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ABSTRACT: Factors affecting the establishment of the gut microbiota in animals living in marine
environments remain largely unknown. In terrestrial animals, however, it is well established that
the juvenile environment has a major impact on the gut microbiota later in life. Atlantic salmon
Salmo salar is an anadromous fish important in aquaculture with a juvenile freshwater stage and
an adult seawater stage. For wild salmon, there are major dietary changes with respect to avail-
ability of long-chain polyunsaturated n-3 fatty acids (LC-n-3 PUFA) with lower abundance in
freshwater systems. The aim of our work was therefore to determine the effect of a juvenile fresh-
water diet with high LC-n-3 PUFA, as compared to a diet low in LC-n-3 PUFA (designed to
increase the endogenous LC-n-3 PUFA production), on the transition to a seawater gut microbiota
for Atlantic salmon. We found a juvenile freshwater microbiota high in Firmicutes for fish raised
with low LC-n-3 PUFA, while the microbiota for fish given high LC-n-3 PUFA feed was high in
Proteobacteria. One hundred days after transfer to a common sea cage, fish that were given
low LC-n-3 PUFA diets in freshwater showed significantly higher (p = 0.02, Kruskal-Wallis)
Mycoplasma content (90 + 7 %; mean + SD) compared to fish raised on a high LC-n-3 PUFA diet
in freshwater (25 + 31 % Mycoplasma). Shotgun metagenome sequencing from fish raised with a
low LC-n-3 PUFA diet identified a salmon-associated Mycoplasma in sea, being distinct from cur-
rently known Mycoplasma. The genome sequence information indicated a mutualistic lifestyle of
this bacterium. Mycoplasma has also previously been identified as dominant (>70 %) in sea-living
adult Atlantic salmon. Taken together, our results suggest that the juvenile freshwater diet
influences the establishment of the gut microbiota in marine Atlantic salmon.
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1. INTRODUCTION

Our knowledge about host—-microbe interactions in
fish across environmental transitions remains lim-
ited. Anadromous fish that migrate between fresh-
and seawater, such as Atlantic salmon Salmo salar,
experience a dramatic shift in both biotic and abiotic
environments, requiring complete remodeling of
osmoregulation from a hypotonic freshwater to a
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hypertonic seawater environment (Lien et al. 2016).
In addition to the change in osmolarity, there are
major differences in fresh- and seawater in the avail-
ability of nutrient sources and thus dietary composi-
tion, such as the availability of essential long-chain
polyunsaturated n-3 fatty acids (LC-n-3 PUFA),
including eicosapentaenoic acid (EPA, 20:5n-3) and
docosahexaenoic acid (DHA, 22:6n-3) (Leaver et al.
2008).
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Particularly important in the salmon life cycle is the
first migration from freshwater to the sea. Recent evi-
dence indicates that this process is associated with
both a major increase in abundance of the micro-
biota, with about 100-fold increase in bacterial load
(Rudi et al. 2018), and a change in the microbiota
composition, with an increase in Firmicutes and
Tenericutes (Llewellyn et al. 2016, Dehler et al. 2017,
Rudi et al. 2018). For terrestrial vertebrates, it is well
documented that the interplay between environ-
ment, diet and gut microbiota at the juvenile stage
can have a major impact on the microbiota- and
immunological development at a later stage in life
(Rodriguez et al. 2015). Knowledge is lacking on how
juvenile freshwater management and diets (Butti-
gieg & Ramette 2014) can have a long-term effect on
the seawater-associated gut microbiota for salmon
(Holben et al. 2002, Llewellyn et al. 2016). Such in-
formation, however, could be important for future
farming strategies to improve fish health (Limborg et
al. 2018).

Farmed salmon are given a diet high in LC-n-3
PUFA at the freshwater stage to increase the growth
rate (Gillard et al. 2018). However, a high LC-n-3
PUFA diet in freshwater deviates from the natural
diet (Bell et al. 1994). The aim of our work was there-
fore to compare a high LC-n-3 PUFA diet (the cur-
rent commercial diet) with a low LC-n-3 PUFA diet
(designed to increase the intrinsic LC-n-3 PUFA pro-
duction) at the freshwater stage with respect to the
transition from a juvenile- to an adult-like gut micro-
biota for Atlantic salmon.

2. MATERIALS AND METHODS
2.1. Experimental design

The study was carried out within the Norwegian
Animal Welfare Act guidelines, in accordance
with EU regulations (EC Directive 86/609/EEC)
and was approved by the Norwegian Animal Re-
search Authority (NARA). Atlantic salmon eggs
were hatched and cultivated at the AquaGen Breed-
ing Centre (Kyrkseetergra, Norway). The fish were
divided into 2 experimental groups in the freshwater
phase. One group was maintained as in normal com-
mercial production and given a standard marine-
oil-based diet with high LC-n-3 PUFA such as EPA
and DHA, while the other group was maintained in
conditions more similar to that of a natural fresh-
water diet and given a low LC-n-3 PUFA diet using
alternative n-3 PUFA such as alpha-linolenic acid

(ALA, 18:3n-3) to replace marine LC-n-3 PUFA.
Both experimental groups were maintained with the
same water source in freshwater. There were in
total ~3000 fish in each experimental group. The
fishes were first maintained in closed tanks mea-
suring 0.5 m® with transfer to 5 m® after the first
feeding. In sea, the fish were transferred to a com-
mercial cage, containing about 60 000 fish. The fish
were passive integrated transponder (PIT)-tagged
prior to sea transfer. All fish were moved to a com-
mon cage when transferred to seawater and then
given the high LC-n-3 PUFA diet with a fatty acid
composition comparable to that of the natural mar-
ine diet. The composition of the 2 diets and their
fatty acids are summarized in Table S1 in the
Supplement at www.int-res.com/articles/suppl/m011
p031_supp.pdf, while data on host responses are
published elsewhere (Jin et al. 2018).

To better prepare Atlantic salmon for seawater
transfer, the fish were exposed to a period of shorter
days (12 h photoperiod, Meyer et al. 2008) and cooler
water temperature (8°C) to simulate winter. Fish
were kept under winter conditions for 5 wk. Due to
differences in growth rates, the 2 groups of fish were
shifted to winter conditions at 113 (high LC-n-3
PUFA) and 120 (low LC-n-3 PUFA) d after the first
feeding, respectively. The fish were then transferred
to spring conditions (24 h photoperiod and 12°C
water temperature) for 6 wk before being transferred
to a common sea cage at 205 (high LC-n-3 PUFA) and
211 (low LC-n-3 PUFA) d after the first feeding,
respectively.

2.2. Sampling and DNA isolation

Fish were sampled at Day 114 (n = 8 for low LC-
PUFA and n = 10 for low LC-PUFA), Day 150 and Day
157 (high and low LC-PUFA group, respectively, dur-
ing winter, n = 15 for each group), Day 204 (n = 15 for
low LC-PUFA group and n = 14 for low LC-PUFA)
and Day 320 (sea cage, n = 5 for each group) after the
first feeding. An overview of the experimental setup
is given in Fig. 1.

The fish were euthanized by 1 g 1" MS-222 (FIN-
QUEL, Argent Chemical Labs) buffered with the
same amount of sodium bicarbonate (1 g 1I7!). The
fish were dissected with a sterile blade and the gut
content was gently squeezed into a 2 ml microtube
(Sarstedt) containing 0.5 ml stool transport and recov-
ery buffer (Roche) and 200 mg glass beads of 100 pm
size. The tubes were kept at 4°C for 3—4 h before they
were transferred to —-80°C for long-term storage. DNA
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Fig. 1. Experimental design. Two tanks were used at the freshwater stage, while all fish (Salmo salar) were co-located in the
same tank in seawater. Vertical dashed lines indicate sampling days. For each sampling point, the number of fish analyzed is
indicated. LC-PUFA =long-chain polyunsaturated fatty acids, h = diet high in LC-PUFA, 1 = diet low in LC-PUFA

was extracted using magnetic separation with a ‘mag
midi' kit (LGC Genomics) according to the manufac-
turer's instructions in an automated KingFisher Flex
purification system (Thermo Fisher Scientific). Quan-
tification was done using a Qubit dsDNA HS (high-
sensitivity) assay kit (Thermo Fisher Scientific).

2.3. Metagenome sequencing and analysis

To determine taxonomic composition, library con-
struction and sequencing of resulting amplicons of
the V3-V4 region of the 16S rRNA was done as
previously described (Rudi et al. 2018) for all the
samples (n = 87). Raw data was extracted for bar-
codes, forward and reverse reads were joined, and
libraries split and merged into 1 large sequencing
file. Further processing was done using usearch 8.0
(Edgar 2010). Low-quality reads (minimum length
set to 350 bp, maximum expected error: 1.0) were re-
moved before the sequences were dereplicated (using
the command —derep_fullength) and sorted by abun-
dance (using the command -sortbysize). Singletons
were removed (default setting of usearch = minimum
abundance of 2). Clustering of the sequences was
done using the Uparse-OTU algorithm implemented
in usearch with an identity threshold of 97 % (clus-
ter_otus command). A chimera check using uchime
with the greengenes database v.13_8 (DeSantis et
al. 2006) was done in addition (using the command
—uchime_ref). Sequences were assigned taxonomy
using QIIME v.1.9.1 (Caporaso et al. 2010) (assign_
taxonomy.py script) using uclust and the greengenes
database v.13_8. A uniform sequence depth of 10 000
sequences per sample was used for further analysis.

To fully characterize the microbiota, 4 samples
from Day 320 (fish from sea cage) were chosen for

whole-genome shotgun sequencing. A sequencing
library was constructed using a Nextera XT kit (Illu-
mina) following the manufacturer's recommenda-
tions. Sequencing was performed on a MiSeq plat-
form (Illumina) using a 600-cycle MiSeq v3 reagent Kkit.

For the shotgun analyses, each data set was pro-
cessed separately, unless stated otherwise. First,
we used Trimmomatic (Bolger et al. 2014) to quality-
filter and trim raw reads. Next, we used Bowtie2
(Langmead & Salzberg 2012) to map all read-pairs to
an index built from the salmon genome and tran-
scriptome, to discard host contaminants. The remain-
ing reads were assembled using metaspades (Nurk
et al. 2013). Next, we again used Bowtie2 to map
all reads back to the assembled contigs, and used
the JGI script from MetaBat (Kang et al. 2015) to
compute coverages and coverage variances for all
contigs. Then MetaBat was used for binning of the
contigs.

The contigs were then uploaded to MG-RAST
(Keegan et al. 2016) for annotation. The gene annota-
tions from the databases GenBank, RefSeq, IMG,
SEED, TrEMBL, PATRIC and KEGG were retrieved
for each data set from the MG-RAST server. Based on
the taxon assignment for each gene annotation from
each database, we computed a majority-vote genus
classification for each contig. Some of the longer con-
tigs had comparatively few annotated genes, result-
ing in a somewhat uncertain taxon assignment by
this approach. Thus, in addition to the MG-RAST
results, all contigs were also classified by Kraken2
(Wood & Salzberg 2014). A k-mer-based method like
Kraken2 is presumed to perform well on longer
contigs, and complement the results from MG-RAST
in this sense.

The final classification of the contigs were obtained
as follows:
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(1) All contigs in the same bin were given the
majority classification unless both Kraken2 and MG-
RAST results suggested otherwise.

(2) An unbinned contig was added to a bin if both
Kraken2 and MG-RAST results suggested the same
taxon as the bin, and the GC content was in the same
range.

In an effort to quantify the similarity to already
sequenced genomes, we first used the Prokka pipe-
line (Seemann 2014) to predict and annotate genes
from the classified contigs. Next, we downloaded all
complete genomes of the genera Mycoplasma and
Photobacterium from NCBI/Genome. The exact same
Prokka pipeline was used on these genomes. All
genes listed as 'hypothetical protein’' were discarded,
and a Jaccard distance was computed between all
pairs of genomes. This reflects the similarity in anno-
tated genes, i.e. if 2 genomes have the exact same
gene annotations, the Jaccard distance between
them is 0. A standard multidimensional scaling was
used on the Jaccard distance matrix to visualize how
the genomes com-pare.

2.4. Quantitative PCR

To quantify bacterial load, both eukaryote DNA (V4
region of the 18S rRNA gene) and prokaryote DNA
(V3-V4 region the of 16S rRNA gene) were quantified
by performing quantitative PCR (qPCR) using the
HotFirePol Evagreen qPCR supermix (Solis BioDyne)
and the primer pairs PRK341 (5'-CCT ACG GGR BGC
ASC AG-3') and PRK806R (5'-GGA CTA CYV GGG
TAT CTA AT-3') (Yu et al. 2005), and 3NDF (5'-GGC
AAG TCT GGT GCC AG-3') and V4EukR2 (5'-ACG
GTA TCT RAT CRT CTT CG-3') (Brate et al. 2010), as
described previously (Angell et al. 2017).

2.5. Statistical analyses
The statistical analyses were done using either
Minitab v.18, or Matlab 2016b (MathWorks) with
the PLS toolbox plugin (Eigenvector).
3. RESULTS

3.1. Overall microbiota composition determined
by 16S rRNA gene analyses

We obtained a total of 2 071 018 sequences from 87
distal intestinal samples (Fig. 2). The samples were

rarified at 10 000 sequences, with 84 samples satisfy-
ing the rarefaction criteria (Fig. 2A). All the rarified
samples had Good's coverage > 99 %. We detected in
total 750 OTUs, with the highest and lowest OTU
richness for the low LC-PUFA group at 157 and 322
d, with respective medians of 149 and 24.5 (p = 0.003,
Kruskal-Wallis test). In freshwater, we detected major
differences in the composition of the microbiota be-
tween the high and low LC-PUFA groups (R = 0.27,
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Fig. 2. Overall microbiota composition. (A) Rarefaction

analyses, (B) taxonomic composition, and (C) beta diversity,

as visualized by Bray-Curtis principal coordinate analysis.
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p =0.001, ANOSIM,; Fig. 2C). Firmicutes showed the
largest difference, with a major overrepresentation
for low LC-PUFA, while Proteobacteria was over-
represented for high LC-PUFA (Fig. 2B). We found a
complete remodeling of the microbiota after 100 d
in seawater (R = 0.98, p = 0.001, ANOSIV,; Fig. 2C),
with a dominance of Mycoplasma for high LC-PUFA
and Photobacterium for low LC-PUFA (Fig. 2B).

3.2. Fish growth and microbiota development

The high LC-PUFA fish had a significantly higher
growth rate than the low LC-PUFA fish, while the
difference was evened out in the seawater stage
(Fig. 3A, Table S2 in the Supplement). There was
also a major increase in bacterial load (Fig. 3B) and
a decrease in alpha diversity in seawater compared
to freshwater, with no differences in bacterial load or
alpha diversity between high and low LC-PUFA fish
(Fig. 3C,D).
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We identified the OTUs 2, 8, 27 and 45 sharing
>97 % identity to bacteria previously identified as core
bacteria (Rudi et al. 2018). The relative abundance of
these OTUs in each sample was highly correlated
(for all pairwise comparisons: Spearman's rho > 0.79,
p < 0.0001). Because of this correlation within each
sample, we summed these abundances in each sample
and analyzed the variation in total abundance of core
associated OTUs, referred to as the ‘core index'. This
index showed a major peak at 157 d for the low LC-
PUFA conditions, while the levels were relatively low
throughout the experiment for the high LC-PUFA con-
ditions (Fig. 4A). Mycoplasma contrasted the develop-
ment of the core microbiota, with a major expansion in
the sea for the fish originating from the low LC-PUFA
conditions, and a less pronounced expansion for the
fish from the high LC-PUFA conditions (Fig. 4B). For
salmon in sea, we found 90 + 7% (mean + SD) My-
coplama for the low LC-PUFA group, while the high
LC-PUFA showed 25 + 31 % Mycoplama, representing
a significant difference (p = 0.02, Kruskal-Wallis).
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Fig. 3. Age-related development of (A) bacterial load, (B) weight, and (C,D) alpha diversity (C: Simpson index, D: Shannon in-

dex), for high long-chain polyunsaturated fatty acids (LC-PUFA) (black circle) and low LC-PUFA (red square) freshwater con-

ditions. For (A), bacterial load was determined by the ratio of eukaryote 18S rRNA and prokaryote 16S rRNA gene copies,

since this ratio is not affected by the total amount of material analyzed. In (B), the difference in weight at 204 d (dashed out-
lines) is significant (Kruskal-Wallis test)
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3.3. Shotgun metagenome sequencing of seawater
gut microbiota

Three of the 4 metagenome data sets produced
assembled contigs of a meaningful quality (lengths/
coverages), as summarized in Table S3 in the Supple-
ment. For the 2 sets with most reads, contigs were
binned into 3 distinct groups by MetaBat, while for
the third and smaller set, only 1 distinct bin was
detected in addition to all unbinned contigs. The
taxon classifications, by either Kraken2 or by ma-
jority vote from the MG-RAST annotations, corre-
sponded well by the binning. One bin from each data
set was classified as Mycoplasma. The other 2 bins,
in the 2 larger data sets, were both classified as
Photobacterium.

In Fig. 5, we show the binned contigs for sample
Kyrk.E3 (from the low LC-PUFA group). The blue
dots correspond to 2 bins, both classified as Photo-
bacterium. We also BLASTed the centroid reads from
the 16S data to the contigs, and OTU6 (Mycoplasma)

produced >99 % matches against some contigs clas-
sified as Mycoplasma, and OTU102 and OTU379
(Photobacterium) produced >98 % and >97 % matches
against contigs classified as Photobacterium.

The annotations of the Mycoplasma contigs re-
sulted in around 600-700 coding genes (discarding
‘hypothetical proteins’) in each, which is in the same
range as we see in complete genomes of this genus.
In Fig. 6A, we have plotted a principal coordinate
ordination of the Jaccard distances between the
annotations of the Mycoplasma genomes. First, we
notice the 3 genomes in our metagenome samples
(blue dots) are very similar to each other, and most
probably this is the same organism in all 3 fish. We
also notice that, given the variation between com-
plete Mycoplasmas, this organism is quite similar,
but not identical, to the cluster of genomes near M.
penetrans and near M. yeatsii. Venn diagram analy-
ses revealed that the salmon Mycoplasma contained
the lowest number of unique genes compared to the
closely related groups (Fig. 6B). Annotations for the
unique genes indicate that there is an overrepresen-
tation of carbohydrate uptake genes (PTS) for both
the salmon Mycoplasma (5.8 %, 4 out of 64) and the
M. yeatsii group (5.0%, 12 out of 242), as compared
to the M. penetrans group (1.3 %, 4 out of 307). The
level of peptidases, however, was lowest in salmon
Mycoplasma (1.5%, 1 out of 68), as compared to the
M. penetrans (4.9 %, 15 out of 307) and the M. yeatsii
group (3.7 %, 9 out of 242). A full list of unique genes
for the different groups is provided in Table S4 in the
Supplement.

A similar plot was also constructed for Photobac-
terium, but is not shown here. There are currently
only 3 complete Photobacterium genomes to com-
pare against (P. damselae, P. gaetbulicola, P. profun-
dum). The contigs from sample Kyrk.C5 (from the
high LC-PUFA group) resulted in ~3100 annotated
genes, which is similar to P. damselae. This was also
the nearest neighbor of the contigs from this sample.
The contigs from sample Kyrk.E3 only produced
~2000 annotated genes, and was therefore not very
close to any complete genome.

4. DISCUSSION

The low LC-PUFA juveniles showed the largest
resemblance to wild salmon in the marine stage, with
a major dominance of Mycoplasma (Llewellyn et
al. 2016). In our experiment, we found 90 = 7%
Mycoplama for the low LC-PUFA group, while the
high LC-PUFA showed 25 + 31% Mycoplama. In
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Fig. 5. Contig binning. Each dot corresponds to an assembled con-
tig, positioned according to its GC content and base coverage. Col-
ored dots correspond to contigs classified as Mycoplasma (red) or
Photobacterium (blue). Note that the blue dots were binned into 2
separate bins, both classified as Photobacterium. All grey dots are

unclassified contigs

wild adult salmon, the Mycoplasma level has been
shown in 2 independent studies to be about 70%
(Llewellyn et al. 2016), and above 90 % (Holben et al.
2002). This suggests that the freshwater conditions,
and potentially the lipid content of the feed, have an
influence on the adult microbiota in Atlantic salmon.

Since tank and diet were not separated in our
experimental setup, we were not able to separate
their individual effects. Further experimentation is
therefore needed to determine the exact contribution
of the lipids in the feed. Independent of the cause,
our experiments show that different freshwater con-
ditions and/or diet can have a long-term effect on
the seawater microbiota.

Although the body weight of the low LC-PUFA fish
with high levels of gut Mycoplasma was about two-
thirds of the high LC-PUFA fish at sea entry, the dif-
ference between the groups evened out in seawater.
This observation suggests no harmful or pathogenic
effects of salmon gut Mycoplasma. Both the potential
carbohydrate-utilizing lifestyle and the lower gene
number may support a more benign lifestyle for sal-
mon Mycoplasma than for other Mycoplasma (Hol-

ben et al. 2002). There is also an
increasing body of evidence for the
dominance of Mycoplasma in the
gut of other marine fishes (Bano et
al. 2007, Song et al. 2016), possibly
supporting a widespread mutua-
listic role of Mpycoplasma in the
marine environment.

Although Photobacterium domi-
nated in seawater for the high
LC-PUFA group, this genus showed
a higher inter-individual variation

Binning
® Mycoplasma
Photobacterium

Contig length

@ 25000

@ 50000 compared to Mycoplasma. Photo-
@ 75000 bacterium was also detected at the
@ 100000 freshwater stage, unlike Mycoplas-

ma. The gene content of the salmon

Photobacterium indicated that this

bacterium has evolved mechanisms
to survive in oxidative environments with the
genetic potential to produce catalase, oxidase
and protective pigments. The presence of Photo-
bacterium in other Arctic marine fishes (Song et
al. 2016) may also suggest the general impor-
tance of this genus in the fish gut.

In a previous experiment, we found a major
expansion of the bacterial load and increased
alpha diversity after the transition to seawater
(Rudi et al. 2018). This resembled our observa-
tion in the present experiment just before sea
entry. It is therefore likely that fish in our previ-
ous experiment had not yet reached the adult-like
microbiota upon seawater transition (Rudi et al.
2018). Furthermore, there may also be differences in
seawater microbiota between controlled tank experi-
ments, as compared to experiments at sea. A recent
seawater tank experiment (Hartviksen et al. 2014)
identified low levels of Mycoplasma in the gut con-
tent of fish with the same size and age as for the pres-
ent experiment, while another recent study showed a
high level of Mycoplasma in seawater (Dehler et al.
2017). These discrepancies highlight potential envi-
ronmental and/or feed effects on the establishment of
the gut microbiota (Rothschild et al. 2018). Unfortu-
nately, however, no studies included the potential
contribution of bacteria in the feed, or from the water
in relation to the microbiota composition detected.
These are aspects that should be included in future
studies.

Taken together, we show a major succession and
expansion of the gut microbiota of Atlantic salmon
upon the transition from freshwater to the sea, with
an establishment of a sea microbiota dominated by
Mpycoplasma—resembling that of wild salmon—
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depending on the initial gut microbiota composition
in freshwater. Finally, metagenome sequencing sup-
ports no harmful effects of Mycoplasma, and this
bacterium could play a pivotal role for the salmon
hologenome (Limborg et al. 2018). Given the causal
associations of Mycoplasma with salmon health, the
possibility of intervention could have future conse-
quences for salmon farming.

Data archive. Raw reads from the 16S rRNA gene and
whole-genome shotgun sequencing are available in the
NCBI sequence read archive (SRA) with accession numbers
SRP132441 and SRP132676, respectively.
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