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ABSTRACT

Recirculating aquaculture systems (RAS) harbour complex microbial communities which can have an impact on the growth and development of the reared fish. This
study aimed to improve our understanding of microbial community dynamics in a RAS involving three production batches of Atlantic salmon fry and parr during a
period of 20 months. Water for analysis of microbiota was sampled at different positions in the RAS, and we also examined the effect of UV treatment on the water
microbiota. Microbial communities were characterized by 16S rDNA amplicon sequencing of water samples taken directly upstream and downstream of the UV
treatment unit and from three of the rearing tanks. In total 6 sampling events were made during a 20-month period. The study showed that: 1) Two of the production
batches had a highly similar water microbiota despite disinfection of the system between the batches and rearing fish of different stages. In contrast, the first
production batch showed a different water microbiota with variable composition through the system and over time. A more immature biofilter in the first batch may
explain these differences. 2) The full-flow UV treatment directly upstream the rearing tanks had no observable effect on the community composition of the water
microbiota in the different sampling positions in the RAS. This was likely a consequence of the low hydraulic retention time (HRT) (23 min) in rearing tanks, low
bacterial regrowth in the fish tanks and community changes throughout the RAS loop. 3) The disinfection effect on viable bacterial densities in the water directly
downstream of the UV treatment was around 89%, when the water was clear. Regrowth of bacteria following disinfection was low compared to those reported for
marine RAS with UV disinfection and long HRT in fish tanks. The study shows that UV disinfection can be used to efficiently reduce bacterial density without
compromising the microbial water quality in the fish tanks in RAS with low HRT.

1. Introduction

Recirculating aquaculture systems (RAS) have become a popular
production system for Atlantic salmon (Salmo salar) (Badiola et al.,
2012; Kolarevic et al., 2014; Rurangwa and Verdegem, 2015; Davidson
etal., 2017). RAS provide several advantages compared to flow-through
systems, like saving energy for heating, controlling and stabilizing water
quality, and reducing environmental impact (Martins et al., 2010;
Dalsgaard et al., 2013; Davidson et al., 2017). With a well-considered
systems design, dimensioning and management strategies, RAS also
have properties that can contribute to stable and mutualistic fish-
microbe interactions (Skjermo et al., 1997; Attramadal et al., 2012a,
2012b, 2014; Attramadal et al., 2016; Vadstein et al., 2018; Vestrum
et al., 2018; Duarte et al., 2019).

The microbial communities in RAS are complex and essential for
both chemical and microbial water quality and plays a crucial role for
the health of the cultured fish (Blancheton et al., 2013; Vadstein et al.,

2018). Certain microbial assemblages may impact fish health positively,
others may have a negative influence on the fish, and even cause mor-
tality. The microbial communities in RAS are affected by feed and
feeding regimes, the make-up water, management routines, the fish it-
self and selection pressure in the system (Attramadal et al., 2012a;
Blancheton et al., 2013; Vadstein et al., 2018). Hence, the microbial
assemblages can vary between systems and over time (Rud et al., 2017;
Bakke et al., 2017; Dahle et al., 2020; Fossmark et al., 2020a, 2020b).
Unstable microbial water quality with high fractions of opportunistic
bacteria, is one important factor that contributes to sub-optimal condi-
tions for the cultured fish (Bakke et al., 2017). However, the mecha-
nisms causing these changes are fairly well understood for marine larvae
(Vadstein et al., 2018), but poorly documented for salmonids. Thus,
more knowledge is needed to understand and improve microbial man-
agement strategies specifically for land-based cultivation of salmonids.

Disinfection of the intake water reduces the risk of entry and
spreading of pathogens into the system (Sharrer et al., 2005; Summerfelt
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etal., 2009), and is of paramount importance for the biosecurity of land-
based facilities. However, opportunistic and pathogenic bacteria may
still reside among the bacteria inside the RAS, and disinfection can be
used to continuously disinfect recirculated water before it returns to the
rearing tanks (Summerfelt et al., 2009). Experiments with in-line UV
disinfection in pilot scale RAS have shown a reduction of heterotrophic
bacteria by 98% (Huyben et al., 2018) and a lower microbial activity
(Huyben et al., 2018; Schumann and Brinker, 2020; de Jesus Gregersen,
2020) . UV disinfection also reduces the micro particle numbers by
destroying bacteria that uses micro particles as substrate and surface
area (Pedersen et al., 2017; Gregersen et al., 2020).

Disinfection kills and inactivates bacteria but does not reduce the
amount of substrate available for bacterial growth. Disinfection there-
fore leads to a situation of low competition for the available substrate,
and therefore favour r-selection and subsequent proliferation of oppor-
tunistic bacteria in the rearing water (Sharrer et al., 2005; Hess-Erga
et al., 2010; Attramadal et al., 2012b; Vadstein et al., 2018; Attramadal
et al.,, 2021). The time window between disinfection and significant
bacterial regrowth is determined by the number and growth rates of
bacteria surviving or seeding the water volume from biofilm following
disinfection. UV disinfection within the RAS treatment loop, and espe-
cially immediately before the fish tanks, is therefore hypothesized to
constitute a disadvantage for the health of fish in an otherwise well
dimensioned and managed RAS (Attramadal et al., 2012b; Vadstein
et al., 2018; Dahle et al., 2020; Attramadal et al., 2021). Several ex-
periments with marine larvae have shown that UV treatment inside the
RAS loop destabilise the microbial composition of the rearing with
negative effects on viability and survival (Attramadal et al., 2012b;
Dahle et al., 2020; Attramadal et al., 2021). However, the effects of UV
irradiation in commercial freshwater RAS for salmon production on
microbial community composition and blooms of opportunistic bacteria
is not studied.

Here, we characterize the water microbiota in a commercial RAS for
production of Atlantic salmon fry and parr by sequencing of 16S rRNA
amplicons. We sampled five positions in the RAS loop and covered three
distinct production batches over a 20 months’ period. The aim was to
map the temporal dynamics of the water microbiota in this commercial
system over a long-term period, to elucidate the impact of UV disin-
fection on the water microbiota, and to improve the general under-
standing of the bacterial community dynamics in RAS.
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2. Methods
2.1. Culture system

The study was based on sampling of water in a commercial RAS for
production of Atlantic salmon fry and parr in Norway. The start-feeding
RAS department (Inter Aqua Advance, Denmark) consisted of 18
octagonal fish tanks (16 m?) operated with fresh water (Fig. 1). The
intake water was from a hydroelectric power plant and was prefiltered
with a coarse screen, without UV treatment. The volume of the total
system was 470 m® and the system flow set to 10.8 m®/min. The RAS
included the following components after the fish tanks: a drum filter of
60 pm, pH-regulation, two Moving Bed Biofilters (MBBF) (Inter Aqua
Advance,with Curler advance X-1 bioelement, volume: 2 x 50 m3), two
drum filters (60 pm), two Fixed Bed Biofilters (FBBF) (Inter Aqua
Advance), Trickling filter (Inter Aqua Advance) and a UV unit (Atlan-
tium RZ 2300-12, Teknor, Norway) with a dose of 75-100 mJ/cm?,
treating the full-flow right before entering the fish tanks (Fig. 1). The
light regime was 24:0 with fluorescent tubes. Hydraulic retention time
was 23 min in the fish tanks and in average 7-9 days for the total system.
The make-up water flow varied during the production and between
batches of fish, from 0.15-3.8 L h™1 for the spring batches and 0.7-4.81
Lh! for the autumn batch, amounting to 300-400 L new water/kg feed.
The system, included the biofilter, was disinfected before 2015_spring
and between batch 2015 autumn and 2016_spring, in consecutive
treatments with lye, chlorine dioxide and ozone. Before the 2015_spring
batch the biofilter was started after disinfection with new, clean carriers
and maturated until the stocking of fish, while before the 2016_spring
batch the biofilter included already matured biofilm carriers from an
already running biofilter. The 2015_autumn batch was not disinfected
before stocking of fish. Production data and physicochemical water
quality variables were provided by the RAS facility for the periods,
including temperature, total ammonia nitrogen (TAN), nitrite, nitrate,
CO», alkalinity, and pH. Normally, four to five batches of fish are pro-
duced during a year in this system.

2.2. Rearing regime

In this study, we monitored three different batches of fish in the same
system. The spring production batches growing fish up to 3-4 g in 2015
(2015_spring) and 2016 (2016_spring) took place during the months of
February, March, and April. The autumn 2015 production batch
growing fish up to 25 g took place during September, October, and

UV filtration Pump Trickling filter

DUV uuv

Drum filter / Pump /

Fig. 1. Schematic presentation of the RAS unit monitored in the study. Samples for analyses of the RAS water microbiota (red lines) were taken from three fish tanks
(A, B, C), and immediately upstream (UUV) and downstream of the UV treatment unit (DUV). MBBF = Moving Bed Biofilter, FBBF=Fixed Bed Biofilter. The UV
disinfection represent a full-flow disinfection. Illustration by Mats Mulelid, SINTEF Ocean.
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November (Fig. 2). The final biomass density in each tank was 37-48 kg/
m® for the spring batches and 65-71 kg/m® for the autumn batch. Dead
fish were removed and recorded daily to assess the daily mortality in
each tank. The spring batches were fed continuously Ewos Micro 040
and 1 (Ewos, Norway) while the autumn batch was fed Ewos Micro 5 and
15, according to fish size. Feed load pr day during the period was 0.7-19
kg/tank for the spring batches and 5.6 to 25.0 kg/tank for the autumn
batch.

2.3. Sampling for microbiological analysis

For characterization of the bacterial communities by DNA-based 16S
rDNA amplicon sequencing, water directly upstream (UUV) and down-
stream of the UV unit (DUV) and from three rearing tanks (A, B, C) was
sampled one to three times during the three production batches (Fig. 2).
The 2015_spring batch was first sampled two days prior to the inset of
fish (d-2) and at day 12 and 34. The 2015_autumn batch was sampled
once, at day 29, and the 2016_spring batch was sampled at day 13 and
41 after inset of fish. Water samples were also collected for RNA-based
16S rRNA amplicon sequencing for 2015_autumn on day 29 and
2016_spring on day 41. The water samples were filtrated using Dynagard
filters (pore size 0.2 ym, Microgon) and Omnifix® syringes. Around
150-200 mL water was filtrated for each water sample. Samples were
frozen (—20 °C) immediately after sampling, transported to NTNUs
laboratory and stored at —80 °C until further processing.

Water samples for quantification of colony forming units (CFU) were
collected from the same positions in the RAS at selected sampling times
during the production batches 2015_spring (day —2 and 34) and
2016_spring (day 13 and 41). Approximately 1 L of water was collected
from each sampling position in triplicates and mixed well before 1 mL
was used in CFU analysis as described below.

2.4. Microbial community analyses

To quantify CFU in water samples serial dilutions of the sampled
water (1:10-1:1000) were prepared and streaked out on M65 agar plates
with 0.1% NaCl (0.5 g/L peptone, 0.5 g/L tryptone, 0.5 g/L yeast
extract, and 1 g NaCl per L water) in triplicates for each dilution. The
CFU numbers were determined as the number of colonies observed after
14 days’ incubation in room temperature.

For characterization of bacterial community composition, DNA was
extracted using the Power Soil DNA isolation (MOBIO) as described by the
manufacturer. For two sampling times, the PowerMicrobiome RNA
Isolation Kit (MOBIO) was used to extract total RNA water samples, as
following the protocol. cDNA was synthesized by use of Prime ScriptTM
1st strand cDNA Synthesis Kit (TaKaRa), as described by the manufac-
turers. Random 6 mers and approximately 1 mg total RNA was used as
template in each reaction. The third and fourth variable regions (V3, V4)
of the bacterial 16S rRNA gene was amplified from DNA extracts and
cDNA using the primers I11-338F (5'- TCGTCGGCAGCGTCAGATGTGTA-
TAAGAGACAGNNNNCCTACGGGWGGCAGCAG) and Il-805R  (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNGACTACNVGG
GTATCTAAKCC) (Nordgard et al., 2017) and Phusion Hot Start DNA
Polymerase (Thermo Scientific, USA). The amplicons were normalized

day0 d62 do
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using the SequalPrepTM Normalization Plate Kit (Invitrogen, USA) and
indexed using the Nextera XT Index kit (Illumina, USA) as described in
Vestrum et al. (2020). Amplicons were pooled and concentrated using the
Amicon Ultra-0.5 Centrifugal Filter Device, and the resulting amplicon
library was sequenced on an MiSeq run (Illumina, USA) with the MiSeq
Reagent Kit v3 in the 2 x 300 bp paired-end mode at the Norwegian
Sequencing Centre. The resulting sequencing data are deposited at the
European Nucleotide Archive (accession numbers ERS7273454 -
ERS7273493).

The Illumina sequencing data were processed using the USEARCH
pipeline (version 11; https://www.drive5.com/usearch/). The com-
mand Fastq_mergepairs was used for merging of paired reads, trimming
off primer sequences and filtering out reads shorter than 400 base pairs.
Further processing included demultiplexing and quality trimming (the
Fastq filter command with an expected error threshold of 1). The
UPARSE-OTU algorithm (Edgar, 2013) was used for chimera removal
and clustering at the 97% similarity level. Taxonomy assignment was
performed applying the Sintax script (Edgar, 2016) with a confidence
value threshold of 0.8 and the RDP training set (version 16). The
resulting OTU (operational taxonomic units) table was normalized to
37,000 number of reads (the lowest number of reads obtained among
samples) per sample by determining the fraction of the OTUs for each
community profile, and then multiplying with 37,000, and finally
rounding off the read numbers to integers. The USEARCH commands
Alpha_div and Sintax_summary was used to calculate alpha diversity
indices (observed OTU richness and Shannon’s diversity) and generate
taxa summary tables, respectively.

2.5. Statistical analysis

The data for fish survival were Arcsin-transformed before statistical
analysis by one-way ANOVA (SPSS version 27). For comparisons of
chemical variables and microbiota, One-way ANOVA or Kruskal-Wallis
were used, depending on normality and homogeneity of variance of
the variables (SPSS). Statistical analyses of microbial community data,
based on the OTU table, were performed using the program package
PAST (version 3; Hammer et al., 2001). OTUs with a maximum abun-
dance of less than four reads in all samples in the normalized OTU table
(37,000 reads per sample) were filtered out of the OTU table prior to
multivariate analyses. Principal coordinate analysis (PCoA) (Davis,
1986) was based on Bray-Curtis similarities (Bray, 1957). To test for
differences in community structure between sample groups, we applied
one-way PERMANOVA based on Bray-Curtis similarities (Anderson,
2001). The Similarity Percentages (SIMPER) analysis (Clarke, 1993) was
used to determine the contribution from the OTUs to the Bray-Curtis
dissimilarity between samples and groups.

3. Results

Three different batches of fish were produced in different periods in
the same RAS unit during this study. The batch 2015_spring and
2016_spring both produced fry (from 0.2 to 4 g) in the same period of the
year (February, March, April) in two subsequent years, whereas the
2015_autumn batch produced parr (from 2.5 to 25 g) during September,

d42 d d70
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d-2§ d12 d34 i
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Fig. 2. Timeline for sampling of microbiota and production at the RAS facility with weight of fish in grams. 2015 _spring, 2015_autumn and 2016_spring indicates the
three production batches that were monitored. Production batches in spring were produced from February to April and production batch autumn from September to
November. S = sampling, d = day of production (day O corresponds to the day of inset of fish in the RAS), sampling d-2 = two days before fish were put in the

RAS unit.
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October, and November.

3.1. Physicochemical water quality

The average physiochemical water quality variables were generally
satisfying according to the recommended thresholds for Atlantic salmon
and relatively similar among the three production batches examined
(Table 1). However, the 2015_autumn production batch had higher
NOs3 ™ -N concentrations than the other batches, and 2016 _spring had
higher total ammonia nitrogen concentration. None of these differences
were statistically significant.

3.2. Fish performance

The average mortality of fish in batch 2015_autumn (0.01 + 0.00%)
was significantly lower compared to that in batch 2015_spring (0.05 +
0.01%) and 2016_spring (0.06 + 0.01%) (Kruskal-Wallis, p = 0.001;
0.001). The mortality was also more stable over time for batch
2015_autumn, compared to the batches from spring, which had peaks in
mortality during the production (Fig. 3). 2015_spring had a maximum
mortality of 0.60% at day 23, whereas for 2016_spring the highest
mortality was 3.12% at day 16. The following days the mortality
decreased and was relatively stable throughout the batches.

3.3. Microbial water quality

3.3.1. Microbial community composition in the RAS water

The relative abundance of the bacterial orders differed among the
production batches. The water from batch 2015_spring had a clearly
different community composition compared to the other batches
(Fig. 4). The most abundant bacterial order in rearing water for
2015_spring was Pseudomonadales, which was also significantly more
abundant in 2015_spring than in the other two batches (Kruskal-Wallis,
p = 0.001; 0.001). For 2015_spring samples Pseudomonadales accoun-
ted for 20-81% of the community, with an average of 46%. For the other
production batches this order constituted 1-28%, with an average of
8%. In contrast, Burkholderiales was the most abundant order for pro-
duction batch 2015_autumn and 2016 _spring, with abundance ranging
from 19 to 38%, and with an average of 28%. Rhodobacterales and
Cytophagales were considerably more abundant in the water during the
2015_autumn and 2016_spring batches compared to the 2015 spring
batch (Fig. 4). Ordination by Principal Coordinate Analysis (PCoA)
indicated that that the bacterial community composition clustered ac-
cording to batch and sampling time (Fig. 5). A PERMANOVA test
confirmed that the water microbiota was significantly different between
production batches (p = 0.02). Even though batch 2016_spring was
produced in the same season as 2015_spring, with the same size of fish
and operated similarly, the composition of the microbiota was more
similar to production batch 2015_autumn. The autumn batch was pro-
duced during another season, with bigger size of fish (Fig. 5). Average
Bray-Curtis similarities showed that the community composition for
production batch 2015 _spring was considerably more variable between

Table 1
Physicochemical water quality measured in the RAS loop (after the water
treatment) during the production batch (mean + SE)).

2015_spring 2015_autumn 2016_spring
Temperature (°C) 13.70 £0.05  13.20 £+ 0.09 14.10 £ 0.05
Total ammonia nitrogen (mg 0.90 + 0.52 0.73 +0.28 1.39 £ 0.33

TANL™Y)

Nitrite (mg NOo-N L™1) 0.31 £ 0.16 0.23 + 0.09 0.26 + 0.24
Nitrate (mg NO3-N L) 15.16 £3.74 25.54 +£2.10  9.00 + 7.07
CO, (mg L™ 13.28 +£1.51 15.36 + 1.45 14.47 £ 1.44
Alkalinity (mg CaCO5 L™1) 1.19 £+ 0.02 1.41 £ 0.01 1.33 £ 0.01
pH 7.17 £ 0.02 6.97 + 0.03 7.10 £ 0.01

Number of measurements done during production equal 42 to 70.
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Fig. 3. Fish mortality during the three different batches of fish production
(2015_spring, 2015_autumn and 2016_spring) from three different fish tanks
(square, circle and triangle represent the three different fish tanks).

fish tanks and over time compared to batch 2015 autumn and
2016_spring (Fig. 6).

The most abundant OTU of the whole dataset, OTU_8 (Pseudomonas)
was significantly more abundant in the 2015_spring batch than in the
two other batches (Kruskal-Wallis, p < 0.05), with average abundances
of 16% of the total reads for the 2015_spring samples, compared to only
0.005 and 0.07% for the 2015_autumn and the 2016_spring batch,
respectively (Table 1, Supplementary). The genus Acinetobacter (Pseu-
domonadales) was represented by three OTUs (OTU 1, 2 and 14) that
were significantly more abundant in the 2015_spring samples (Kruskal-
Wallis, p < 0.05), with average abundances of 7% (Fig. 1, Supplemen-
tary). In the 2016_spring samples, OTU_3 (Rhodobacteraceae), was
significantly more abundant (average abundance 10.4%) than in the
2015_spring and 2015_autumn samples (Kruskal-Wallis, p < 0.05). For
the 2015_autumn samples, the most abundant OTU was OTU_10
(Enterobacteriaceae; average abundance 8%) which was considerably
higher compared to the other batches (Table 1, Supplementary).

The alpha diversity of the RAS water microbiota, expressed as OTU
Richness and the exponential Shannon’s diversity index (eShannon’sy yyag
considerably higher for production batch 2015_autumn (only one sam-
pling time) than for the water of the spring batches (Fig. 7A, B), and
were significantly higher than 2015_spring (Kruskal-Wallis, p = 0.001).
No significant differences in alpha diversity were detected between the
2015 autumn and 2016 _spring batches. Generally, the diversity
increased with time for the spring batches (Fig. 7A, B). The alpha di-
versity of the water microbiota was slightly reduced in the fish tank
compared to the rest of the system (Fig. 7), which may be a consequence
of regrowth. The differences between upstream/downstream the UV and
the fish tanks were however not significant.

3.3.2. Temporal dynamics of the water microbiota

The community composition for the water of production batch
2015_spring was substantially more variable over time, compared to the
2016-spring batch (Fig. 6). Both the PCoA ordination (Fig. 5) and the
average Bray-Curtis similarities (Fig. 6) demonstrated that particularly
in the 2015_spring batch, the water microbiota underwent major
changes throughout the production period (Fig. 6). The relative abun-
dance of OTUs representing Acinetobacter (OTU 1, 2 and 14) increased
with sampling time (Supplementary, Table S1, Fig. S1), and contributed
with 23.6% of the differences between timepoints (SIMPER analysis).
The Bray-Curtis similarities for comparison of the tank water microbiota
between sampling times were high for 2016_spring (Fig. 6) and indi-
cated stability of the water microbiota throughout this production batch.
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Fig. 4. Relative abundances (%) of bacterial orders in the rearing water of the different batches of fish (2015_spring, 2015_autumn, 2016_spring), at different
sampling days, where day represent the day in production and — 2 represent two days before inset of fish. UUV = upstream UV, DUV = downstream UV. A, B and C =
three different rearing tanks. Only orders that are present at abundances >1% in at least one sample are shown.
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Fig. 5. PCoA plot based on Bray—Curtis similarities for three different batches
of fish (2015_spring, 2015_autumn, 2016_spring), at different sampling days
(d), where d-2 represent two days before inset of fish. Samples include tank
water microbiota and water upstream and downstream the UV treatment.

3.3.3. Microbial community dynamics throughout the RAS

The PCoA plot (Fig. 5) indicated that in general, the water micro-
biota was relatively similar between sampling points throughout the
system on the same sampling day. This was particularly evident for Bray-
Curtis similarities for the two last batches (Fig. 6). DNA-based methods
include live, inactivated, and dead bacterial cells. To improve the pos-
sibility to detect changes in the active microbial communities, and to
reveal potential effects of UV treatment on the water microbiota, we
performed 16S rRNA amplicon sequencing based on total RNA extracts
for water samples from 2015_autumn (day 29) and 2016_spring (day
41). However, neither PCoA ordinations with Bray-Curtis (Fig. 8) nor

1.0
I Sampling 1
[ Sampling 2
I Sampling 3

0.8 1 7 Between sampling times T

0.6 =
0.4

0.2

0.0 - :

Bray-Curtis similarity

2015_spring 2015_autumn 2016_spring

Production batch

Fig. 6. Bray—Curtis similarities for comparing the water microbiota within each
production batch at sampling 1, 2 and 3 and between sampling times. At each
sampling time, the samples include upstream and downstream of the UV
treatment and the three rearing tanks. Sampling days for each production batch
are presented in Fig. 2. Error bars show the standard error (£SE) of all the
samples, n = 5.

Dice-Sgrensen coefficients (data not shown) indicated larger variation in
community composition throughout the system for RNA-based
compared to DNA-based analyses. Still, there was significant differ-
ences between the DNA and RNA based analyses (PERMANOVA; p =
0.01; p = 0.008).

We were particularly interested in the effect of the UV treatment on
the water microbiota, but there were no indications this had any
observable effect, judged on comparison of the DNA- and RNA-based
community composition using ordination. However, a manual
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Exponential Shannon’s diversity index, at different sampling days (d). Error
bars show the standard error (+SE) between triplicate fish tanks. UUV = up-
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inspection of the OTU table revealed that three OTUs (OTU 1, 2 and 14)
had a lower abundance in samples taken downstream of the UV treat-
ment compared to upstream the UV treatment. The RNA-based data
showed that these OTUs increased in the fish tanks (Supplementary
Table 1, Fig. 1). These OTUs were all classified as Acinetobacter and were
the same OTUs that were highly abundant in the 2015_spring samples
(Supplementary Table 1, Fig. 1).

We also examined the effect of the full-flow UV treatment on the
culturable, living bacterial cells as CFU for water samples from the two
spring batches (Fig. 9). The number of CFU was lowest for the water
samples taken downstream of the UV treatment for all samplings.
Samples from batch 2015_spring (d-2, and d34), and the d13 sample
from batch 2016_spring had a reduction of 86.7 to 91.0% in CFU after
the UV treatment. In comparison, day 41 of batch 2016_spring showed a
more turbid water with a higher concentration of bacteria upstream the
UV (Fig. 9) and a 20.1% reduction of CFU by the UV. For all samplings,
the CFU increased when the UV treated water entered the rearing tanks,
indicating regrowth of bacteria (Fig. 9). The increase in CFU from the
fish tanks to the UV treatment, indicates bacterial regrowth throughout
the entire system. With exception of the 2016 _spring_d41 samples, the
CFU counts increased with a magnitude of 4 times in the fish tanks, and 3
times in the water treatment loop. This estimate includes samples from
batch 2015_spring taken prior to the introduction of fish, when the
regrowth was lower compared to the other sample dates batches. For
day 41 of 2016_spring, however, when the UV treatment was suboptimal
due to a high visually observed turbidity, the regrowth of bacteria was
higher in the fish tanks than through the subsequent water treatment
loop.

4. Discussion

Despite progress, there is still limited information available on mi-
crobial community dynamics in RAS producing salmonids, although
these communities can have a large impact on the health of the fish
(Blancheton et al., 2013; Vadstein et al., 2018). Increased knowledge
about microbial communities in RAS is important for improved opera-
tional design, management, and a sustainable production. One approach
to this knowledge is to study commercial RAS. These studies often lack
an experimental control and replicates, which can be challenging in
commercial systems. Also, the physicochemical parameters vary a lot
during production. However, the effects of water treatment processes
can be studied by sampling upstream and downstream a treatment unit.
If such studies are repeated in time, the conclusions are more robust than
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Fig. 9. Bacterial densities determined as CFU/ml in water upstream (UUV) and
downstream the UV treatment (DUV) and in the fish tanks (Tank A, B and C) for
two sampling dates for batch 2015_spring (d-2 and d34) and 2016_spring (d13
and d41). d represent the day in production, where —2 is two days before inset
of fish to the RAS unit.
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experiments with replication at the same sampling. Such studies also
complement controlled experimental systems by extracting information
at the relevant scale.

This study aimed to improve the understanding of microbial com-
munity dynamics in a commercial RAS during a period of 20 months and
included three production batches of Atlantic salmon fry and parr. Water
was sampled at different positions through the system, to examine the
community dynamics and the effect of the full-flow UV disinfection
within the loop.

4.1. Fish performance

The fish in the 2015_autumn batch had a significantly lower mor-
tality (0.01%) than the spring batches (0.05; 0.06%), partly due to
absence of periodic peaks in mortality. According to the RAS operators,
this was normal mortality during the relevant life stages in the unit and
no symptomatic fish was observed during the period. The more variable
mortality of the spring batches can be related to their early stage, which
is more sensitive and normally show a higher mortality than the larger
fish stage produced during autumn (T¢rud et al., 2019).

4.2. Dynamics of the RAS water microbiota over long time periods

In comparison with the two last batches, the first production batch
(2015_spring) showed a different composition of the water microbiota,
with a lower alpha diversity and more variable microbiota composition
over time and between fish tanks (Figs. 4, 5, 6). This production batch
was produced at the same time of the year as the last production batch in
this study (2016_spring). The water microbiota of the two last produc-
tion batches (2015_autumn and 2016 _spring), on the other hand, were
more similar in composition (Figs. 4, 5), even though the fish groups
were produced at different seasons, with different size of fish, amounts
of biomass, feeding regimes and several other parameters. Prior to the
first production batch (2015_spring), the biofilter had been disinfected
and started with clean carriers and then matured until the stocking with
fish. The 2015_autumn batch had a matured biofilter that had been run
continuously and without disinfection since the 2015_spring batch. Prior
to the 2016_spring batch however, the complete system, including the
biofilter was disinfected. The biofilter was then seeded from an already
matured and running biofilter. Thus, the biofilter in the 2015_spring
batch might have represented a more immature biofilm community,
compared to the biofilters in the 2015_autumn and 2016_spring batches.
Differences in start-up procedures of the biofilter for these three batches
may explain the observed differences and similarities in the water
microbiota between the production batches. Stable water microbiota
over time and high alpha diversities have previously been proposed to
characterize K-selected communities (Attramadal et al., 2012a, 2012b;
Vadstein et al., 2018). Another implication of these observations is that
the biofilm communities in the biofilters may affect the water micro-
biota more heavily than variables such as season, fish age, feeding
routines and disinfection of the system. The knowledge on interactions
between the biofilter biofilm community and the suspended bacteria in
the water in RAS is limited. Some studies show that the abundance of
free-living bacterial populations in the water can be correlated to the
abundance of populations in the biofilm of the biofilter (Leonard et al.,
2000; Michaud et al., 2014), and a selective exchange of bacteria is
expected (Blancheton et al., 2013; Bartelme et al., 2017). The possibility
for securing a stable and resilient microbiota in RAS, through the use of
matured biofilters should be addressed in future studies.

4.3. Effects of disinfection in a RAS with a short hydraulic retention time
in fish tanks

UV treatment is used as an extra hygienic barrier of the system by
inactivation of potential pathogenic bacteria (Liltved et al., 1995;
Sharrer et al., 2005; Hess-Erga et al., 2010). However, little is known

Aquaculture 546 (2022) 737382

about how efficient disinfection in the RAS loop is for preventing
pathogens growing in the system. Turbid water, typical for RAS, reduce
disinfection efficiency. Particles in the water are known to reduce the
disinfection effect of the UV by protecting the bacteria from the UV-light
(Hess-Erga et al., 2008; Huyben et al., 2018), and it can be difficult to
inactivate most of the bacteria even at an excessive UV dose at high
turbidity (Sharrer et al., 2005). The UV treatment kills and inactivates
bacteria, but does not reduce the amount of substrate available, leading
to a regrowth of opportunistic bacteria in the rearing tanks (Salvesen
et al., 1999; Hess-Erga et al., 2010; Attramadal et al., 2012a, 2012b;
Vadstein et al., 2018). In systems with long hydraulic retention times
(HRT) in the fish tanks (60 min and longer), like marine hatcheries,
significant regrowth and proliferation of opportunistic bacteria is well
documented. This results in an altered microbial community composi-
tion that have negative effects on larval health and survival (Attramadal
et al., 2012a; Vadstein et al., 2018; Dahle et al., 2020; Teitge et al., 2020;
Attramadal et al., 2021). In the freshwater RAS for Atlantic salmon
examined here, the full-flow UV treatment directly upstream the rearing
tanks had no observable effect on the community composition of the
water microbiota (Fig. 5). This was especially evident for the two last
production batches. The similarity in community composition of the
water throughout the system can be explained by the short HRT (23 min)
in the fish tanks, which limits the time for regrowth in the tanks and
makes the growth more likely to happen further down the line from the
disinfection step, for example in the biofilter (Bakke et al., 2017; Vad-
stein et al., 2018). When Bray-Curtis similarities are used to compare
communities, rare OTUs have little impact. Thus, rare OTUs could have
been affected by the UV treatment, without effecting the Bray-Curtis
similarities. However, the Sgrensen-Dice index, which is based on
presence — absence data, (Chao et al., 2006) and thus are more influ-
enced by rare OTUs, did not indicate a distinct community composition
through the RAS. We also used an RNA-based approach to study the
active microbial response to the UV treatment. Neither this analysis
indicated community changes after the UV treatment (Fig. 8). However,
we did identify three Acinetobacter OTUs that showed a general pattern
with lower abundance in samples taken downstream the UV treatment
compared to those taken upstream the UV, with an average 75%
reduction. This trend was especially evident for 2015_spring, which had
a high abundance of Acinetobacter OTUs. Acinetobacter spp. is wide-
spread in water ecosystems and includes both non-pathogenic, oppor-
tunistic, and fish pathogenic species (Turton et al., 2010; Hare et al.,
2012). A similar strain specific reduction of Acinetobacter was seen by
Hare et al. (2012). This indicates that Acinetobacter is particularly sen-
sitive to UV treatment. Although this study included few sample events,
the sampling included three production batches where all samples
showed the same pattern: The full-flow UV disinfection had no observ-
able effect on the water microbiota composition. Although immediate
effects on the water microbiota were not observed, the UV disinfection
may have long-term effects that influence the RAS water microbiota.
The UV treatment efficiently reduced the number of live bacteria
(average 89.0% reduction of CFU), which was similar to previous studies
(Huyben et al., 2018). As expected, the UV treatment efficiency was
lower for more turbid water (20.1% at day 41 of 2016_spring) (Sharrer
et al., 2005; Hess-Erga et al., 2008). The density of bacteria (i.e., CFU)
increased 4 times in the fish tanks, indicating regrowth following the UV
disinfection step. The regrowth continued through the water treatment
system, reaching the highest levels of bacteria upstream of the UV
treatment. The bacterial regrowth in marine hatchery rearing tanks,
which have long HRT (more than one hour), can represent as much as up
to a 14 time increase in bacteria numbers following disinfection,
depending on the HRT (Attramadal et al., 2014; Vadstein et al., 2018). In
the system studied here, with short HRT in fish tanks (23 min), the
regrowth of bacteria in fish tanks was much lower (4-time increase).
Moreover, the water microbiota did not change much in the fish tanks,
especially for the two last production batches. This indicates that the
regrowth observed in the fish tanks did not have a large impact on the
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microbial community composition. It has been proposed that a fully K-
selected system with a matured microbial community only can be
established in RAS without UV, because point disinfection within the
RAS loop will promote regrowth and selection for r-strategists in the fish
tanks. Thus, UV treatment may not result in a reduction of the bacterial
density of the system, but rather induce a detrimental r-selection in the
fish tanks (Attramadal et al., 2012a, 2012b, 2014; Vadstein et al., 2018;
Attramadal et al., 2021). The results obtained in this study indicate that
these kind of negative, non-intended effects of the UV treatment is
strongly reduced in RAS with short HRT in fish tanks (typically in RAS
producing Atlantic salmon), and that UV disinfection can be used to
restrict bacterial density without compromising the microbial water
quality in the fish tanks. However, further studies should investigate the
risk of successful invasion from pathogens in RAS with low HRT of tanks
and UV treatment compared to systems without disinfection in the loop,
as the latter is hypothesized to be more resistant to invasion.

5. Conclusions

In the RAS studied here, we found that the level similarity of the
water microbiota between production batches could not be related to
factors like season, fish age, and operational routines like for example
feed loading. Two of the production batches had a highly similar water
microbiota despite disinfection of the whole system between the batches
and rearing fish of different stages. In contrast, the water microbiota of
the first production batch differed from that of the others, was more
variable; both through the system and over time and had a lower alpha
diversity. A more immature biofilter in the first batch may explain these
differences. Using a matured biofilter at start-up of a fish batch may
contribute to establishing a more stable and resilient water microbiota in
RAS compared to systems with newly started biofilters. Our results
indicate that the biofilm communities in the biofilters may affect the
water microbiota more heavily than season, fish age, feeding routines
and disinfection. The UV directly upstream the rearing tanks had no
observable effect on the community composition of the water micro-
biota. This was likely due to low hydraulic retention time (HRT) in
rearing tanks, which limited the bacterial regrowth and community
changes. The disinfection efficiency of the UV treatment was on average
89% when the water had low turbidity. This study shows that UV
disinfection can be used to efficiently reduce bacterial density without
compromising the microbial water quality surrounding the fish in RAS
with low HRT in the fish tanks.
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