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The aim of this study was to assess the effect of the transfer from freshwater to
seawater on the distal intestinal bacterial communities of Atlantic salmon (Salmo salar
L.) and to evaluate the effect of dietary inclusion of Pediococcus acidilactici MA18/5M
(at 1.19 × 106 CFU/g). In this context, fish health and antiviral response were also
investigated. A 12-week feeding trial was conducted in a flow-through rearing system
involving 6 weeks in freshwater and 6 weeks in seawater. Fish received a control
and probiotic diet. The composition of the salmon gut bacterial communities was
determined by high-throughput sequencing of digesta and mucosa samples from both
the freshwater and seawater stage. The main phyla detected during both freshwater and
seawater stages were Firmicutes, Proteobacteria, Fusobacteria, and Actinobacteria.
Significant differences were observed between the intestinal microbiota in the digesta
and the mucosa. Both probiotic supplementation and the seawater transfer (SWT) had
a substantial impact on the microbial communities, with most pronounced changes
detected in the mucosal communities after SWT. This last finding together with a
significantly higher antiviral response (mx-1 and tlr3 gene expression) in the distal
intestine of fish fed the probiotic diet suggest a causal link between the microbiota
modulation and activation of antiviral response. Feeding probiotics during the freshwater
stage did not significantly increase survival after infectious pancreatic necrosis virus
(IPNV) challenge after SWT, although higher survival was observed in one out of two
replicate challenge tanks. In conclusion, this study demonstrated that both dietary
probiotic supplementation and transfer from freshwater to seawater have an important
role in modulating the bacterial communities in the distal intestine of Atlantic salmon.
Furthermore, supplementation of the diet with P. acidilactici MA18/5M can modulate
antiviral response.

Keywords: fish, microbiota, intestine, Pediococcus acidilactici, seawater transfer, high-throughput sequencing,
antiviral response
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INTRODUCTION

Seawater transfer (SWT) is a crucial stage in the life of
diadromous salmonids and is recognized to be a stressful stage
in the life cycle of Atlantic salmon (Salmo salar, L). As a
consequence, fish are often more susceptible to pathogens and
stress during this period causing important losses for the salmon
aquaculture industry (Roberts and Pearson, 2005; Aunsmo
et al., 2008). According to the Norwegian Veterinary Institute,
salmonid fish losses after SWT in Norway have increased in
the last 5 years due to a number of issues including viral
infections (Hjeltnes et al., 2018). Several viral salmon pathogens
are prevalent in seawater; this is the case of infectious pancreatic
necrosis virus (IPNV), infectious hematopoietic necrosis virus
(IHNV), infectious salmon anemia virus (ISAV), and pancreas
disease virus (PDV) (Lafferty et al., 2015; Johansson et al., 2016;
Rodger, 2016). Interestingly, some studies have proposed a link
within the substantial repression of the immune transcriptome,
in particular of a pool of antiviral genes measured during
smoltification and the early transition to seawater (Johansson
et al., 2016; Karlsen et al., 2017). In addition to nutrient digestion,
absorptive functions and acting as a physical and immunological
barrier during the transition to seawater, it is widely recognized
that the intestine plays a central role in the adaptation of fish to
the new seawater habitat. Particularly, the intestine is involved
in maintaining osmotic homoeostasis by desalinating absorbed
seawater in order to avoid dehydration (Hoar, 1988; Grosell,
2010; Whittamore, 2012).

The intestine of fish harbors a broad consortium of
different microorganisms (bacteria, viruses, yeasts, archaea, and
protozoans) that have an active interaction with the intestine.
Previous studies have focused on the bacterial microbiota,
describing the importance of these organisms to the host
including the production of enzymes, growth performance,
immunity, and disease resistance (reviewed by Romero et al.,
2014; Hoseinifar et al., 2017). The development of high-
throughput sequencing targeting 16S rRNA gene has permitted
in-depth characterization of bacterial communities in fish. In
the last years several research groups have used high-throughput
sequencing to investigate the effect of different factors such as
diet (Schmidt et al., 2016; Gajardo et al., 2017; Booman et al.,
2018), seasonal and environmental factors (Zarkasi et al., 2014,
2016), rearing conditions (Dehler et al., 2017a; Rud et al., 2017),
disease (Karlsen et al., 2017), and SWT (Dehler et al., 2017b;
Lokesh et al., 2018; Rudi et al., 2018; Jin et al., 2019) on intestinal
bacteria microbiota in farmed Atlantic salmon. Most of the
microbiota-related research in Atlantic salmon have not studied
independently the intestinal digesta and mucosa. However,
studies from our group comparing bacterial population between
the digesta and mucosa have demonstrated that both samples
harbor different bacterial communities and thus could respond
differently to external factors (Gajardo et al., 2016; Gajardo et al.,
2017). Lactic acid bacteria (LAB) are well-studied probionts in
salmonids (Merrifield et al., 2010a), however, the potential effect
they may have during the SWT phase has not yet received much
attention. Pediococcus acidilactici MA18/5M has been used as a
probiotic for marine and freshwater fish. It has been reported

that the use of P. acidilactici MA18/5M as a dietary supplement
has led to improvements in the gut health of salmonids including
rainbow trout (Merrifield et al., 2010b; Hoseinifar et al., 2016) and
Atlantic salmon (Abid et al., 2013; Vasanth et al., 2015). Previous
research has also demonstrated that dietary supplementation
of the probiotic P. acidilactici MA18/5M can modulate the
intestinal microbiota of fish and stimulate various non-specific
immunological parameters (Ferguson et al., 2010; Abid et al.,
2013; Standen et al., 2013).

The aim of this study was to investigate the intestinal
bacterial reassembly in the digesta and mucosa of Atlantic salmon
following SWT. We also investigated the effect of probiotic
supplementation with P. acidilactici MA18/5M on intestinal
microbiota, antiviral response and the susceptibility of fish to
an IPN challenge after SWT. Our main hypothesis in this study
was that both water habitat and probiotic supplementation in
the diet will have important effect on the intestinal microbiota
of Atlantic salmon. We also wanted to investigate how the
previously documented effects of this probiotic strain on gene
expression profile in the distal intestine of Atlantic salmon
will express at SWT.

MATERIALS AND METHODS

Animal Husbandry
The trial was conducted at the Aquaculture Research Station,
Tromsø (Norway) using a flow-through rearing system. The fish
were treated according to Norwegian legislation and approved by
the Food and Safety Authority under the ID project number 4986:
“The use of functional feed to improve the overall performance
of Atlantic Salmon smolt.” A batch of 1476 Atlantic salmon parr
(IPN sensitive, AkvaGen strain, Kyrksæterøra, Norway) were
reared at 6 h light/18 h darkness and 8◦C (winter stimuli). The
fish were sedated with Benzoak (benzocaine; 0.1 mg/ml), pan-jet
marked with Alcalian blue subcutanously in the abdomen and
allocated into six 500 L tanks (246 fish per tank, average weight
35 ± 3.4 g). Fish were acclimated for 1 week on a commercial
diet and changing lighting conditions to a 24 h light regime and
12◦C (summer stimuli). The oxygen saturation was maintained
above 85% throughout the experiment. The feeding trial lasted
12 weeks involving 6 weeks in freshwater during smoltification
(24 h light, 12◦C) and 6 weeks in seawater (24 h light, 12◦C).
The smoltification process was followed by 24 h seawater (35h)
challenge tests (Blackburn, 1987) to confirm that the fish were all
optimally smoltified by the time of SWT.

Diets and Experimental Design
Two basal iso-nitrogenous and iso-lipidic diets were formulated
according to the known nutritional requirements of Atlantic
salmon for freshwater and seawater stages (NRC, 2011). The diets
used in each stage of the trial were similar, with modifications
to the formulations to reflect the commercial practices and
the different nutritional requirements of Atlantic salmon after
smoltification (Table 1). Both extruded diets were produced by
BioMar AD (Denmark). The trial was run in triplicate with tanks
randomly allotted to each experimental group. At SWT fish in
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TABLE 1 | Composition of control and probiotic diets during freshwater and
seawater stages.

Freshwater1 Seawater1

Ingredients (%)∗ Control Probiotic Control Probiotic

Superprime fish meal 46.7 46.9 40.0 40.0

Hi pro soya 6.0 6.0 – –

Soy protein concentrate – – 10.0 10.0

Corn gluten meal 3.0 3.0 5.0 5.0

Wheat gluten meal 10.0 10.0 3.9 3.9

Sunflower expeller 5.5 5.0 9.5 9.5

Wheat 5.5 5.5 12.0 12.0

Wheat flour 6.0 6.0 – –

Fish oil (North Atlantic) 5.0 5.0 11.8 11.8

Rapeseed oil, Crude 11.8 11.8 5.0 5.0

Vitamineral mix 2.0 2.0 3.2 3.2

Bactocell 0.03 – 0.03

Chemical composition (%)

Protein 49.1 48.5 45.9 46.0

Fat 22.0 21.8 22.2 21.4

Moisture 5.4 6.5 6.1 5.6

Ash 9.1 9.3 9.2 9.6

∗All dietary ingredients were sourced from BioMar’s routine suppliers (not listed
here for commercial reasons). 1Pellet size for Freshwater and Seawater was 2,8
and 3,5 mm respectively.

each of the six tanks were split: 60 fish per tank were transferred
to the challenge unit for IPNV challenge (see section “Viral
Challenge Post-seawater Transfer”), while 85 fish per tank were
kept for the SW part of the feeding trial. The probiotic group
was fed the same basal diet as the control but was supplemented
with Bactocell R© (P. acidilactici MA18/5M) at 3 g/kg. Experimental
groups were fed from Monday to Sunday to satiation using an
automatic feeder for 4 h per day at a rate of 10–15% in excess
of the expected feed consumption per day. The concentration
of P. acidilactici in the probiotic diets was verified during the
trial [1.19 × 106 CFU/g following the methodology described
by Castex (2009)].

Growth Performance
Growth performance and feed utilization were assessed by
calculating the thermal growth coefficient (TGC) and specific
growth rate (SGR), using the following formulas; thermal
growth coefficient (TGC) = 1000 × [(final weight)1/3 − (initial
weight)1/3 × (degree days)− 1, SGR, % day) = 100 × [ln (final
mean weight)− ln (initial mean weight)]× days− 1.

Sample Collection During the Feeding Trial
Fish were sampled at the end of the freshwater stage, 1 day
before SWT, and at week 12, i.e., 6 weeks after SWT. A total
of 18 fish from each experimental group (6 from each tank)
were sampled at each sampling point. Fish were euthanised by
immersion in an overdose of Benzoak followed by the destruction
of the brain. Under aseptic conditions, fish were opened by the
mid-line, and the entire intestinal tract was dissected and adipose
tissue removed. Only fish with digesta content throughout the
intestine were sampled to ensure exposure to the diet. The distal
intestine (DI) was sampled as follows: for histological analysis,

approximately 5 mm of DI was excised and placed into a tube
with 10% buffered formalin for 48 h and then transferred to 70%
ethanol. For microbiological analysis, digesta was obtained by
gentle squeezing of the DI with a sterile forceps into individual
sterile 1.5 ml microcentrifuge tubes. Mucosal tissue was washed
thoroughly three times with sterile phosphate-buffered saline
(PBS; pH 7.3), and a 5 mm piece was excised and placed in a sterile
1.5 ml tube. Samples for microbiological analysis (digesta and
mucosa) were snap-frozen in liquid nitrogen, transported on dry
ice and subsequently stored at −20◦C until DNA extraction. For
gene expression analysis, DI mucosa samples were also immersed
in RNAlater (Ambion, Carlsbad, CA, United States), transported
at room temperature for 24–48 h and then stored at −80◦C
until RNA extraction.

Microbiological Analyses
For analysis of the distal intestinal microbiota, the digesta from
three fish per tank from each sampling were pooled (n = 3),
whereas microbiota from the mucosa was analyzed from two
individual fish per tank (n = 6).

DNA Extraction and Polymerase Chain Reaction
DNA was extracted from samples using the QIAamp R© Stool Mini
Kit (Qiagen, Crawley, United Kingdom) following the modified
protocol described by Falcinelli et al. (2015).

Polymerase chain reaction (PCR) was performed in duplicate
targeting the V1–V2 hypervariable regions of the bacterial 16S
rRNA gene using primers reported by Roeselers et al. (2011) as
follows: forward primer 27F (5′-aga gttt gat cmt ggc tca g-3′),
reverse primers 338R-I (5′-gcw gcc tcc cgt agg agt-3′) and 338R-
II (5′-gcw gcc acc cgt agg tgt-3′). Primers were synthesized by
Eurofins MWG (Ebersberg, Germany). All PCR reactions were
performed using GeneAmp R© PCR System 9700 (Perkin-Elmer,
San Jose, CA, United States). PCR reactions were carried out
using 25 µL MyTaqTM Red Mix (Bioline, United Kingdom),
0.5 µl of each primer (50 pmol/µl), 1 µl DNA template and
adjusted to a final volume of 50 µl with molecular biology-
grade water. Each reaction included a negative control (sterile,
molecular grade water as template). A touchdown PCR was
conducted at the following conditions: initial denaturation at
94◦C for 7 min, then 10 cycles of 94◦C for 30 s, 63◦C for 30 s
(decreasing 1◦C every cycle) and 72◦C for 30 s; this was followed
by 25 cycles of 94◦C for 30 s, 53◦C for 30 s and 72◦C for 30 s; final
extension at 72◦C for 10 min. The PCR products were checked
for size and specificity by electrophoresis on 1.5% w/v agarose
gel. The duplicate PCR reactions were combined and purified
with QIAquick PCR Purification Kit (Qiagen, Valencia, CA,
United States), following the manufacturer’s protocol. Purified
samples were evaluated with Bioanalyzer previous to amplicon
library preparation.

Amplicon Library and Sequencing
Prior to Ion Torrent PGM sequencing, the amplicons were
assessed for fragment concentration using an Ion Library
Quantitation Kit (Life TechnologiesTM, United States), then
concentrations were adjusted to 26 pM. Amplicons were
attached to Ion Sphere Particles using Ion PGM Template OT2
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400 kit (Life TechnologiesTM, United States). Sequencing was
performed with Ion Xpress Barcode Adapters (1-16 Kit; Life
TechnologiesTM) and a 318TM chip (Life TechnologiesTM) on an
Ion Torrent Personal Genome Machine (Life TechnologiesTM).
Sequences were binned by sample and quality filtered within
the PGM software (Torrent SuiteTM software life Technology)
to remove polyclonal and low-quality reads. Fastq files for each
sample were exported for the subsequent bioinformatics analysis.

High-Throughput Sequence Analysis
The quality and number of reads for each sample were assessed
using FASTQC v0.11.41. Raw sequences were filtered by quality
using scripts from FASTXToolkit2. Only reads where at least 80%
of the sequence had a minimum acceptable Phred quality score
of > 20 were retained. Reads which passed all quality control
steps were concatenated into a single FASTA file for subsequent
processing. Filtered quality sequences were analyzed using the
Quantitative Insights Into Microbial Ecology (QIIME) software
version 1.8.0 (Caporaso et al., 2010b). Sequences were clustered
in OTUs using a 97% sequence similarity threshold using
open-reference OTU picking approach with USEARCH pipeline
version 6.1 (Edgar, 2010). This pipeline involves clustering,
chimera checking, and quality filtering. The taxonomy was
assigned using RDP classifier (Wang et al., 2007) and Greengenes
database gg_13_8_otus (DeSantis et al., 2006). The OTUs
representative sequences were aligned using Pynast (Caporaso
et al., 2010a) with a minimum sequence length threshold of
150 bp. A phylogenetic tree was constructed with FastTree (Price
et al., 2010) Finally, in order to reduce artifactual sequence, the
resulting OTU table was filtered at 0.005% to remove singletons
(OTUs represented by only a single sequence) and reduce
spurious OTUs (Navas-Molina et al., 2013; Flynn et al., 2015).
In addition, reads belonging to Streptophyta were removed from
the dataset and not included in the analysis as members assigned
to this taxon were considered to be contamination of chloroplast
from diet and water, and not a part of the gut microbiota (Rud
et al., 2017). The core microbiota was calculated in QIIME and
was defined as the OTUs shared in 100% of all the samples. Only
mucosa samples were used for evaluating the core microbiota.
The digesta samples were not included in this analysis due to the
pooling of samples by tank. A Venn diagram representing the
core microbiota was constructed in http://bioinfogp.cnb.csic.es/
tools/venny/index.html (Oliveros, 2007).

Diversity metrics analyses were performed in QIIME rarefying
all the samples at a depth of the lowest number of sequences
(6.435 reads) across the samples. Alpha diversity of each sample
was calculated using three metrics: Shannon, and whole-tree
phylogenetic diversity (PD). Beta diversity was determined
between samples with weighted and unweighted UniFrac
(Lozupone and Knight, 2005). PCoA plots from beta diversity
results were visualized with EMPeror (Vázquez-Baeza et al.,
2013). Although some analyses were conducted to highlight
major differences in the bacterial composition between digesta
and mucosa, the comparisons were mainly focused on evaluating

1http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
2http://hannonlab.cshl.edu/fastx_toolkit

the differences between control and probiotic groups during
the freshwater and seawater stages for both sample types
independently. This was due to the differences in the sampling
protocol between the digesta (pooled samples per tank) and the
mucosa (individual samples per fish).

Intestinal Gene Expression
Distal intestine from five fish during the seawater stage, i.e., 2
from two tanks and 1 from the third tank (n = 5) were sampled
for gene expression analysis. Each target gene was normalized
using the geometric average expression of two reference genes
(elongation factor 1 and beta-actin). The primer sequences of the
genes evaluated in this study are listed in Table 2.

RNA Extraction and cDNA Synthesis
RNA from DI sections was extracted using TRI reagent
(Sigma-Aldrich, Poole, United Kingdom) according to the
manufacturer’s instructions, with some modifications as
described by Rawling et al. (2019). To remove any contaminating
genomic DNA, the RNA was treated with Dnase (TURBO DNA-
freeTM, Ambion) following the manufacturer’s instructions.
The yield and quality of RNA in each sample was determined
by measuring 260/280 nm and 260/230 absorbance ratios
(NanoDrop Technologies, Wilmington, DE, United States). The
integrity of RNA was confirmed by running the RNA extracted
from the samples in a 1% agarose gel. RNA samples were stored
at −80◦C. A total amount of 1 µg of RNA was used for cDNA
synthesis, using iScriptTM cDNA synthesis kit (Biorad, Berkeley,
CA, United States) following the manufacturer’s instructions.
For each set the samples, a negative control was included
by performing a reaction with a pool of randomly selected
RNA from samples of each experiment without the reverse
transcriptase enzyme to control genomic DNA contamination.
The synthesized cDNA and negative controls were diluted in
molecular grade water and stored at−20◦C.

Primer Optimization
All the primers for gene expression were synthesized by Eurofins
MWG (Ebersberg, Germany). Primers sequences were designed
using Primer3 (Rozen and Skaletsky, 1999) or obtained from
previous publications. Primers specificity for reference and
target genes were evaluated in silico by the tool Primer-BLAST
(Ye et al., 2012) available at http://www.ncbi.nlm.nih.gov/tools/
primer-blast/. Specificity was also checked by a melting curve
after each qPCR assay and subsequent agarose gel electrophoresis
to confirm the amplification of a single product with the expected
molecular size and absence of primer-dimers. Amplification
efficiency (E) was determined for each primer set using a standard
curve based on five dilution series from cDNA (1:4 or 1:10),
which were prepared by pooling an equal amount of cDNA from
a representative number of samples from the same intestinal
region. Each dilution was run in triplicate, and linear regression
of the standard curve was constructed with quantification cycle
(Cq) values; R-squared (R2) and slope were also calculated.
The amplification efficiency was calculated with the formula:
(E = 10(1/−slope) − 1). R2 values and E for all primer sets
were > 0.97 and 1.83–2.04, respectively.
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TABLE 2 | List of primers used for the gene expression analysis in the present study.

Gene Primer sequence (5′–3′) Annealing temperature (◦C) Primer efficiency Amplicon size (bp) GenBank number

ef-1a F-TCTTGGTCGTTTTGCTGTGC
R-AGCCTTGATGACACCGACAG

60 1.8 61 AF321836

actin F-TCAGGGAGTGATGGTTGGGA
R-GCCACTCTCAGCTCGTTGTA

60 2.0 171 NM_001123525.1

tnf–a F-ACACACTGGGCTCTTCTTCG
R-GCACTTGACCCTAAACGAAGC

58 2.0 52 NM_001123589.1

pcna F-ACAGTTGTGTGGTCAGGATGC
R-GAACTTAACGCCATCCTTGG

60 1.9 110 BT056931

hsp-70 F-TGGTCCTGGTGAAGATGAGG
R-TGGCCTGTCTCTGTGAATCG

60 1.9 108 AJ632154

tlr-3 F-CTCTAACGGCAACCAGAAGC
R-ATGGTGAGGTTGGACAGAGG

60 2.0 144 BK008646

mx-1 F-AAGCTGGCAGAGACACATGC
R-ACATCCTTTCTGCCGAGTCC

60 1.9 73 NM_001123693

Quantitative Real-Time Polymerase Chain Reaction
(qPCR)
All Quantitative real-time PCR (qPCR) reactions were performed
with the SYBR green method using a StepOne PlusTM Real-time
PCR thermal cycler (Applied Biosystems, Life Technologies) and
with the QuantStudio R© 12K Flex Real-Time PCR system (Applied
Biosystems, Life Technologies). Duplicate qPCR reactions were
set on 384-well or 96-well plate by mixing 2.0 µl of cDNA
template (1/10 or 1/20 dilution according to the experiment),
3.75 µl iTaqTM Universal SYBR R© Green Supermix (Bio-Rad,
Berkeley, CA, United States), 0.225 µl of forward and reverse
primer (0.3 µM) and 1.3 µl of molecular grade water
(Ambion). The thermal profile for all reactions was 10 min
at 95◦C and then 40 cycles of 15 s at 95◦C, 60 s at 60◦C.
Fluorescence monitoring occurred at the end of each cycle,
and additional melting curve analysis was performed using a
temperature range of 60◦C to 95◦C at 0.3◦C intervals. For
each set of samples and gene evaluated two controls were
used. First, a no-template control to ensure the absence of
DNA contamination in the reagents and environment and
second, a no reverse transcription control prepared during
cDNA synthesis as previously described. The raw Cq values for
reference and target genes were exported to Microsoft Excel
and corrected by qPCR efficiency. Reference genes were chosen
by ranking them according to overall coefficient variation and
their interspecific variance as described by Kortner et al. (2011).
Gene expression for each gene was normalized to the geometric
average expression of two reference genes (elongation factor
1 and beta-actin) using corrected raw Cq. Normalized gene
expression of each target gene was calculated from corrected raw
Cq (Pfaffl, 2001).

Intestinal Histology
Histology was performed on fixed distal intestinal sections
from three fish per tank from each sampling point (n = 9).
Samples were dehydrated in graded ethanol concentrations prior
to embedding in paraffin wax. For each specimen, multiple
transverse sections (5 µm) were stained with haematoxylin
and eosin (HE) as well as periodic acid–Schiff (PAS). Images

from histology were taken from each DI section using a light
microscope and analyzed with the Image J version 1.36 (National
Institutes of Health, United States). The mucosa fold length
average was measured in at least 15 well-oriented folds per section
stained with HE. Fold length was only measured in primary folds
with at a minimal length of 200 µm, complex folds were not taken
into account. Goblet cells were counted in PAS stained sections
and counted across a distance of 200 µm in at least fivefold
per section and then averaged. The perimeter ratio (PR) of each
intestinal section [arbitrary units (AUs)] was measured using the
external perimeter (EP) and lumen perimeter (LP) and calculated
by the formula: PR = IP/EP.

Viral Challenge Post-seawater Transfer
An IPNV challenge was conducted using a virulent strain
of IPNV [S-IPNV-TT96 isolate, serotype Sp (Johansen and
Sommer, 2001)]. One passage away from primary isolation was
used for the challenge. The virus isolate was propagated and
quantified in Chinook salmon embryo-214 (CHSE-214) cells
(Lannan et al., 1984) as described previously (Johansen and
Sommer, 2001). Virus susceptibility was tested on the same
batch of Atlantic salmon prior to challenge at SWT (start of
week 7). After 6 weeks in FW, 2 × 30 fish (pan-jet marked to
identify the tank of origin) from each experimental tank were
transferred to SW in 2 tanks at the challenge unit. Three days
post SWT, the fish were challenged through co-habitation by
adding 20% IPNV infected cohorts (injected with 0.2 ml IPNV,
dose 2,6 × 106 infectious units per fish) to each tank. The
temperature during the challenge trial was 10◦C. Throughout
the challenge, both tanks were fed the control SW diet. The
tanks were monitored for 48 days following the challenge, with
daily registrations of moribund/dead fish. The IPN status of dead
fish was verified using an IPNV rapid co-agglutination (Hall
et al., 1994) test developed by the National Veterinary Institute
in Norway (Taksdal and Thorud, 1999). Verification of viral
infection was also conducted by registrations of macroscopic
signs of disease and isolation of IPNV from dead fish by
titration of head kidney homogenates onto CHSE-214 cells in 96-
well plates.
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Statistical Analysis
Statistical comparisons in all the analyses were conducted
between the control and probiotic groups at the same sampling
point, except in the LEfSe analysis where the effect of the SWT
was evaluated comparing control groups between freshwater
and seawater. To investigate experimental group differences
between bacterial communities (beta diversity), the software
package PRIMER-E v.6 PERMANOVA+ was used (PRIMER-
E, Plymouth, United Kingdom) (Clarke and Gorley, 2006).
Beta diversity was calculated in QIIME based on weighted
and unweighted UniFrac metrics. Dissimilarity matrixes from
UniFrac were imported to PRIMER-E to evaluate significant
differences between groups by permutational multivariate
analysis of variance (PERMANOVA). To assess alpha and beta
diversity indexes of mucosa samples, a linear mixed model was
applied using water habitat and diet as fixed factors, and tank as
random factor. For digesta samples, a regular linear model (two-
way ANOVA with water habitat and diet as fixed factors) was
applied since samples were pooled per tank prior analysis.

Differences in the relative abundance of OTUs between
groups were analyzed with LEfSe (Segata et al., 2011), available
at http://huttenhower.sph.harvard.edu/galaxy/ using the default
parameters. This tool first identifies significant differences among
experimental groups and then evaluates whether these differences
are consistent with other features such as the phylogenetic
affiliation of the OTUs. LEfSe implements different statistics test
involving firstly, a non-parametric factorial Kruskal–Wallis rank
sum test; secondly, a pairwise test using Wilcoxon sum-rank test;
and finally, linear discriminant analysis (LDA) to estimate the
effect size of each differentially abundant OTU. To detect the
impact of SWT on the potential differences of OTUs with LEfSe
microbiota data from the control group was used.

Survival curves from the in vivo viral challenge were
calculated by the Kaplan–Meier method and compared by log
rank (Mantel–Cox) pairwise comparison testing for equality
of survival pattern between groups using pooled replicates.
Statistical analyses were performed using SPSS version 11.0
(SPSS, Inc., Chicago, IL, United States) with significance
determined at P < 0.05.

The results of all other analysis (i.e., alpha diversity, gene
expression, and histological evaluation) were analyzed using JMP
Pro 14.3 (SAS Institute, Inc., Cary, NC, United States). The data
was checked for normality (Shapiro–Wilk test) and homogeneity
of variance (Tap et al., 2009). Data fulfilling parametric test
assumptions was analyzed either by t-test or two-ways ANOVA
(followed by Tukey HSD). Data that did not fulfill parametric
test assumptions were log transformed to achieve normality or
otherwise analyzed with a non-parametric test such as the Mann–
Whitney U-test. All data are presented as mean ± standard
deviation (SD), and significance was accepted at P < 0.05.

RESULTS

Fish Performance
Growth performance was comparable between groups in both
freshwater and seawater in terms of SGR and TGC (Table 3). The

TABLE 3 | Fish growth performance.

FW1 SW1

Control Probiotic Control Probiotic

Initial body
weight (g)

35.06 ± 0.17 34.88 ± 0.15 68.13 ± 2.66 67.03 ± 1.17

Final body
weight (g)

67.88 ± 2.46 66.92 ± 1.14 144 ± 10.44 140 ± 5.57

SGR 1.57 ± 0.08 1.55 ± 0.05 1.92 ± 0.9 1.89 ± 0.11

TGC 1.60 ± 0.09 1.57 ± 0.06 2.35 ± 0.15 2.31 ± 0.15

FW, freshwater; SW, seawater; SGR, specific growth rate; TGC, thermal
growth coefficient. 1Data represent mean ± SD. No significant differences were
detected between dietary groups.

performance was judged in accordance with expectations for fish
at this age and this type of diets.

Microbiota Analysis
High-Throughput Sequencing Data
A total of 5.0 million reads were produced from the 36 sequenced
samples before quality control. After quality filtering, processing
the data in QIIME, filtering spurious sequences and discarding
reads belonging to Streptophyta, a total of 1,911,900 reads
(53,108± 33,097 reads per sample) were retained. The percentage
of removed reads belonging to Streptophyta was relatively low in
digesta during FW, and mucosa during FW and SW (from 0.3
to 2.2% for probiotic and control groups, respectively), but much
higher in the digesta in SW (i.e., 41.8 and 44.7% for probiotic and
control groups respectively).

Intestinal Microbiota of the Distal Intestine
To assess whether the composition of the bacterial communities
in the DI was influenced by SWT and the supplementation of the
probiotic in the diet, several comparisons were performed using
alpha and beta diversity metrics.

The rarefaction curve based on the Chao1 index reached
the plateau (Supplementary Figure 1), suggesting that the
sequencing depth had sufficient coverage to evaluate the diversity
of both digesta and mucosa samples. Alpha diversity was
evaluated using Shannon and PD indices (Table 4). There was
a trend toward decreasing PD after SWT in both digesta and
mucosa samples. This decrease in PD after SWT appeared more
pronounced and statistically significant in the mucosa of the
probiotic fed fish, suggesting a lower richness of low abundant
OTUs associated with the mucosa of those fish. Shannon index,
which takes into account species richness and evenness, showed
differences between dietary treatments during SW in both digesta
and mucosa samples. No effect of SWT on the digesta or mucosa
of control fish was observed for the Shannon index. Nonetheless,
probiotic fed fish showed a numerical trend toward decreasing
Shannon diversity during SW. An opposite result was detected
in the digesta of probiotic fed fish compared to control fed fish
during SW. The alpha diversity results also indicated that the
richness (PD) in the mucosa tend to be lower than in the digesta
across all the experimental groups. In contrast, the Shannon
index showed higher diversity in the mucosa compared to the
digesta except in the probiotic group during SW.
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TABLE 4 | Alpha diversity of the distal intestinal microbiota comparing probiotic and control groups and SWT effect in the mucosa and digesta.

Two-ways ANOVA model/linear
mixed model

Alpha diversity Water Water habitat ×
index1 FW SW habitat Diet Diet

Tissue Control Probiotic Control Probiotic f P f P f P

Digesta PD 11.3 ± 1.1 10.4 ± 0.8 10.7 ± 0.6 9.4 ± 0.7 2.85 0.13 5.57 0.046 0.16 0.7

(n = 3) Shannon1 5.3 ± 0.3ab 5.1 ± 0.2ab 5 ± 0.1a 5.8 ± 0.4b 0.99 0.35 3.50 0.010 10.8 0.011

Mucosa2 PD 9.4 ± 1.2a 9.9 ± 1.2a 8.8 ± 1a 6.5 ± 1b 3.71 0.002 1.93 0.126 35.87 <0.001

(n = 6) Shannon 6 ± 0.2 5.9 ± 0.3 6.2 ± 0.4 5.2 ± 0.4 1.78 0.093 4.31 0.012 95.64 <0.001

FW, freshwater; SW, seawater; PD, phylogenetic diversity. 1Values are means ± SD, letters are present when a significant difference was identified by two-ways ANOVA
model and post hoc test (Tukey HSD). Means in a row without a common letter differ, P < 0.05. Alpha diversity was calculated from samples rarefied at an even depth of
6,435 sequences. 2A linear mixed model was used to evaluate statistical differences in bacterial microbiota of mucosa with Diet and Water habitat as fixed factors and
Tank as a random factor.

Comparisons between experimental groups using weighted
and unweighted UniFrac revealed substantial differences in
the bacterial composition as demonstrated by PCoA plots and
PERMANOVA analysis of the mucosa and digesta-associated
microbiota (Figure 1 and Table 5, respectively). These results
identified the water habitat, i.e., SWT, as the main driver of
the differences in the bacterial composition in both digesta
(weighted UniFrac Pseudo-F1,8 = 4.89, P = 0.012) and mucosa
(weighted UniFrac Pseudo-F1,4 = 8.99, P = 0.001) Results from
PERMANOVA analysis revealed an interaction between the
factors diet and water habitat in mucosa-associated microbiota
(weighted UniFrac, Pseudo-F1,4 = 4.68, p = 0.012). The
latter is displayed in the PCoA plots of mucosa samples
(Figure 1C) where there is an evident separation between
control and probiotic samples in SW but not in FW. Significant
differences between the control and the probiotic group in
mucosa samples during SW were consistent in both weighted
and unweighted UniFrac (Figures 1C,D) suggesting that the
bacterial community between both groups not only differ in the
presence and absence of some bacteria but also in the relative
abundance of some taxa.

Five phyla in the digesta (Firmicutes, Fusobacteria,
Proteobacteria, Actinobacteria, and Spirochaetes) and eight
in mucosa (Firmicutes, Proteobacteria, Actinobacteria,
Fusobacteria, Bacteroidetes, Spirochaetes, Cyanobacteria,
and Tenericutes) accounted for more than 98% of the total
abundance of the sequences derived from the samples (Figure 2
and Supplementary Table 1). The digesta samples were
strongly dominated by the phylum Firmicutes (91.5 ± 7.3 and
95.3 ± 3% for the control and probiotic fed fish, respectively),
mainly the classes Bacilli (>59%) and Clostridia (>6.2%).
For the mucosa samples, the dominant taxa varied according
to the water habitat and diet (Figure 2B). During FW the
mucosa-associated bacterial microbiota was dominated by
Firmicutes (57.1 ± 18.1 and 58.2 ± 24.4% for the control and
probiotic fed fish, respectively), followed by Proteobacteria
(23.6 ± 9.5 and 16.3 ± 12% for the control and probiotic group,
respectively). In SW the most abundant phyla in the control
group were Firmicutes (27.9 ± 8%), Fusobacteria (25.8 ± 9.3%),
Proteobacteria (19.6 ± 13.1%) and Actinobacteria (17.7 ± 6.2%),

whereas the most abundant phyla in the probiotic group
were Proteobacteria (63 ± 8%), Firmicutes (22.7 ± 10.2%),
and Actinobacteria (7.8 ± 3.4%). Hence the most striking
differences between dietary groups were the higher abundance
of Proteobacteria and the much lower relative abundance of
Fusobacteria (2.2 ± 2.6%) in the probiotic group compared to
the control group.

Pediococcus was identified by high-throughput sequencing in
digesta and mucosa samples belonging to the probiotic fed fish
in low relative abundance. The relative abundance of Pediococcus
during the freshwater stage was 0.43 and 0.49% in digesta and
mucosa, respectively, and 0.14 and 0.027% in digesta and mucosa
in seawater (Figure 2). Pediococcus was also identified in the
control group but at lower levels compared to the probiotic
group, i.e., 3.4 times lower in digesta and mucosa during the
freshwater stage and 1.45 and 2.05 lower in digesta and mucosa,
respectively, during the SW stage.

Linear discriminant analysis effect size was used to identify
the most important OTUs affected by the water habitat and the
diet. To evaluate the effect of the SWT on mucosa- and digesta-
associated microbiota, only samples from control groups in both
stages FW and SW were compared (Figures 3, 4). A relatively
high number of OTUs were observed to be affected by SWT
in the digesta, mainly the genera Bacillus, Fusobacterium, and
Photobacterium and several taxa from phylum Proteobacteria
were the most significantly enriched during SW (Figure 3).
Meanwhile, the most abundant taxa during FW belonged to
the order Lactobacillales including the genera Lactobacillus,
Leuconostoc, and Weisella. On the other hand, the main changes
in mucosa-associated microbiota as a result of SWT were
characterized by a relative decrease of the phylum Firmicutes,
specifically the genera Bacillus, Lactobacillus, Leuconostoc, and
Weissella. Whereas the phyla Fusobacteria (genera Cetobacterium
and Fusobacterium) were the most significantly enriched taxa
during SW (Figure 4).

Regarding the effect of probiotic diet on the microbiota, LEfSe
results showed that the main differences between control and
probiotic groups were observed in mucosa during SW (Figure 5).
The microbiota of the probiotic fed fish seems to exclude a certain
number of microorganisms after SWT, mainly members of
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FIGURE 1 | Principal coordinate analysis (PCoA) of the distal intestinal microbiota using UniFrac distances. The percentage of variation is explained by PC1 and PC2
axis. Each plot represents the differences between control (blue circles) and probiotic (red triangles) groups in both stages freshwater (FW) and seawater (SW).
(A) PCoA weighted UniFrac digesta; (B) PCoA unweighted UniFrac digesta; (C) PCoA weighted UniFrac mucosa; (D) PCoA unweighted UniFrac mucosa.

TABLE 5 | PERMANOVA results from weighted and unweighted UniFrac.

PERMANOVA

Weighted UniFrac Unweighted UniFrac

Group comparison Average dissimilarity df Pseudo-F P Average dissimilarity df Pseudo-F P

Digesta

Diet 0.16 1 1.10 0.322 0.39 1 1.22 0.208

Water habitat 0.19 1 4.89 0.012 0.42 1 3.38 0.003

Diet × Water habitat 1 3.98 0.03 1 1.42 0.117

Residual 8 8

Mucosa1

Diet 0.37 1 3.78 0.032 0.58 1 2.18 0.015

Water habitat 0.39 1 8.99 0.001 0.61 1 6.52 0.001

Diet × Water habitat 1 4.68 0.012 1 3.19 0.002

Tank 4 1.13 0.361 4 0.91 0.677

Residual 12 12

1PERMANOVA analysis for mucosa used Diet and Water habitat as fixed factors and Tank as a random factor.
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FIGURE 2 | Relative abundance of bacterial communities at class and phylum level and abundance of the genus Pediococcus from (A) Digesta and (B) Mucosa of
the distal intestine of Atlantic salmon fed control and probiotic diet during freshwater (FW) and seawater (SW) stages.
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FIGURE 3 | Taxonomic differences in the distal intestinal microbiota from digesta in control samples during FW and SW stages according to LEfSe analysis. The
analysis was carried out with the relative abundance at the genus level. The stage (FW and SW) was treated as a Class. (A) A circular cladogram is representing the
significant enriched OTUs between FW (red) or SW (green) groups. No significantly different OTUs are represented in yellow. The diameter of each dot is proportional
to its effect size. (B) Relative abundance (expressed from 0 to 1) of enriched taxa according to LEfSe (only OTUs at class or phylum level were plotted). (C) Linear
discriminant analysis (LDA), differentially enriched OTUs are arranged in descending order according to LDA score.
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FIGURE 4 | Taxonomic differences in the distal intestinal microbiota from mucosa in control samples during FW and SW stages according to LEfSe analysis. The
analysis was carried out with the relative abundance at the genus level. The stage (FW and SW) was treated as Class. (A) A circular cladogram is representing the
significant enriched OTUs between FW (red) or SW (green) groups. No significantly different OTUs are represented in yellow. The diameter of each dot is proportional
to its effect size. (B) Relative abundance (expressed from 0 to 1) of enriched taxa according to LEfSe (only OTUs at class or phylum level were plotted). (C) LDA,
differentially enriched OTUs are arranged in descending order according to LDA score.
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FIGURE 5 | Taxonomic differences in the distal intestinal microbiota from mucosa between control and probiotic groups according to LEfSe analysis. The analysis
was carried out with the relative abundance of all mucosa samples at the genus level. Control and probiotic groups were treated as classes, and FW and SW stages
as subclasses. (A) A circular cladogram is representing the significant enriched OTUs between control (red) or probiotic (green) groups. No significantly different
OTUs are represented in yellow. The diameter of each dot is proportional to its effect size. (B) Relative abundance (expressed from 0 to 1) of enriched taxa according
to LEfSe. When more than one OTU from the same phylogenetic clade was enriched according to LEfSe, only the relative abundance of the closest phylogenetic
ancestor was plotted. (C) LDA, differentially enriched OTUs are arranged in descending order according to LDA score.

phylum Actinobacteria and class Clostridia, while only one taxon
with high relative abundance appeared to be significantly more
represented in the probiotic fed fish (genus Bradyrhizobium,

a group of non-pathogenic bacteria commonly encountered in
water). In the digesta, only a few changes between probiotic
and control fish were detected (Supplementary Figure 2)
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FIGURE 6 | Core microbiota of distal intestinal mucosa. (A) Venn diagram showing the shared OTUs across 100% of the samples in all the experimental groups.
(B) Relative abundance contribution for each of the OTUs belonging to the core microbiota of each experimental group. FW, SW stages. Values are means ± SD
(n = 6), letters are present when a significant difference was identified by LEfSe.

which is in agreement with the PERMANOVA results from
UniFrac (Table 5). Only taxa with low relative abundances
were significantly different between probiotic and control groups
regardless of the water habitat (between 0.005 to 0.03% for the
most abundant taxa, Corynebacteriaceae). The presence of a core
microbiota regardless of water habitat and diet supplementation
was determined only for the mucosa samples, as these were the
only individual samples taken (digesta samples were pooled by
tanks and thus not analyzed for core components) (Figure 6).
A set of 11 common OTUs was shared in the probiotic and
control groups during FW and SW. The shared OTUs belonged

to the phyla Proteobacteria (6 OTUs), Actinobacteria (4 OTUs),
and Firmicutes (1 OTU). The contribution of the core members
in term of the relative abundance was similar in FW (ranged from
24.4 to 32.7%), however, in contrast during SW the contribution
of core members varied from 25.8 to 58.2% from the control and
probiotic groups, respectively. The most abundant core members
during FW was Lactobacillus with a relative abundance that
ranged between 9.69 and 7.55% for the control and probiotic
groups, respectively. Meanwhile, in SW the most abundant core
members were Propionibacterium (7.04%) in control group and
Bradyrhizobium (36.89%) in the probiotic group. Three members
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of core microbiota were significantly modulated by SWT
(Ochrobactrum, Propionibacterium, and Lactobacillus). Finally,
probiotic supplementation affected the abundance of two taxa
identified as core microbiota (Bradyrhizobium and Micrococcus).

Gene Expression in the Distal Intestine
The expression of a panel of immune, stress, and apoptosis
related genes in the DI was measured during FW and SW stages
to evaluate the effect of the probiotic diet compared to the
control diet (Figure 7). Genes related to antiviral protection were
modulated in FW and SW by the probiotic diet; mx1 and tlr3
levels were lower in fish fed the probiotic diet in FW, but higher
in the SW in comparison with fish fed control diet. Further,
pcna and tnfa were significantly higher in the probiotic group
than in the control group in seawater. A higher expression of
il-1b was seen in the fish fed the probiotic diet in FW while
hsp70 was not affected by the probiotic treatment regardless of
the water habitat.

Histology
The parameters evaluated by light microscopy were not
significantly different between the control fish and the probiotic
fish (Table 6). The histological evaluation of distal intestinal
morphology in control and probiotic groups during both
FW and SW did not show any signs compatible with an
active inflammatory response. The histological structure was
characterized by a finger-like mucosal fold architecture, covered
with an aligned epithelium of a single layer of enterocytes with
supranuclear vacuoles in the apical zone, a thin lamina propria
and low abundance of intraepithelial leukocytes suggesting a
good health status of the fish.

TABLE 6 | Histological parameters of the distal intestine of Atlantic salmon fed the
experimental diets during freshwater and seawater stages.

FW SW

Control Probiotic Control Probiotic

Mucosa fold length (µm) 322 ± 44 416 ± 58 518 ± 81 454 ± 106

Perimeter ratio (AU) 5 ± 1 6 ± 1 5 ± 1 6 ± 2

Goblet cells (per 100 µm) 16 ± 4 13 ± 3 16 ± 4 15 ± 3

FW, freshwater; SW, seawater; AU, arbitrary units. Data represent mean ± SD
(n = 9). No significant results were observed between dietary groups.

Viral Challenge
The first IPNV related mortalities were registered in fish from
the control group at 19 and 20 days post-challenge (in the
two replicate challenge tanks), while the first mortality in the
probiotic group was registered at 21 and 25 days post-challenge
(Figure 8). Average cumulative mortality at termination (day
49) was 26.8 ± 3.2% for the control group and 21.7 ± 2.9%
for the probiotic group. These differences in mortality were not
statistically significant.

DISCUSSION

Effect of Seawater Transfer on the Distal
Intestinal Microbiota
The use of molecular methods such as high-throughput
sequencing has rapidly expanded our knowledge of the bacterial
communities in the fish intestine (Zhou et al., 2014; Tarnecki
et al., 2017). In the present study, the main phyla observed
in the DI of Atlantic salmon during both freshwater and

FIGURE 7 | Gene expression profile (relative mRNA level) of the distal intestine of Atlantic salmon fed control and probiotic diets during FW and SW stages.
Statistical differences between control and probiotic group (n = 5) (∗P < 0.05).
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FIGURE 8 | Accumulated mortality of probiotic and control fed fish challenged with IPN virus. Thin lines represent the mortality of each tank replicate and the
average mortality in each group is displayed as a thick line.

seawater stages were Firmicutes, Proteobacteria, Fusobacteria,
and Actinobacteria. Previous studies investigating the intestinal
microbiota of Atlantic salmon under farming conditions have
also found these phyla as normal residents of the intestine
(Zarkasi et al., 2014; Gajardo et al., 2016, 2017; Schmidt
et al., 2016; Dehler et al., 2017a; Lokesh et al., 2018; Rudi
et al., 2018). Despite heterogeneous experimental conditions
and approaches among studies, the phyla Firmicutes and
Proteobacteria were consistently reported as dominant bacteria
in the intestine of Atlantic salmon. Although some of the phyla
were consistently observed in the DI of fish throughout this
study, the SWT had a major role in modulating the abundance
of specific bacterial communities (significant effect on four phyla:
Firmicutes, Fusobacteria, Proteobacteria, and Cyanobacteria) at
the digesta and mucosa level of the DI as evidenced by the LEfSe
and beta diversity results. However, our results on the digesta
microbiota must be cautiously interpreted since the pooling
of 3 fish per sample may have impacted the possibilities to
detect differences.

Even though several observations from the study of Dehler
et al. (2017b) were based on data from digesta, our results
are in agreement with their findings on the important role
of SWT on modulating the intestinal microbiota of Atlantic
salmon. Another important finding detected in both studies
is the significant decrease in the relative abundance of several
LAB genera after SWT. On the other hand, some important
differences should be noted between the two studies, which
could suggest the importance of considering both digesta- and
mucosa-associated microbiota in such studies. In particular,
we detected a strong increase in the anaerobic bacteria
Fusobacterium and Cetobacterium in the mucosa, suggesting a
potential strong contribution of Fusobacteria in Atlantic salmon
during SW stages which was not observed in the study of
Dehler et al. (2017b). Fusobacteria is often mentioned as part
of oral and intestinal microbiota in humans (Chen and Jiang,
2015; D’Argenio and Salvatore, 2015). Some reports associate
the presence of Fusobacterium spp. with different human

pathologies (Kostic et al., 2012; Han, 2015). However, in fish,
its clinical relevance remains poorly described. Cetobacterium
has often been reported to be part of the gut microbiota of
several fish species and also reported as a species with the
potential to produce vitamin B12. Furthermore, Brugman et al.
(2009) reported that a vancomycin treatment in zebrafish with
enterocolitis increased the abundance of Cetobacterium somerae,
which was associated with a reduction of inflammation.

We did not detect a strong contribution of Mycoplasma spp.
(phylum Tenericutes) in the digesta of SW fish, as opposed to
several other studies (Holben et al., 2002; Abid et al., 2013;
Llewellyn et al., 2015; Jin et al., 2019) that have detected this genus
as a substantial contributor of Atlantic salmon microbiota in SW
and even as a putative member of the core microbiota (Dehler
et al., 2017b). The reasons behind this result are not clear but
the reported impact of environmental factors, dietary regimes,
sampling strategy, and host genetic variation on the intestinal
microbial communities of fish may explain the differences
observed between studies (Tarnecki et al., 2017).

To the authors’ knowledge, our study is the first to report the
effect of SWT on the mucosa-associated microbiota of Atlantic
salmon. In both fish and mammals, it has been recognized
that the digesta and mucosa compartments harbor substantially
different microorganisms (Eckburg et al., 2005; Looft et al.,
2014; Gajardo et al., 2016, 2017; Lyons et al., 2017). Thus,
these two different microbial communities may have different
roles in the intestine and may differently impact the health
of the host. In fish, most of the studies investigating factors
that modulate the gut microbiota have so far focused on the
so-called allochthonous microbiota, which is associated with
fecal or digesta samples. However, in mammals, several authors
have speculated that the mucosa-associated microbiota could
have a central role in modulating the intestinal physiology
of the host. This hypothesis is based on the fact that
the mucosa-associated bacteria could interact with the host
epithelium both directly and indirectly, while those in the
digesta only interact with the host indirectly (as reviewed by
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Van den Abbeele et al., 2011). The latter would suggest that the
intestinal microbiota shift caused by SWT could have large
implications for the gut health of salmon following SWT,
hence supporting the particular interest to further study the
impact of certain taxa associated with the mucosa, such as
members of Fusobacteria, on salmon health. Prior to and during
SWT commercially raised Atlantic salmon undergoes important
physiological changes (i.e., smoltification) and is exposed to
changes in salinity and to dietary modifications implemented
to meet the nutritional requirements of the new smolt stage.
Thus, this study did not aim to identify the weight of every
single factor separately but highlight the extent of the impact
of all the factors together on the intestinal microbiota under
conditions that resemble the current commercial practices of
Atlantic salmon production.

Salinity is a well-known factor affecting microbiota by limiting
or promoting the establishment of specific bacterial communities
in given environments (Lozupone and Knight, 2007; Canfora
et al., 2014). The effect of salinity and SWT on bacterial
communities associated with fish has been previously studied
(Schmidt et al., 2015; Lokesh and Kiron, 2016; Lokesh et al.,
2018; Rudi et al., 2018; Jin et al., 2019). A study conducted
by Zhang et al. (2016) even demonstrated that the bacterial
community associated with the fish intestine also respond
to salinity changes. Nevertheless, the changes in intestinal
microbiota during SWT is most likely due to the combination of
several factors that will lead to a competitive niche appropriation
by certain microbial species hence reorienting the bacterial
composition in the gut. In particular, the host as “habitat filter”
influenced by the shift in osmoregulatory functions of the gut
and the altered immune response after SWT (Johansson et al.,
2016; Karlsen et al., 2018). Based on our results we propose
using SWT experiments, coupled with meta-transcriptomic and
metabolomics analysis, to assess the functional role of the
intestinal mucosa-associated microbiota in salmon during FW
to SW transition.

Effect of Probiotic on Distal Intestinal
Microbiota
The use of probiotics in aquaculture has been implemented
as a regular practice to improve the health and performance
of fish under stressful farm conditions (Lauzon et al., 2014;
Pérez-Sánchez et al., 2014; Hoseinifar et al., 2018, 2019). The
beneficial effects of some probiotics in humans and animals are
well-documented, but more research is necessary to ascertain
their modes of action. In aquaculture, this limitation is also
evident. Some of the proposed possible modes of action of the
probiotics are suggested to be mediated by the modulation of
the microbiota (Merrifield and Carnevali, 2014; Wang et al.,
2015). The present study investigated the effect of the only
dietary probiotic currently registered for use in aquaculture
in the European Union, namely P. acidilactici MA18/5M. The
scientific literature about the use of this specific probiotic strain
in aquatic animals is continuously increasing (Castex et al.,
2008; Ferguson et al., 2010; Merrifield et al., 2011; Lamari et al.,
2013, 2016; Standen et al., 2013). Currently, two published

studies reported the role of this probiotic in the intestine of
Atlantic salmon during the seawater stage (Abid et al., 2013;
Vasanth et al., 2015). Both studies were able to identify a positive
effect of this bacterium in the intestine of Atlantic salmon;
however, only the study from Abid et al. (2013) investigated
the effect on the intestinal microbiota. In the present study, the
genus Pediococcus was detected by high-throughput sequencing
in digesta and mucosa samples from both groups, supporting
the fact that Pediococcus is a ubiquitous genus encountered in
the intestinal microbiota of salmonids. Indeed this genus has
been previously reported as a normal inhabitant of the gut
microbiota of Atlantic salmon (Merrifield et al., 2014; Gajardo
et al., 2016; Dehler et al., 2017b) and rainbow trout (Araújo et al.,
2016). In our study, our sequencing strategy did not allow to
differentiate autochtonous Pediococcus species/strains from the
one used in the probiotic diet. Nevertheless, the Pediococcus
genus was detected at a higher level in samples from probiotic
fed fish compared to the control group. Focusing on the probiotic
group, overall the abundance of this genus was low in both water
habitats as previously established by our group (unpublished
data), with the higher relative abundance in the digesta of FW
fish and the lowest abundance observed in the mucosa samples
during the seawater stage. Lower abundance of P. acidilactici
in mucosa compared with digesta in Atlantic salmon is in line
with the study from Abid et al. (2013). Other studies using
P. acidilactici as a probiotic in fish have demonstrated that
this bacteria was able to survive in the intestine of freshwater
(Ferguson et al., 2010; Merrifield et al., 2011) and seawater
fish (Villamil et al., 2010; Lamari et al., 2013). Remarkably,
despite this lower abundance, the strongest modulation of the
microbiota in fish fed the probiotic was observed during the
seawater stage in the intestinal mucosa. In fact, the probiotic
effect on the mucosa-associated microbiota was an important
factor driving the differences between dietary groups as shown by
beta diversity results. This finding could support the hypothesis
of a strong contribution of a probiotic induced “host effect”
driving the different clustering of the microbiota composition.
However, the significant interaction with water habitat revealed
by the PERMANOVA analysis from UniFrac suggests that the
probiotic effect is dependent on the water habitat. The most
striking changes detected in the probiotic group at the mucosa
level consist in the modulation of the relative abundance (↑
increase or ↓ decrease) of taxa belonging to class Fusobacteriia
(↓), orders Clostridiales (↓), Actinomycetales (↓), Pasteurellales
(↓), and family Bradyrhizobiaceae (↑) and Streptococcacea (↓).
Interestingly, apart from Bradyrhizobiaceae that were more
predominant in the mucosa, the microbiota of probiotic fed fish
seems to display an “antagonistic like pattern” among several
taxa. Some of these taxa (Streptococcacea and Pasteurellales for
instance) are known as pathogenic or opportunistic bacteria in
fish. Therefore, a reduction in their abundance at the mucosa level
can be seen as a positive sign, but the absence of information
about the other taxa affected by the probiotic (Actinomycetales
and Fusobacteriacea in particular) does not allow us to draw
further conclusions. Information about the function of these
bacteria in the intestine and the role in the adaptation of Atlantic
salmon to seawater require further investigation. Finally, most of
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these changes were only observed in the mucosa, highlighting the
importance to investigate such samples when assessing the effect
of probiotics in fish.

Core Microbiota
Previous studies in salmonids have implied the presence of a
so called core intestinal microbiota based on next generation
sequencing of digesta or mucosa samples (Wong et al., 2013;
Gajardo et al., 2016, 2017; Dehler et al., 2017a; Rudi et al., 2018).
In the present study, we investigated the core microbiota in
the intestinal mucosa and despite the large effect of probiotic
administration and SWT, a “core like” mucosal microbiota with
11 shared OTUs was identified across all samples regardless of
the water habitat and diet. This set of “resilient” microorganisms
account for at least 24% of the relative abundance of the bacterial
sequences. This suggests that the OTUs identified as members
of this core microbiota may play an important role in the DI
of Atlantic salmon, for instance by fulfilling central functions
in the gut. The relatively high number of OTUs belonging to
the phylum Proteobacteria, as part of the core microbiota of
Atlantic salmon is in agreement with previous studies (Gajardo
et al., 2016, 2017; Dehler et al., 2017b), whereas the absence
of Tenericutes and Bacteroidetes or presence below detection
thresholds must be noted. Seawater transfer had a significant
effect on the core microbiota member Lactobacillus which was
significantly lower in the control group in SW. It is important
to highlight that Lactobacillus has previously been identified
as a member of the core microbiota in SWT-related studies
(Dehler et al., 2017b; Rudi et al., 2018), this finding deserves
further investigation to clarify the role of this well-adapted LAB
in the intestine of Atlantic salmon. Fish fed the probiotic diet
had the strongest effect on the abundance of different taxa of
the core microbiota, particularly in the genus Bradyrhizobium
which had a relatively low abundance in control and probiotic
group during FW 1.73 ± 1.69 and 1.93 ± 1.91% respectively but
was significantly more abundant in the probiotic group in SW
(36.89± 12.76%) compared to the control group (1.38± 2.04%).

Effect of Probiotic on Gene Expression
Profile and Antiviral Resistance
Probiotic administration influenced the expression of some
of the genes investigated in this study, however, the type
of response tended to differ according to the water habitat.
Activation of tnf-α and il-1b in the intestine are commonly
associated with stimulation of the immune response. In the
present study, fish fed the probiotic diet had a significantly
higher response in il-1b and tnf-α compared to fish fed the
control diet. However, this response was only observed in FW.
The activation of genes encoding pro-inflammatory cytokines
in fish after supplementation with P. acidilactici has also been
reported previously in Atlantic salmon (Abid et al., 2013; Vasanth
et al., 2015) and tilapia (Standen et al., 2013). These authors
suggested that activation of pro-inflammatory cytokines after
supplementation with P. acidilactici may indicate a potential
immuno-stimulatory response that could be beneficial to fight an
eventual pathogen aggression.

Previous studies have investigated the expression of hsp70
and pcna as markers for intestinal stress and cell proliferation in
Atlantic salmon after adverse intestinal conditions (Olsvik et al.,
2007; Sanden and Olsvik, 2009; Krogdahl et al., 2015). In this
study, the low differences in the expression of both hsp70 and
pcna between the control and probiotic groups, together with
a normal histological morphology of the intestine suggest that
neither fish fed the control diet nor fish fed the probiotic diet were
undergoing an inflammatory response in the intestine.

A decrease in the expression of several immune genes
involved in the antiviral response has previously been reported
in Atlantic salmon during the transition from freshwater to
seawater (Johansson et al., 2016; Karlsen et al., 2018). In this
study, the dietary supplementation with P. acidilactici MA18/5M
modulated the intestinal antiviral response. This modulation
was dependent on the water habitat as both investigated genes,
namely tlr3 and mx1, were significantly lower compared to the
control the day before SWT, whereas a significant increase was
observed after 5 weeks in seawater. This response to the probiotic
has already been observed in SW (Abid et al., 2013) but not in
FW. This may suggest that mechanisms associated with the water
habitat are influencing the antiviral response and the response of
the fish to the probiotic. One possible explanation for the different
response of the intestine to probiotic supplementation could be
related to the profound changes in the microbiota composition
that take place during SWT. It is well-known that the intestine
plays a major role in the adaptation to the new marine habitat. It
is important to highlight that the strength of the modulation of
mx1 was higher during the seawater stage (five times increased
compared to the control group) than in the freshwater stage
(2.2 times decreased compared to the control group). Studies
have demonstrated that mx1 is expressed at high levels after the
stimulation of tlr3 agonist in head kidney leukocytes suggesting
that these two genes are connected during the antiviral response
(Arnemo et al., 2014). These results are in agreement with
Abid et al. (2013) who demonstrated up-regulation of tlr3, tnf-
α, and mx-1 in the distal and proximal intestine of Atlantic
salmon in SW stage (post-smolts) under a dietary regimen
supplemented with P. acidilactici MA18/5M and short-chain
fructooligosaccharides (scFOS) as synbiotic additives. The main
function of tlr3 in innate immunity is to act as a sensor of
viral RNA. Moreover, some authors suggest that the activation
of tlr3 could trigger the expression of genes encoding cytokines
and proteins responsible for modulating the immune response
against viral infections (Rodriguez et al., 2005). Even though, tlr3
expression in healthy Atlantic salmon has been detected in several
tissues, the gut and spleen showed the highest level of expression
(Arnemo et al., 2014). Due to the important role of these genes in
antiviral response, their increase in expression in seawater may
suggest a potential protective role of the probiotic in an eventual
viral infection. In order to evaluate further the potential antiviral
effect of P. acidilactici MA18/5M, an experimental challenge
with IPN virus was conducted 3 days after SWT. The average
accumulated mortality was lower in the fish previously fed the
probiotic diet (during FW phase) compared to fish fed the control
diet (22 and 27%, respectively), even though this difference was
not statistically significant. The mentioned finding may suggest a
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potential role of the probiotics in improving anti-viral response.
It is worth noting that the fish in the challenge tanks were fed
the same control diet throughout the challenge. This means that
the “probiotic” fish only had a history of being fed probiotics
in FW. The results from the feeding trial part of this study,
indicating a larger modulatory effect of the probiotic during
SW, suggest that the variable results obtained in the challenge
could be due to the lack of probiotics feeding during this
experimental stage. Previous studies have looked at the resilience
of P. acidilactici following a switch to a non-supplemented
feed, showing that the probiotic bacteria is not detectable after
3 days in rainbow trout (Abid, 2014). This means the probiotic
bacteria and its effect could have been present at least early in
the challenge trial. Interestingly, the onset of mortalities started
later for the “probiotic” fed fish relative to the control in both
challenge tanks, and the probiotic group from the tank with
the lowest cumulative mortality had a 6 day delay in this onset.
As no samples for microbiota composition was taken from this
part of the trial we cannot assess whether the probiotic was
maintained in the gut of these fish longer than in the other
tank. Ideally, the number of fish per tank and the number of
replicate tanks should have been higher, in order to be able
to detect potential differences. Additional future experiments
should also allow for the continued feeding of the probiotic
supplemented diet during the viral challenge. As such, further
studies are necessary to confirm whether the induction of the
antiviral response seen in this study as well as in Abid et al.
(2013) results in a significant improvement in survival after
viral infection.

CONCLUSION

The factors evaluated in this study, i.e., dietary probiotic
supplementation and transfer from freshwater to seawater, had
a substantial impact on the bacterial communities of the DI
of Atlantic salmon with a much more pronounced effect in
the mucosa-associated microbiota. This result highlights the
importance to consider both digesta and mucosa for future
microbiota-based studies on the effect of SWT or dietary
factors on fish. The changes in the mucosal microbiota in
fish fed the probiotic supplemented diet in seawater suggest
activation of the antiviral response. Future studies should be
performed to investigate whether or not microbiota changes
observed in this study have a causal link with the local
immune changes and the implications this may have in term
of salmon health.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in
the BioProject ID: PRJNA546123 https://www.ncbi.nlm.nih.gov/
bioproject/546123.

ETHICS STATEMENT

The animal study was reviewed and approved by the project was
approved by the Food and Safety Authority ID 4986: “The use
of functional feed to improve the overall performance of Atlantic
Salmon smolt.”

AUTHOR CONTRIBUTIONS

DM, MC, EA, JT, HM, and L-HJ: experiments design.
HM and L-HJ: field experiments. AJ-T, MR, AR, and HM:
sample collection. AJ-T, MR, and AR: laboratory experiments.
AJ-T: bioinformatic analysis and writing the first draft of
the manuscript. AJ-T, DM, MC, AR, L-HJ, and TF: data
interpretation. TF, MC, AR, and DM: manuscript revision
and editing. All authors read and approved the final version
of the manuscript.

FUNDING

AJ-T was funded by a doctoral fellowship from the Instituto
Colombiano para el Desarrollo de la Ciencia y Tecnología
Francisco Jose de Caldas (COLCIENCIAS-Colombia) and
Lallemand SAS. This work was jointly funded by Lallemand
SAS and BioMar AS.

ACKNOWLEDGMENTS

The authors sincerely thank Dr. Michele Kiernan for
performing amplicon sequencing and Matthew Emery for his
microbiological assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02243/full#supplementary-material

REFERENCES
Abid, A. (2014). Investigations on the Gut Microbiota of Salmonids and the

Applications of Probiotics-Based Feed Additives. Ph.D., University of Plymouth,
Plymouth.

Abid, A., Davies, S. J., Waines, P., Emery, M., Castex, M., Gioacchini, G.,
et al. (2013). Dietary synbiotic application modulates Atlantic salmon (Salmo
salar) intestinal microbial communities and intestinal immunity. Fish Shellfish
Immunol. 35, 1948–1956. doi: 10.1016/j.fsi.2013.09.039

Araújo, C., Muñoz-Atienza, E., Poeta, P., Igrejas, G., Hernández,
P. E., Herranz, C., et al. (2016). Characterization of Pediococcus
acidilactici strains isolated from rainbow trout (Oncorhynchus
mykiss) feed and larvae: safety, DNA fingerprinting, and
bacteriocinogenicity. Dis. Aquat. Org. 119, 129–143. doi: 10.3354/dao0
2992

Arnemo, M., Kavaliauskis, A., and Gjøen, T. (2014). Effects of TLR agonists and
viral infection on cytokine and TLR expression in Atlantic salmon (Salmo
salar). Dev. Comp. Immunol. 46, 139–145. doi: 10.1016/j.dci.2014.03.023

Frontiers in Microbiology | www.frontiersin.org 18 September 2019 | Volume 10 | Article 2243

https://www.ncbi.nlm.nih.gov/bioproject/546123
https://www.ncbi.nlm.nih.gov/bioproject/546123
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02243/full#supplementary-material
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.3354/dao02992
https://doi.org/10.3354/dao02992
https://doi.org/10.1016/j.dci.2014.03.023
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02243 September 26, 2019 Time: 18:3 # 19

Jaramillo-Torres et al. Probiotics Modulate Salmon Intestinal Health

Aunsmo, A., Bruheim, T., Sandberg, M., Skjerve, E., Romstad, S., and Larssen,
R. B. (2008). Methods for investigating patterns of mortality and quantifying
cause-specific mortality in sea-farmed Atlantic salmon Salmo salar. Dis. Aquat.
Org. 81, 99–107. doi: 10.3354/dao01954

Blackburn, J. (1987). Revised procedure for the 24-hour seawater challenge test
to measure seawater adaptability of juvenile. Can. Tech. Rep. Fish Aquat. 1515,
1–35.

Booman, M., Forster, I., Vederas, J. C., Groman, D. B., and Jones, S. R. M. (2018).
Soybean meal-induced enteritis in Atlantic salmon (Salmo salar) and Chinook
salmon (Oncorhynchus tshawytscha) but not in pink salmon (O. gorbuscha).
Aquaculture 483, 238–243. doi: 10.1016/j.aquaculture.2017.10.025

Brugman, S., Liu, K. Y., Lindenbergh–Kortleve, D., Samsom, J. N., Furuta, G. T.,
Renshaw, S. A., et al. (2009). Oxazolone-induced enterocolitis in zebrafish
depends on the composition of the intestinal microbiota. Gastroenterology 137,
1757.e1–1767.e1. doi: 10.1053/j.gastro.2009.07.069

Canfora, L., Bacci, G., Pinzari, F., Lo Papa, G., Dazzi, C., and Benedetti, A. (2014).
Salinity and bacterial diversity: to what extent does the concentration of salt
affect the bacterial community in a saline soil? PLoS One 9:e106662. doi: 10.
1371/journal.pone.0106662

Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L., and
Knight, R. (2010a). PyNAST: a flexible tool for aligning sequences to a template
alignment. Bioinformatics 26, 266–267. doi: 10.1093/bioinformatics/btp636

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010b). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335–336.

Castex, M. (2009). Evaluation du Probiotique Bactérien Pediococcus Acidilactici
MA18/5M chez la Crevette Pénéide Litopenaeus Stylirostris en Nouvelle-
Calédonie. Ph.D. thesis, university of Agro Paris Tech, Paris.

Castex, M., Chim, L., Pham, D., Lemaire, P., Wabete, N., Nicolas, J.-L., et al.
(2008). Probiotic P. acidilactici application in shrimp Litopenaeus stylirostris
culture subject to vibriosis in New Caledonia. Aquaculture 275, 182–193. doi:
10.1016/j.aquaculture.2008.01.011

Chen, H., and Jiang, W. (2015). Application of high-throughput sequencing in
understanding human oral microbiome related with health and disease. Front.
Microbiol. 5:508. doi: 10.3389/fmicb.2014.00508

Clarke, K., and Gorley, R. (2006). PRIMER v6: User Manual/Tutorial. Plymouth
Routines in Multivariate Ecological Research. Plymouth: Primer-E Ltd.

D’Argenio, V., and Salvatore, F. (2015). The role of the gut microbiome in the
healthy adult status. Clin. Chim. Acta 451, 97–102. doi: 10.1016/j.cca.2015.
01.003

Dehler, C. E., Secombes, C. J., and Martin, S. A. (2017a). Environmental
and physiological factors shape the gut microbiota of Atlantic salmon parr
(Salmo salar L.). Aquaculture 467, 149–157. doi: 10.1016/j.aquaculture.2016.
07.017

Dehler, C. E., Secombes, C. J., and Martin, S. A. M. (2017b). Seawater transfer alters
the intestinal microbiota profiles of Atlantic salmon (Salmo salar L.). Sci. Rep.
7:13877. doi: 10.1038/s41598-017-13249-8

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072.
doi: 10.1128/aem.03006-05

Eckburg, P. B., Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent,
M., et al. (2005). Diversity of the human intestinal microbial flora. Science 308,
1635–1638. doi: 10.1126/science.1110591

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Falcinelli, S., Picchietti, S., Rodiles, A., Cossignani, L., Merrifield, D. L., Taddei,
A. R., et al. (2015). Lactobacillus rhamnosus lowers zebrafish lipid content
by changing gut microbiota and host transcription of genes involved in lipid
metabolism. Sci. Rep. 5:9936. doi: 10.1038/srep09336

Ferguson, R. M. W., Merrifield, D. L., Harper, G. M., Rawling, M. D., Mustafa,
S., Picchietti, S., et al. (2010). The effect of Pediococcus acidilactici on the
gut microbiota and immune status of on-growing red tilapia (Oreochromis
niloticus). J. Appl. Microbiol. 109, 851–862. doi: 10.1111/j.1365-2672.2010.
04713.x

Flynn, J. M., Brown, E. A., Chain, F. J. J., MacIsaac, H. J., and Cristescu,
M. E. (2015). Toward accurate molecular identification of species in complex

environmental samples: testing the performance of sequence filtering and
clustering methods. Ecol. Evol. 5, 2252–2266. doi: 10.1002/ece3.1497

Gajardo, K., Jaramillo-Torres, A., Kortner, T. M., Merrifield, D. L., Tinsley, J.,
Bakke, A. M., et al. (2017). Alternative protein sources in the diet modulate
microbiota and functionality in the distal intestine of Atlantic salmon (Salmo
salar). Appl. Environ. Microbiol. 83, 02615–02616. doi: 10.1128/AEM.026
15-16

Gajardo, K., Rodiles, A., Kortner, T. M., Krogdahl, Å, Bakke, A. M., Merrifield,
D. L., et al. (2016). A high-resolution map of the gut microbiota in Atlantic
salmon (Salmo salar): a basis for comparative gut microbial research. Sci. Rep.
6:30893. doi: 10.1038/srep30893

Grosell, M. (2010). “The role of the gastrointestinal tract in salt and water balance,”
in Fish Physiology, eds A. P. F. Martin Grosell, and J. B. Colin, (San Diego:
Academic Press), 135–164. doi: 10.1016/s1546-5098(10)03004-9

Hall, P. A., Coates, P. J., Ansari, B., and Hopwood, D. (1994). Regulation of cell
number in the mammalian gastrointestinal-tract – the importance of apoptosis.
J. Cell Sci. 107(pt 12), 3569–3577.

Han, Y. W. (2015). Fusobacterium nucleatum: a commensal-turned pathogen.
Curr. Opin. Microbiol. 23, 141–147. doi: 10.1016/j.mib.2014.11.013

Hjeltnes, B., Bang-Jensen, B., Haukaas, A., and Walde, C. (2018). The Health
Situation in Norwegian Aquaculture 2017. Oslo: Nowegian Veterinary Institute.

Hoar, W. S. (1988). “The physiology of smolting salmonids,” in Fish Physiology,
eds W. S. Hoar, and D. J. Randall, (Cambridge, MA: Academic Press), 275–343.
doi: 10.1016/s1546-5098(08)60216-2

Holben, W. E., Williams, P., Saarinen, M., Särkilahti, L. K., and Apajalahti,
J. H. A. (2002). Phylogenetic analysis of intestinal microflora indicates a novel
mycoplasma phylotype in farmed and wild salmon. Microbial. Ecol. 44, 175–
185. doi: 10.1007/s00248-002-1011-6

Hoseinifar, S. H., Dadar, M., and Ringø, E. (2017). Modulation of nutrient
digestibility and digestive enzyme activities in aquatic animals: the functional
feed additives scenario. Aquacult. Res. 48, 3987–4000. doi: 10.1111/are.13368

Hoseinifar, S. H., Hoseini, S. M., and Bagheri, D. (2016). Effects of
galactooligosaccharide and Pediococcus acidilactici on antioxidant defence
and disease resistance of rainbow trout, Oncorhynchus mykiss. Ann. Anim. Sci.
17, 217–227. doi: 10.1515/aoas-2016-0024

Hoseinifar, S. H., Sun, Y.-Z., Wang, A., and Zhou, Z. (2018). Probiotics as means
of diseases control in aquaculture, a review of current knowledge and future
perspectives. Front. Microbiol. 9:2429. doi: 10.3389/fmicb.2018.02429

Hoseinifar, S. H., Van Doan, H., Dadar, M., Ringø, E., and Harikrishnan, R.
(2019). “Feed additives, gut microbiota, and health in finfish aquaculture,”
in Microbial Communities in Aquaculture Ecosystems: Improving Productivity
and Sustainability, ed. N. Derome, (Cham: Springer International Publishing),
121–142. doi: 10.1007/978-3-030-16190-3_6

Jin, Y., Angell, I. L., Sandve, S. R., Snipen, L. G., Olsen, Y., and Rudi, K. (2019).
Atlantic salmon raised with diets low in long-chain polyunsaturated n-3 fatty
acids in freshwater have a mycoplasma-dominated gut microbiota at sea. Aquac.
Environ. Interact. 11, 31–39. doi: 10.3354/aei00297

Johansen, L.-H., and Sommer, A.-I. (2001). Infectious pancreatic necrosis virus
infection in Atlantic salmon Salmo salar post-smolts affects the outcome
of secondary infections with infectious salmon anaemia virus or Vibrio
salmonicida. Dis. Aquat. Org. 47, 109–117. doi: 10.3354/dao047109

Johansson, L.-H., Timmerhaus, G., Afanasyev, S., Jørgensen, S. M., and Krasnov,
A. (2016). Smoltification and seawater transfer of Atlantic salmon (Salmo salar
L.) is associated with systemic repression of the immune transcriptome. Fish
Shellfish Immunol. 58, 33–41. doi: 10.1016/j.fsi.2016.09.026

Karlsen, C., Ottem, K. F., Brevik, ØJ., Davey, M., Sørum, H., and Winther-Larsen,
H. C. (2017). The environmental and host-associated bacterial microbiota of
Arctic seawater-farmed Atlantic salmon with ulcerative disorders. J. Fish Dis.
40, 1645–1663. doi: 10.1111/jfd.12632

Karlsen, C., Ytteborg, E., Timmerhaus, G., Høst, V., Handeland, S., Jørgensen,
S. M., et al. (2018). Atlantic salmon skin barrier functions gradually
enhance after seawater transfer. Sci. Rep. 8:9510. doi: 10.1038/s41598-018-27
818-y

Kortner, T. M., Valen, E. C., Kortner, H., Marjara, I. S., Krogdahl, Å, and Bakke,
A. M. (2011). Candidate reference genes for quantitative real-time PCR (qPCR)
assays during development of a diet-related enteropathy in Atlantic salmon
(Salmo salar L.) and the potential pitfalls of uncritical use of normalization

Frontiers in Microbiology | www.frontiersin.org 19 September 2019 | Volume 10 | Article 2243

https://doi.org/10.3354/dao01954
https://doi.org/10.1016/j.aquaculture.2017.10.025
https://doi.org/10.1053/j.gastro.2009.07.069
https://doi.org/10.1371/journal.pone.0106662
https://doi.org/10.1371/journal.pone.0106662
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1016/j.aquaculture.2008.01.011
https://doi.org/10.1016/j.aquaculture.2008.01.011
https://doi.org/10.3389/fmicb.2014.00508
https://doi.org/10.1016/j.cca.2015.01.003
https://doi.org/10.1016/j.cca.2015.01.003
https://doi.org/10.1016/j.aquaculture.2016.07.017
https://doi.org/10.1016/j.aquaculture.2016.07.017
https://doi.org/10.1038/s41598-017-13249-8
https://doi.org/10.1128/aem.03006-05
https://doi.org/10.1126/science.1110591
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/srep09336
https://doi.org/10.1111/j.1365-2672.2010.04713.x
https://doi.org/10.1111/j.1365-2672.2010.04713.x
https://doi.org/10.1002/ece3.1497
https://doi.org/10.1128/AEM.02615-16
https://doi.org/10.1128/AEM.02615-16
https://doi.org/10.1038/srep30893
https://doi.org/10.1016/s1546-5098(10)03004-9
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.1016/s1546-5098(08)60216-2
https://doi.org/10.1007/s00248-002-1011-6
https://doi.org/10.1111/are.13368
https://doi.org/10.1515/aoas-2016-0024
https://doi.org/10.3389/fmicb.2018.02429
https://doi.org/10.1007/978-3-030-16190-3_6
https://doi.org/10.3354/aei00297
https://doi.org/10.3354/dao047109
https://doi.org/10.1016/j.fsi.2016.09.026
https://doi.org/10.1111/jfd.12632
https://doi.org/10.1038/s41598-018-27818-y
https://doi.org/10.1038/s41598-018-27818-y
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02243 September 26, 2019 Time: 18:3 # 20

Jaramillo-Torres et al. Probiotics Modulate Salmon Intestinal Health

software tools. Aquaculture 318, 355–363. doi: 10.1016/j.aquaculture.2011.
05.038

Kostic, A. D., Gevers, D., Pedamallu, C. S., Michaud, M., Duke, F., Earl, A. M., et al.
(2012). Genomic analysis identifies association of Fusobacterium with colorectal
carcinoma. Genome Res. 22, 292–298. doi: 10.1101/gr.126573.111

Krogdahl, Å, Gajardo, K., Kortner, T. M., Penn, M., Gu, M., Berge, G. M., et al.
(2015). Soya saponins induce enteritis in Atlantic salmon (Salmo salar L.).
J. Agric. Food Chem. 63, 3887–3902. doi: 10.1021/jf506242t

Lafferty, K. D., Harvell, C. D., Conrad, J. M., Friedman, C. S., Kent, M. L., Kuris,
A. M., et al. (2015). Infectious diseases affect marine fisheries and aquaculture
economics. Annu. Rev. Mar. Sci. 7, 471–496. doi: 10.1146/annurev-marine-
010814-015646

Lamari, F., Castex, M., Larcher, T., Ledevin, M., Mazurais, D., Bakhrouf, A., et al.
(2013). Comparison of the effects of the dietary addition of two lactic acid
bacteria on the development and conformation of sea bass larvae, Dicentrarchus
labrax, and the influence on associated microbiota. Aquaculture 376–379,
137–145. doi: 10.1016/j.aquaculture.2012.11.016

Lamari, F., Mahdhi, A., Chakroun, I., Esteban, M. A., Mazurais, D., Amina, B.,
et al. (2016). Interactions between candidate probiotics and the immune and
antioxidative responses of European sea bass (Dicentrarchus labrax) larvae.
J. Fish Dis. 39, 1421–1432. doi: 10.1111/jfd.12479

Lannan, C. N., Winton, J. R., and Fryer, J. L. (1984). Fish cell lines: establishment
and characterization of nine cell lines from salmonids. In Vitro 20, 671–676.
doi: 10.1007/bf02618871

Lauzon, H. L., Pérez-Sánchez, T., Merrifield, D. L., Ringø, E., and Balcázar, J. L.
(2014). Probiotic Applications in Coldwater Fish Species. Aquaculture Nutrition
Gut Health, Probiotics and Prebiotics. Chichester: Wiley, 223–252.

Llewellyn, M. S., McGinnity, P., Dionne, M., Letourneau, J., Thonier, F., Carvalho,
G. R., et al. (2015). The biogeography of the atlantic salmon (Salmo salar) gut
microbiome. ISME J. 10, 1280–1284. doi: 10.1038/ismej.2015.189

Lokesh, J., and Kiron, V. (2016). Transition from freshwater to seawater reshapes
the skin-associated microbiota of Atlantic salmon. Sci. Rep. 6:19707. doi: 10.
1038/srep19707

Lokesh, J., Kiron, V., Sipkema, D., Fernandes, J. M. O., and Moum, T.
(2018). Succession of embryonic and the intestinal bacterial communities
of Atlantic salmon (Salmo salar) reveals stage-specific microbial signatures.
MicrobiologyOpen 8:e00672. doi: 10.1002/mbo3.672

Looft, T., Allen, H. K., Cantarel, B. L., Levine, U. Y., Bayles, D. O., Alt, D. P.,
et al. (2014). Bacteria, phages and pigs: the effects of in-feed antibiotics on the
microbiome at different gut locations. ISME J. 8, 1566–1576. doi: 10.1038/ismej.
2014.12

Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235.
doi: 10.1128/aem.71.12.8228-8235.2005

Lozupone, C. A., and Knight, R. (2007). Global patterns in bacterial diversity.
Proc. Natol. Acad. Sci. U.S.A. 104, 11436–11440. doi: 10.1073/pnas.061152
5104

Lyons, P. P., Turnbull, J. F., Dawson, K. A., and Crumlish, M. (2017). Exploring the
microbial diversity of the distal intestinal lumen and mucosa of farmed rainbow
trout Oncorhynchus mykiss (Walbaum) using next generation sequencing
(NGS). Aquac. Res. 48, 77–91. doi: 10.1111/are.12863

Merrifield, D. L., Balcázar, J. L., Daniels, C., Zhou, Z., Carnevali, O., Sun, Y.-
Z., et al. (2014). “Indigenous lactic acid bacteria in fish and crustaceans,”
in Aquaculture Nutrition: Gut Health, Probiotics and Prebiotics, eds D. L.
Merrifield, and E. Ringo, (Hoboken, NJ: John Wiley & Sons), 128–168. doi:
10.1002/9781118897263.ch6

Merrifield, D. L., Bradley, G., Harper, G. M., Baker, R. T. M., Munn, C. B.,
and Davies, S. J. (2011). Assessment of the effects of vegetative and
lyophilized Pediococcus acidilactici on growth, feed utilization, intestinal
colonization and health parameters of rainbow trout (Oncorhynchus
mykiss Walbaum). Aquac. Nutr. 17, 73–79. doi: 10.1111/j.1365-2095.2009.00
712.x

Merrifield, D. L., and Carnevali, O. (eds) (2014). “Probiotic modulation of
the gut microbiota of fish,” in Aquaculture Nutrition: Gut Health, Probiotics
and Prebiotics, (Hoboken, NJ: John Wiley & Sons), 185–222. doi: 10.1002/
9781118897263.ch8

Merrifield, D. L., Dimitroglou, A., Foey, A., Davies, S. J., Baker, R. T. M., Bøgwald,
J., et al. (2010a). The current status and future focus of probiotic and prebiotic

applications for salmonids. Aquaculture 302, 1–18. doi: 10.1016/j.aquaculture.
2010.02.007

Merrifield, D. L., Harper, G. M., Dimitroglou, A., Ringø, E., and Davies, S. J.
(2010b). Possible influence of probiotic adhesion to intestinal mucosa on the
activity and morphology of rainbow trout (Oncorhynchus mykiss) enterocytes.
Aquac. Res. 41, 1268–1272. doi: 10.1111/j.1365-2109.2009.02397.x

Navas-Molina, J. A., Peralta-Sánchez, J. M., González, A., McMurdie, P. J.,
Vázquez-Baeza, Y., Xu, Z., et al. (2013). Advancing our understanding of the
human microbiome using QIIME. Methods Enzymol. 531, 371–144. doi: 10.
1016/B978-0-12-407863-5.00019-8

NRC, (2011). Nutrient Requirements of Fish and Shrimp. Washington, DC: The
National academies press.

Oliveros, J. C. (2007). VENNY. An Interactive Tool for Comparing Lists With Venn
Diagrams [Online]. Available at: http://bioinfogp.cnb.csic.es/tools/venny/index.
html (accessed May 1, 2019).

Olsvik, P. A., Torstensen, B. E., and Berntssen, M. H. G. (2007). Effects of complete
replacement of fish oil with plant oil on gastrointestinal cell death, proliferation
and transcription of eight genes’ encoding proteins responding to cellular stress
in Atlantic salmon Salmo salar L. J. Fish Biol. 71, 550–568. doi: 10.1111/j.1095-
8649.2007.01521.x

Pérez-Sánchez, T., Ruiz-Zarzuela, I., de Blas, I., and Balcázar, J. L. (2014). Probiotics
in aquaculture: a current assessment. Rev. Aquac. 6, 133–146. doi: 10.1111/raq.
12033

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT–PCR. Nucleic Acids Res. 29:e45.

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2–approximately
maximum-likelihood trees for large alignments. PloS One 5:e9490. doi: 10.1371/
journal.pone.0009490

Rawling, M. D., Pontefract, N., Rodiles, A., Anagnostara, I., Leclercq, E.,
Schiavone, M., et al. (2019). The effect of feeding a novel multistrain
yeast fraction on European seabass (Dicentrachus labrax) intestinal health
and growth performance. J. World Aquac. Soc. 1–15. doi: 10.1111/jwas.
12591

Roberts, R. J., and Pearson, M. D. (2005). Infectious pancreatic necrosis in Atlantic
salmon, Salmo salar L. J. Fish Dis. 28, 383–390. doi: 10.1111/j.1365-2761.2005.
00642.x

Rodger, H. D. (2016). “Fish disease causing economic impact in global
aquaculture,” in Fish Vaccines, ed. A. Adams, (Basel: Springer Basel), 1–34.
doi: 10.1007/978-3-0348-0980-1_1

Rodriguez, M. F., Wiens, G. D., Purcell, M. K., and Palti, Y. (2005). Characterization
of Toll-like receptor 3 gene in rainbow trout (Oncorhynchus mykiss).
Immunogenetics 57, 510–519. doi: 10.1007/s00251-005-0013-1

Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M.,
Guillemin, K., et al. (2011). Evidence for a core gut microbiota in the zebrafish.
ISME J. 5, 1595–1608. doi: 10.1038/ismej.2011.38

Romero, J., Ringø, E., and Merrifield, D. L. (2014). “The Gut Microbiota of Fish,”
in Aquaculture Nutrition: Gut Health, Probiotics and Prebiotics. Hoboken, NJ:
John Wiley & Sons, Ltd., 75–100.

Rozen, S., and Skaletsky, H. (1999). “Primer3 on the WWW for general users
and for biologist programmers,” in Bioinformatics Methods and Protocols, eds
S. Misener, and S. A. Krawetz, (Totowa, NJ: Humana Press), 365–386. doi:
10.1385/1-59259-192-2:365

Rud, I., Kolarevic, J., Holan, A. B., Berget, I., Calabrese, S., and Terjesen,
B. F. (2017). Deep-sequencing of the bacterial microbiota in commercial-
scale recirculating and semi-closed aquaculture systems for Atlantic salmon
post-smolt production. Aquac. Eng. 78, 50–62. doi: 10.1016/j.aquaeng.2016.
10.003

Rudi, K., Angell, I. L., Pope, P. B., Vik, J. O., Sandve, S. R., and Snipen, L.-G.
(2018). Stable core gut microbiota across the freshwater-to-saltwater transition
for farmed Atlantic salmon. Appl. Environ. Microbiol. 84:e01974-e17. doi: 10.
1128/aem.01974-17

Sanden, M., and Olsvik, P. A. (2009). Intestinal cellular localization of PCNA
protein and CYP1A mRNA in Atlantic salmon Salmo salar L. exposed to a
model toxicant. BMC Physiol. 9:3. doi: 10.1186/1472-6793-9-3

Schmidt, V., Amaral-Zettler, L., Davidson, J., Summerfelt, S., and Good, C. (2016).
The influence of fishmeal-free diets on microbial communities in Atlantic
salmon Salmo salar recirculation aquaculture systems. Appl. Environ. Microbiol.
82, 4470–4481. doi: 10.1128/aem.00902-16

Frontiers in Microbiology | www.frontiersin.org 20 September 2019 | Volume 10 | Article 2243

https://doi.org/10.1016/j.aquaculture.2011.05.038
https://doi.org/10.1016/j.aquaculture.2011.05.038
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1021/jf506242t
https://doi.org/10.1146/annurev-marine-010814-015646
https://doi.org/10.1146/annurev-marine-010814-015646
https://doi.org/10.1016/j.aquaculture.2012.11.016
https://doi.org/10.1111/jfd.12479
https://doi.org/10.1007/bf02618871
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1038/srep19707
https://doi.org/10.1038/srep19707
https://doi.org/10.1002/mbo3.672
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1128/aem.71.12.8228-8235.2005
https://doi.org/10.1073/pnas.0611525104
https://doi.org/10.1073/pnas.0611525104
https://doi.org/10.1111/are.12863
https://doi.org/10.1002/9781118897263.ch6
https://doi.org/10.1002/9781118897263.ch6
https://doi.org/10.1111/j.1365-2095.2009.00712.x
https://doi.org/10.1111/j.1365-2095.2009.00712.x
https://doi.org/10.1002/9781118897263.ch8
https://doi.org/10.1002/9781118897263.ch8
https://doi.org/10.1016/j.aquaculture.2010.02.007
https://doi.org/10.1016/j.aquaculture.2010.02.007
https://doi.org/10.1111/j.1365-2109.2009.02397.x
https://doi.org/10.1016/B978-0-12-407863-5.00019-8
https://doi.org/10.1016/B978-0-12-407863-5.00019-8
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1111/j.1095-8649.2007.01521.x
https://doi.org/10.1111/j.1095-8649.2007.01521.x
https://doi.org/10.1111/raq.12033
https://doi.org/10.1111/raq.12033
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1111/jwas.12591
https://doi.org/10.1111/jwas.12591
https://doi.org/10.1111/j.1365-2761.2005.00642.x
https://doi.org/10.1111/j.1365-2761.2005.00642.x
https://doi.org/10.1007/978-3-0348-0980-1_1
https://doi.org/10.1007/s00251-005-0013-1
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1385/1-59259-192-2:365
https://doi.org/10.1385/1-59259-192-2:365
https://doi.org/10.1016/j.aquaeng.2016.10.003
https://doi.org/10.1016/j.aquaeng.2016.10.003
https://doi.org/10.1128/aem.01974-17
https://doi.org/10.1128/aem.01974-17
https://doi.org/10.1186/1472-6793-9-3
https://doi.org/10.1128/aem.00902-16
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02243 September 26, 2019 Time: 18:3 # 21

Jaramillo-Torres et al. Probiotics Modulate Salmon Intestinal Health

Schmidt, V. T., Smith, K. F., Melvin, D. W., and Amaral-Zettler, L. A.
(2015). Community assembly of a euryhaline fish microbiome during salinity
acclimation. Mol. Ecol. 24, 2537–2550. doi: 10.1111/mec.13177

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S.,
et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.
12:R60. doi: 10.1186/gb-2011-12-6-r60

Standen, B. T., Rawling, M. D., Davies, S. J., Castex, M., Foey, A.,
Gioacchini, G., et al. (2013). Probiotic Pediococcus acidilactici modulates
both localised intestinal- and peripheral-immunity in tilapia (Oreochromis
niloticus). Fish Shellfish Immunol. 35, 1097–1104. doi: 10.1016/j.fsi.2013.
07.018

Taksdal, T., and Thorud, K. (1999). Evaluation of a rapid coagglutination (COA)
test for the detection of infectious pancreatic necrosis virus (IPNV) in tissue
samples of Atlantic salmon, Salmo salar L. J. Fish Dis. 22, 117–124. doi: 10.1046/
j.1365-2761.1999.00154.x

Tap, J., Mondot, S., Levenez, F., Pelletier, E., Caron, C., Furet, J.-P., et al.
(2009). Towards the human intestinal microbiota phylogenetic core. Environ.
Microbiol. 11, 2574–2584. doi: 10.1111/j.1462-2920.2009.01982.x

Tarnecki, A. M., Burgos, F. A., Ray, C. L., and Arias, C. R. (2017). Fish intestinal
microbiome: diversity and symbiosis unravelled by metagenomics. J. Appl.
Microbiol. 123, 2–17. doi: 10.1111/jam.13415

Van den Abbeele, P., Van de Wiele, T., Verstraete, W., and Possemiers, S.
(2011). The host selects mucosal and luminal associations of coevolved gut
microorganisms: a novel concept. FEMS Microbiol. Rev. 35, 681–704. doi: 10.
1111/j.1574-6976.2011.00270.x

Vasanth, G., Kiron, V., Kulkarni, A., Dahle, D., Lokesh, J., and Kitani, Y. (2015).
A microbial feed additive abates intestinal inflammation in Atlantic salmon.
Front. Immunol. 6:409. doi: 10.3389/fimmu.2015.00409

Vázquez-Baeza, Y., Pirrung, M., Gonzalez, A., and Knight, R. (2013). EMPeror:
a tool for visualizing high-throughput microbial community data. Gigascience
2:16. doi: 10.1186/2047-217X-2-16

Villamil, L., Figueras, A., Planas, M., and Novoa, B. (2010). Pediococcus acidilactici
in the culture of turbot (Psetta maxima) larvae: administration pathways.
Aquaculture 307, 83–88. doi: 10.1016/j.aquaculture.2010.07.004

Wang, J., Tang, H., Zhang, C., Zhao, Y., Derrien, M., Rocher, E., et al. (2015).
Modulation of gut microbiota during probiotic-mediated attenuation of
metabolic syndrome in high fat diet-fed mice. ISME J. 9, 1–15. doi: 10.1038/
ismej.2014.99

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/aem.000
62-07

Whittamore, J. M. (2012). Osmoregulation and epithelial water transport: lessons
from the intestine of marine teleost fish. J. Comp. Physiol. B 182, 1–39. doi:
10.1007/s00360-011-0601-3

Wong, S., Waldrop, T., Summerfelt, S., Davidson, J., Barrows, F., Kenney, P. B.,
et al. (2013). Aquacultured rainbow trout (Oncorhynchus mykiss) possess a
large core intestinal microbiota that is resistant to variation in diet and rearing
density. Appl. Environ. Microbiol. 79, 4974–4984. doi: 10.1128/aem.00924-13

Ye, J., Coulouris, G., Zaretskaya, I., Cutcutache, I., Rozen, S., and Madden, T. L.
(2012). Primer-BLAST: a tool to design target-specific primers for polymerase
chain reaction. BMC Bioinformatics 13:134. doi: 10.1186/1471-2105-13-134

Zarkasi, K. Z., Abell, G. C. J., Taylor, R. S., Neuman, C., Hatje, E., Tamplin, M. L.,
et al. (2014). Pyrosequencing-based characterization of gastrointestinal bacteria
of Atlantic salmon (Salmo salar L.) within a commercial mariculture system.
J. Appl. Microbiol. 117, 18–27. doi: 10.1111/jam.12514

Zarkasi, K. Z., Taylor, R. S., Abell, G. C. J., Tamplin, M. L., Glencross, B. D.,
and Bowman, J. P. (2016). Atlantic salmon (Salmo salar L.) gastrointestinal
microbial community dynamics in relation to digesta properties and diet.
Microbial. Ecol. 71, 589–603. doi: 10.1007/s00248-015-0728-y

Zhang, M., Sun, Y., Liu, Y., Qiao, F., Chen, L., Liu, W.-T., et al. (2016). Response of
gut microbiota to salinity change in two euryhaline aquatic animals with reverse
salinity preference. Aquaculture 454, 72–80. doi: 10.1016/j.aquaculture.2015.
12.014

Zhou, Z., Yao, B., Romero, J., Waines, P., Ringø, E., Emery, M., et al. (2014).
“Methodological approaches used to assess fish gastrointestinal communities,”
in Aquaculture Nutrition, eds D. Merrifield, and cpsfnmE. øcpefnm Ring,
(Hoboken, NJ: John Wiley & Sons, Ltd.), 101–127. doi: 10.1002/97811188972
63.ch5

Conflict of Interest: JT, TF, and EA are employed by BioMar AS and MC by
Lallemand SAS.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Jaramillo-Torres, Rawling, Rodiles, Mikalsen, Johansen, Tinsley,
Forberg, Aasum, Castex and Merrifield. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 21 September 2019 | Volume 10 | Article 2243

https://doi.org/10.1111/mec.13177
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.fsi.2013.07.018
https://doi.org/10.1016/j.fsi.2013.07.018
https://doi.org/10.1046/j.1365-2761.1999.00154.x
https://doi.org/10.1046/j.1365-2761.1999.00154.x
https://doi.org/10.1111/j.1462-2920.2009.01982.x
https://doi.org/10.1111/jam.13415
https://doi.org/10.1111/j.1574-6976.2011.00270.x
https://doi.org/10.1111/j.1574-6976.2011.00270.x
https://doi.org/10.3389/fimmu.2015.00409
https://doi.org/10.1186/2047-217X-2-16
https://doi.org/10.1016/j.aquaculture.2010.07.004
https://doi.org/10.1038/ismej.2014.99
https://doi.org/10.1038/ismej.2014.99
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1007/s00360-011-0601-3
https://doi.org/10.1007/s00360-011-0601-3
https://doi.org/10.1128/aem.00924-13
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1111/jam.12514
https://doi.org/10.1007/s00248-015-0728-y
https://doi.org/10.1016/j.aquaculture.2015.12.014
https://doi.org/10.1016/j.aquaculture.2015.12.014
https://doi.org/10.1002/9781118897263.ch5
https://doi.org/10.1002/9781118897263.ch5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

