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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.
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Introduction
The global amount of fish produced in aquaculture has 
been constantly growing over the past 20 years, as is con-
sumer 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 sustain-
ability 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 formula-
tion. Many years of research have found suitable substi-
tutes, such as oilseeds, legumes, cereal grains [2, 3], or 
insect meal [4]. Compelling quality measures for alter-
native feeds include low percentages of starch, fiber, and 
antinutrients [5].

Nevertheless, it is well established that dietary compo-
nents 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 patho-
gens 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 contain-
ing rapeseed oil and pea meal [14]. In contrast, Villasante 
and colleagues [15] revealed that a decreased abundance 
of LAB members Leuconostoc and Weisella while feed-
ing a high carbohydrate diet is associated with fatty liver 
disease (hepatic steatosis) in Atlantic salmon. Addition-
ally, juvenile rainbow trout are less susceptible to infec-
tion of Yersinia ruckeri 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.

Moreover, lipase- and protease-producing bacteria are 
associated with a carnivorous diet, but the overall diver-
sity compared to herbivorous fish decreases [16]. How-
ever, 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 Actinobac-
teria, which seems to be consistent in wild-caught and 
selectively bred fish. Eventually, a well-balanced micro-
biome inhabits beneficial members that provide the host 
with valuable extracellular enzymes (carbohydrates, cel-
lulases, phosphatases, esterases, lipases, and proteases), 
fatty acids, vitamins, and amino acids [25].

Besides an optimal nutrient supply, rearing conditions 
preferably free of handling, and group or environmen-
tal stress are desired for effective aquaculture. Handling 
stress, transportation, sorting, grading, and rearing con-
ditions, such as temperature [26, 27] and stocking rates 
[3, 28], are common stress factors. Possible consequences 
include an increased susceptibility to pathogenic dis-
eases [29]. Previous studies on zebrafish have pointed to 
a connection between stress resistance and the microbi-
ome [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 suscep-
tibility 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 parasym-
pathetic as well as the central nerval system. Consider-
ing 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 trout lines based on transcriptomic pro-
filing, 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.



Page 3 of 17Suhr et al. Animal Microbiome            (2023) 5:33 

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 inter-
action 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 molecu-
lar 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 pre-
sented in Table 1: neither stress nor diet had a significant 

Table 1  Initial (mean ± SD, nA = 216, nB = 192) and final body weights of individual rainbow trout (mean ± SD, nA = 120, nB = 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
A 0-V 124.91 ± 0.23 347.80 ± 38.25 1.76 ± 0.03 0.88 ± 0.01 1.54 ± 0.00B 2.73 ± 0.04 44.32 ± 0.92

1-V 124.71 ± 0.25 343.01 ± 45.00 1.73 ± 0.06 0.89 ± 0.03 1.54 ± 0.01B 2.69 ± 0.10 43.99 ± 5.98

0-F 124.52 ± 0.66 359.82 ± 34.10 1.78 ± 0.02 0.85 ± 0.01 1.51 ± 0.01A 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 ± 0.01A 2.70 ± 0.03 41.49 ± 3.48

B 0-V 146.90 ± 0.41 433.00 ± 58.23 1.74 ± 0.04 0.89 ± 0.02 1.54 ± 0.03B 2.71 ± 0.07 41.19 ± 0.42

1-V 147.75 ± 0.76 421.73 ± 69.35 1.76 ± 0.07 0.87 ± 0.03 1.53 ± 0.01B 2.76 ± 0.10 39.40 ± 6.48

0-F 147.15 ± 0.41 410.63 ± 43.93 1.75 ± 0.05 0.85 ± 0.02 1.49 ± 0.01A 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 ± 0.00A 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 file. 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).

Fig. 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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influence on performance parameters, except for a sig-
nificantly 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 analy-
sis, the number of samples of IBW and FBW varied.

16S rRNA bacterial assignment from the intestinal gut 
content of rainbow trout
To assess the intestinal microbial composition of individ-
ual trout, bacterial DNA extracted from total gut content 
at the 16S rRNA V3–V4 region was sequenced. Demul-
tiplexed Illumina MiSeq reads comprised of 2 × 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 taxo-
nomic 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 (with-
out 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 ini-
tial sampling (A: n = 21, B: n = 20) and experimental sam-
ples. The average number of reads was 16,872 (without 
rarefaction).

The impact of stress on microbial diversity
Alpha diversity measures, including observed ASVs 
(richness) as a qualitative parameter and Shannon diver-
sity 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 signifi-
cantly 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.

Beta-diversity is affected by stress and diet
First, we intended to determine the overall microbial 
community composition altered by diet-by-stress treat-
ments in genetic trout lines. For nonmetric multidi-
mensional scaling (NMDS), we calculated unweighted 
UniFrac distances to evaluate community structure by 
integrating phylogenetic information and presence or 
absence information and further weighted UniFrac dis-
tances, which additionally included abundance data 
based on genus-level data. First, a model that included 
only initial samples from A and B demonstrated signifi-
cant differences between both genetic trout lines prior to 
the trial (Fig. 2A, unweighted, p = 0.001; Fig. 2B: weighted, 
p = 0.001; permutational multivariate analysis of variance 
[PERMANOVA], Supplementary Table T3).

Graphical representation of unweighted UniFrac of 
trout line A (Fig.  3A) revealed no clustering by treat-
ment 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, Fig.  3C). Results of pairwise 
statistical comparison in trout line A indicated scarce sig-
nificant differences between treatment A-0-V and A-1-V 
(p = 0.055) in unweighted UniFrac but significant differ-
ences 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 visual-
ization (Fig.  3B, unweighted; Fig.  3D, weighted). How-
ever, 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 com-
munities within groups was further tested by disper-
sion analysis incorporating both UniFrac distances on 
genus-level data. Consistent with previous results, sig-
nificantly 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 T3). No sig-
nificant differences in trout line A were observed.

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 librar-
ies, 25 phyla were observed, from which the top six 
dominant phyla across all treatments in trout lines A 
and B were Fusobacteriota, Firmicutes, Proteobacteria, 
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Actinobacteriota, Desulfobacterota, and Bacteroidota, as 
shown in Fig.  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 Fuso-
bacteriota abundance within stress groups, abundance 
decreased when diet V was fed (not significant). Contrary 
to trout line A, the increased abundance of Fusobacteri-
ota 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 signifi-
cantly 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 com-
pared 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 Fir-
micutes. 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 abun-
dance 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 com-
posed of a high abundance of Desulfobacterota (33%) and 
Fusobacteriota (21%) and a low abundance of Verrucomi-
robiota (3%), which was present only in the initial sam-
plings. 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 Actino-
bacteriota (15%). Further bacterial taxa found in the ini-
tial sampling of both genetic trout lines can be found in 
the supplementary material section (Figure S3).

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 Fig.  5. 
The phylum Fusobacteriota comprised a single genus in 
both genetic trout lines, Cetobacterium, and was thus 
close to absence in B-init (Supplementary Figure S4). 

Fig. 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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Thus, abundances from this phylum resembles the genus 
distribution. Stressed fish from trout line A showed sig-
nificantly increased abundances in Bifidobacterium (12%, 
p = 0.023) and Enhydrobacter (4%, p = 0.036) when fed 
diet V. Otherwise, an increased abundance of Staphy-
lococcus (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 appear-
ance of Brevundimonas (2%, p = 0.029) and Candidatus 
Microhrix (2%, p = 0.023) when fish were stressed in con-
trast 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.

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 iden-
tified as significantly differential abundant among the 
treatments based on the estimated effect size. From these 
results, Table 2 shows the corresponding treatments and 
linear discriminant analysis (LDA) scores for each signifi-
cant 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. 

Fig. 3  Microbial composition comparison among treatments on genus level data from rainbow trout gut content. NMDS on unweighted UniFrac dis-
tances for trout lines A and B (A, 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)
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Most of the reads were classified as uncultured bacte-
rium, while some could be assigned as Cetobacterium 
somerae. Furthermore, Mycoplasma (B-0-V), Photobac-
terium (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.

Discussion
The present study is the first to investigate the micro-
bial 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 

Fig. 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 tanks. Unstressed group (0), stressed group (1), 
fishmeal diet (F), plant-based diet (V)
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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, environ-
ment, or genetic state, among others, is crucial. By con-
ducting 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 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 a 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 inclu-
sion 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 

Fig. 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 tanks. Unstressed group (0), stressed group (1), fishmeal diet 
(F), plant-based diet (V)
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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 aver-
age 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 decontamina-
tion 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 bac-
teria since, for example, several hypervariable 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, Fir-
micutes, Proteobacteria, Actinobacteriota, and Bacte-
roidota, dominated the communities in both breeding 
lines and across all treatments. Our findings agree with 
previous studies that defined these phyla as major taxo-
nomic 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 pre-
viously 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 domi-
nation of Fusobacteriota and Firmicutes in the intestinal 
gut microbiota of rainbow trout [44] were Cetobacterium 
and Mycoplasma, which represent the predominant gen-
era 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 T5, T6). 
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 stud-
ies [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 cer-
tain bacterial clades could be assigned to the applied 

Table 2  Linear discriminant analysis effect size (LEfSe) results 
of relevant features significantly (p < 0.05) characterizing 
experimental treatments
Treatment Phylum Genus ef_lda padj
A-0-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-0-F Proteobacteria Acinetobacter 4.431 0.033

B-0-F Proteobacteria Schlegelella 3.893 0.040

B-0-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 Verrucomicro-
biota

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
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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 abun-
dance 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 con-
sidered within the ratio Firmicutes:Proteobacteria. The 
phyla Actinobacteriota, Desulfobacterota, and Bacteroid-
ota show only minor changes in abundance and no sig-
nificant 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 obser-
vations 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% coverge by Ceto-
bacterium [49, 50]. In humans, Cetobacterium is associ-
ated with protein and carbohydrate fermentation [51], 
while in freshwater fish, Cetobacterium is known for vita-
min 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 gastroin-
testinal 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 metabo-
lism in rainbow trout. Further studies in this context 
need to be conducted to address the function of Cetobac-
terium 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 com-
mensal in the gastrointestinal tract regardless of com-
partmentation of rainbow trout [27, 28, 41, 55, 57–59] 
and other salmonids [60–64] while found to be patho-
genic in human hosts [65]. A few studies have observed 
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 ali-
mentary tract [68]. Furthermore, Mycoplasma abundance 
has been found to be positively correlated with FBW and 
disease resilience in Atlantic salmon [62, 69]. Our find-
ings support the hypothesis that Mycoplasma is a domi-
nant microbe in the gut contents of salmonid hosts. 
While still lacking an exact detailed assertion of the rela-
tionship and function between microbe and host, a long 
and close evolutionary and ecological commensal con-
nection has been proposed. As salmonids are ammono-
telic 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 car-
rier. While in the aforementioned studies the focus was 
on metagenomic analysis of Mycoplasma, transcriptomic 
data of such scenarios may unravel the functional rela-
tionship between this microbe and the host. Because it is 
frequently reported in rainbow trout, the omnipresence 
of Mycoplasma in gut contents is unequivocal, regard-
less of what environmental conditions or diets are being 
applied. In particular, in the present treatment, no signifi-
cant patterns between the conditions were determined. 
Although LEfSe results indicated substantive association 
of Mycoplasma with plant-based diet and no stress expo-
sure in trout line B, a general connection between diet 
and stress cannot be related; thus, these findings under-
line 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 
stressed fish fed a plant-based diet in genetic trout line A. 
Otherwise, in trout line B, such bacteria had their high-
est abundance in unstressed fish fed an FM-based diet. 
Representatives from the genus Bifidobacterium are het-
erofermentative 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 rep-
resentatives 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 Bifido-
bacteriales to a plant-based diet in juvenile brown trout 
[9]. However, in the present study, abundance profiling of 
Bifidobacterium did not reveal a strong 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.
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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 experi-
ment, 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 anal-
ysis. 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]. There-
fore, we analyzed both breeding lines separately. Sug-
gesting 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 experi-
mental 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 microbi-
ota was significantly affected by the stress level to which 
the fish was exposed, which finally resulted in a signifi-
cant discrimination of microbial composition based on 
phylogenetic distance matrices. As has been proposed 
elsewhere, these results support the hypothesis of a con-
nection 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, 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 sys-
tem 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 can-
not be answered up to this point. In trout line B, differ-
ences 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 
microbiome of rainbow trout fed a plant-based diet are 
less susceptible to an external stressor in certain breed-
ing 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 
TNFα, 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 intesti-
nal 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.

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 trout genetic 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 
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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 fac-
tors 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 intes-
tinal 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 sensi-
tive biomarker for stress exposure in aquaculture.

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 für 
Marine Aquakultur mbH” (GMA, Büsum, 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 rele-
vant 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 Direc-
tive 2010/63/EU). The research also adhered to Aquacul-
ture Research ethical guidelines.

The multifactorial experiment was conducted in trip-
licate, 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  m³ water body (20 tanks á 150  L). Breeding lines 
were spatially separated into two RASs to avoid epi-
demic 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/m³). Thus, a total of 2³ 
experimental groups  (Fig. 6) were established in tripli-
cates (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 envi-
ronmental parameters for RASs A and B, respectively, 
comprising of 15.17  °C ± 0.44, 15.42  °C ± 0.38 water tem-
perature, 9.67 ± 0.69 mg l− 1, 9.47 ± 0.49 mg l−1 O2 concen-
tration, pH 7.2, pH  7.16, 4.62 ppt ± 0.63, 4.56  ppt ± 0.61 
salinity, 0.43 mg l−1 ± 0.14, 0.50 mg l−1 ± 0.22 Ammonium 
(NH4

+), and 0.96 ± 0.34  mg l−1, 1.07 ± 0.35  mg l− 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 accli-
matized 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 acquisition. The experi-
mental trial lasted 59 days in total. During adaptation, 
fish feeding rates were restricted to 0.5% of total bio-
mass 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, isonitrog-
enous, and isoenergetic diets, formulated according to 
commercial trout diets differing in fish protein (35% diet 
F, 7% diet V; Table 3) and plant-based proteins (47% diet 
F, 73% diet V). Fish diets were purchased from a com-
pany specialized in the production of experimental feed 
(Sparos Lda., Olhão, 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 s, two hours after each feeding event. 
Stressed and non-stressed fish were spatially separated 

Fig. 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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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 experi-
ment 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 day 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 reten-
tion efficiency (PRE) (Supplementary file; [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.

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 anes-
thetized 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 scis-
sors 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.

Table 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, Olhão, Portugal. Information about nutritional values and energy content was acquired at 
the IMTE, Büsum
Ingredient F [%] V [%]
Fish meal LT70a 35.00 7.00

Fish protein concentrate 2.50 2.50

Soy protein concentrateb 6.00 20.50

Wheat gluten 6.00 15.20

Corn gluten 5.00 5.00

Soybean meal 48c 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 Cd 0.05 0.05

Vitamin Ee 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− 1] 23.54 23.92
aPeruvian fishmeal LT: 670 g kg− 1 crude protein (CP), 90 g kg− 1 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.
eVitamin E: >50% DL-alpha-tocopheryl acetate, Lutavit E50, BASF, Germany.
fCarbohydrate = 100 – (water – crude ash – crude protein – crude fat).
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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  s. 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  µl supernatant as 
input for QIAmp® DNA fast stool mini kit (Qiagen, USA, 
Cat. no. 51,604), which was conducted according to the 
manufacturer’s instructions on a QIAcube® automa-
tion machine (Qiagen, USA). Additionally, 12 extraction 
blanks were included to obtain possible contamination 
during DNA preparation.

For sequencing, a one-step polymerase chain reac-
tion (PCR) amplification of the V3–V4 region of the 16S 
rRNA gene was performed using forward and reverse 
primer 341  F ‘CCTACGGGAGGCAGCAG’ and 805R 
‘GGACTACHVGGGTWTCTAAT’ [75], respectively, 
in a dual-barcoding approach. A final volume of 26  µl 
comprised of 5.0 µl 5X Phusion HF buffer, 0.5 µl dNTP 
(10 mM), 0.3 µl Phusion Hot Start II Polymerase (2 U/µl; 
Thermo Fisher Scientific), 9.2 H2O, 4  µl of each primer 
(100 µM), and 3  µl microbial DNA template were pre-
pared. Each PCR reaction plate included a negative 
control with nuclease-free water to account for contami-
nation and a reaction employed with a mock community 
(ZymoBIOMICS Microbial Community Standard, Cat. 
no. D6305) as a positive control composed of eight bacte-
rial isolates with defined abundances to verify adequate 
performance. Following an initial denaturation tem-
perature of 98  °C for 30 s, 30 cycles were carried out as 
follows: 98 °C (0:09 min), 55 °C (1:00 min) annealing tem-
perature, and 72  °C (1:30  min) extension temperature. 
After cycling, the amplificants were extended 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 gut contents, positive and negative 
controls (in total 294 sequencing samples) 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 accord-
ing to the manufacturer’s specification and Trautmann et 
al. [76], ending up with 2 × 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 BioPro-
ject ID PRJNA797926.

Bioinformatics
Demultiplexed reads exempted from sequencing adapt-
ers 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 per-
formed. 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 DADA2 plugin [81] was run with trunca-
tion 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 fre-
quency of less than 16 were discarded using the filter-
features command of the feature-table plugin. To assign 
taxonomy to ASVs, a naïve 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 clas-
sified as Cyanobacteria, assumed to derive from plant 
chloroplasts, and mitochondrial origins were excluded 
from further analysis. Only ASVs classified as bacte-
ria 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 contamina-
tion effects. A phylogenetic tree was generated using a de 
novo approach by conducting a multiple alignment using 
a fast Fourier transform via the qiime phylogeny plu-
gin. Mock community samples were separated from the 
dataset and analyzed for accurate expected abundance 
according to the manufacturer.

The following analysis was performed using RStu-
dio and the R package phyloseq [82]. For alpha diversity 
analysis, richness was estimated using observed features, 
Shannon diversity, and Simpson index, which addition-
ally 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 perfor-
mance parameters, alpha diversity, and relative abun-
dances of taxa evaluation began with the definition of 
an appropriate statistical mixed model [84, 85]. Both 
breeding lines were tested in separate models. The par-
ticular model included diet and stress, as well as all their 
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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 graphi-
cal residual analysis. Based on this model, a pseudo R² 
was calculated [86] and a two-way ANOVA was con-
ducted, 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 (sam-
pling 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 func-
tion from the vegan package with 999 permutations, 
with diet and stress as interaction factors. Pairwise PER-
MANOVA 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 dis-
persions (betadisper, vegan) using treatments as pseudo-
factors was conducted.

LEfSe [88] was applied using the R package micro-
biomeMarker 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-parametric 
Kruskal–Wallis test using the mean values. All p-values 
obtained by LEfSe were corrected for multiple compari-
sons using the Benjamani–Hochberg false discovery rate 
method.
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