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Lumpfish can efficiently remove sea lice from Atlantic salmon in net-pens, and
production of lumpfish in closed fish farms is a new, fast developing industry in
Norway. However, periodic outbreaks of bacterial diseases in the fish farms represent
a large problem, both economically and ethically. Therefore it is important to obtain
a better understanding of how microbial communities develop in these production
facilities. Knowledge on the characteristics of microbial communities associated with
healthy fish could also enable detection of changes associated with disease outbreaks
at an early stage. In this study we have monitored microbial communities in a fish
farm for lumpfish during normal operational conditions with no disease outbreak by
using 16S rRNA gene amplicon sequencing. The study involved weekly samplings of
water and biofilms from fish tanks, and fish. The results revealed that the microbial
communities in fish tank water were different from the intake water. The water and
biofilm in fish tanks were highly similar in regards to microbial community members,
but with large differences in relative abundances for some taxa. The sampled fish
were associated with mostly the same taxa as in tank water and biofilm, but more
variation in relative abundances of different taxonomic groups occurred. The microbial
communities in the fish farm seemed stable over time, and were dominated by marine
bacteria and archaea within Alphaproteobacteria, Epsilonproteobacteria, Flavobacteria,
Gammaproteobacteria, Thaumarchaeota, Planctomycetes, Sphingobacteriia, and
Verrucomicrobiae (>10% relative abundance). Bacterial genera known to include fish-
pathogenic strains were detected in all types of sample materials, but with low relative
abundances (<5%). Exceptions were some samples of fish, biofilm and water with high
relative abundance of Tenacibaculum (<85.8%) and Moritella (<82%). In addition, some
of the eggs had a high relative abundance of Tenacibaculum (<89.5%). Overall, this
study shows that a stable microbial community dominated by various genera of non-
pathogenic bacteria is associated with a healthy environment for rearing lumpfish. Taxa
with pathogenic members were also part of the microbial communities during healthy
conditions, but the stable non-pathogenic bacteria may limit their growth and thereby
prevent disease outbreaks.

Keywords: lumpfish, Cyclopterus lumpus, flow-thorough, microbial community, amplicon, fish farm, aquaculture,
fish pathogens
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INTRODUCTION

The production of lumpfish in Norway has increased over the last
5 years, with a total production of approximately 26 million fish
in 2017, worth 469 million NOK (€ ∼49.2 million) (Norwegian
Directorate of Fisheries, 2017). The cleaner fish co-inhabit the
net pens with the salmon where they remove lice from the fish’s
skin. Given optimal conditions, cleaner fish are very efficient
and can consume several hundred sea lice per day from infected
salmon (Imsland et al., 2014; Powell et al., 2018). The requirement
for cleaner fish is estimated to reach 50 million individuals by
2020, according to Powell et al. (2018), of which most will be
bred lumpfish. Hence, rearing lumpfish in land-based, closed
fish farms represents an industry with high profit margin and
increasing demand for production efficiency and high quality.
Among the different species of cleaner fish, lumpfish is the best
suitable species for fish farming. This is due to the good access
to wild eggs and milt, wide and low temperature tolerance in
fry and fish, social and non-territorial behavior, and excellent
growth and development when fed with pellets instead of live fish
feed (Treasurer, 2018).

Successful rearing of lumpfish in fish farms is dependent
on many factors, such as water quality, temperature and
microorganisms present in the facility that could affect the
water quality and influence the fish health. Although vaccine
programs for lumpfish are presently developing, the fish
pathogens Aeromonas salmonicida, Vibrio anguillarum, Vibrio
ordalii, Pseudomonas anguilliseptica, and Pasteurella sp. are still
the main cause of infections and economical losses in lumpfish
farms (Norwegian Veterinary Institute [NVI], 2017). Microbial
studies on lumpfish in rearing facilities have mainly focused
on pathogenic bacteria that could cause infections and disease
outbreaks (Powell et al., 2018; Scholz et al., 2018). Others
have focused on the bacteria present during larvae development
(Dahle et al., 2017); however, the average lumpfish spend only
a short period as larvae in the fish farm during a normal
production cycle. To our knowledge, this is the first study on
the non-pathogenic members of the microbial communities in a
water flow-through rearing system for lumpfish; and how these
communities change over time or in response to environmental
variations. Furthermore, the mechanism for increased amounts
of opportunistic pathogenic bacteria and subsequent disease
outbreak is not fully understood.

The aim of the study was to characterize microbial
communities present at different sites in a flow-through fish farm
for lumpfish during healthy conditions. Weekly sampling was
performed over a 5 months period, during a rearing cycle with
standard water quality, normal fry development and no disease
or infections in the fish. By using 16S rRNA gene sequencing,
we identified possible probiotic microorganisms and obtained
detailed knowledge about distributions of microorganisms,
including how their relative abundances vary in different parts
of the rearing facility and how they change over time. This
study provides knowledge about the microbial communities
present at healthy rearing conditions, allowing the recognition
of potential changes in the community structures associated with
disease outbreaks.

MATERIALS AND METHODS

Sampling
The sampling site in this study was the flow-through fish farm
of Vest Aqua Base AS, located at Årskog at Fitjar in Norway.
The intake water originated from ∼70 m depth in Fitjarvik,
the adjacent marine bay. The water was stored outside in three
large tanks, where associated drum filters and degassing columns
improved the water quality. The water inlet was split into
two pipelines with independent UV treatment for disinfection
(Figure 1). The facility included a hatchery, which had an
additional sand filter for water treatment, a section with weaning
tanks and a larger area with grow-out tanks. Weekly sampling
was performed in the period April-August 2017, in addition to
eggs sampled in February 2017. Of the 15 weeks of sampling,
the first 4 weeks included material from eight parallel tanks from
the weaning section, while the last 11 weeks included material
from four larger tanks in the on-growing section. The rearing
conditions for the weaning section were flow rate of 10–16 L/min
in 550 L tanks, and a temperature of 7.6–8.0◦C. The on-growing
section had 2500 L tanks with a flow rate of 20–60 L/min and
temperature of 7.7–11.1◦C.

From each tank, 240 ml water was filtered using
0.22 µm Sterivex filter units (Merck) in order to collect all
microorganisms. For biofilm harvest, several 4.8 mm × 200 mm
plastic (nylon 66 material) cable ties rinsed in 70% ethanol were
placed in each tank; with the ties protruding in a circle formation
from a central cable attached to a water pipe in the tank. The
colonization and development of biofilms could be followed over
time by weekly removal of cable ties. Biofilm harvested with
swabs directly from the tank wall were included for comparisons
with the cable ties. The eggs were sampled using sterile tweezers,
and stored in RNA-Later. The sampled fish were 3–22 mm in
length. Each sample comprised whole animals, typically 4–5 fry
or 1–2 fish, depending on size. Fish were sampled and stored
in RNA-Later as intact fish. All samples were kept cool during
transportation to the lab at University of Bergen, where they
were stored at−20◦C until further analyses.

The material sampled included 75 samples of fish, 76 samples
of water from fish tanks, 62 samples of biofilm from cable ties,
and 55 additional samples with material such as biofilm from
tank walls, drain pipes, dead eggs or fish, water storage tanks,
drum filter tanks and UV treatment system (see Supplementary
Table S1 for sample overview). In addition, 12 samples of eggs
from the hatchery and eight samples of egg from incubators in
the weaning section were included.

DNA Extraction
DNA was extracted from the samples using kits designed for
the different material types: DNeasy Power Water kit (Qiagen)
was used for Sterivex filters, as suggested by the manufacturer.
The plastic casing of the filter was cracked open using a pair
of tongs and the filter material was removed from the plastic
core using sterile scalpel. DNeasy Power Biofilm kit (Qiagen)
was used for DNA extractions from biofilms. The cable tie was
cut into 4 pieces, which could fit into the bead tubes supplied
by the kit. After incubation with the lysis buffer, the biofilm
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FIGURE 1 | Overview of intake water at the Vest Aqua Base. Water originated from ∼70 m depth in the adjacent bay, and was stored in three land-based tanks
(1–3). Storage tank 1 and 2 were also connected to degassing columns (4) and drum filters (5). The water was disinfected by UV treatment in two pipe lines (UV-a
and UV-b) before entering the facility. A separate line had an additional sand filter (6) before entering the hatchery (7). Water from both UV-treated pipe lines supplied
parallel fish tanks in the weaning- and on-growing sections (8).

material had detached from the cable ties and these were removed
from the tube. Bead beating was performed in a FastPrep 24
instrument (MP Biomedicals) at 5 m/s for 30 sec. The rest of the
protocol was in accordance with the manufacturer’s suggestions.
The High Pure PCR Template Preparation kit (Roche) was
applied to both eggs and fish. Due to the small size, several eggs
or whole fish were included in the DNA extraction protocol.
The protocol 2.4: “Isolation of nucleic acids from mammalian
tissue” and protocol 2.8: “Protocol for washing and Elution” were
followed as suggested by the manufacturer. Lysis was complete
after 60–90 min, depending on material and sample size.

Amplicon Library Preparation and
Sequencing
The 16S rRNA genes amplicon libraries were prepared in a two-
step PCR in order to minimize PCR biases introduced by the
barcoded primers, as suggested by Berry et al. (2011). In the
first PCR, samples were amplified using the universal primers
519f (5′-CAGCMGCCGCGGTAA) (Ovreas et al., 1997) and 805r
(5′-GACTACHVGGGTATCTAATCC) (Klindworth et al., 2013).
The reactions contained 1 × HotStarTaq master mix (Qiagen),
1 mM of each primer and sample DNA. The thermal program
included 15 min activation of the Taq enzyme at 95◦C, followed
by 25–32 cycles of gene amplification, i.e., 30 sec at 94◦C, 30 sec
at 56◦C and 90 sec at 72◦C. The final elongation was done
at 72◦C for 7 min. Triplicates of each sample were pooled,
and then visualized and assessed by 1D gel electrophoresis.
PCR products were purified using Agencourt AMPure XP beads
(Beckman Coulter), with a 0.7 volume ratio between AMPure
reagent and PCR product. The protocol followed was supplied
by Beckman Coulter. Samples were quantified using Quantus
Fluorometer (Promega Corporation). In the second PCR, the
reactions contained 1x HotStarTaq master mix (Qiagen), 1 mM
of each primer and approximately 100 ng template, i.e., PCR
product from the first reaction. The primers were barcoded and
adapted to the sequencing technology used, and the forward
primer includes an individual tag for sample identification.

The thermal program was the same as before, however, only
seven cycles of amplification was used. After purification with
Agencourt AMPure XP beads, quantification using Quantus
Fluorometer (Promega Corporation) and visualization using
1D gel electrophoresis; 96 samples were pooled in equimolar
concentration and the pool diluted to 40 pM. In total, three
amplicon libraries comprising 281 samples were sequenced at
the University of Bergen, Norway using Ion Torrent Personal
Genome Machine (PGM) technology.

Bioinformatics
The down-stream 16S rRNA gene sequence analysis included
the following steps: Sequences were filtered and clustered
into operational taxonomic units (OTUs) using USEARCH
(Edgar, 2010) and UPARSE (Edgar, 2013). Quality filtering and
trimming to 250 bp was performed with the “-fastq_filter”
command using options “-fastq_trunclen 250,” and “-
fastq_maxee 1.” Chimeric sequences were detected and
removed with the “-uchime_ref” command using the Gold
database as reference1. De novo OTU clustering was performed
with a cut-off of 97% nucleotide sequence similarity using
the “cluster_otus” command. Taxonomic classification was
performed in QIIME (Caporaso et al., 2010), using the command
“summarize_taxa_through_plots.py” and the Silva version 128
as reference database (OTU table is available in Supplementary
Table S2). Most of the sequences could be taxonomically
classified to genus level, and the data were presented as relative
abundance in order to make the microbial communities in
different samples comparable. Sequences classified to a higher
taxonomical level were pooled and shown as “Unclassified at
genus level” in this study. Genera with names without standing
in nomenclature in the Silva database were presented at a higher
taxonomical level. Sequences are available at Sequence Read
Archive (SRP150702) under Bioproject PRJNA476040 and
Biosample SAMN09425395.

1https://drive5.com/uchime/uchime_download.html
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Statistical Analyses
The analyses were performed on data at genus level with values
given as relative abundance, excluding 5 of the 281 samples
due to low number of reads. The principal coordinates analysis
(PCoA) was performed using the “Vegan” package in R version
3.5 (Oksanen et al., 2018; R Core Team, 2018), using the
“wcmdscale” function with Bray-Curtis as dissimilarity index. We
used PERMANOVA, as implemented in the “adonis” function
(Anderson, 2001) in Vegan, to test for significant differences
between types of sample material. As we did not find any clear
evidence for community changes over time, repeated samples
from the same type of sample material were considered as time
independent replicates. The null hypothesis of the PERMANOVA
test is that the metric centroid is the same in different sample
types (Anderson and Walsh, 2013). When performing pairwise
comparisons of multiple sample types, “adonis” was run on
corresponding subsets of the whole dataset. The reported
p-values were adjusted with the “fdr” correction (Benjamini and
Hochberg, 1995), as implemented in the function “p.adjust” in
Vegan. In order to test for differences in dispersion, with the
null hypothesis that the average dispersion within sample types
is the same in all types of sample material (Anderson and Walsh,
2013), we used PERMDIST (Anderson, 2006), as implemented
through the “betadisper” function in Vegan. The default number
of permutations (999) was applied when using both “adonis”
and “betadisper.” Hierarchic cluster analysis of samples was done
based on a Bray–Curtis distance matrix and using the ward
algorithm (ward.D2) in R (Murtagh and Legendre, 2014; see
Supplementary Table S3 for distance matrix of all samples).

RESULTS

This study on development of microbial communities in a closed
fish farm for lumpfish was based on weekly sampling in the period
April-August 2017 at the flow-through facility at Vest Aqua
Base AS, located on the west coast of Norway. Sample collection
included eggs sampled from the hatchery and from incubators in
the weaning section, whole fish, water from fish tanks, biofilm
from cable ties and swabs of tank wall, and additional sample
material such as swabs in drain pipes, and water from water
storage tanks, drum filter and UV treatment system (referred to as
intake water hereafter). The fish were kept 4 weeks in the weaning
section, where we monitored eight parallel tanks, followed by
11 weeks in the on-growing section, where four parallel tanks
were sampled regularly. In total, approximately 12.3 million reads
were retrieved using the Ion Torrent sequencing technology
(Table 1). After filtration and data clean-up, each sample had
on average 32516 reads, which were clustered into operational
taxonomical units (OTUs).

Community Analysis
An initial hierarchal cluster analysis of all samples on genus
level revealed that the data could not be easily distinguished
in separate clusters based on different types of sample material
or different sample locations (Supplementary Figure S1).
A Principal Coordinates Analysis (PCoA) was performed on

TABLE 1 | Data statistics for filtering and OTU clustering of amplicon reads.

Data Total Average for each sample

Number of samples 281 –

Number of reads 12,320,353 43,078

Number of reads removed∗ 3,020,625 10,561

Number of reads for OTU analysis 9,299,728 32,516

Number of OTUs 14,415 –

∗The reads removed due to inadequate length or poor quality constitutes 8–22%
of reads in the samples.

data from all samples on genus level in order assess variations
in community structure between and within different sample
categories. All samples of intake water and most sampled eggs
formed a distinct cluster, which also included a few other
samples (Figure 2). Samples from fish tank water seemed to be
separated from samples comprising biofilms, while samples of
fish were widely dispersed. A permutational multivariate analysis
of variance (ADONIS) supported the PCoA results, showing that
centroids of the sample groups indicated in Figure 2 were not the
same (F = 15.2, p < 0.01, Df = 275). Samples from fish tank water
seemed to be separated from samples comprising biofilms, while
samples of fish had a more even distribution in the plot. ADONIS
analyses on each sample group (using adjusted p-values) further
revealed that intake water samples were significantly different
to any other sample group (p < 0.01) (Table 2). However, it
should be noted that the ADONIS results could be influenced by
unbalanced sampling, as well as differences in dispersion, which

FIGURE 2 | Principal coordinates analysis (PCoA) performed on all samples at
genus level. Samples were compared using Bray–Curtis distance matrix, and
the similarities were visualized in a PCoA plot. Samples of intake water and
most egg samples formed a separate cluster, together with a few other
samples. In addition, sampled tank water and samples comprising biofilms
(from cable ties, tank walls, and drain pipes) also seemed to cluster
separately, while sampled fish were more evenly distributed in the plot.
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TABLE 2 | The permutational multivariate analysis of variance (ADONIS) between
different types of sample material.

Adjusted P-values and R2

Egg Intake water Fish Drain pipe Swab of
tank wall

Fish tank
water

Biofilm P 0.0011 0.0011 0.0011 0.0030 0.0011 0.0011

R2 0.1908 0.2353 0.1090 0.0460 0.0683 0.1789

Egg P 0.0011 0.0011 0.0011 0.0011 0.0011

R2 0.2914 0.1435 0.3098 0.1367 0.2343

In. water P 0.0011 0.0011 0.0011 0.0011

R2 0.1509 0.5180 0.2878 0.2020

Fish P 0.0011 0.0011 0.0011

R2 0.0801 0.0466 0.0874

Pipe P 0.0021 0.0011

R2 0.1990 0.1466

Swab P 0.0011

R2 0.1092

were found to be significantly different using the “betadisper”
function in Vegan (F = 11.3, p = <0.01).

Microbial Communities in Water and
Biofilm
The microbial communities in different parts of the intake
water, i.e., seawater before entering the fish tanks, included
both Archaea and Bacteria, where 37–49% of the microbial
communities comprised taxa within the SAR86 clade, OCS155
marine group, Coxiella, “Candidatus Nitrosopumilus” and other
members of Marine Group 1 (Figure 3A). The UV-treated water
also supplied incubators in the hatchery through a separate
pipeline containing a sand filter (Figure 1), which delivered
water with a different community structure to the eggs in the

hatchery. This water was enriched in various bacterial taxa,
and was dominated by members of Alteromonadaceae and
Flavobacteraceae, and Marinicella (Figure 3A). Furthermore,
the microbial communities in water from the fish tanks were
different from the intake water, and were dominated by members
of Bacteria only (Figure 3B). Water from the eight weaning
tanks and four grow-out tanks displayed similar community
structures over time. The exceptions were a decrease in relative
abundance for some of the dominant taxa during the last
3 weeks of sampling, and the clear change in community
composition observed in week 5, which was probably related to
transferring the fish from weaning tanks to the larger grow-out
tanks (Figure 3B).

Biofilms formed quickly on tank walls and pipes, and daily
cleaning routines were implemented for keeping the biofilm
development at a minimum. Thicker biofilms were found inside
the drain pipes where cleaning was difficult. In order to harvest
a comparable surface area with biofilm weekly, several cable ties
were placed in the fish tanks simultaneously and then removed
one at a time. Biofilms from the cable ties were also compared
to swabbed areas from each tank wall, in order investigate if
differences in the surface material influenced biofilm community
structure. The dominating taxa in biofilms from swabbed samples
were very similar to biofilms from cable ties (Figure 2), regarding
presence of taxa and their relative abundances (data not shown).
Hence, the cable ties represented the tank wall in a satisfactory
manner, and were thus considered as a good method for studying
biofilm establishment and development.

Biofilms on cable ties were sampled weekly from all fish
tanks. The only exception was the first week in the grow-out
tanks (week 5), when the cable ties were installed. Biofilms
comprising similar community structures established in tanks
from both weaning section and on-growing section in the fish
farm (Figure 4A). The frequent sampling revealed that the
taxa Leucothrix and members of Rhodobacteraceae showed a

FIGURE 3 | Amplicon libraries of intake water (A) and water from fish tanks (B). Intake water included storage tanks, drum filter tanks, and water before and after UV
treatment, in addition to the sand filter connected to the hatchery. For fish tanks, the bars show the average community compositions from 8 parallel weaning tanks
sampled in week 1–4, and 4 parallel grow-out tanks sampled in week 5–15. Taxa with >5% relative abundance in at least one sample are shown. This includes
unnamed genera in the Silva database, indicated with an asterisk and named at a higher taxonomic rank.
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FIGURE 4 | Amplicon libraries of biofilm sampled in fish tanks (A) and drain pipes (B). The average community structures from fish tank samples were studied in 8
parallel weaning tanks sampled in week 1–4, and 4 parallel grow-out tanks sampled in week 6–15. The drain pipes were sampled only once and included six
samples from the weaning section and three samples from the on-growing section. Taxa with >5% relative abundance in at least one sample are shown. This
includes unnamed genera in the Silva database, indicated with an asterisk and named at a higher taxonomic rank.

trend of increasing relative abundance over time. Contrarily, the
high relative abundance of the taxa Polaribacter and Colwellia
found shortly after colonization of a clean surface decreased
over time.

Comparisons of the microorganisms in water and biofilms
showed that the relative abundances for some of the taxa
were different. The water samples were abundant in Oleispira,
Pseudoalteromonas, Marinomonas, NB-1d clade, and Vibrio,
which had a relative abundance of <5% in the biofilms. In
contrast, the taxa Leucothrix, members of Rhodobacteraceae and
Saprospiraceae, Aureispira, and Winogradskyella were only found
with a relative abundance >5% in biofilms, not in water samples.
Apart from these taxa, many of the abundant microorganisms
were present in both sample types, and seemed to be ubiquitous
in the aquaculture environments.

Biofilms from inside the drain pipes were collected in order
to compare the communities in an area where cleaning and
proper maintenance can be difficult to obtain. Biofilms were
sampled once using swabs in pipes connected to each tank. The
microbial communities in drain pipes from the weaning section
and on-growing section were similar, when considering taxa with
high relative abundance (Figure 4B), and most of these taxa
were also dominating the communities in biofilms on cable ties
(Figure 4A). Although, some variation in relative abundance
of taxa were observed in the different sample materials, all
drain pipe communities comprised bacterial taxa found in the
predominate part of the microbial communities in biofilms
and water samples.

Microbial Communities on Egg and Fish
Eggs were fertilized on site and kept in the hatchery until the
incubators were transferred to the weaning section shortly before
hatching. The amplicon analysis revealed large variations in the
microbial communities on eggs from both locations (Figure 5B).
A cluster analysis of all egg samples revealed two clearly separated
clusters, where each cluster comprised eggs from both hatchery

and weaning section (Figure 5A). Some of the eggs had a
high relative abundance of Tenacibaculum (<89.5%), a genus
with fish pathogenic members. This was also recognizable in
the cluster analysis, where eggs in one cluster had microbial
communities with high diversity, while eggs in the second cluster
were dominated by Tenacibaculum. Interestingly, the sample
with dead eggs also grouped within the second cluster.

All fish used in the study appeared healthy at the time
of sampling, and there were no reported health problems or
infections in the fish farm. The amplicon libraries were based
on total DNA from 1 to 5 individuals from each fish tank,
sampled from the eight parallel weaning tanks or the four
parallel on-growing tanks. The fish were associated with bacterial
taxa within Colwellia, Leucothrix, Oleispira, Polaribacter,
Pseudoalteromonas, Rubritalea, members of Saprospiraceae,
Rhodobacteraceae and Flavobacteriaceae, Sulfitobacter, other
members of Pseudoalteromonadaceae, Tenacibaculum, Psychro-
bacter, Aureispira, Moritella, NB-1d clade, Marinomonas, Nept-
unomonas, Arcobacter, Fluviicola, and Arenicella which
comprised <85.8% relative abundance in total (Figure 6).
In general, these taxa were widespread in samples from both
weaning- and on-growing sections, but the evenness seemed
to be higher in weaning tanks. The taxa Oleispira, Polaribacter,
Leucothrix, Pseudoalteromonas, Colwellia, and members of
Flavobacteriaceae had consistently high relative abundance
(median >1.7%) on sampled fish from both sections, while
other taxa had occasional high relative abundances in some
samples (Figure 6).

Many of the most abundant taxa found in fish samples
were also detected in water or biofilm material from the tanks.
However, the taxa Rubritalea, members of Saprospiraceae and
Rhodobacteraceae, Psychrobacter, Aureispira, Arcobacter, and
Arenicella were abundant in fish, but comprised <5% of the
microbial communities in the water from fish tanks. Moreover,
the taxa Oleispira, Pseudoalteromonas, Rubritalea, Psychrobacter,
Moritella, NB-1d clade, Marinomonas, Arcobacter, and Arenicella
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FIGURE 5 | Cluster analysis of amplicon libraries from egg samples (A), and corresponding samples shown as relative abundance (B). The cluster analysis split the
dataset in two clusters: one with samples with high diversity and one with samples dominated by Tenacibaculum. Eggs from hatchery and incubators in weaning
section were found within both clusters (A). Taxa with >5% relative abundance in at least one sample are shown (B). This includes unnamed genera in the Silva
database, indicated with an asterisk and named at a higher taxonomic rank.

FIGURE 6 | Box plot of amplicon libraries from all fish samples. OTUs with relative abundance above 5% are shown. The gray box includes first and third quartile,
and the median. Whiskers show 10th and 90th percentiles, while dots represent outliers in the dataset. Taxa represented as unnamed genera in the Silva database
are indicated with an asterisk and named at a higher taxonomic rank.

were abundant in fish samples, but were found to have relative
abundances <5% in biofilms.

Opportunistic Strains With Pathogenic
Potential
Although the sampling was done in a well-maintained fish
farm with healthy fish throughout the sampling period,
the amplicon analyses of microbial communities revealed
the presence of the bacterial taxa Vibrio, Moritella, and
Tenacibaculum, which are known to include fish pathogenic
members. If monitoring specific pathogenic bacteria within
these genera in future studies, it is important to know their
relative abundances during healthy conditions. Samples from
fish contained both Tenacibaculum and Moritella with relative

abundances >5% (Figure 6). The relative abundances of these
taxa were generally low in most fish samples, but occasional
peaks of Moritella (<21.8%) on fish in weaning tanks, and
Tenacibaculum (<28.8%) on fish in tanks from both sections
were detected. From sampled eggs, only Tenacibaculum were
prominent (<89.5% relative abundance), while Moritella and
Vibrio comprised <1% of the microbial community. Similarly,
the biofilms were mainly abundant in Tenacibaculum, while
the relative abundances of Moritella or Vibrio were low
(<5%) (Figure 4A). The results of fish tank water analyses
showed a higher frequency of samples with pronounced relative
abundances of Tenacibaculum (<8.0%), Moritella (<11.4%) and
Vibrio (<5.6%) (Figure 3B) compared to the other types of
sample material.
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DISCUSSION

The combination of frequent sampling and 16S rRNA gene
sequencing provided detailed information about the microbial
communities in different sample materials from a flow-through
fish farm for lumpfish, and also enabled us to monitor changes
in the community compositions over time. This differs from
previous studies of lumpfish where bacterial cell counts and
cultivation has been the preferred methods, often in studies with
bacterial diseases as the main focus (Alarcón et al., 2016; Småge
et al., 2016; Norwegian Veterinary Institute [NVI], 2017; Scholz
et al., 2018). Pathogenic strains cannot be identified based only
on 16S rRNA gene sequencing. Hence, our data does not give
detailed information about the distribution of pathogens in the
fish-farm. Instead, our study provides a comprehensive overview
of the microbial community structures, including genera with
known pathogens, present in the different parts of the fish farm
and how stable these communities are over time. The fish were
healthy throughout the sampling period, and therefore this work
represents a baseline study of the regular microbial communities
in this type of aquaculture facility under healthy rearing
conditions. Our data indicate that high relative abundances
of organoheterotrophic non-pathogenic bacteria and generally
low relative abundances (<5%) of genera known to include
fish pathogens (i.e., Tenacibaculum, Moritella, and Vibrio) are
characteristics of microbial communities in healthy fish-farms.
This information can be of great value for the interpretation of
data from future analyses of microbial communities of fish farms
after disease outbreak, or for monitoring specific pathogenic
bacteria in order to predict a potential disease outbreak.

The results revealed that the intake water and fish tank
water had very different community structures, where all but
three samples were found in separate clusters in the PCoA
plot. The inlet water was dominated by the marine bacteria
SAR86 clade and OCS155 marine group, and the marine archaea
“Candidatus Nitrosopumilus” and other genera within Marine
Group 1. The taxa within each domain are associated with
an aerobic and heterotrophic lifestyle (Dupont et al., 2012;
West et al., 2016) or ammonia oxidation (Konneke et al.,
2005; Swan et al., 2014; Qin et al., 2016), respectively. In
contrast, the water in the fish tanks, both weaning- and grow-
out tanks, were dominated by the bacterial taxa Polaribacter,
Leucothrix, members of Flavobacteriaceae, Oleispira, Colwellia,
Marinomonas, Pseudoalteromonas, Tenacibaculum, Vibrio, Mor-
itella, Fluviicola, and Psychromonas; where cultivated memb-
ers are generally described as organoheterotrophic, aerobic
or facultative anaerobic, psychrophilic or mesophilic micro-
organisms with origin from marine environments (Yakimov et al.,
2003; O’Sullivan et al., 2005; Urakawa, 2014; Bernardet, 2015;
Bland and Brock, 2015; Bowman and McMeekin, 2015; Deming
and Junge, 2015; Farmer et al., 2015; Sanchez-Amat and Solano,
2015; Staley, 2015; Suzuki, 2015; The Editorial Board, 2015;
Dahal and Kim, 2018). The differences in microbial community
structures between intake water and fish tank water were
probably due to effective UV treatment of the water that greatly
reduced the bacterial load, followed by microbial succession
in the fish tanks. Low spatial competition and organic rich
water in the fish tanks, mainly from dissolved fish feed, fish

debris and feces, could provide excellent growth conditions for
opportunistic bacteria. However, this could also compromise
the health of the fish, if opportunistic pathogens are allowed to
develop. Earlier studies have shown that a stable slow-developing
community can inhibit blooms of opportunistic bacteria and
thereby provide significantly higher survival rates of fry and
larvae in tanks with microbial matured water or recirculating
aquaculture system (RAS) with a non-pathogenic community,
compared to traditional flow-through systems (Skjermo et al.,
1997; Attramadal et al., 2012, 2014). This endorses the use of a
sand filter for the water connected to the hatchery, which made
it enriched in various non-pathogenic taxa. Previous studies
also suggest that one key element to achieve a stable microbial
community with a probiotic effect is to keep the flow rate of
water low enough so that even the slow-growing species within
the organoheterotrophic non-pathogenic population are retained
in the fish tanks without getting flushed away (Attramadal et al.,
2012; De Schryver and Vadstein, 2014). Furthermore, studies
from aquaculture systems have demonstrated the importance
of organic matter removal in order to maintain a stable
microbial community in the water (Cripps and Bergheim, 2000;
Leonard et al., 2000; De Schryver and Vadstein, 2014). In our
study, the microbial analyses showed high similarities between
parallel fish tanks and stable microbial community structures
over time in the water. Stable microbial communities and
healthy fish in the fish farm could indicate that the flow rate
in the fish tanks were adequate for establishment of slow-
growing microorganisms, in addition to the fast-growing non-
pathogenic organoheterotrophic bacteria, that promote healthy
rearing conditions without high relative abundances of taxa
with pathogenic members. In addition, good routines for daily
maintenance at the fish farm, including regular removal of
organic matter, seem to be vital for a beneficial microbial
community structure over time.

Despite daily maintenance, biofilm formation on surfaces
in the tanks and pipes is inevitable. The main differences
included the taxa Leucothrix, Aureispira, and Winogradskyella,
which had higher relative abundances in biofilms compared
to water, probably due to their physical properties of gliding
or wave-like motility that could support biofilm formation
(Hosoya et al., 2006; Bland and Brock, 2015; Nedashkovskaya
and Mikhailov, 2015). Many marine pathogenic bacteria use
acetylated homoserine lactone (AHL) in quorum sensing for
cell-to-cell communication, and this mechanism is used by
Tenacibaculum to shift between biofilm and a pelagic life
style (Bruhn et al., 2005; Romero et al., 2010). The shift is
suggested to be important for interactions between bacteria and
eukaryotes (Romero et al., 2010), and it is hypothesized that
Tenacibaculum might establish in biofilms and later initiate
infection through quorum sensing. In this study, however, the
biofilms were not dominated by filamentous Tenacibaculum, but
by non-pathogenic bacteria instead. Hence, the biofilm does not
seem to support high relative abundances of taxa with pathogenic
potential during periods with healthy rearing conditions.

The dominating taxa in fish were also detected in fish tank
water and biofilms, but other taxa had also occasional high
relative abundances in some samples. In general, the microbial
communities associated with fish were more variable compared
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to water and biofilm, probably due to their individual differences
in genetic pool and health status. The fish looked healthy
upon sampling, but in some fish high relative abundances of
Tenacibaculum and Moritella were detected, which are known
to include pathogenic members associated with fish disease
(Wakabayashi et al., 1986; Lunder et al., 2000; Avendano-Herrera
et al., 2006; Habib et al., 2014). These genera were also detected
in the water and biofilms, with high relative abundances in
some samples. Furthermore, sequences classified as Vibrio, a
genus with pathogenic members that could cause infection on
lumpfish (Scholz et al., 2018), was detected in all types of
sample material, but had in general higher relative abundances
in water samples, compared to fish and biofilms. Hence,
genera known to contain pathogenic strains were occasionally
detected with high relative abundances during periods with
healthy fish. This could indicate that the taxa present during
normal rearing conditions were represented by non-pathogenic
strains, or that certain requirements need to be fulfilled for a
disease outbreak to occur. Future studies using strain-specific
approaches are required to reveal this. High relative abundances
of Tenacibaculum were also detected on eggs covered with
white spots or white layer, which indicated that the eggs were
dead or damaged. These eggs seemed to have lower hatching
rates (pers. comm. B. Nordhus, May 2017). Previous studies
have shown that species of Tenacibaculum can cause high
mortalities in halibut eggs and larvae (Bergh et al., 1992;
Hansen et al., 1992). Furthermore, studies on the filamentous
bacterium Leucothrix on eggs from cod, halibut and lobster
revealed that the microbe forms dense biofilms on the eggs,
which consume oxygen and hence deprive oxygen-flow to the
eggs (Hansen and Olafsen, 1989; Sadusky and Bullis, 1994).
The Leucothrix biofilm is thick enough to be visible to the
naked eye, and is often mistaken as a fungal infection on the
eggs. These biofilms could therefore result in poor quality fry
due to premature hatching or low hatching rate. A similar
mechanism could occur by the filamentous Tenacibaculum
in our egg samples, but this will have to be confirmed in
future studies. Some of the eggs that appeared healthy had
also high relative abundances of Tenacibaculum. This could
indicate that opportunistic bacteria, such as Tenacibaculum,
could be transferred from the hatchery to the weaning tanks,
and thereby spread a potentially unwanted bacterium to the
surrounding water or fry.

CONCLUSION

In conclusion, the 16S rRNA gene sequencing seems to be a
cost- and time-effective approach for monitoring the microbial
communities present at different sites in fish farms. This study
was conducted during regular operational farming conditions
with no disease outbreak, and describes the typical microbial
community structures in this type of rearing facility, which can
be important knowledge for comparative studies of different fish
farms or different operational conditions. The results showed that
the UV-treated water was enriched in non-pathogenic bacteria in
the fish tanks. Samples of water, biofilms and fish were similar

when considering taxa with high relative abundances (>5%), and
showed that the communities were stable over time. However,
samples with high relative abundances of genera with pathogenic
members, such as Moritella, Tenacibaculum, and Vibrio, were
detected during regular operational farming conditions. Some
of the eggs were dominated by Tenacibaculum, which might be
associated with low hatching rate.
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