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Abstract

Background: The importance of the gut microbiota for health and wellbeing is well established for humans and
some land animals. The gut microbiota is supposedly as important for fish, but existing knowledge has many gaps,
in particular for fish in the Arctic areas. This study addressed the dynamics of Atlantic salmon digesta-associated gut
microbiota assemblage and its associations with host responses from freshwater to seawater life stages under large-
scale, commercial conditions in the Arctic region of Norway, and explored the effects of functional ingredients. The
microbiota was characterized by 16S rRNA gene sequencing in distal intestinal digesta at four time points: 2 weeks
before seawater transfer (in May, FW); 4 weeks after seawater transfer (in June, SW1); in November (SW2), and in
April (SW3) the following year. Two series of diets were fed, varying throughout the observation time in nutrient
composition according to the requirements of fish, one without (Ref diet), and the other with functional ingredients
(Test diet). The functional ingredients, i.e. nucleotides, yeast cell walls, one prebiotic and essential fatty acids, were
supplemented as single or mixtures based on the strategies from the feed company.
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ingredients

Results: Overall, the fish showed higher microbial richness and lactic acid bacteria (LAB) abundance after seawater
transfer, while Simpson’s diversity decreased throughout the observation period. At SW1, the gut microbiota was
slightly different from those at FW, and was dominated by the genera Lactobacillus and Photobacterium. As the fish
progressed towards SW2 and SW3, the genera Lactobacillus and Mycoplasma became more prominent, with a
corresponding decline in genus Photobacterium. The overall bacterial profiles at these time points showed a clear
distinction from those at FW. A significant effect of functional ingredients (a mixture of nucleotides, yeast cell walls
and essential fatty acids) was observed at SW2, where Test-fed fish showed lower microbial richness, Shannon'’s
diversity, and LAB abundance. The multivariate association analysis identified differentially abundant taxa, especially
Megasphaera, to be significantly associated with gut immune and barrier gene expressions, and plasma nutrients.

Conclusions: The gut microbiota profile varied during the observation period, and the Mycoplasma became the
dominating bacteria with time. Megasphaera abundance was associated with gut health and plasma nutrient
biomarkers. Functional ingredients modulated the gut microbiota profile during an important ongrowing stage.

Keywords: Atlantic salmon, Commercial scale, Arctic region, Digesta-associated gut microbiota, Functional

Background

The understanding of gut microbiota as a key element
for proper function, health and general wellbeing of ani-
mals, including fish, has been greatly strengthened in the
past decade. Although present knowledge of gut micro-
biota in fish is still limited [1, 2], it is clear that alter-
ations in gut microbiota profiles may affect enzyme
production [3], nutrient digestion and utilization [4, 5]
and not at least the immune status which, in turn, may
alter disease resistance, for better or worse (reviewed by
[6-8]). Based on existing literature, it is apparent that
the outcome of alterations in gut microbiota depends on
complicated interactions between the host and diet com-
position, and not at least environmental conditions.

Most studies of gut microbiota in Atlantic salmon
(Salmo salar) to date have described how the bacterial
composition of the intestine may be affected by factors
such as diet [9-13], environment (e.g. water temperature
and salinity) [10, 14—18], disease situation [19], location
within the digestive tract [9, 12, 20] and developmental
stage [21]. For Atlantic salmon, the freshwater-to-
seawater transition phase is a critical period during sal-
mon production. The adaption to the seawater, involves
a great number of physiological changes, such as in-
creased hypoosmotic-regulatory ability, and alterations
in endocrinology, metabolism, morphology and behavior
[22-25]. Recent studies have also demonstrated that the
freshwater-to-seawater transition can have major im-
pacts on the microbiota communities of the intestine
and skin [12, 26-28].

In Norway, Atlantic salmon production in the
northernmost county, ie. Finnmark, contributed 8.9%
of the total aquaculture production in 2019 (https://
www.fiskeridir.no). These Arctic regions are potential
candidates to expand the Norwegian salmon produc-
tion sites. However, present knowledge on how

extreme variation in photoperiod, low average
temperature, long winter period and specific patho-
gens in these Arctic regions influence gut microbiota
is limited. Due to environmental effects on fish biol-
ogy, the effect of diet composition on gut health and
microbiota may differ in fish produced in Finnmark
from that of fish grown in southerly areas in Norway
or other countries, as stated by previous reviews [29—
31]. The lack of information on how fish in Arctic
conditions might differ in biology and interaction
with the environment, has stimulated the feed pro-
ducers to recommend use functional ingredients to
strengthen the fish’ capacity to manage harsh environ-
mental conditions and resist site-specific pathogens.

Functional ingredients, such as nucleotides, and the
so-called immunostimulants and prebiotics, are com-
monly used to improve fish health and disease resist-
ance, in particular during stressful farming conditions
[32, 33]. They seem to have positive effects on gut
health, at least under certain conditions [32, 34—36], and
their effects are suggested to be mediated primarily via
modulation of the gut microbiota, such as increasing
numbers of beneficial bacteria (e.g. lactic acid bacteria,
LAB) [6]. However, the effects of functional fish feed in-
gredients depend on several factors, including the char-
acteristics of the functional ingredient itself, timing and
duration of administration, fish species and life stage [6,
37, 38]. It is also likely that functional ingredients may
exert different actions under practical farming condi-
tions than what can be expected based on information
from controlled tank experiments, since environmental
factors possibly have greater effects than diet on fish
health [39]. Yet, how functional ingredients may exert
modulatory actions on gut microbiota under large scale,
commercial production conditions in the Arctic areas
remains relatively unexplored.


https://www.fiskeridir.no
https://www.fiskeridir.no

Wang et al. Animal Microbiome (2021) 3:14

Characterizing compositional changes in intestinal
bacterial communities during the production cycle, as
well as exploring their associations with host responses
are fundamental steps to understand the impact of gut
microbiota on host functions and gut health in practical
salmon production. The work presented herein is part of
a larger project conducted to gain knowledge on fluctu-
ation in gut function and health of Atlantic salmon from
the late freshwater stage until 1 year in seawater farmed
under large scale, commercial conditions in the Arctic
areas. The host response data have been published previ-
ously [40]. The present study was conducted with three
potential aims, firstly to gain knowledge on the changes
in the digesta-associated gut microbiota of Atlantic sal-
mon from the late freshwater stage until 1 year in sea-
water in a large-scale, commercially relevant setting
under Arctic conditions in the northernmost region of
Norway, secondly whether the use of functional ingredi-
ents would modify the microbiota profiles during the
observation period, and finally exploring potential rela-
tionships between digesta-associated gut microbiota and
host responses.

Results

The absolute bacterial DNA level in the digesta of the
distal intestine was not significantly affected by sampling
time point or diet composition (P > 0.05, Additional file 1:
Figure S1). From the 16S rRNA gene sequencing, a total
number of 10.8 million counts were obtained. The mini-
mum and maximum counts per sample were 16,639 and
159,531, respectively, with an average of 74,972 counts/
sample. After sequence quality filtering, trimming and
filtering of ASVs, the effective sequences were about 16,
000/sample available for further downstream analyses.

Alpha diversity

Compared to fish at FW, fish sampled from seawater
showed higher microbial richness (Observed species
index), especially at SW1 and SW3 (P<0.05, Fig. 1a).
The microbial evenness (Pielou’s evenness) (Fig. 1b) and
diversity (Shannon’s index) (Fig. 1c), on the other hand,
did not show significant differences between the sam-
pling time points. However, the microbial diversity, esti-
mated by Simpson’s index, showed a decreasing trend
throughout the observation period with the lowest value
in fish from SW3 (P < 0.05, Fig. 1d).

Regarding the effects of functional ingredients, signifi-
cant differences were observed (Observed species index
and Shannon’s index) at fish at SW2, but not at any of
the other time points. Fish fed the Test diet showed re-
duced microbial richness and diversity compared to
those fed the Ref diet (P < 0.05, Fig. 1a and c).
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Beta diversity

Results from the permutation multivariate analysis of
variance (PERMANOVA) analysis of both weighted and
unweighted UniFrac revealed significant differences in
gut microbiota among sampling time points (P < 0.001,
Table 1). Compared to fish at SW1, fish sampled at SW2
and SW3, showed a more apparent difference from
those in fish at FW based on both weighted and un-
weighted UniFrac (P<0.001, Table 1). Regardless of
dietary treatment, principal coordinate analysis (PCoA)
plots based on weighed UniFrac showed that samples at
SW2 and SW3 tended to cluster together and seemed to
be separated from those at FW and SW1 (Fig. le). The
PCoA plots based on unweighted UniFrac showed that
samples within each sampling time point clustered to-
gether and tended to separate from samples from other
time points (Fig. 1f).

Significant effect of dietary treatment, i.e. inclusion of
functional ingredients, was observed in fish at SW1 and
SW2 according to the PERMANOVA analysis of un-
weighted UniFrac (P<0.01 and P<0.001, respectively,
Table 1). The PCoA plots based on unweighted UniFrac
metrics showed that at SW2 fish within the Ref diet
tended to cluster together compared to those in Test-fed
fish (Fig. 1g). No clear diet effects were observed in fish
at FW or SW3 (P> 0.05, Table 1). Overall, fish from the
SW2 sampling time point showed the strongest response
to diet, at which significant effects on both alpha and
beta diversity were observed. We, therefore, have chosen
to present details regarding the effects of functional in-
gredients on microbiota assemblage for SW2 only.

Digesta-associated gut microbiota composition
Twenty-seven different phyla were identified for all sam-
ples (Presented in Additional file 2: Table S1). The rela-
tive abundance of microbiota in all samples at the genus
level (the top 25 genera) is illustrated in Fig. 2a. Overall,
the most abundant phyla Firmicutes and Proteobacteria
varied among sampling time points, and accounted, in
total, for about 80% of the total abundance. At FW and
SW1, the composition of digesta-associated gut micro-
biota was strongly dominated by the phylum Firmicutes
and Proteobacteria. The Firmicutes/Proteobacteria ratio
was 1.8 and 1.1 at FW and SW1, respectively. As fish
progressed towards SW2 and SW3, phyla Firmicutes and
Tenericutes became more prominent corresponding to a
decline in phylum Proteobacteria. The Firmicutes/Pro-
teobacteria ratio increased value between SW2 to SW3,
from 4.2 to 10.1, while the Firmicutes/ Tenericutes ratio
decreased from 10 to 3 during the same time interval.
The most abundant genera within the phylum Firmi-
cutes were lactic acid bacteria (LAB), mainly Lactobacil-
lus, Leuconostoc and Lactococcus, and the most
abundant genera within Proteobacteria and Tenericutes
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Fig. 1 Alpha diversity and beta diversity of microbiota in digesta from the distal intestine of Atlantic salmon. a Microbial richness in microbiota in digesta from
the distal intestine of Atlantic salmon between treatments, as measured using the Observed species index. b Microbial evenness in microbiota in digesta from
the distal intestine of Atlantic salmon between treatments, as measured using the Pielou’s evenness. ¢ Microbial diversity in microbiota in digesta from the distal
intestine of Atlantic salmon between treatments, as measured using the Shannon’s index. d Microbial diversity in microbiota in digesta from the distal intestine
of Atlantic salmon between treatments, as measured using the Simpson'’s index. @ PCoA plots based on weighted UniFrac show the clustering between
treatments. f PCoA plots based unweighted UniFrac show the clustering between treatments. g PCoA plots based on unweighted UniFrac show the clustering

each dot represents one sample

of dietary treatment at SW2. For alpha diversity, asterisks indicate significant effect of diet among treatments (* P < 0.05, ** P < 001, n = 8). For beta diversity,

were Photobacterium and Mycoplasma, respectively (Fig.
2a). Across all samples, 10 genera including Lactobacil-
lus, Photobacterium, Leuconostoc and Lactococcus, were
core microbiota at genus level (above 0.1% relative abun-
dance in 80% of samples) (Fig. 2b). Notably, at FW, gen-
era Deefgea, Flavobacterium and Pseudomonas, as well
as family Ruminococcaceae were only detected in a few
fish, but when present, they dominated the gut micro-
biota (Fig. 2a). Here, we focus on the three major genera,
i.e. Lactobacillus, Photobacterium and Mycoplasma, as
they varied among sampling time points. Specifically,
after seawater transfer, fish showed an increased relative
abundance of Lactobacillus, i.e. 29% + 15, 48% + 10 and

50% + 20% at SW1, SW2 and SW3, respectively, com-
pared to that those at FW (7% + 6%) (Fig. 2a and c). Re-
garding Photobacterium, 4 weeks after seawater transfer,
i.e. at SW1, fish had the highest relative abundance of
Photobacterium (40% +25%) compared to fish from
other sampling time points (Fig. 2a and c). The higher
relative abundance of Mycoplasma was observed in fish
at SW2 (7% +17%) and SW3 (23% +31%), while low
levels, less than 0.1%, were observed at FW and SW1
(Fig. 2a and c). The MaAsLin 2 analysis showed signifi-
cant differences in 69 genera among sampling time
points including Lactobacillus, Photobacterium and
Mycoplasma (Fig. 3).
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Table 1 Result of the PERMANOVA analysis of the weighted
and unweighted UniFrac®

PERMANOVA Weighted UniFrac  Unweighted UniFrac
Pseudo-F P Pseudo-F P
Sampling time points 7.518 0.001 3.008 0.001
Pairwise comparison
FW-Ref vs SW1-Ref 0.005 0.025
FW-Ref vs SW2-Ref 0.001 0.001
FW-Ref vs SW3-Ref 0.001 0.001
SW1-Ref vs SW2-Ref 0.001 0.001
SW1-Ref vs SW3-Ref 0.001 0.002
SW2-Ref vs SW3-Ref 0.001 0.001
Dietary effect at each sampling time point
FW-Ref vs FW-Test 0.949 0409 1.056 0347
SW1-Ref vs SW1-Test 2.331 0.05 1.271 0.01
SW2-Ref vs SW2-Test 2.099 0.129 2937 0.001
SW3-Ref vs SW3-Test 0.698 0406 1.176 0.146

2FW, sampling time point in freshwater (May 2016); SW1, the first seawater
sampling time point (June 2016); SW2 the second seawater sampling time
point (November 2016); SW3, the final seawater sampling time point (April
2017); Ref: diet without functional ingredients; Test, diet with

functional ingredients

Regarding the effects of functional ingredients at SW2
(Fig. 4a), Test-fed fish had a lower relative abundance of
Lactobacillus (17% + 19%) than those in Ref-fed fish
(48% + 10%). The relative abundance of Photobacterium
(12% + 4%) and Mycoplasma (7% + 17%) were observed
in Ref-fed fish, while Photobacterium (26% +40%) and
Mycoplasma (27% + 37%) were found in Test-Fed fish.
The MaAsLin 2 analysis showed that significant differ-
ences between Ref and Test diets were due to the decre-
ment of 25 genera/family in fish fed Test diet, including
LAB, such as Lactobacillus and Leuconostoc (Fig. 4b).

Significant associations between microbiota of distal
intestinal digesta and host responses

Of note, the gut immune gene expression levels were
negatively correlated with their PC1 value of the PCA,
while gut barrier gene expression and plasma nutrient
levels were both positively related with their PC1 value
of the PCA (Additional file 3: Table S2).

The multivariate association analysis identified 27 dif-
ferentially abundant taxa that were significantly corre-
lated with gene expression related to gut barrier
function (Fig. 5a). Except for Flavobacterium, 26 differ-
entially abundant taxa, such as Megasphaera, Photobac-
terium and LAB (e.g. Lactobacillus), showed a negative
correlation with expression levels related to barrier func-
tion genes (diagnostic plots of raw data in Additional file
1: Figure S2). For example, the relative abundance of
Megasphaera showed a clear negative correlation with
expression levels of DI barrier function genes, which
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decreased as PC1 of the PCA increased (FDR =0.032,
coefficient = — 0. 49, Fig. 5b).

The relative abundance of Megasphaera was negatively
correlated with PC1 of the PCA of immune functions
(FDR =0.053, coefficient = - 0. 5, Fig. 5a and c), which
decreased as PC1 of the PCA increased. Hence, the rela-
tive abundance of Megasphaera was positively correlated
with gut immune gene expression levels.

The relative abundance of Megasphaera (FDR =0.132,
coefficient = 0. 27) and Bacteroides (FDR = 0.249, coeffi-
cient = 0.21) showed weak positive correlations with the
levels of plasma nutrients, which increased as PC1 of the
PCA increased (Fig. 5a and d).

Discussion

Effects of sampling time points on microbiota in digesta
from the distal intestine

The observed changes in gut microbiota composition
from freshwater to seawater sampling points were prob-
ably related to the adjustments made in commercial di-
ets, different environmental conditions across sampling
points, as well as the host physiology, which changed
substantially during the observation time, may play im-
portant roles in these alterations. Together, these
changes likely lead to the competitive distribution by
certain microbial species, thereby reorienting the
digesta-associated gut microbiota composition of the
fish. Regarding environmental conditions, the alterations
in water temperature and salinity are well documented
to influence gut microbiota [14, 30, 41]. Also, the
freshwater-to-seawater transition has profound effects
on host physiology, e.g. on osmoregulatory and immune
functions in the gut [22, 42-44]. The effects of physio-
logical changes on gut microbiota profiles in our study
may be a protracted process taking longer than the four-
week timeline examined, and are generally in line with
recent studies in Atlantic salmon [12, 28].

Although previous studies have reported that the
freshwater-to-seawater transition has a major effect on
the microbiota profiles of gut digesta in salmon, the ob-
served changes in intestinal microbiota composition vary
inconsistently among studies [12, 26, 27, 45]. Our obser-
vation that fish showed an increase in microbial richness
in distal intestinal digesta after seawater transfer is in
agreement with the results of previous studies of the gut
[27] and skin microbiota [28] of Atlantic salmon. How-
ever, other studies have reported that seawater transfer
decreases [26, 45] or maintains [12, 21] microbial rich-
ness compared to the freshwater stage. In the present
work, the phyla Firmicutes (mainly genus Lactobacillus)
and Proteobacteria (mainly genus Photobacterium) dom-
inated the gut microbiota 4 weeks after seawater trans-
fer, which is in accordance with the study of Lokesh and
co-workers [21]. Other studies have reported that the
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phylum Firmicutes strongly dominate the microbiota of
distal intestinal digesta, whereas other taxa, including
phylum Proteobacteria, decline 3 weeks after seawater
transfer [26, 27]. The reasons behind this discrepancy
are unclear but are likely related to variation in environ-
mental conditions, diet composition and sample origin,
and possibly also methodology.

The LAB has been identified as major component of
the gut microbiota in Atlantic salmon and is presumed
to have beneficial effects on the host through immune
regulation, improvement of digestive processes and in-
hibition of pathogens, at least under some conditions
[46—49]. Our study showing a higher relative abundance
of LAB (mainly Lactobacillus) in fish during seawater
stages than those in FW, is in agreement with the results

of Dehler and co-workers [26]. In the present study, the
alteration in LAB abundance occurred in parallel to the
increase in content of plant ingredients in the diets at
SW2 and SW3. The increased dietary content of fer-
mentable plant carbohydrates, serving as a substrate for
LAB bacteria, may therefore be the cause of the increase
in the relative abundance of LAB, as also observed in
previous studies [9, 20, 50, 51]. However, one recent
study found a significant decrease in the relative abun-
dance of LAB in mucosa-associated microbiota of Atlan-
tic salmon 6 weeks after seawater transfer [12]. Digesta-
and mucosa-associated gut microbiota have been shown
to vary substantially in composition [9, 12, 20]. It is
therefore possible that these two gut compartments may
contain different LAB levels and/or compositions. Given
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the potential functional role of LAB for salmon health,
additional studies of both digesta- and mucosa-
associated microbiota are recommended to increase our
knowledge of LAB roles on salmon health and function.
Compared to fish at SW2 and SW3, the bacterial taxa
of fish at SW1 were more similar to the taxa at FW. This
may be related to the fact that it takes time to colonize
the intestine [52]. There was only 7 weeks between the
FW sampling time point and SW1, whereas the SW1
and SW2 samplings were conducted after 18 weeks in-
tervals. The alteration in microbial profile from SW1 to
SW2 may have other potential causes. Since the observa-
tion period (from June to November) between SW1 and
SW2 is an important stage for growth and physiological
changes due to increased water temperature and high
feed intake [40], the temperature may be the leading en-
vironmental factor impacting these alternations, and diet

could exert synergistic effects. Day length is another en-
vironmental factor that might have influenced gut
microbiota in our study, for which documentation is
lacking so far.

As the Atlantic salmon progressed towards the adult stage,
the enrichment of genus Mycoplasma at SW2 and SW3 time
points compared to FW and SW1 was one of the most
prominent differences found in our study, possibly indicating
that the host is a determinant for microbial assemblage by
attracting specific bacterial communities depending on the
developmental stage of the fish [53, 54]. Previous studies have
found Mycoplasma, a member of the core microbiota, to be
one of the most abundant bacteria in farmed as well as wild
Atlantic salmon during seawater stages [26, 55-59] reaching
levels above 70% of total abundance in certain cases [19, 45,
58]. Increased levels of genus Mycoplasma with time may
therefore be an important characteristic for gut microbiota of
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adult Atlantic salmon. As Mycoplasma is rarely [52] or not
[19, 59] observed in samples from surrounding seawater,
their enrichment may be independent of rearing habitat. The
reason for their colonization in the intestine is uncertain al-
though they seem to be particularly well-adapted to the intes-
tinal environment of Atlantic salmon. Recently, potential
functional roles of Mycoplasma in Atlantic salmon have been
suggested. For example, Mycoplasma abundance was strongly
associated with flesh color darkness, suggesting a role in the
production of carotenoids [60]. Moreover, the Mycoplasma
has shown ecological and functional associations with the
host [61] and is positively correlated with body weight [54].
However, the present study did not show a significant associ-
ation between the relative abundance of Mycoplasma and the
observed host responses. Given the indicated important rela-
tionship between Mycoplasma and host [61], more studies
are warranted to increase knowledge of their functional sig-
nificance, including potential probiotic applications to Atlan-
tic salmon.

Effects of functional ingredients on microbiota in digesta
from distal intestine

Available research indicates that functional ingredients,
when included in fish diets, such as prebiotics, nucleotides
and immunostimulants, may affect gut microbiota
through direct or indirect modulatory effects (reviewed by

[6, 37-39, 62, 63]). However, except at SW2 in our study,
the applied functional ingredients were unable to produce
significant alterations in the microbial profile of the distal
intestine. How dietary functional ingredients may modu-
late gut microbiota composition in fish will depend on
various important factors, such as the specific composition
of the functional ingredients, timing and duration of ad-
ministration, fish life stage, fish physiology, as well as en-
vironment factors [37, 38]. The lack of effects of
functional ingredients could be explained by low feed in-
take, since our study was conducted under the harsh Arc-
tic conditions with the low average temperature during
most of the observation period. Another explanation is
that compared to the small-scale experimental trials of
limited duration in the majority of available scientific lit-
erature, it is likely that, the complicated and changeable
environmental conditions in the current study may have
resulted in the diminished impact of the functional ingre-
dients on gut microbiota [39].

As mentioned above, the observation period from
SW1 to SW2 is an important ongrowing stage due to
high temperature and long daylight, and thereby high
feed intake. The decreased microbial richness and diver-
sity and the relative abundance of LAB, observed at
SW2 for Test-fed fish could therefore be attributed to
the high ingestion of a mixture of nucleotides, yeast cell
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walls and essential fatty acids. Similar results have been
observed in rainbow trout previously [64]. Unexpectedly,
these findings seem to be in contrast to the positive ef-
fects often ascribed to functional ingredients on the
abundance of presumed beneficial bacteria, such as LAB,
in the intestine and other mucosal surfaces [6, 38, 65—
67]. One potential explanation for the discrepancy may
be linked to the duration of administration as long-term
oral administration of immunostimulants have been re-
ported to cause decreased efficacy in fish [68]. This as-
sumption is also supported by an apparent increased
metabolic cost in fish fed these functional ingredients at
SW2, i.e. lower condition factor and plasma triglyceride

levels, and a tendency to lower growth [40]. It is, there-
fore, possible that the ten-week continuous oral adminis-
tration of these selected functional ingredients before
the sampling at SW2, may have resulted in less favorable
changes in gut digesta microbiota composition, and may
explain the reduced richness, diversity and relative LAB
abundance. Since there are indications that the increased
population of LAB may not always be beneficial for sal-
mon [9, 20, 50, 51], it is too early to conclude that Ref-
fed fish showed a “healthier” gut microbiota profile com-
pared to Test-fed fish. The interaction between gut
microbiota and the host is too complex to generalize re-
garding which microbiota profile may benefit or be
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detrimental to the host physiology [3]. One example can
illustrate this; certain LAB, such as the probiotic strain
Lactobacillus plantarum, may induce gut dysbiosis in
fish [69] and disrupt healthy intestinal tissues in mam-
mals [70, 71]. Our observations showing that the LAB
abundance was negatively correlated with gut barrier
gene expression suggest weakened barrier functions in
fish with a high population of LAB. Altogether, observa-
tions gathered so far points to a need for more informa-
tion on how to use functional ingredients for optimal
fish health and performance.

Associations between microbiota of distal intestinal
digesta and host response

The gut microbiota can be divided into digesta- and
mucosa-associated microbiota based on their location in
the intestine. Compared to the digesta-associated gut
microbiota, the mucosa-associated gut microbiota refers
to microorganisms closely associated with intestinal epi-
thelial cells, and thereby may play a more vital role in gut
mucosal immunology, energy homeostasis and nutrient
metabolism [29, 72]. However, the lack of attachment of
the digesta-associated gut microbiota to the mucosa does
not mean marginal importance for the host [73]. The
digesta-associated microbiota has been linked to modula-
tion of host functions through their metabolite produc-
tion, such as the production of short-chain fatty acids and
polysaccharides [74, 75]. We found 26 digesta-associated
taxa including Photobacterium, LAB and Megasphaera to
be negatively correlated with gut barrier gene expression,
while Megasphaera was positively associated with gut im-
mune gene expression and plasma nutrient levels. This is
clearly indicative of relationships between digesta-
associated gut microbiota and salmon gut functions,
which should be explored in targeted future studies.

The genus Photobacterium is often reported to belong
to the core bacteria of the Atlantic salmon gut [9, 11, 12,
16, 20, 21, 27]. In the current study, a negative relation-
ship between the expression levels of barrier function
genes and the relative abundance of genus Photobacter-
ium suggests a weakening of the barrier function in fish
with high Photobacterium abundance. In this context, it
is to be noted that previous studies have demonstrated
that certain Photobacterium species may cause disease
outbreaks in salmon right after seawater transfer, and
that this may be linked to malfunction of the gut barrier
[76, 77]. These results call for further studies to
strengthen the understanding of relationships between
Photobacterium species, gut barrier functions, and dis-
ease resistance in salmon.

Our findings also demonstrated that the relative abun-
dance of Megasphaera, a genus of the phylum Firmi-
cutes, was positively correlated with expression levels of
gut immune genes, and negatively with expression levels
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of barrier related genes. Published studies revealing the
effects of gut microbiota on immune and barrier re-
sponses in Atlantic salmon are still limited. The mech-
anism behind and implications of these relationships
remain unknown. Possibly, certain bacterial taxa shape
intestinal barrier and immune functions, and could
thereby regulate metabolic functions [78]. The credibility
of such associations will, in theory, increase with in-
creasing sample size, and future studies with larger sam-
ple size are therefore warranted.

Conclusions

This study provides new information on the dynamics of
salmon digesta-associated gut microbiota assemblage
and its associations with host responses from the late
freshwater stage until 1 year in seawater during large-
scale, commercial farming conditions in the northern-
most region of Norway. The core microbiota, genera
Lactobacillus and Photobacterium, varied among sam-
pling time points. As fish progressed towards adult, the
genera Lactobacillus and Mycoplasma became more
prominent corresponding to a decline in genus Photo-
bacterium indicating more apparent separation with fish
from freshwater. Significant effect of functional ingredi-
ents on gut microbiota was observed at fish after a rapid
growth period showing that inclusion of a mixture of
nucleotides, yeast cell walls and essential fatty acids re-
duced microbial richness and diversity, as well as the
relative abundance of LAB. The differentially abundant
taxa including Photobacterium, LAB (e.g. Lactobacillus)
and Megasphaera were found to be negatively correlated
with gut barrier gene expression, while the relative abun-
dance of Megasphaera was positively correlated with the
levels both in gut immune gene expression and plasma
nutrients.

Materials and methods

Experimental fish

The experimental setup is shown in Fig. 6. Atlantic sal-
mon hatched in the spring of 2015 were reared in two
large, closed aluminum flow-through tanks for spring
smolt production at Hopen, near Bodg of Norway (N67°
— E14°). The tanks were supplied with freshwater from a
nearby lake. When the fish were ready to be transferred
to seawater, they were transported by a well-boat to
Sommarbukt (N70° — E22°), in Finnmark county of
Norway, where the fish from each tank were split into
triplicated sea cages, i.e. three replicates for each dietary
treatment in seawater, each holding about 55,000 fish.
The temperature followed natural fluctuations in the
water intake, ranging from 1 to 14°C for the entire
period. Oxygen and salinity levels fluctuated from 8 to
15mg/L and from 11 to 44 %o throughout the experi-
mental period, respectively (Additional file 1: Figure S3).
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Diet composition and sampling
The macronutrient composition of the diet series varied
throughout the observation time according to the re-
quirements of the fish. At each observation time, two
series of diets were fed, one without functional ingredi-
ents (Ref diet) and one with functional ingredients (Test
diet). The functional ingredients, e.g. nucleotides, yeast
cell walls, a prebiotic and essential fatty acids, were sup-
plemented to the diets either as a single ingredient or as
mixtures following the strategy developed for this par-
ticular commercial site and according to the develop-
ment and production stage of the fish in the farm. The
inclusion levels of these functional ingredients were not
listed due to commercial interests and the production of
intellectual rights. The samples were collected at four
sampling time points as the experimental set-up in Fig.
6: 2 weeks before seawater transfer (May 2016, FW) and
three times during the seawater period, i.e. 4 weeks after
seawater transfer (June 2016, SW1) and two times there-
after (November 2016 and April 2017, SW2 and SW3,
respectively). Eight treatments were defined by sampling
life stages and dietary treatment, i.e. FW-Ref, FW-Test,
SW1-Ref, SW1-Test, SW2-Ref, SW2-Test, SW3-Ref and
SW3-Test. The formulations and nutrient compositions
of the diets among treatments are presented in Table 2.
Only fish with digesta throughout the distal intestine
were selected to ensure exposure to the diet at the time
of sampling. At each sampling time point, 3 times 3 fish
were sampled for each dietary treatment. Regarding the
freshwater sampling, three groups of fish came from the
same tank as the facility’s tanks were too big, each hold-
ing 180,000 fish, and the facility did not allow replicate
tanks for each diet. This approach was considered to be

suitable and included in the statistical evaluation as in-
dependent replicates for observation of diet effects. The
results of our study confirmed that this approach was
acceptable, as the means of the fish in the two tanks did
not differ significantly, and the variances were similar,
indicating no important tank variation [40]. For the sam-
pling in seawater, the three groups of fish per diet came
from three sea cages. A total of 72 fish were collected
for DNA extraction. All tools were cleaned and deconta-
minated by an ethanol spray and flaming during each
sampling fish. For digesta-associated gut microbiota ana-
lysis, only distal intestinal digesta (also called chyme), as
previously defined [79], was collected into 1.5 mL skirted
sterile centrifuge tubes, then mixed thoroughly using a
spatula before frozen in liquid N,, thereafter stored at -
80 °C before DNA extraction.

DNA extraction

One fish was randomly selected from per treatment to
divide 72 samples into 9 batches for DNA extraction.
About 100 mg of digesta of distal intestine from each
sample was used for DNA extraction and processed ac-
cording to the protocol in the QIAamp Fast DNA Stool
Mini Kit (Qiagen, Hilden, Germany), except for an add-
itional heating step following the bead beating step at
95°C for 7min before proceeding according to the
standard procedure suggested by [80]. At each DNA ex-
traction batch, a blank negative control and positive
mock control (ZymoBIOMICS Mock Community Stand-
ard, Zymo Research Corp, Irvine, CA, USA) were in-
cluded and processed in parallel with the experimental
samples.
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Table 2 Feed composition and formulation of diets during the feeding trial®

Feed composition FW-Ref FW-Test SW1-Ref SW1-Test SW2-Ref SW2-Test SW3-Ref SW3-Test
Ingredients (%)
Marine protein sources® 40 40 30 30 19 19 19 19
Plant protein sources® 35 35 39 39 53 53 53 53
North Atlantic fish oil 9 9 24 24 10 10 10 10
Rapeseed oil 9 9 - - 7 7 7 7
Binders & Micronutrients 7 7 7 7 11 11 11 11
Sum 100 100 100 100 100 100 100 100
Nutrient composition (%)
Crude protein 44 44 44 44 46 46 46 46
Crude fat 22 22 28 28 22 22 22 22
Starch 75 75 8 8 10 10 10 10
Crude fiber 15 15 3 3 3 3 3 3
Ash 7 7 6 6 5 5 5 5
Functional ingredients®
Essential fatty acids - - - N - N - N
Nucleotides - V - V - V - V
Yeast cell walls - - - - - N - -
A prebiotic - - - - - - - N

“The composition of four different basic diets varied throughout the time of observation following the strategy developed for this commercial site according to
the development and production and health of the fish in the farm. At each observation time, two series of diets were fed, one without functional ingredients
(Ref diet) and one with functional ingredients (Test diet). FW, sampling time point in freshwater (May 2016); SW1, the first seawater sampling time point (June
2016); SW2 the second seawater sampling time point (November 2016); SW3, the final seawater sampling time point (April 2017). PMix of Scandinavian origin fish
meal and, Fish protein concentrate (Norway). “Mix of soy protein concentrate, wheat protein concentrate, wheat gluten, sunflower meal. Inclusion levels were
determined according to recommendations from the producers and cannot be disclosed due to commercial interests and intellectual rights

PCR amplification

PCR amplification of about 300 bp amplicons from the
V1-V2 region of the 16S rRNA was carried out using the
bacterial universal primers 27F (5" AGA GTTTGA TCM
TGG CTC AG 3’) and 338R-I (5* GCW GCC TCC CGT
AGG AGT 3') and 338R-II (5° GCW GCCACC CGT
AGG TGT 3’). The PCR was carried out as previously de-
scribed by Gajardo et al. [20] using 25 pl sample volume
in duplication with 2 pl of DNA template, 22.4 pl Phusion®
High-Fidelity PCR Master Mix (Thermo Scientific, CA,
United States of America) and 0.6 pl of forward (27F) and
reverse (pooled 338R-I and II) primers (50 pM). The PCR
was run in duplicate and negative PCR controls using mo-
lecular grade water as a template were included. The du-
plicate PCR products were pooled and analyzed in 1.5%
agarose gels and samples with bright bands between 300
and 350 bp were considered suitable for further process-
ing. Since samples from one of 9 batches showed the low
quality of PCR products, we removed these samples for
further analysis. Hence, there were 8 samples per treat-
ment left for final sequencing (n = 8).

DNA quantification
The 16S rRNA gene quantity in the diluted DNA tem-
plates used for the amplicon PCR was measured by

qPCR. The qPCR assays were performed using a univer-
sal primer set (forward, 5'-CCA TGA AGT CGG AAT
CGC TAG-3’; reverse, 5'-GCT TGA CGG GCG GTG
T-3") used for bacterial DNA quantification as the de-
scription in previous studies [81, 82].

PCR cleanup, library preparation and sequencing

PCR cleanup, library preparation and sequencing were
performed using the protocol provided by Illumina
(part #15044223 Rev. B). Briefly, the PCR products
were cleaned using AMPure beads followed by index
PCR using Nextera XT Index kit (Illumina, California,
USA; catalog no., FC-131-1096) and subsequently an-
other round of purification with the AMPure beads.
After the cleanup, the representative libraries were
analyzed using the Agilent DNA 1000 Kit (Agilent
Technologies, California, USA; catalog no., 5067-
1505) to verify the library size. The cleaned libraries
were quantified using a Qubit fluorometer (Thermo
Scientific, CA, United States of America). The library
was then denatured and diluted to 6 pM, 20% of 6
pM PhiX control was added before finally being se-
quenced on an Illumina MiSeq platform. 300 bp
paired-end reads were generated.
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Data analysis

Raw sequence data were analyzed using the Quantitative
Insights Into Microbial Ecology 2 (QIIME 2) software
version 2019.4 (https://qiime2.org/) [83]. These sequence
data were processed using the DADA2 algorithm in
QIIME2 to generate amplicon sequence variants (ASVs)
[84]. The demultiplexed paired-ended reads were ana-
lyzed using QIIME2. The reads were trimmed off the
primer sequences (the first 20 bps for forward reads; the
first 18 bps for reverse reads), truncated where the me-
dian Phred quality score crashed (250bp for forward
reads; 190bp for reverse reads). Then, the low-quality
reads were filtered off. The taxonomy was assigned in
QIIME2 against the SILVA database (version 132) [85]
trained with a scikit-learn naive Bayes machine-learning
classifier [86]. The contaminant sequences were re-
moved based on their prevalence and abundance in the
samples according to previous descriptions [87]. The
majority of removed sequences were classified as
Pseudomonas, Acinetobacter, Leptothrix, Aeromonas, an
unclassified bacterium of Betaproteobacteriales order,
three kinds of genera Flavobacterium, an unclassified
bacterium of Chitinophagales order and Cutibacterium.
Streptophyta filtering is usually performed to remove
chloroplast sequences which are assumed to reflect non-
bacterial-associated taxa [88]. The other sequences con-
sidered as contamination were sequences found in the
negative controls from both de DNA extraction and
PCR amplification.

Phylogenetic classification, richness and diversity
parameters

All ASVs were aligned with MAFFT [89] and then phyl-
ogeny was constructed with FastTree 2 [90]. In order to
compute alpha and beta diversity, the ASVs table was
rarefied at 16,000 reads to have an even number of reads
across all the samples. Differences in alpha diversity (ob-
servations within sampling time points and dietary treat-
ment) were evaluated by four indices: 1) Observed
species index, which counts the numbers of ASV in each
sample, also called richness; 2) Pielou’s evenness, which
refers to the abundances of the species; 3) Shannon’s
index which takes into account richness as well as how
many of each ASV are observed (abundance), also called
diversity; 4) Simpson’s index, which describes the diver-
sity of a community. Two indices were used also for
evaluation of beta diversity, which estimates the phylo-
genetic difference between bacteria communities: 1)
Unweighted UniFrac Distance, indicating the number of
different ASV and their phylogenetic distance; 2)
Weighted UniFrac Distance, which takes into account
the number of different ASV, their phylogenetic distance
as well as the number of similar ASV.
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Statistical analysis and graphics

To evaluate the effect of the sampling time points through
freshwater to seawater on gut microbiota composition and
exclude the potential effect of functional ingredients, only
fish fed Ref diets among sampling time points were ana-
lyzed and compared. At each sampling time point, statis-
tical comparisons between Ref and Test diets were
conducted to explore the effect of the functional ingredi-
ents. In order to assess differences in microbiota compos-
ition between the different treatments, the Kruskal-Wallis
test followed by multiple comparisons was performed to
compare the alpha diversity using GraphPad Prism 7
(GraphPad Software, La Jolla, California, United States).
Regarding the dietary functional ingredients effect at
SW2, the data of gut microbiota composition at phylum
level was subjected to multiple t-tests using GraphPad
Prism 7. In addition, Primer 7 (version, 7.0.13) was used
to perform beta diversity analysis followed by PERM
ANOVA [91]. The raw data generated by QIIME2 was
also used to make core microbiota of all samples at genus
levels (above 0.1% relative abundance in 80% of samples)
using MicrobiomeAnalyst [92]. The graphs of alpha diver-
sity, heatmaps and gut microbiota composition were made
by GraphPad Prism 7 basing on the raw data generated by
QIIME2.

Microbiome multivariable association with linear models
(MaAsLin2)

Differentially abundant taxa (genus level) among the
sampling time points and between the dietary treatments
at SW2 were identified by the MaAsLin2 (version,
0.99.12) (https://huttenhower.sph.harvard.edu/maaslin2)
in R, using the default program parameters. Bacterial
taxa of very low abundance (< 0.01%) or low prevalence
(present in < 25% of samples) were removed before run-
ning the differential abundance testing. The difference in
the taxa abundance was considered significant when the
g-value (FDR) was below 0.05.

Regarding the multivariate association analysis, the
microbiota of distal intestinal digesta was tested for the
associations with host responses (from the same individ-
ual fish) (Additional file 3: Table S2) using the MaA-
sLin2. Bacterial taxa of more than 0.1% abundance and
25% prevalence of samples were selected for association
testing. The significant association was set at a g-value
less than 0.25. The host responses, i.e. gut immune and
barrier functions (gene expression in the distal intestine),
as well as plasma nutrients (plasma cholesterol and tri-
glyceride), were selected to run the multivariate associ-
ation testing with fixed factor, i.e. treatment, since these
gut immune and barrier functions, and plasma nutrients
varied greatly among sampling time points with clearly
decreasing values in fish at SW1 [40]. The gut immune
functions related genes were selected for the association
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testing including the goblet cell marker (mucl3), pro-
inflammatory cytokines (interleukin-1 beta, /1 and
interferon-gamma, ifny), anti-inflammatory cytokines
(i.e. transforming growth factor-beta, tgf and interleu-
kin 10, i[10), T-cell markers (i.e. cluster of differentiation
3y8 and 8B, cd3yd and cd8p), as well as the myeloid dif-
ferentiation factor 88 (myd88). The gut barrier functions
related genes were selected for the association testing in-
cluding zo-1, claudin-15 and claudin-25b. Since the ex-
pression levels of immune-related genes were highly
correlated, we ran a principal component analysis (PCA)
and extracted the first principal component (PC1) for
the association testing to avoid multicollinearity and re-
duce the number of association testing. Similarly, gut
barrier functions related genes were highly correlated,
their extracted PC1 of the PCA was used for the associ-
ation testing. The plasma nutrients were also highly cor-
related. Their extracted PC1 of the PCA was used for
the association testing.
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