_id:Mycoplasma_salmoninae_mykiss

>Ribosomal_S2__ Bacteria_71__ e2190bfcc33ec3ae07d451b499806262e26cdc53a76b2637e46072f5 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosom_S12_S23__ Bacteria_71__ cc7294e154c71f1b6d6a8b65e4cae0b21a23dbaeddf47bfbe3690140 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S7__ Bacteria_71__ f5534e7a791daaac0a3c2a6f807c42a030919f15e28b6cf481d5dadb bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S6__ Bacteria_71__ b6f5ca5e9a814b0792a8109f9650c40f860b138f0061c9f6867dca34 bin_id:Mycoplasma_salmoninae_mykiss
>SmpB__ Bacteria_71__ 3f6a7370b9d5ab62d0ee2b338cef02e37dble9ade21e2f19885a0796 bin_id:Mycoplasma_salmoninae_mykiss

>GrpE___ Bacteria_71__ 6bc15d3f5695c0chd4919c47a55c0e 33ae4065d77a4f8cd5cfleddb8 bin_id:Mycoplasma_salmoninae_mykiss
>ATP-synt_A__ Bacteria_71__ 814557e6a9025bd96d971bdd1638d47d6d6471d0b9c7ead4440ecd7c2 bin_id:Mycoplasma_salmoninae_mykiss
>0OSCP___ Bacteria_71__ 8d9471ac5a3d053735bae26bc3b364175345d08b1df9b271ad17cc50 bin_id:Mycoplasma_salmoninae_mykiss
>ATP-synt___ Bacteria_71__ 56138bc6b49792890eedcefbf440446e837be09a28703aa919caalab bin_id:Mycoplasma_salmoninae_mykiss
>IPPT__ Bacteria_71__ f1a20e2d03d6a4c50f60133761c0200aeal684a0f7289f84e9dalaac bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L13__ Bacteria_71__ c02cdcfc2909b91109dd9913bad3886c9f3aa348dfe5dadfb80a77¢8 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S9__ Bacteria_71__ 26a14c10e838abb96f4d1cabf144a2a7f87780551c845d81f70bb9b9 bin_id:Mycoplasma_salmoninae_mykiss
>Ribonuclease_P__ Bacteria_71__ 1688bdd764e11ec561784fd3b90e 604baf984852fb7595f322d5¢403 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L17__ Bacteria_71__ b7f8eb2ac220979cabe96e44c983b6f2d5feefIceOacbea259e05¢3c bin_id:Mycoplasma_salmoninae_mykiss
>RNA_pol_L__ Bacteria_71__ 5e99330858bd50841cbd61d18b25ea9bd4f3d66e9321699f8733e4c9 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S11__ Bacteria_71__ e9a49d2e8922d2e0e894f6ae22eed354e38669933cb2a11601afb635 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S13__ Bacteria_71__ bc60eb862828f6829202d5260685a669421b63aca245435c5e3efb82 bin_id:Mycoplasma_salmoninae_mykiss
>elF-la__ Bacteria_71__ 8930dd36a29261e7810ee4a357b9d0e50562d7a04c5002dfb0ff9820 bin_id:Mycoplasma_salmoninae_mykiss

>ADK__ Bacteria_71__ 698dcb915ca058a70a06f28f425715d029d2364ab73f499ae9aa7b4d bin_id:Mycoplasma_salmoninae_mykiss

>SecY__ Bacteria_71__ 8b4a8adfce07f8e2b576a62ffe42a2e4cadafa633d99cf715c¢65331d bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L27A__ Bacteria_71__ 48efdd6b1fb4753071f65f3dd62e3f97144cfd5273acc368b09b57d6 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L18p__ Bacteria_71__ 86e2faOc3fbea371fdbd245d28d4851868eba25ef385909b5dfdf8bb bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L6__ Bacteria_71__ 30f79ea0094a7b3d5f8e3b295cc0e 7dfbdcf4d31fd5cf2d40f423842 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S8__ Bacteria_71__ 9aal96f1lbab84673d1f4006b9ac50779c24d97def790c07f66dd105f bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L5__ Bacteria_71__ d571b92ddb707e8dc81495316bf7578e82392fe428e17b67c07fd33b bin_id:Mycoplasma_salmoninae_mykiss
>ribosomal_L24__ Bacteria_71__ 499fcf912412a4f29685bc8262a239241ffe2c95bbal40ac9320843e bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L14 _ Bacteria_71__ 8ddlee515b2fa5637609cch4f4ead70c5c4368e 18380b9e06aldc7e6 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S17__ Bacteria_71__ b7b488092c938a3e48eee854allbe6601a773e00d640fe 1896e7e002 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L29__ Bacteria_71__ f39930b1d3db30e24a19db0eaaba330062d73b14c3fd0955faaf3993 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L16__ Bacteria_71__ 34de0cc5921db897921c64d680ff7280aad690819ad3ccOeaad9acfa bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S3_C___ Bacteria_71__ fa1051136be01454d04e29d189f7d0d 1fb4e9d422b5a0d11c8c30155 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L22__ Bacteria_71__ 308bd7e3a63d167895d78ad7729115e9c2471bce542775835ec5bdbb bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S19__ Bacteria_71__ 9549474c51e64f3eec165825b3081decf1c9f3d61f976853c385ddOf bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L2__ Bacteria_71__ bebbba893141c96be37594b293305472b4e9c68a4e0a8930f36a9a5f bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L23__ Bacteria_71___ dfd80c989c30dab4fSfa255e4e c4abbf13319cdfd04e9ecfb02ecl3b bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L4__ Bacteria_71__ 58f254061dc6cle91b7ed68al7cd244315a54aaaeb2d5adbe060c79c bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L3__ Bacteria_71__ 6835f3915c6240e60a2c9895904e 17320b68fa10804ce4d907c720c2 bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_S10__ Bacteria_71__ 7b961f3a7a8f7f0acec20f0ddadc569d7341a7be048a37a3b80d8a2e bin_id:Mycoplasma_salmoninae_mykiss
>Ribosomal_L1__ Bacteria_71__ bb7f3ef2a20d78fe2c05b9aeclbb38f629c87821636bce6a2502204d bin_id:Mycoplasma_salmoninae_mykiss
>PGK___ Bacteria_71___e1d1769c137949d54fe070d 1e426f52ad0db13cb4d0cb 1464986018 bin_id:Mycoplasma_salmoninae_mykiss
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Table 3-S-6 Subset of SEED classification for functional annotation focusing on

Tetrapyrroles

SEED pathway group Abundance
Cofactors, Vitamins, Prostethic Groups 1984
Tetrapyrroles 357
BtuS-PduT gene cluster for metalloporphyrine salvage 22
Cob(l)alamin adenosyltransferase 4
Cobalamin synthesis 2
Cobalamin synthesis from Cob(ll)yrinate a,c diamide 98

Cobalamin synthesis, Precorin-2 to Cob(ll)yrinate a,c
diamide, aerobic 4

Cobalamin synthesis, Precorin-2 to Cob(ll)yrinate a,c
diamide, anaerobic 94
Heme and heme d1 biosynthesis from siroheme 1

Heme Biosynthesis: protoporphyrin-, coproporphyrin- and
siroheme-dependent pathways 45
Metal chelatases 87
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General Discussion

The present work aimed to investigate how the intestinal microbiome of two genetic lines
of rainbow trout is affected by the replacement of fishmeal protein with a plant-based
alternative, using an RNA sequencing approach to characterize the underlying metabolic
contribution of microbes to the digestive system. Based on the question of whether a
plant-based diet is still applicable when the fish are exposed to a stressful situation, it was
important to investigate how the associated gut microbiota is affected and, moreover,
what influence these husbandry conditions have on the growth and health of rainbow
trout. While the understanding of the general composition of the rainbow trout gut
microbiota has progressed, Chapter 3 of this thesis, aimed to address the long-standing
need for an understanding of the functional contribution of the microbiota to the the GIT
of rainbow trout. Consequently, this comprehensive research represents the first attempt
to investigate the metatranscriptome based on an untargeted RNA sequencing in the

intestinal mucus of rainbow trout.

Over the past 20 years, the investigation of microbial communities has advanced with the
development of molecular methods and high-throughput sequencing. This has allowed a
view of microbes that were not detectable by conventional culture-based methods in
microbiology, and has extended the limitation of studying only small fractions of the
actual microbiota. These approaches have led to a deeper understanding of the
complexity of organisms and the interplay between host and microbes. As a consequence,
the understanding of the gastrointestinal microbiota of farmed animals, including those
kept in aquaculture, is being approached from a holistic view that seeks to incorporate all
relevant factors that entail a sustainable and welfare-oriented husbandry conditions. It is
at this juncture that the concept of holistic farming can be introduced as a related topic

for discussion.

Trout line specific microbiota

Chapter 1 and Chapter 2 refer to rainbow trout genetic lines A and B. Although both
belong to the species Oncorhynchus mykiss, the main differences between the two trout
genetic lines are that they were bred and reared in two different aquaculture facilities
(Chapter 1: Materials and Methods) and thus received different commercial diets prior to
the experiment and during the acclimation phase of the experiment. In addition, they

experienced very different environmental conditions in the hatcheries, which are known
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to shape the structure of the microbiome and the immune system [72]. Such selective
breeding processes have resulted in divergent genotypes, and host genetic background is
known to be a driver of microbial variation in the microbiomes of animals [76,77],
including fish [36,78] such as rainbow trout [79]. Interestingly, selective breeding reduces
genetic variability within the strains in the hatcheries, and thus less inter-individual
variation would be expected in the microbiome than in wild fish populations. Based on
the genetic divergence and the different husbandry conditions between the two genetic
lines of trout during the acclimation process in our RAS, we assessed in Chapter 1 that the
fish host, and therefore the microbiome, was biased prior to the feeding experiment. The
varying conditions prior to the experiment and the lack of an additional control group that
would have received the respective adaptation diet after the acclimation phase and during
the 59-day feeding trial did not allow for a statistical comparison of the two genetic lines
of trout. Therefore, this work cannot provide a competent determination of the effect size
of selective breeding processes and thus genetic divergence on the microbiota of plant-
fed rainbow trout and how it is affected by handling stress. However, in both chapters it
is evident that, due to genetic divergence, the microbial composition in the two trout
genetic lines is different as a result of diet and stress. Therefore, it is of great importance
for the rest of the discussion that the consideration of trout genetics is not a major focus
from here. It is assumed, that the effects measured in the two genetic lines are due to their
genetic divergence but no statistical comparisons have been made between them. To gain
further insight into the relationship between fish genetics and the microbiome,
microbiome-wide association studies (MWAS) may be a valuable approach. MWAS
facilitate the investigation of the correlation between microbial communities and various
traits in fish, including growth, disease resistance, nutrition, and environmental
adaptation. A MWAS which investigated the interplay between 2029 human individuals
and its associated microbes revealed that genetic variation of vitamin D receptors
significantly influenced the microbial metabolism [80]. Such knowledge greatly
contributes to the understanding of host-microbiota interactions. Genome-wide
association studies (GWAS) in general require highly standardized experimental
conditions which allow for constant genetic and environmental specification. Therefore,
it is evident to use for example isogenic rainbow trout lines grown in RAS, that allow for
highly standardized environmental conditions and would then enable a more controlled
and precise analysis of the relationship between host genetics and the microbiome. While

GWAS have been successfully conducted in rainbow trout to infer genetic association
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with, for instance, resistance against pathogens such as Flavobacterium columnare or
Piscirickettsia salmonis [81,82], studies utilizing MWAS in fish remain scarce. To further
advance our understanding of microbial associations with fish hosts in aquaculture,

MWAS might offer a powerful tool for investigation.

Handling stress alters gut content microbiota but not mucosal

microbiota

The experimental design underlying this thesis aimed to create a realistic farming
environment for rainbow trout in RAS. The feeding concept incorporated plant-derived
proteins that are feasible in aquaculture and do not compromise fish growth and health.
A plant-based diet was formulated with the objective of achieving fish growth similar to
that of a conventional fishmeal-based diet, as demonstrated in Chapter 1. However, in
optimal husbandry conditions, that fulfill all five freedoms for animal welfare, were all the
net energy is canalized into gain of body mass and physical functioning, fish are raised
free from physical discomfort, hunger, and distress, among other things. In most
aquaculture practices, though, common management of fish includes the handling of
animals in processes such as sorting, transporting, health monitoring, and water quality
assessments. The aforementioned activities are unavoidable and, on occasion, precipitate
stress responses in the fish. Accordingly, the following hypothesis was proposed: that an
external stressor (i.e., handling stress) alters the microbiome of rainbow trout in a
manner that affects the utilization of nutrients by the microbiome. As demonstrated in
Chapter 1, the impact of handling stress on growth was found to be insignificant in both
genetic line of rainbow trout. These findings are at odds with the prevailing
understanding that stress typically impedes growth in fish [63], as it diverts energy
resources from growth to stress management [83]. Furthermore, it is established that
stress reduces feed intake [83], which was also not observed during the trial. It is
proposed that the conventional stress markers currently employed in animal husbandry
are not optimal for the early detection of stress and the enhancement of animal welfare.
This is due to the fact that they tend to reflect long-term stress rather than providing

effective indicators for this purpose.

Following the discussion on traditional stress markers, a notable observation emerged
regarding the microbial composition in the gut contents of rainbow trout. In particular,
the data indicated that handling stress had a significant impact on the composition of the

microbiome in trout genetic line B, while an interaction between diet and stress was
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observed in trout genetic line A. Although the different responses of both trout genetic
lines were not statistically evaluated, the concept of high and low responders to stress has
been proposed and is of interest in aquaculture breeding [84]. In light of these findings, it
can be proposed that the microbiome of the two trout genetic lines is selected in a manner
analogous to that of host genetics. Furthermore, the concept of high and low responding
to stress may be applicable in this context. Moving forward, these findings highlight the
potential of the microbiome as an early indicator of stress in fish, offering insights into
physiological responses that may be overlooked by traditional markers. In particular, in
the context of the improvement of husbandry conditions and the use of new feed
formulations, this method could be employed as a preventive measure to minimize
potential stress in fish. In contrast to the bacteria present in the gut content, the intestinal
mucus microbiota demonstrated resilience to the applied handling stress, yet exhibited
modulation by dietary type, a phenomenon observed consistently across both trout
genetic lines. This finding corroborates the distinction between a mucus-associated and
content-associated microbiota in the gut of rainbow trout (Chapter 2), thereby
anticipating a differential response to stress or plant-based proteins in both
compartments. It was observed that stress induced a relative response in the transient
bacterial community, as opposed to the residential community. Microbial communities
embedded in the gastrointestinal system, residing in the mucosa-associated lymphoid
tissue (MALT), and thus interacting directly with several immune factors of the host, such
as pro-inflammatory cytokines, immunoglobulins (Ig), and other molecules associated
with immune responses [85], are known to be more affected by stress stimuli [86] than
the transient bacteria. However, gene expression measurements revealed no explicit
effect of stress or the interaction of stress and diet in trout genetic line A [67] that delivers
a logical explanation for the significant differences in the gut content microbiota. It is
established, that immune responses are induced by microbe-associated molecular
patterns (MAMPs) [87], and thus a dietary effect on the microbial composition that is
followed by an interaction with handling stress and immune response is postulated. This
confirms the hypothesis that the raw material composition of the feed influences the
microbiome of rainbow trout in a manner that alters the physiological stress response to

external stressors.

In mammals, a substantial proportion of the gut microbiome is bound to IgA [88,89],

which suggest a critical role in shaping the gut microbiota and the defense against
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pathogens in humans. IgA is the main immunoglobulin secreted on intestinal and
respiratory mucosa and is a critical mediator of intestinal immunity in mucus layers. It is
noteworthy, that in contrast to IgA in mammals, an immunoglobulin specific to fish, IgT
[90], has been identified on mucosal surfaces. This likely evolved through convergent
evolution and thus taking the role of I[gA in mammals in fish. A comparable observation
of bacterial immunoglobulin-coating has been documented for bacteria in the gut lumen
of rainbow trout [91]. Approximately half of the bacterial community was found to be
coated by the teleost immunoglobulin isotype IgT, which is thought to prevent luminal
bacteria from attaching and invading gut epithelia. This process, known as immune
exclusion, appears to regulate the attachment of microbes in the mucosa and reflects the
regulatory connection between the immune system and the gut microbiota. It maintains
homeostasis by limiting mucosal interactions with an excess of unfavorable microbes
[35]. Unfortunately, information about microbial coating is missing. However, this is an
area of particular interest when considering the interplay between the microbiota and
stress, and consequently the immune system in fish like rainbow trout. Especially, it is
believed, that the coevolution of mucosal immunoglobulins and microbes populating the
mucus plays a pivotal role in the host-microbe interactions [92]. This process is proposed

to be the driven by this coevolution.

In addition, histopathological investigation of the anterior- and posterior intestine
sections indicated that there was no evidence of gut barrier dysfunction resulting from
handling stress or the plant-based diet [67]. This also undermines the assumption that
diets rich in soy protein concentrates do not typically modify intestinal histology [93].
Moreover, the examination of white blood cells, including lymphocytes which indicate
immune status, did not yield any definitive evidence for an immune reaction in the host
induced by handling stress (unpublished data). Unfortunately, the analyzed immune
markers in the blood do not give a conclusive indication regarding the local immune
response in the gut, MALT, or other lymphoid tissues, such as the spleen or head kidney.
For a holistic view of the stress response in rainbow trout, a measurement of local
immune markers in the gut would be required and would complement an assessment of
the microbiota response in the mucus layer. Finally, while variations in the gut microbiota
of rainbow trout resulting from the applied handling stress were discernible, the
inconclusive patterns of molecular stress markers and the absence of physical stress

characteristics (although unintentional) indicate that the handling stress may not
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adequately emulate a realistic stress scenario in aquaculture practices. In particular, it is
of common knowledge, for example, that water chemistry, pathogens, some plant protein
diets, low dissolved oxygen and chronic stress (in this case handling stress) disrupt
intestinal barrier function [24]. The reduction in gut barrier function is significant even at
low-intensity, long-term stress levels (such as those used in this experiment), when other
stress and welfare indicators are unable to detect stress inducers. It is established that
fish are capable of coping with repeated stressors through physiological or behavioral
adaptation. It can be postulated that these adaptation events account for the absence of a
stress effect at the molecular stress level. Early monitoring and repeated measurements
of behavioral responses, cortisol levels, gene expression of selected stress markers, and
other physiological markers would have provided valuable insights into the fish's
adaptation to stress. The results of the experiment indicated that the observed stress
effect was limited to the microbiota of the rainbow trout gut content. The sensitivity of
the gut microbiota to mild stress stimuli while stress indication using classical stress
concepts (primary, secondary, and tertiary stress) remains unchanged, thereby offering
the possibility of using gut microbiota profiles as a pre-primary stress marker in fish
aquaculture. Nevertheless, the incorporation of microbiomes into stress and health
management in aquaculture practices necessitates further data, including a
comprehensive understanding of the gut microbiota of fish under normal, unstressed
conditions, to establish a baseline profile of the microbiome. In addition, biomarker
identification of key microbes or patterns that can serve as reliable early indicators of
stress. The implementation of routine monitoring of gut microbiota in aquaculture
facilities as part of health and stress management programs requires improvement and
integration. The implementation of predictive analysis, including machine learning
models that analyze microbiome data and provide an early indication of stress, would
facilitate automation, and enhance the efficiency and feasibility of the process. In the light
of recent advancements in biotechnology, including DNA sequencing, personalized
medicine, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), quantum
computing, and artificial intelligence, among others, which have undergone a rapid
development in the present century, that was not previously foreseeable, it is not
implausible to suggest that microbiome information from the gut of fish could be utilized

as early stress markers.
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Plant proteins and their potential influence on Mycoplasma

As previously outlined in this discussion and in Chapter 1, the formulated plant-based diet
did not affect the growth of rainbow trout in either of the trout genetic lines. However,
Chapter 2 demonstrated a consistent impact of the diet on the intestinal mucus microbiota
in both trout genetic lines. A notable reduction in diversity was observed in the microbial
communities of fish fed a plant-based diet, with a decline in the prevalence of
Photobacterium and an increase of Mycoplasma. The shift in the Proteobacteria and
Firmicutes ratio induced by plant-based diets appears to be consistent in salmonids as
evidenced by previous studies [94-96]. Notably, Mycoplasma has been identified as a
genus associated with 100% plant-based diets [97]. Accordingly, Firmicutes were more
frequently identified in the gut contents, whereas Proteobacteria were more frequently
observed in the gut mucosa [98]. Additionally, it was demonstrated that Proteobacteria is
negatively correlated with the expression of genes associated with the gut barrier in
Atlantic salmon [95]. In notable contrast to these findings, Mycoplasma was found to be
positively correlated with gut barrier gene expression [99]. Additionally, there is a
hypothesis that Mycoplasma may act as a metabolic booster due to its involvement in the
biosynthesis of arginine, citrulline, and ornithine [100]. As a carnivorous fish, the diet of
rainbow trout is rich in protein, which leads to the accumulation of toxic ammonia as a
result of deamination reactions of amino acids in the intestine. Given the toxicity,
ammonia must be either converted into less toxic products (e.g., urea) or excreted, which
is utilized by ammonotelic organism like fish via NH3/NH*4 diffusion [101]. It is proposed
that Mycoplasma acts as a collecting pool for ammonia, which explains the observed boost
in biosynthesis of proteinogenic and non-proteinogenic amino acids. This hypothesis may
provide an explanation for the increased prevalence of Mycoplasma in the intestine of
rainbow trout, regardless of the protein source. It may also be the result of a long
evolutionary symbiosis between the salmonid host and the microbe. To elucidate the role
of Mycoplasma in ammonia metabolism in the gut microbiota of rainbow trout, further
investigation is required. Specifically, metabolome investigation, which involves the
analysis of specific metabolites involved in these processes, is necessary. In addition, a
more comprehensive characterization of Mycoplasma through cultivation and subsequent
measurement of enzyme and metabolic activity could facilitate a more nuanced
understanding of this bacterium, thereby enabling a more thorough investigation of its

potential beneficial attributes in rainbow trout. However, despite the fact that the diets
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were formulated to be equivalent in terms of nitrogen and energy content, no data
regarding their digestibility is available. Consequently, any potential effects of differing
energy retention on the gut microbiota, including Mycoplasma, remain purely speculative.
Furthermore, the potential impact of antinutritive remnants on the gut microbiota could
not be discounted, despite the fact that both diets were nutritionally balanced and no
growth impairment was observed. Despite the high nutritive value of soy protein
concentrates, it is established that antinutritive factors such as soy saponins can disrupt

with the intestinal barrier [102], thereby potentially inducing the Mycoplasma shift.

The role of Proteobacteria in this context remains unclear and may warrant further
investigation with regard to fish health in aquaculture. It is noteworthy that Aliivibrio and
Vibrio [103] are also members of the phylum Proteobacteria and appear to occupy the
same ecological niche in Atlantic salmon [104] as Photobacterium in rainbow trout. In
contrast to rainbow trout, the ratio of Mycoplasma and Aliivibrio in Atlantic salmon was
found to be significantly influenced by disease status. Although both, Photobacterium and
Mycoplasma are capable of coexistence, as evidenced by observations in the plant-based
diet treatments in this study, there appears to be a compositional effect induced by the
dietary type [94]. It is known that certain representatives of Photobacteria are pathogenic
[105], as well, but their role in the digestive tract of the fish in this experiment remains
unclear. A potential scenario is that Mycoplasma is able to limit the growth of putative
pathobiont Photobacterium by indirect mechanisms such as promoting mucus barrier
function and enhancing immunity [86]. Interestingly, a significantly reduced number of
both IgD and IgT in the blood plasma resulting from the the plant-based diet was observed
in rainbow trout in this experiment [67]. It can be proposed, that the plant-based diet may
facilitate the growth Mycoplasma, which in turn may enhance the immune response of the
fish host and thereby limit pathogen colonization, a phenomenon known as colonization
resistance [86]. A comprehensive understanding of the molecular mechanisms that
facilitate cross-communication and ultimately lead to microbial (pathogen) rejection or
symbiosis is essential for the study of specific host-microbe interactions, such as those
observed between Mycoplasma or Photobacterium and salmonids. For example, Sepahi
and colleagues demonstrated that intravenous administration of sphingolipids produced
by Flectobacillus major, a symbiotic bacteria residing in the gill and skin mucosal surfaces
of rainbow trout, resulted in a systemic increase in the ratio of IgT to IgM-producing B

cells in mucosal tissue in the skin of rainbow trout [106]. This indicates that plant
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proteins, such as the soy protein concentrates utilized in this investigation, may function
as prebiotics by facilitating the proliferation of beneficial bacteria, including Mycoplasma.
Such effects may positively influence the immune system and impede the proliferation of
potential pathogens through colonization resistance. In order to gain a deeper
understanding of the role of bacteria such as Mycoplasma and Photobacterium in the gut
of rainbow trout, examination of the gut microbiota using the previously described IgT-
labelling method and subsequent characterization by 16S amplicon sequencing or
metagenomic analysis of the labeled- and unlabeled fraction could provide valuable
further information. Furthermore, the identification of cell structures in specific bacteria,
such as sphingolipids in F. major, is of particular interest with regard to the understanding
of host-microbe interactions in the gut of rainbow trout. In addition, a more detailed
characterization of the IgT-labelled bacteria in the intestinal microbiota of fish in general
is lacking and could thus provide valuable information on the current state of knowledge

of the fish gut microbiome.

Despite the absence of adverse effects induced by Photobacterium in the fishmeal groups
and the low abundance of this bacterium in this study, which did not recognized it as a
pathogen, there is an increasing prevalence of Photobacterium as a pathogen in
aquacultures [105]. From this perspective, it is plausible that not only Photobacterium but
also other microorganisms may gain increased importance as potential pathogens in the
context of climate change. The early detection of such potential pathogens in aquaculture
through targeted research and subsequent monitoring is a pressing research issue, given
the increasing importance of aquaculture in food production. In light of these challenges,
there is a growing interest in exploring sustainable solutions that can mitigate the risks
posed by pathogens without relying heavily on antibiotics. In conclusion, prebiotics, and
probiotics, can offer promising alternatives to antibiotics for sustainable aquaculture.
This approach addresses both environmental impacts and the challenge of antibiotic

resistance against pathogens.

Feed pellets as transmission route

A further significant challenge in the analysis of the microbiome in feed trials is to
understand how the microbes associated with the feed itself are able to colonize the gut,
and how these effects are reflected in the composition of the microbial community in the
gut microbiota. Moreover, it would be beneficial to ascertain whether a predefined pellet

community exists that is capable of encompassing the predicted effects of the diet itself.
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Itis not a standard practice in most microbiome studies to include feed pellets as controls
in the analysis, although they are not excluded as potential vectors for microbes.
Nevertheless, some studies have proposed the existence of microbial overlaps between
feed and the intestinal microbiota based on 16S rRNA marker analysis [107]. In theory,
one hypothesis for detecting the putative microbial presence, whether viable or not,
originating from the feed is the presence of genetic material. In the context of 16S marker
gene analysis, however, the ~1500 bp long region coding for the 16S rRNA gene must be
physically present. While the majority of fish feed is subjected to extrusion processes
involving exceedingly high temperature and pressure, the DNA is subjected to mechanical
and thermal forces that ultimately result in denaturation and degradation of the DNA.
Most likely, remaining microorganisms up to this point undergo sterilization during this
procedure, rendering the remaining microorganisms and DNA from nutritious
ingredients an unlikely source of the microbiome population. It is possible that microbial
contamination may occur following the processing stage, due to the storage procedures
which permit bacterial growth on the feeding material. However, in the present study, the
utilized feeding stuff was prepared on demand and the general guidelines for feed storage
were follower correctly, and the feed was expended quickly. Although this remains a
theoretical question, the issue of microbial contamination and growth on fish feeding
stuffs via the 16S rRNA gene sequence has yet to be addressed. It should be noted that the
feed pellets used in this study were analyzed separately from those used in previous
chapters. A total of 30.2 ASVs were identified in diet V and 36.2 ASVs in diet F. These
numbers are in the same order of magnitude as those observed in gut contents (Chapter
1) and gut mucus (Chapter 2), and are comparatively low in comparison to the results of
studies analyzing the feed for Atlantic salmon [108,109]. As has been observed in other
studies [107-110], the microbiota of the feed appears to be dominated by bacteria of the
phylum Firmicutes (Figure 4-1). Here, the dominance is increasingly evident for LAB
Lactobacillus and, to a lesser extent, Streptococcus, Weissella, and Lactoccocus. As
previously reported, the fishmeal content of the diet appears to modulate bacteria from
the order Lactobacillales [111,112]. Interestingly, the feed pellets utilized in this study,
exhibited a higher abundance of Lactobacillus in the FM-based diet in comparison to the
plant-based diet. However, it remains speculative whether changes in the gut of rainbow
trout are induced by true dietary effects, meaning the promotion of bacteria due to
nutritious ingredients, and thus enabling growth of already present bacteria or whether

bacteria are transmitted via the pellets themselves, acting as a vector for viable microbes
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that are able to colonize the intestine. Nevertheless, a notable increase in the abundance
of taxa belonging to the genus Lactobacillus was observed in the plant-based feed (Figure
4-1). Itis established that even nonviable cells can exert beneficial effects (postbiotics) on
fish health [113]. However, the observed increase did not result in a significant promotion

of Lactobacillus in the gut of rainbow trout.

Interestingly, the feed pellets did not contain any evidence of the presence of Mycoplasma,
Cetobacterium or Photobacterium, which suggests that these three taxa are true microbial
inhabitants of the rainbow trout gut microbiota. It is also noteworthy that Karlsen and
colleagues identified Photobacterium and Mycoplasma on feed pellets [108,109]. The
present results are based on compositional information about microbes that do not
distinguish between living microbes and dead microbes. However, it is known that the
feeding stuff can act as vector for bacterial remnants. Whether those have an impact on
the gut microbiome is unanswered at this moment and that is why the feed microbiome
should be included in the experimental design of feeding trials in order to exclude or

identify the feed as a potential vector.
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Figure 4-4 Comparison of the feed microbiota between the FM-based diet (F) and the
plant-based diet (V). The plot was generated using Metacoder [114]. To test for
significance between taxa in both feeds a Wilcoxon Rank Sum Test was used and from that
taxon with p-value<0 is colored by either green for diet V or orange for diet F.

Itis also worth considering the possibility that the RASs may serve as additional microbial
colonization resources. Figure B-2 in the appendix illustrates the sampling of both RAS.
These include swabs from the biofilters, which are essential in maintaining microbial
stability and water quality, as well as for processing nutrients within the RAS. However,
due to insufficient number of replicates, the results must be interpreted with caution. No
statistically significant differences were identified between the RAS or sample type. A
review of the literature suggests that a general tank is to be expected, as evidenced by a
study investigating the microbial communities of RAS biofilters housing Atlantic salmon
fed a variety of FM-free diets [111]. Interestingly, no discernible influence of the diet on
the microbial communities within biofilter has been observed. The bacteria that reside in
the biofilters are indirectly fed with the same diet as the trout either directly or indirectly.

They also process excreted material from the fish, which is depended on the diet that is
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applied. Further research is required to gain a deeper understanding of the impact of
different fish diets, particularly plant-based diets, or FM-free diets, on the microbial
communities in biofilters, not only in the short term but also over extended periods.
Longitudinal studies may offer insights into how microbial populations adapt to dietary
changes and their long-term impact on biofilter performance and water quality.
Furthermore, an examination of the metabolic pathways and specific interactions
between microbial species and fish waste products could facilitate the identification of
key microbes that enhance nutrient processing. This, in turn, could lead to the
development of targeted strategies for improving biofilter efficiency, wastewater

treatment and overall system sustainability in RAS environments.

Microbial contribution to the digestive system of rainbow trout

In order to understand the functional contribution of the (mucosal) microbiome in the
gastrointestinal tract of rainbow trout and how it is affected by plant-based feeding and
stress, sequencing of microbial mRNA was used in Chapter 3 in an attempt to reveal the
microbial activities. Metatranscriptome analysis is a promising approach to understand
the role of microbiomes associated with its host beyond the pristine presence and absence
of microorganisms and has yet not been conducted in the intestinal tract of rainbow trout
or any other salmonid species. To effectively incorporate gut microbiomes into
sustainable and modern animal husbandry or aquaculture practices, it is essential to
understand the metabolic contributions of individual microbes in microbe-host
interactions, as well as how these microbes interact with various feeding strategies and
environmental and husbandry conditions. Thus, a deeper understanding of microbial
action might enable the development of more effective, sustainable, and health-promoting
strategies including improved growth and productivity, disease prevention and control,
reduced antibiotic application, enhancement of feed utilization, and the development of
microbiome-modulating feeds and supplements. However, functional assessment of fish
microbiomes has been limited to phylogenetic investigation of communities in the past by
reconstructing metagenomes based on marker genes using for example PICRUSt2 [115-
118]. The metatranscriptome analysis in Chapter 3 was therefore driven by the need to
ask which microbial transcripts are active and inform about potential metabolic pathways
that are provided by the trout microbiome for the utilization of plant or animal raw
materials? And does stress affect these microbial activities in a way that has an impact on

nutrient availability?
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By sequencing actively expressed genes, this approach enabled the understanding of the
genes that are expressed when trout are fed on plant-based proteins while exposed to
handling stress. Thereby, 499 genes were identified that are upregulated or
downregulated in the intestinal mucus of trout genetic line A. Unfortunately, a functional
assignment of these genes was unsuccessful, so that the microbial contribution to, for
example, the utilization of plant-based feed or a reaction to handling stress could not be
described in more detail. It was not surprising that the annotation of genes from a
bacterial community as specific as that of the rainbow trout intestine, as shown in Chapter
1 and Chapter 2, initially led to limited annotation. While a number of tools were
employed to achieve satisfactory transcript annotation, successful annotation is
dependent upon the members of the microbiome in question having close neighbors in
existing sequence databases. However, the indication of differentially expressed genes
provides a valuable opportunity for further investigation and with the help of specific
microbial databases (discussed later) associated with salmonids, these results can be

used to understand the gut microbiome in future research transactions.

Nevertheless, a large proportion of the genes in the microbiome indicate a dominant AA
metabolism, which in turn confirms that the microbes in the gut of rainbow trout are
adapted and metabolically activated to a protein-rich diet which is characterized by a high
protein content of both diets. Although the question of different bacterial activity caused
by the plant-based diet remains unanswered, it can only be speculated whether different
enzymes are expressed in the microbiome when the protein source is different. While the
substitution in the plant-based diet mainly concerns the protein source, overall enzyme
activities of trout (no data available) is expected to be consistent as opposed to what has
been found out when different trophic levels in fish were analyzed according to their
preferred diet [59]. However, different bacterial taxa require different types of AA [119]
for growth and fermentation and it is likely that due to the different AA composition in
the plant-based diet specific bacteria are limited in their growth and would thus change
the microbiome composition and functional contribution. In addition, AA composition is
able to change bacterial fermentation products which can in turn affect host energy
homeostasis and health [43,120]. For follow up research a detailed investigation of the AA
composition of the diets should be considered to understand how the microbial
communities in rainbow trout gut are responding to the AA composition in the respective

protein source.
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Furthermore, the small percentage of soybean meal in the plant-based diet is present
which is known to contain small fractions of plant polysaccharides such as cellulose
(Appendix table B-1), and although ANFs are known to be inactivated during processing
no information about potential ANFs residuals are available. Unfortunately, information
about cellulase activity are not available for this experiment but it is generally known that

the digestion of structural carbohydrates is associated with cellulolytic bacteria [59].

In order to further reveal the microbial contribution to the digestion of plant-proteins, the
integration of additional “-Omics” technologies are promising and enable a deeper
understanding of the processes active in microbiomes [121]. While conventional
evaluations of feeding materials have focused on the feed composition, digestibility and
the resulting effects on fish growth performance, metabolome analysis for example
focuses on molecules and metabolites deriving from microbial communities and thus
reveal information about metabolic products catalyzed by microbial enzymes which are
otherwise undetected [122]. Conclusively, the next level of understanding microbial
activities would be the analysis of metabolic products that include several classes such as
carbohydrates, AA, lipids, nucleosides, steroids, vitamins, carotenoids etc. It would thus
be interesting to find out, whether the digestion of plant proteins results in different
metabolites compared to the fishmeal-based diet. One possible scenario could be to
analyze the fish liver for AA composition to infer AA degradation by the microbial
community endorsed by metatranscriptome data in a plant-based diet. Different
metabolites could in turn affect the fish health and immunity, and other microbes in the
gut community. A combination of genome and metabolome data might thus shed more
light on microbial contributions when fed plant-based diets [60] and in addition,
metabolomics approaches can also be used to characterize stress response on a metabolic
level indicated by increased muscle-lactate levels [123] and thus would help to improve

fish welfare.

As been outlined in Chapter 3, the characterization of the metabolic contribution of
specific rainbow trout gut bacteria such as Mycoplasma, Photobacterium and
Cetobacterium still lacks sufficient progress. It could be demonstrated that Cetobacterium
is a relevant bacterium for vitamin B12 production [124], promotion of immune health,
enzymatic contribution and maintenance of microbial balance in the gut microbiome of
some fish species and thus represents a potential probiotic candidate. Regarding the role

of Mycoplasma in the gut of rainbow trout, which has been the focus of salmonid research
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[100,125,126], recently, only suggestions about its metabolic contribution to salmonid
hosts has been made. It is established, that a mutualistic relationship between salmonid
hosts and Mycoplasma exists [125], but which underlying metabolic mechanisms are
responsible for this interaction has not been elucidated at this point. Following
metagenomic investigating which includes metatranscriptomic data from the present
dataset, which is in progress may help to understand the functional contribution of
Cetobacterium and Mycoplasma in the rainbow trout gut microbiome. Furthermore, to
provide a more comprehensive understanding of the microbial communities in the gut of
rainbow trout, an integrated multi-omics analysis that attempts to correlate for example
taxonomic information from the 16S rRNA gene analysis with the gene expression data
obtained from the metatranscriptome linking specific microbial taxa to their function, will
allow the identification of microbial-related activities [121]. However, similar to
metatranscriptome analysis, expanding the omics-approach to e.g., metabolomics,
metaproteomics etc. that identify metabolic functions and further combining those with
host genomic information are possible future activities that help to understand the

utilization of feeding stuff and growth.

However, currently much of the omics data obtained is inevitably be biased by human-
infiltrated datasets and would thus impede adequate analysis of fish microbiomes. Careful
interpretation of fish microbiomes in its entirety require establishment of fish-specific
databases and expansion of already existing fish-databases such as Metabolic Networks
in Fish (MetaFishNet) [127]. Recent activities that aim to gather and evaluate information
about salmonid-associated microbial communities in a Salmon Microbial Genome Atlas
(SMGA) highlight the demand and emerging interest of this research focus [60,128].
Datasets such as SMGA hold the potential of a successful interpretation of microbial
metatranscriptomes as presented in this study and will be a focus of future projects that

aim to understand the functional contribution of microbiomes in aquaculture.

In summary, Chapter 3 could not provide additional explanatory information on the
microbial contribution to the dietary and stress-related effects in the gut content and
mucus, respectively, as none of the DEGs in the treatments were successfully annotated.
Nevertheless, the metatranscriptome data still provide valuable information on microbial

activities in this investigated scenario and further investigation is in progress.
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Conclusion, limitations, and future work

The present thesis provided a detailed characterization and a first insight into the
functional contribution of the gut microbiome of rainbow trout that are fed with a plant-
based diet and how it is connected with additional handling stress. It was confirmed that
feeding a plant-based diet to carnivorous fish like rainbow trout does not hinder the
growth of rainbow trout under standard or stressful conditions. This suggests that plant-
based proteins are a promising alternative from a practical aquaculture perspective.
However, diet and stress did significantly impact the bacterial community composition of
the gut contents and gut mucosa in both trout genetic lines. It is well established that the
gut microbiome plays an essential role in fish health, immunity, and nutrient absorption,
The effects of these changes on long-term health, disease resistance or metabolism remain

to be investigated and are of great interest to aquaculture research.

The alterations in the microbial composition of the gut of rainbow trout were naturally
accompanied by a corresponding metabolic change in the metatranscriptome which has
been observed in Chapter 3. However, the identification of the genes responsible for such
changes remains to be investigated, but is crucial to elucidate host-microbe interactions
in the rainbow trout gut. This may further assist in the identification of microbes that are
pivotal for the breakdown of specific nutrients, thereby guiding the formulation of plant-
based diets that support or enhance the growth of beneficial bacteria that improve
nutrient utilization and feed efficiency. Understanding the microbiome of fish can then
lead to the development of functional feeds (e.g., prebiotics and probiotics) that improve
fish health and performance even with less expensive, plant-based alternatives.
Furthermore, detecting microbial genes involved in nutrient metabolism and stress
coping could enable real-time monitoring of gut health as an indicator of overall fish
health, allowing early interventions when dysbiosis or stress-and welfare-related changes
are detected. In order to realize the full potential of the metatranscriptome produced in
this work, and to overcome the main obstacles in metatranscriptome methodologies,
ongoing curation, and development of microbial genome-based may provide further
valuable results on the functional contribution of the microbiome in rainbow trout under
plant-based diets and handling stress. In addition, shotgun metagenomic sequencing of
the fish used in this study would provide genetic information to infer individual microbial
activities in the gut microbiome and would also contribute to a reference map for

metatranscriptome analysis in salmonids.
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A limitation and call for future projects related to the salmonid gut microbiome is the
restricted focus on bacteria. Fungi are known to play an important role in the gut
microbiome alongside bacteria in several farmed fish species, and it has also been
reported that diets enriched in plant proteins promote fungi [28,41,129]. In particular,
these results demonstrate that microbial communities should not be reduced to bacterial
communities, as is often the case in studies using 16S amplicon sequencing. Future work
on the gut microbiome via 16S rRNA gene sequence or other multi-omic tools such
metatranscripomte analysis of salmonids should consider microbial inhabitants other

than bacteria.

Furthermore, the understanding of organisms as multi-organismal entities including
mutualistic, commensal, and pathogenic microbes, also in the surrounding environment
(aquaculture system, water body, biofilters, etc.) and animal tissues, moves our
understanding of animal health and welfare towards a holistic farming approach, which
is essential for understanding the adaptation and acclimatization of fish hosts to either
local or environmental changes. Aquaculture production is growing rapidly and
represents a promising source for animal-derived proteins for human consumption. In
order to meet the requirements of a sustainable and environmentally compatible food
supplier, which aims to reduce environmental impact and maintain food safety,
aquaculture production must be optimized in terms of fish growth, health, and animal
welfare through holistic scientific solutions that consider both obvious factors (feed
resources, husbandry conditions, effluents, etc.) and those that are not directly visible but
no less important, i.e. microbes. The application of biotechnological solutions such as
next-generation sequencing and other molecular biological methods, is an integral
component in achieving these goals. Therefore, the present work, which attempts to
understand the functional part of the microbiome in rainbow trout, is an important
contribution to our understanding of these systems and to the optimization of husbandry

and feeding practices in aquaculture.
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Summary

The aquaculture industry is the world's largest supplier of nutritious aquatic food for
human consumption and is one of the fastest growing sectors of the agricultural industry.
According to the latest global aquaculture statistics published by the FAO (Food and
Agriculture Organization of the United Nations, 2022), global aquaculture production
reached an all-time high of 87.5 million tonnes live weight in 2020. Last but not least,
overfishing of wild marine stocks is contributing to the strong expansion of the

aquaculture sector, leading to a huge decline in the traditional fishing industry.

However, aquaculture is not completely independent of marine fish stocks, as the use of
fishmeal (FM) and fish oil (FO) is particularly high in the feeding of carnivorous fish
species, account for 20% of marine capture fisheries. The growing demand in aquaculture,
combined with a relatively low supply and the finite nature of the raw material, has led to
an increased search for and research into alternatives to FM and FO in feed production.
Over the past three decades, plant protein and oilseeds such as soy, peas, wheat, rapeseed,
lupins, and maize have been investigated as raw materials for use in fish feed. In addition
to an optimal, balanced, and species-specific nutrient profile (amino acid profile, protein
content, fatty acid profile, anti-nutritive nutrients, vitamins, etc.), the main suitability
criteria are sustainability, cost-effectiveness (cost, availability) and, in particular, optimal
growth and health of the fish. Fish health is closely linked to the intestinal microbiome,
which plays a central role in several physiological processes. In the context of alternative
feed components, it is important to consider the role of the microbiome in the digestion
and nutrient uptake of the fish. This process contributes to the feed conversion of the fish
through enzyme production or nutrient synthesis. Furthermore, the microbiome interacts
with the host's immune system, thereby exerting a pivotal influence on the development
and regulation of the immune system. Of particularly note is the beneficial impact that the
microbiome exerts on the barrier function of the intestinal mucosa, as well as its

modulation of inflammation and its role in stress management and pathogen defense.

The unceasing growth in aquaculture production exerts considerable pressure on the
availability of raw feed materials, while also exerting a detrimental impact on fish health.
This is particularly due to the elevated stress levels in fish farming. Furthermore,
increased stocking densities and increased handling in aquaculture, for instance during

transportation, weighing, transfer, and so forth, can result in additional stress for the fish.
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In light of the aforementioned considerations pertaining to alternative feeds and the
impact of stress on fish health, it is particularly important to evaluate the influence of
plant-based diets and stress not only on conventional factors such as growth, but also to
incorporate the gut-associated microbiome into this assessment in the sense of a holistic

approach.

The aforementioned findings and assumptions form the basis of this dissertation, which
investigates the influence of partial FM substitution with plant-based proteins
(predominantly soy protein concentrate) under additional stress on the intestinal
microbiome in two rainbow trout breeding lines. In particular, the intestinal contents
(Chapter 1) and the intestinal mucosa (Chapter 2) were examined for bacterial
composition. In a further chapter, the metabolic contribution of the microbiome was
analyzed in the form of a metatranscriptome study in the intestinal mucosa (Chapter 3).
The findings indicated that the plant-based diet had no impact on the development and
growth of the fish from both breeding lines in comparison to the fishmeal-based diet.
Furthermore, the application of simulated stressors had no discernible impact on the
growth parameters of either breeding line. These findings demonstrate that replacing the
protein content of a conventional diet with soy protein concentrate, as previously
documented in the literature, is a viable approach and that moderate husbandry stress
initially has no adverse effects. However, as demonstrated in Chapter 1, the handling
stress has a significant impact on the bacterial composition of the intestinal contents of
breeding line B. Notably, a significant difference in the intestinal content population was
observed in breeding line A when a plant-based diet was provided in conjunction with the
handling stress Despite the fact that the two breeding lines were not subjected to a
statistical evaluation in comparison to each other, as a consequence of the experimental
design of the study, it was nevertheless possible to identify a different response on the
part of the microbiota of the two breeding lines, which was attributable to genetic
differences. In contrast to these results, it is hypothesized that the microbiota within the
gut contents is more susceptible to dietary changes, whereas the mucosa-associated
microbiota is more responsive to stress-related factors due to association with the host's
immune system. Furthermore, the resident microbiota in the intestinal mucosa
demonstrated that the plant-based diet had no significant impact on either breeding line
during stress. When evaluating bacterial changes in the intestinal and mucosa-associated

microbiota, a fundamental difference in the bacterial composition of the intestinal
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contents compared to the mucus layer was also identified, in addition to the different
sensitivity of the two structural sections. This compositional difference may be attributed
to the presence of host molecules present in this environment, including
immunoglobulins, cytokines, antibodies, and other immune system cells, which interact
with the microbiome and are modulated by host responses to stress or nutrition, among
other factors. Additionally, transient microorganisms come into contact with some of the
cells and bacteria present in the mucus layer, but primarily interact with the ingested

nutrients of the respective feed.

A more detailed examination of the microbial community in the intestinal mucosa and
intestinal contents of both breeding lines revealed a predominant presence of the phyla
Firmicutes, Proteobacteria and Fusobacteria, with representatives of the Actinobacteriota
strain exclusively presentin the intestinal contents. The genus Mycoplasma was identified
as the dominant member of the Firmicutes within both microbiotas examined, and was
found to be associated with the plant-based diet, particularly within intestinal mucosa. It
is hypothesized that Mycoplasma has a beneficial impact on the expression of intestinal
barrier genes. Furthermore, it is postulated that Mycoplasma may stimulate metabolism
through the biosynthesis of arginine, citrulline and ornithine. It is noteworthy that the
growth of Photobacterium appears to be significantly down-regulated by the presence of
Mycoplasma or the plant-based diet, as evidenced by the current results. This finding may
be indicative of a potential prebiotic effect of the plant-based diet on the microbiome. In
trout breeding line B, a significant effect of the diet on the relative abundance of the genus
Cetobacterium in the intestinal contents was also recorded, with the plant-based diet
promoting this genus. Furthermore, Cetobacterium was identified in the intestinal
mucosa, although a definitive correlation with the experimental groups could not be
established. In freshwater fish, this bacterial genus is associated with a variety of probiotic
properties, including the production of vitamin B12, the fermentation of complex

carbohydrates, and immune activation.

Despite extensive research, no definitive explanation could be found for the unexpected
modulation of the microbiome by the plant-based diet and husbandry stress in the
metatranscriptome of the rainbow trout. The sequencing and analysis of bacterial
transcripts provides information about the actual activity of the bacteria by specifically
selecting and analyzing messenger RNA from the total population of RNA molecules. A

total of 499 transcripts were identified as being significantly upregulated or
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downregulated by the respective experimental groups. Unfortunately, none of the
regulated transcripts could be assigned a corresponding function. Given the relative
paucity of research conducted on the rainbow trout microbiome in comparison to the
human microbiome, for instance, these bacteria are underrepresented in accessible
databases. This often results in inadequate gene assignment. A total of 68,265 transcripts,
which did not exhibit significant regulation, were assigned a functional designation.
However, these do not provide any information on the influence of the plant-based diet
fed or the husbandry stress. The data indicate that an elevated microbial expression of
genes involved in amino acid metabolism is active in the trout gut mucosa, irrespective of
the protein source or husbandry stress. A taxonomic assignment of the transcripts was
predominantly attributed to the genera that had been detected by 16S rRNA gene
sequencing. These include primarily Cetobacterium and Photobacterium, but also other
bacterial genera such as Faecalibacterium and Prevotella. Surprisingly, no assignment to
the dominant genus Mycoplasma could be made on the basis of RNA sequencing, which

may be attributed to a technical limitation.

In conclusion, it can be stated that an analysis of the intestinal microbiome reveals that
the type of feed composition, in particular the protein origin, and additional husbandry
stress result in differential alterations in the bacterial composition of the intestinal
contents and intestinal mucosa in the respective breeding lines. In particular, an influence
on representatives of the genera Mycoplasma, Photobacterium and Cetobacterium was
observed. A more detailed examination of these genera may prove scientifically beneficial,
as it could lead to the identification of bacteria that have a beneficial impact on fish health
and metabolic activation. The metatranscriptome offers little insight into bacterial
activity beyond understanding the active metabolic processes with respect to the
experimental parameters. Nevertheless, the data provides the opportunity to gain further
insights into the metabolic processes occurring in the gut mucosa of rainbow trout and in

the broader context of salmonids.
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Zusammenfassung

Die Aquakulturindustrie ist inzwischen der weltweit grofdte Lieferant von nahrhaften
aquatischen Nahrungsmitteln fiir den menschlichen Verzehr und gehoért zu
wachstumsstarksten Bereichen der Agrarwirtschaft. Nach den neuesten weltweiten
Aquakulturstatistiken,  veroffentlicht von der  FAO (Erndahrungs-  und
Landwirtschaftsorganisation der Vereinten Nationen, 2022), erreichte die weltweite
Aquakulturproduktion im Jahr 2020 mit 87,5 Millionen Tonnen Lebendgewicht ein neues
Allzeithoch. Nicht zuletzt tragt die Uberfischung mariner Wildbestinde zu einem starken
Ausbau des Aquakultursektors bei, welcher einen enormen Riickgang traditioneller
Fischwirtschaft mit sich bringt. Die Aquakultur ist jedoch nicht v6llig unabhingig von
marinen Fischbestdnden, da insbesondere bei der Fiitterung karnivorer Fischarten ein
hoher Einsatz von Fischmehl (FM) und Fischélen (FO) zu verzeichnen ist, der immerhin
einen Anteil von 20 % der marinen Fangfischerei ausmachen. Die steigende Nachfrage in
der Aquakultur bei vergleichsweise geringem Angebot sowie die Endlichkeit des
Rohstoffs hat zu einer verstarkten Suche und Erforschung von Alternativen zu FM und FO
in der Futtermittelproduktion gefiihrt. In den vergangenen drei Jahrzenten wurden vor
allem pflanzliche Protein- bzw. Olsaaten wie zum Beispiel Soja, Erbsen, Weizen, Raps,
Lupinen oder Mais als Rohstoffe fiir den Einsatz im Fischfutter untersucht. Wesentliche
Eignungskriterien sind neben einem optimalen, ausbalancierten sowie artspezifischen
Nahrstoffprofil  (Aminosadureprofil, Proteingehalt, Fettsaureprofil, Antinutritive
Nahrstoffe, Vitamine usw.), Nachhaltigkeit, Wirtschaftlichkeit (Kosten, Verfiigbarkeit)
und insbesondere ein optimales Wachstum sowie eine optimale Fischgesundheit. Die
Gesundheit von Fischen ist dabei eng mit dem intestinalen Mikrobiom verbunden, da dies
eine zentrale Rolle bei verschiedenen physiologischen Prozessen spielt. Dabei sind vor
allem mit Blick auf alternative Futtermittelkomponenten die Verdauung und
Nahrstoffaufnahme des Mikrobioms zu nennen, welche durch zum Beispiel
Enzymproduktion oder Nahrstoffsynthese einen Beitrag zur Futterverwertung des
Fisches beitragen. Dartiber hinaus interagiert das Mikrobiom mit dem Immunsystem des
Wirts und spielt so eine Schliisselrolle bei der Entwicklung und Regulation des
Immunsystems. Besonders hervorzuheben ist die positive Eigenschaft, welche das
Mikrobiom auf die Barrierefunktion der intestinalen Schleimhaut hat, aber auch die
Modulation von Entziindungen sowie die Regulation der Stressbewaltigung und

Pathogenabwehr. Die stetige Zunahme der Aquakulturproduktion tibt somit nicht nur



Zusammenfassung 169

einen Druck auf die Versorgung mit Futtermittelrohstoffen aus, sondern auch auf die
Fischgesundheit, welche im Speziellen durch eine erhohte Stressbelastung der Fische in
der Haltung bedingt ist. Neben erhohten Besatzdichten kann es durch vermehrtes
Handling in der Aquakultur zum Beispiel beim Transport, Wiegen, Umsetzen usw. zu einer
zusatzlichen Stresssituation kommen. Unter Berticksichtigung der genannten Aspekte zu
alternativen Futtermitteln und des Einflusses von Stress auf die Fischgesundheit ist es
von besonderer Bedeutung, den Einfluss von pflanzenbasierter Didt und Stress nicht nur
auf klassische Faktoren wie zum Beispiel Wachstum zu evaluieren, sondern dartiber
hinaus im Sinne einer holistischen Betrachtung das darmassoziierte Mikrobiom in diese

Bewertung mit einzubeziehen.

Die genannten Erkenntnisse und Annahmen legen den Grundstein der vorliegenden
Dissertation, welche den Einfluss einer partiellen FM-Substitution durch pflanzenbasierte
Proteine (iiberwiegend Sojaproteinkonzentrat) unter zusatzlicher Stressbelastung in
zwei Regenbogenforellen-Zuchtlinien auf das intestinale Mikrobiom untersucht. Im
Speziellen wurden der intestinale Darminhalt (Kapitel 1) und die Darmschleimhaut
(Kapitel 2) auf die bakterielle Zusammensetzung untersucht. In einem weiteren Kapitel
wurde der metabolische Beitrag des Mikrobioms in Form einer Metatranskriptom-
Untersuchung in der Darmschleimhaut (Kapitel 3) zu analysieren. Es wurde festgestellt,
dass die pflanzenbasierte Fiitterung im Vergleich zur fischmehlbasierten Fiitterung
keinen Einfluss auf die Entwicklung und das Wachstum des Fisches beider Zuchtlinie
hatte. Auch der simulierte Stress wirkte sich nicht auf die Wachstumsparameter beider
Zuchtlinien aus. Diese Ergebnisse zeigen, dass eine Substitution des Proteingehaltes einer
konventionellen Didt durch Sojaproteinkonzentrat, wie in der Literatur beschrieben,
einsetzbar ist und moderater Haltungsstress zunachst keine negativen Auswirkungen hat.
Allerdings konnte in Kapitel 1 gezeigt werden, dass Haltungsstress einen signifikanten
Einfluss auf die bakterielle Zusammensetzung des Darminhaltes von Zuchtlinie B hat.
Interessanterweise konnte in Zuchtlinie A ein signifikanter Unterschied in der
Darminhaltspopulation ausgemacht werden, wenn zusatzlich zum Haltungsstress eine
pflanzenbasierte Diat gefiittert wurde. Obwohl die beide Zuchtlinien aufgrund des
experimentellen Designs der Studie nicht untereinander statistisch ausgewertet worden
sind, konnte eine unterschiedliche Antwort der Mikrobiota beider Zuchtlinien aufgrund
genetischer Unterschiede ausgemacht werden. Gegensatzlich zu diesen Ergebnissen wird

davon ausgegangen, dass die Mikrobiota im Darminhalt eher empfanglich fiir diatische



170 Zusammenfassung

Verdanderungen ist, wahrend die Mukosa-assoziierte Mikrobiota aufgrund ihrer
Verkniipfung mit dem Immunsystem des Wirts eher auf stressbedingte Faktoren reagiert.
Die residente Mikrobiota in der Darmmukosa zeigte liberdies, dass die pflanzenbasierte
Didt in beiden Zuchtlinien wahrend des Stresses keinen signifikanten Einfluss hatte. Bei
der Auswertung bakterieller Veranderungen in der Darminhalt- bzw. Mukosa-
assoziierten Mikrobiota konnte neben der unterschiedlichen Sensitivitit beider
struktureller Abschnitte ebenfalls ein grundsatzlicher Unterschied in der bakteriellen
Zusammensetzung des Darminhalts im Vergleich zur Mukusschleimschicht festgestellt
werden. Dieser kompositionelle Unterschied konnte auf die in dieser Umgebung
vorkommenden Molekiile des Wirts wie Immunglobuline, Zytokine, Antikérper und
andere Zellen des Immunsystems zurilickzufithren sein, die mit dem Mikrobiom
interagieren und durch Wirtsreaktionen auf zum Beispiel Stress oder Erndhrung
moduliert werden. Transiente Mikroorganismen treten ebenfalls mit einem Teil der in der
Mukusschleimschicht enthaltenen Zellen und auch Bakterien in Kontakt, interagieren

aber primar mit den aufgenommenen Nahrstoffen der jeweiligen Fiitterung.

Bei genauerer Betrachtung der mikrobiellen Gemeinschaft in der Darmschleimhaut wie
auch im Darminhalt beider Zuchtlinien wurde eine liberwiegende Prasenz der Phyla
Firmicuten, Proteobakterien und Fusobakterien festgestellt, wobei Vertreter des
Stammes Actinobacteriota ausschliefdlich im Darminhalt auftauchten. Bei den Firmicuten
konnte gezeigt werden, dass die Gattung Mycoplasma in beiden untersuchten Mikrobioten
dominierend innerhalb des Phylums ist und vor allem in der Darmschleimhaut mit der
pflanzenbasierten Didt assoziiert ist. Es wird vermutet, dass Mycoplasma sich positiv auf
die Expression von Genen der Darmbarriere auswirkt, und es wird spekuliert, dass
Mycoplasma durch die Biosynthese von Arginin, Citrullin und Ornithin den Stoffwechsel
stimulieren kann. Interessanterweise scheint das Wachstum von Photobacterium in den
vorliegenden Ergebnissen durch die Anwesenheit von Mycoplasma bzw. die
pflanzenbasierte Didt signifikant herunterreguliert zu sein. Diese Erkenntnis kénnte ein
Hinweis auf eine mogliche prabiotische Wirkung der pflanzenbasierten Diat auf das
Mikrobiom sein. In Forellenzuchtlinie B konnte aufierdem ein signifikanter Effekt der Diat
auf die relative Haufigkeit der Gattung Cetobacterium im Darminhalt erfasst werden,
wobei die pflanzenbasierte Didt eine Forderung dieser Gattung bewirkte. Auch in der
Darmschleimhaut konnte Cetobacterium nachgewiesen werden, wobei jedoch eine

eindeutige Assoziation mit den Versuchsgruppen nicht méglich war. In Stifswasserfischen
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ist diese Bakteriengattung einer Vielzahl probiotischer Eigenschaften zuzuordnen, wie
zum Beispiel der Vitamin B12-Produktion, Fermentation von komplexen Kohlenhydraten
oder der Immunaktivierung. Welche Rolle Cetobacterium in dem Darm von
Regenbogenforellen hat, ist bislang ungeklart, sollte jedoch in Folgestudien aufgrund der

genannten Annahmen naher betrachtet werden.

Eine fundierte Erklarung fiir die unerwartete Modulation des Mikrobioms durch die
pflanzenbasierte Didt und den Haltungsstress konnte nicht im Metatranskriptom der
Regenbogenforelle gefunden werden. Die Sequenzierung und Analyse bakterieller
Transkripte gibt Aufschluss liber die tatsachliche Aktivitat der Bakterien, indem gezielt
Messenger RNA aus der Gesamtpopulation der RNA-Molekiile selektiert und untersucht
wird. Dabei konnten von insgesamt 703879 erfassten transkribierten Genen 499
Transkripte als signifikant hoch- oder herunterreguliert durch die entsprechenden
Versuchsgruppen erfasst werden. Bedauerlicherweise konnte keines dieser regulierten
Transkripte einer entsprechenden Funktion zugeordnet werden. Da es sich bei dem
Regenforellenmikrobiom um eine sehr spezielle Bakteriengemeinschaft handelt, welche
im Vergleich zum z. B. humanen Mikrobiom wenig erforscht ist, sind diese Bakterien in
den zuganglichen Datenbanken vergleichsweise unterreprasentiert, was oftmals der
Grund fiir eine unzureichende Zuschreibung der Gene ist. Insgesamt konnten 68,265
Transkripte, welcher nicht signifikant reguliert sind, einer Funktion zugeschrieben
werden. Diese geben jedoch keinen Aufschluss auf den Einfluss der verfiitterten
pflanzenbasierten Didt oder des Haltungsstresses. Anhand dieser Transkripte konnte
beobachtet werden, dass eine erhohte mikrobielle Expression von Genen mit Funktion im
Aminosauremetabolismus unabhidngig von der Proteinquelle oder dem Haltungsstress in
der Forellendarmschleimhaut aktiv ist. Eine taxonomische Zuordnung der Transkripte
konnte iiberwiegend den Gattungen, welche mittels 16S rRNA Gensequenzierung
detektiert worden waren, zugeschrieben werden. Darunter sind vor allem Cetobacterium
und Photobacterium, aber auch andere Bakteriengattungen wie zum Beispiel
Faecalibacterium und Prevotella zu nennen. Erstaunlicherweise konnte anhand der RNA
Sequenzierung keine Zuordnung zu der dominanten Gattung Mycoplasma erfolgen, wobei

hier eine technische Limitierung vermutet wird.

Abschliefend kann festgehalten werden, dass bei Betrachtung des intestinalen
Mikrobioms, die Art der Futtermittelzusammensetzung, im speziellen die

Proteinherkunft, und ein zusatzlicher Haltungsstress unterschiedliche Verdanderungen
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der bakteriellen Zusammensetzung im Darminhalt und der Darmmukosa in den
jeweiligen Zuchtlinien hervorruft. Dabei wurde vor allem ein Einfluss auf Vertreter der
Gattung Mycoplasma, Photobacterium und Cetobacterium festgestellt. Eine ndhere
Betrachtung dieser Gattungen ist von wissenschaftlichem Interesse und erméglicht es
potentielle Bakterien zu identifizieren, die einen positiven Einfluss auf die
Fischgesundheit und metabolische Aktivierung haben. Uber das Verstindnis der aktiven
metabolischen  Prozesse hinsichtlich der Versuchsparameter konnte das
Metatranskriptom kaum Aufschliisse zum Verstandnis bakterieller Aktivitat geben. Die
Daten bieten jedoch iiber diese Arbeiten hinaus das Potential mehr {iiber die
metabolischen Prozesse in der Darmschleimhaut von Regenbogenforellen und im

grofderen Kontext der Salmoniden in Erfahrung zu bringen.
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Appendix A

Establishing a 16S rRNA gene sequencing analysis pipeline

In addition to understanding the microbiome in rainbow trout under different nutritional
and stress conditions, this work has laid the foundations for bioinformatic processing,
including the establishment of functional computing environments (Linux; High
Performance Cluster, University of Kiel, caucluster, x86 Linux cluster) of 16S rRNA
markers and metatranscriptome analyses. The bioinformatic processing of raw
sequencing data, including the statistical evaluation of hypotheses, necessitates the use of
a variety of software and hardware, particularly for metatranscriptome data. The
implementation of such processes requires the availability of a dedicated computing
environment. The pipeline for processing 16S rRNA gene sequences was established for
the analysis of bacterial and archaeal communities from a number of relevant organisms
associated with research projects at the Institute of Animal Nutrition and Physiology.

However, it can be applied to the analysis of any microbial community.
Scientific publications during the doctoral period

The analysis pipeline was successfully used for further projects during the period of the

present work, which led to the following publications/manuscripts:

Mueller, J., van Muilekom D. R., Ehlers J., Suhr M., Hornburg S. C., Bang C., Wilkes M.,
Schultheifd T., Maser E., Rebl A., Goldammer T., Seibel H. and Schulz, C. Dietary
Chlorella vulgaris supplementation modulates health, microbiota and the response

to oxidative stress of Atlantic salmon. Scientific Reports; 14:23674. 2024

Tiwari S. P, Suhr M., Bang C. Schulz C., Hornburg S. C.; Exploring the potential of
microalgae co-cultivation on bacterial community dynamics in a Nile tilapia and

garlic aquaponic system; In review in Aquaculture Research 2024
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16S rRNA gene sequencing

The expansion of next-generation sequencing (NGS) technologies over recent decades has
prompted a transition in microbiome research from culture-based techniques, which
necessitate expertise in the targeted microbes and laboratory experience, to high-
throughput marker gene sequencing technologies. The objective of marker gene
sequencing is to target pre-defined, gene-specific regions, which, among other things,
allow for the discrimination of taxonomic groups within a given population of organisms.
For example, internal transcribed spacer (ITS) targeting is employed to analyze fungal
populations, while 18S rRNA sequencing provides information about organisms of
eukaryotic origin. In summary, the analysis of bacteria and archaea employs regions of
the ~1,550 bp 16S ribosomal RNA gene that are distinctive of their relatively slow
evolutionary rates. All markers are distinguished by their specificity for a group of
organisms (kingdom). Hypervariable regions (HVRs), which allow phylogenetic
discrimination of organisms based on sequence dissimilarity, are essential. Adjacent
conserved regions serve as primer binding sites, enabling the selection of only marker
genes and the reliable reproduction of the same region across studies. The 16S rRNA gene,
which encodes the small subunit (SSU) of prokaryotic ribosomes, is comprised of nine
hypervariable regions (HVRs; V1-V9) that exhibit high sequence diversity and abundance.
The length, degree of conservation and discriminatory power of the HVRs vary between
bacteria and archaea [130]. It is noteworthy that not all of the nine HVRs are suitable for
distinguishing between all bacteria. The pioneering work on the SSU of prokaryotic
ribosomes and its potential as a molecular method was realized and published by Woese

and colleagues in the 1970s and 1980s [131,132].

Prior to sequencing, sample preparation, including cell lysis, isolation, purification, and
separation of DNA from other cellular material, is a mandatory laboratory step that must
be performed. There are a number of DNA extraction protocols available from different
manufacturers, with specific preparation protocols for specific starting materials. It is
notable that the use of different extraction protocols can lead to different results due to a
different extraction efficiency of certain bacterial groups, which makes comparability
between studies challenging. Once the DNA is in solution, library preparation is
performed, including the amplification of the desired HVRs by PCR. This step also includes
the addition of barcodes with sequencing adapters and index barcodes, which will be used

for the future assignment of samples following the pooling of up to 96 libraries in a single
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run using the Illumina MiSeq v3 platform (Illumina Inc., San Diego, CA, USA). While
sequencing technologies have undergone significant advancements over the past few
decades, the 2x300 bp Illumina MiSeq has emerged as the gold standard for 16S rRNA
gene sequencing, capable of producing over 20 million paired-end reads from a single run
of 96 samples. In addition to the Illumina MiSeq v3, other platforms may be employed,
including the Illumina HiSeq, lon Torrent, 454 Pyrosequencing, PacBio Sequel, and Oxford
Nanopores. Each of these has particular advantages and limitations, which depend on the

specific project goals, budgetary constraints, and available equipment.
Detailed protocol of bioinformatical processing of 16S sequencing data

Sequence information is obtained from the sequence facility in fastq format, which
includes, in addition to nucleotide information, data regarding the quality of the
respective read. To process such a large number of reads, it is preferable to use a
computing environment that allows for the execution of automated commands. This was
accomplished via the command-line interface on the Ubuntu 20.04.5 LTS operating
system, utilizing the Linux kernel version 5.14.0-1059-oem, and encompassed a
comprehensive workflow for the 16S rRNA genes implemented mainly in Qiime2 [133].
Further details on the gene read processing, which extend beyond the method description
provided in the corresponding manuscript, can be found in the GitHub repository

(https://github.com/biomarv/16S-rRNA-gene-analysis-using-QIIME2).

Metatranscriptome analysis

The microbial mRNA analysis pipeline was a pilot project designed specifically for the
DFG-funded MetaBac project, entitled "Das Metatranskriptom der bakteriellen
Darmgemeinschaft von Forellen in Abhdngigkeit verschiedener Fiitterungsstrategien und
Stresssituationen” (The Metatranscriptome of the Bacterial Gut Community of Fish in
Relation to Different Feeding Strategies and Stress Conditions). The processing of RNA
sequence data cannot be conducted in the same standardized manner as that of marker
gene sequencing. However, this approach established the foundation for the analysis of
other RNA sequencing approaches at the Institute, with the objective of elucidating
microbial or even host function (transcriptome analysis) in different animals. Given the
considerable increase in the volume of data being processed, necessitating a greater
allocation of memory, the computations were conducted on a high-performance

computing cluster provided by the University of Kiel's Computing Centre.
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A range of molecular techniques can be employed to assess the functional impact of the
microbiome. These include metagenomics, metaproteomics, metabolomics and
metatranscriptomics. Metatranscriptome analysis permits the drawing of conclusions
regarding functional activities through the untargeted sequencing of RNA molecules,
which provide information about the expression of genes from the microbiome. However,
given that only mRNAs provide relevant information about gene expression and that
numerous other RNA species, including ribosomal RNA (rRNA), transfer RNA (tRNA),
small nucleolar RNA (snoRNA) and microRNA (miRNA), are involved in cellular functions,
it is essential that metatranscriptome studies are carefully planned and that mRNA
enrichment and depletion of unwanted RNA molecules are included in the laboratory and
bioinformatics steps. It is essential to ensure the accuracy of data pre-processing, which
should include the removal of technical artefacts such as sequencing errors, PCR bias, and
in silico ribosomal RNA contamination. The most challenging aspect of this process
remains the accurate annotation of transcripts, which is contingent upon the availability
of reference genomes from a range of microbial communities. The accurate classification
of sequences is of paramount importance for a meaningful interpretation of
metatranscriptomic data. A number of bioinformatics tools are available for the
annotation of genes and transcripts. These include MEGAN (MEtaGenome Analyzer),
HUMANN (HMP Unified Metabolic Analysis Network), Kraken2, MetaPhlAn (Metagenomic
Phylogenetic Analysis), DIAMOND, Trinotate and MG-RAST (Metagenomics Rapid
Annotation using Subsystem Technology). However, in the case of microbial communities
that are known to be highly specific with regard to several parameters, the lack of
references makes metatranscriptome analysis even less successful. Consequently, the use
of non-redundant databases is unavoidable. The identification of differentially expressed
genes was conducted in R using DESeq2 [129], a method with a well-documented
application. For a detailed workflow of the RNA processing that extends beyond the
description of the method in the corresponding manuscript, a script is available at the

following  GitHub repository (https://github.com/biomarv/metatranscriptome-

analysis).



Appendix B 177

Appendix B

Additional information and results

Figure B-1 Recirculating aquaculture system (RAS) with 20 tanks a 150L located at the
Fraunhofer Research institution for Individualized and Cell-based Medical Engineering
(IMTE) in Biisum where the feeding trial was conducted.
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Figure B-2 Microbial community composition among different samples taken from
RAS system A (red) and B (blue) using Bray-Curtis distance. Sampletypes include
biocarrier, biofilter, distilled water, tank and water taken from the system. PERMANOVA
revealed no statistical differences among community composition among line or

sampletype.

Table B-1 Detergent fiber analysis according to Van Soest [134] of diet F and V.

Component (%) Diet F Diet V
Crude fat DM? 3.91 2.78
Crude Fat, feed? 22.39 23.52
ADF DM3 1.64 4.59
Cellulose® 1.15 4.06
ADL DM? 0.50 0.53
NDF DM 19.34 11.41
NDFiorr 15.01 8.73
Hemicellulose? 17.69 6.82
Sugar DM 0.38 1.06
DM bei 1 mm 93.54 93.62
Starch DM? 16.26 16.08
DM bei 1 mm 93.58 93.62

1 Residual raw fat content after the samples have been defatted for subsequent analysis

2 Degree of grinding for starch 0.5 mm; all remaining 1 mm

3 calculated
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