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Abstract

The present study examined the protective effects of water chloride (CI) towards nitrite toxicity
in Atlantic salmon parr during 84-day long nitrite exposure. Effects on growth, histology, blood
indices and gene expression were studied at a fixed nominal CI concentration of 200 mg L*
and at several water nitrite concentrations (0, 0.5, 2, 5 and 10 mg L NOz-N). The specific
growth rate was significantly reduced during the first three weeks at a Cl:NO2-N ratio of 21:1,
suggesting the activation of coping mechanisms at the later stages of the experiment. No
significant effect of nitrite on gill histology and mortality was found. Nitrite accumulated in
plasma; however, a CI:NO-N ratio of 104:1 or higher prevented nitrite entry. The concentration
of NO2-N in plasma was significantly reduced at the end of the study, supporting the
hypothesis of coping mechanisms. Cystic fibrosis transmembrane conductance regulator (cftr)-
1 showed a significant up-regulation at highest nitrite concentration on day 22, and in three of
the highest exposure groups at the end of the experiment. Our findings suggest that a Cl:NOy
-N ratio above 104:1 should be maintained through episodes of nitrite accumulation in water

during the production of Atlantic salmon parr.

Keywords: Nitrite toxicity, Atlantic salmon, performance, chloride to nitrite ratio
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1. Introduction

Recirculating aquaculture systems (RAS) are increasingly being used in Atlantic
salmon producing countries (Bergheim, Drengstig, Ulgenes & Fivelstad, 2009; Terjesen et al.,
2013). In a well-functioning RAS for Atlantic salmon smolts, nitrite (NO2) generated from
ammonia is relatively quickly converted in the biofilter to the less toxic nitrate (Stormer, Jensen
& Rankin, 1996). However, biofilters at the start-up phase or that are operated outside optimal
water quality ranges (e.g. pH, temperature, dissolved oxygen, alkalinity, salinity and organic
matters) can lead to NO, accumulation in the system due to the slower cell division of nitrite
oxidizing bacteria compared to ammonia oxidizers (Chen, Ling & Blancheton, 2006).
Additionally, a poor nitrification performance due to changes in operational and environment
conditions such as nitrogen loading (change feeding rate and in diet composition), water
exchange rates, fluctuation in salinity and sanitary treatments (as antibiotics), as well as high
densities and the deterioration in water quality can result in elevated NO2 concentration (Noble
& Summerfelt, 1996; Svobodova et al., 2005; Emparanza, 2009; Mydland et al. 2010; Kinyage,
Pedersen & Pedersen, 2019). Toxic NO2 concentrations for the fish can thus be reached,
which is one of the most frequent non-infectious water quality issues in Chilean RAS facilities
(Noble & Godoy, 2002; Emparanza, 2009). Furhermore, NO; toxicity can severely
compromise fish health and survival in RAS, mainly when chloride concentrations are low (<50-
100 mg L) (Svobodova et al., 2005).

Accumulation of NO; in tissues can result in mass mortality of fish as several functions
such as gas transport, ion regulation, and cardiovascular, endocrine and excretory processes
are affected (Jensen, 2003; Svobodova et al., 2005). In addition, exposure to nitrite can also
induce oxidative stress and antioxidant responses in juvenile Brazilian flounder (Maltez et al.,
2018). Nitrite has affinity for the branchial chloride uptake mechanism, i.e. NO" can replace
ClI in the chloride/bicarbonate (CI/HCO3) gqill transporters (Jensen, 2003). Therefore,
whenever NO; is present in ambient water, a part of the CI- uptake will be shifted to NO

uptake, which also can lead to chloride depletion (Stormer et al., 1996). The role of sodium-
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potassium-chloride-cotransporter (NKCC) and cystic fibrosis transmembrane conductance
regulator (CFTR) in branchial transport of Cl-have been recently documented (Evans, 2008,
2011; Marshall & Singer, 2002). These transporting proteins, in addition to CI/HCOgz
transporters, are important for maintaining chloride homeostasis in teleosts and could be
affected by increased concentrations of nitrite in the water.

The toxic effect of NO2 decreased with increasing salinity levels (Kir & Sunar, 2017).
Elevation of the ambient CI- concentration can protect against nitrite uptake and thus against
nitrite toxicity (Crawford & Allen, 1977; Eddy, Kunzlik & Bath, 1982; Jensen, 2003; Perrone &
Meade, 1977). Indeed, adding chloride salts to water is the single most important method for
protecting fish against nitrite toxicity (Jensen, 2003). Acute toxicity of nitrite also can trigger the
oxidation of Fe?* to Fe®" in the heme molecule of hemoglobin, which leads to methaemoglobin
formation and reduces the blood oxygen transport capacity since methaemoglobin does not
bind oxygen (Lewis & Morris, 1986; Jensen, 2003; Kroupova et al., 2008; Kroupova, Valentova,
Svobodava, Sauer & Machova, 2016). A visible symptom of high methemoglobin levels is a
brown color in the blood and gills (Lewis & Morris, 1986; Kroupova, Valentova, Svobodava,

Sauer & Machov4, 2016), known as brown-blood disease (Timmons & Ebeling, 2007).

For RAS applications, Tucker and Robinson (1990) and Timmons and Ebeling (2007)
recommended to keep the chloride to nitrite-nitrogen ratio (Cl:NO2-N; w/w) above 20:1 to avoid
nitrite toxicity in catfish, tilapia, and trout. Svobodova et al. (2005) found that unstable biofilter
function and insufficient chloride concentrations were the main causes of mortality in three
RAS for catfish, tilapia, and tench, at CI:NO2>-N ratio between 12:1 and 83:1. These authors
concluded that the optimal CI:NO2-N ratio is likely higher than previously proposed (Timmons
& Ebeling, 2007; Tucker & Robinson, 1990), and that the evaluation of optimal Cl:NO>-N ratios
should take into account differences between fish species, life stages and environmental
conditions. Salmonids are among the most sensitive fishes to NO, (Lewis & Morris, 1986;
Eddy & Williams, 1986). In view of the protective effect of water chloride on NO;" toxicity,

monitoring and supplementation of this anion should be considered vital in RAS. In Norway
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and Chile, 90% of the smolt production sites have a Cl- concentration below 14 and 9 mg L?,
respectively, in the raw inlet water to the facilities, i.e. in the potential RAS make-up water
(Kristensen, Atland, Rosten, Urke & Rosseland et al., 2009). However, the CI- concentration in
the raw inlet water can be quite variable among sites (Kristensen et al., 2009) and seasons
(Terjesen et al., 2013). Hence, a higher CI level in the RAS water can be achieved through
the make-up water at some sites. Alternatively, at sites with low raw inlet water CI
concentration, RAS designed for a high reuse of water (e.g. >99% of total flow rate) can be
utilized, and a higher CI concentration than in the make-up water can be maintained by dosing

CI and monitoring conductivity.

Some studies have examined acute nitrite exposure in salmonids (Bowser, Wooster,
Aluisio & Blue, 1989; Eddy et al., 1982; Williams & Eddy, 1989). However, our understanding
on the effects of chronic exposure of salmonids to low NO2> concentrations (Doblander &
Lackner, 1996; Kroupova et al., 2008; Wedemeyer & Yasutake, 1978), and on the effects of
NO- on branchial gene expression of CI transporting proteins is limited. Furthermore, to our
knowledge no long-term NO; exposure experiments have been reported for Atlantic salmon,
despite the increased production of smolts in RAS and higher risk of NO2" exposure in closed
containment systems. Norwegian authorities’ guidelines recommend that water nitrite (NO>)
in smolt production systems should not exceed 0.1 mg L (FDIR, 2004). Still, the guidelines
provide no reference to water chloride concentration, except for seawater where the limit is 0.5
mg L (FDIR, 2004). Hence, a better understanding of the effects of chronic NO, exposure on
growth rate, survival, welfare indicators, and molecular physiology of Atlantic salmon, as well
as of optimal CI:NO2-N ratios is crucial for farmers, technology suppliers, and legislators. The
main objective of the present study is therefore to investigate how fish performance (i.e. growth
and feed conversion) and health, in particular gill integrity (i.e. pathology and selected
physiological and molecular parameters markers for chloride homeostasis), in Atlantic salmon
parr are affected by chronic exposure to different NO2- concentrations at a relatively high level

of water chloride.
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2. Materials and methods

2.1 Experimental fish

Atlantic salmon used in this experiment originated from the SalmoBreed strain (SalmoBreed,
Bergen, Norway). The fish were hatched in December 2009 at the Nofima research station in
Sunndalsgra (Norway). In May 2010, a total of 810 Atlantic salmon parr of 6.9 + 0.12 g ind?
(SD) size were stocked in 15 flow-through water tanks with a capacity of 150 L each, with 54
individuals per tank. The fish were then subjected to a four-week acclimatization period prior
to nitrite exposure to adapt to the experimental tanks and were given a standard commercial
feed during this period (Ewos Micro 5, 1.7 mm, Ewos, Bergen, Norway). At the start of the
exposure (day 0) in June 2010, the fish were bulk weighed, counted, and two individuals were
sampled per tank (all 15 tanks sampled). The average individual weight at start of the
experiment was 16.5 + 0.6 g ind%. The use of experimental animals, protocol and procedures
were reviewed and approved by the Norwegian Animal Research Authority through the permit

number 2651.

2.2 Experimental design

The exposure system was designed to maintain a constant Cl concentration at five
different concentrations of NO2-N, thereby producing a series of CI:NO>-N ratios (Table 1). A
ground well freshwater source was used in the experiment. Water temperature during the
exposure was 12.5 £ 0.1°C. Details on the chemical composition of the water source can be
found in Terjesen et al. (2013). Due to the variability in chloride concentration in the ground
well water at Nofima Sunndalsgra increasing its level from spring to autumn (see Terjesen et
al., 2013), a flexible NaCl dosing system was needed to achieve constant Cl as the experiment
progressed. NaCl (analytical grade, cat. no. 167-923568, Fisher Scientific, Oslo, Norway)
supplementation was therefore adjusted according to the raw water CI* concentration and

conductivity. One of three NaCl stock solutions of varying concentrations was pumped (8-
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channel Watson-Marlow pump, mod. 520 Du, Bredel, Wilmington, NC, USA) into a header-
tank to keep the CI concentration at a nominal 200 mg L within the five nitrite treatment mixing
tanks, each connected to 3 replicate fish tanks. In addition to the three different NaCl stock
solutions, Watson-Marlow pump marprene tubes were used to provide 14 possible NaCl
dosing levels. A calibration curve between water CI° concentration and conductivity was
established prior to the trial. Based on daily conductivity measurements, this relationship was
subsequently used each day to choose the appropriate NaCl stock solution and number of
tubes combination. The NaCl solution was pumped into a main header tank, which contained
an aquarium pump to ensure mixing, as well as diffusers for oxygenation; the header tank then
led to the five nitrite mixing tanks.

Four out of five treatment mixing tanks were supplemented with different flows of
NaNO: (analytical grade, cat. no. 162-424354, Fisher Scientific) stock solutions and were
pumped by four other channels in the Watson-Marlow pump. The following nominal NO2-N
treatment concentrations were established in the pre-tanks: 0.5, 2, 5 and 10 mg L™ NO2-N. No
NO, was pumped to the control group mixing tank. The small difference that may have resulted
in Na* water concentration between groups due to the Na* accompanying the NO," anion (max.
difference of 3.3 mg L) was not adjusted. However, the difference in Na* is small to that
already present in raw water during autumn in this water source (Terjesen et al., 2013).
Furthermore, the difference in NO2>-N concentration between control and the nominal 10 mg
L group was of several orders of magnitudes larger than the change in Na*. Therefore, the
results were interpreted as being primarily due to nitrite and Cl: NO2-N ratios.

From the mixing tanks, pipes led the water to three experimental fish tanks per
treatment. Technical failures in the pump system interrupted the NaNO: supply for the nominal
0.5 mg Lt NO2-N group at days 13 and 27, and for the nominal 5 mg L NO>-N group at day
46; however, malfunctions were rectified within 24 hours. Water quality data obtained during
these occasions were not included in the statistical analyses.

The fish were fed 22-h continuously (with belt feeders) per day, using commercial diets

(Ewos Micro 15 and 30, 2.2 and 2.8 mm pellets size, respectively). Daily rations were
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calculated according to feed intake, which was determined by using a feed waste collecting
system on each tank, and 20% overfeeding according to Helland, Grisdale-Helland & Nerland
(1996).

Water flow was set to a nominal 2.6 L min*? per tank, and oxygen levels were kept
above 85% saturation by using pure oxygen diffusers in each mixing tank (Table 1). A light:

dark regime of 24L:0D was used throughout the trial.

2.3 Measurements and sampling

The dosing pump for delivery of exposure compounds (NaNO; and NaCl) was checked
daily, and the pump flows were measured three times a week. Fish tank flow was measured
each week. The pump tubes were replaced if the observed deviations exceeded 10% of the
desired flow. Water samples from tank outlets, as well as pre-tanks, were collected every
second or third day for analysis of water quality. Conductivity and temperature were measured
daily using a HQ40D meter connected to a Hach Intelli-CAL CDC401 Standard Conductivity
probe (Hach Lange, Dusseldorf, Germany). pH was measured twice a week using a Hach
PHC10101 electrode on the HQ40D meter, while oxygen was measured three to five times a
week using a Hach Intellical LDO outdoor sensor (LDO101-5).

Fish were sampled at the start of the exposure (day 0; n=2 per tank), at exposure week
3 (days 21-22; n=15 per tank), at week 7 (days 48—49; n=12 per tank), and at the final sampling
at week 12 (days 83-84; n=12 per tank). Survival was recorded on a daily basis.

Feeding was continuous until sampling activities started each day, with all fish being
bulk weighed and counted. A total of 10-11 fish per tank were collected at each sampling
event, except at the start of the trial where only 2 fish per tank were collected. Fish were
anesthetized using tricaine methane sulphonate (100 mg L%, MS-222, Argent Chemical
Laboratories, Redmond, WA, USA) and subsequently euthanized. Blood samples were taken
from the caudal vein from four fish per tank using vacutainers with 45 USP lithium heparin
(Sigma-Aldrich, St. Louis, M.O., USA). Plasma was separated (10 min at 3000 r.p.m., Allegra

6R centrifuge, Beckman, CA, USA) and stored at -80°C for later nitrite analysis. At the sampling
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points at day 22 and 84, blood was also taken from another three fish per tank for immediate
analysis of pH, glucose and chloride concentrations using an ISTAT Portable Clinical Analyser
(Abbott Laboratories, Abbott Park, IL, USA). Individual weight and length were measured for
all sampled fish. Stomach and gut content of each fish was also weighed, for later correction
of tank individual weight. Heart index (CSl, cardio somatic index) and liver index (HSI, hepato
somatic index) were determined for one and four fish per tank at the start of the exposure and
other sampling points, respectively.

The second gill arch on the left side of the fish was sampled from one and four
individuals per tank at the start of the exposure and all other sampling points, respectively. Gill
samples were split in two; one piece was collected in cryo tubes and frozen in liquid nitrogen
for later gene expression analysis, whereas the other half gill arch was collected in liquid
scintillation vials with 10 mL phosphate-buffered formalin (4%, pH 7.2) formalin. Of the latter
samples, gills from three treatments (0, 0.5 and 10 mg L nominal NO2-N, collected as
described above) were taken after 84 days of nitrite exposure and sent to the Norwegian

Veterinary Institute (Oslo, Norway) for histology analysis.

2.4 Analytical methods

Water samples were analyzed for NO2>-N using an automated analyzer (Flow Solution
IV, Ol Analytical, College Station, TX, USA), according to U.S. E.P.A Method 353.2 (U.S.EPA,
1983). The chloride concentration in water samples collected at intervals varying between two
and 12 days was analyzed using a Hach Digital Titrator with the silver nitrate method 8207
(Hach).

Blood pH, CI, and glucose (Glu) was analyzed using the I-STAT analyzer, with EC8+
cartridges (Abbott Laboratories). The obtained pH values were temperature-corrected to the
relevant experimental water temperature according to Roth and Rotabakk (2012).

Nitrite (NO2-N) in plasma was analyzed according to Miranda, Espey & Wink (2001),
based on the Greiss-reaction, but without the prior nitrate reduction step. Briefly, plasma

samples were first deproteinized using Nanosep 30K cartridges (Fischer Scientific) with a 30
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kDa cut-off. Subsequently, 150 pL of the deproteinized plasma was added to a reaction mix of
150 pl SULF (sulfanilamide) and 150 pL NEDD (N-1-(naphthyl) ethylenediamine) in disposable
cuvettes, and left for 45 minutes before reading absorbance at 540 nm. Plasma samples were
run in duplicate and the NO>-N concentration was calculated from standard curves prepared
each analysis day from duplicate assays of five known concentrations of NO2-N (r? > 0.998 for
all curves). Urea concentration was also analyzed on the deproteinized plasma samples
according to Rahmatullah and Boyde (1980).

For evaluation of gill histology, tissues were embedded in paraffin, cut into 5 um
sections after surface decalcification (decalcifying solution light, Sigma—Aldrich) and then
stained according to a standard haematoxylin-eosin (H&E) histological protocol. H&E stained
slides of gill tissues were subsequently evaluated for evidence of damage or tissue change.
The samples were given a gill histopathology score of either 0) no change; 1) minimal changes,
one focus of e.g. epithelial hyperplasia or sub-epithelial cell infiltration; 2) one additional
observation of change in the section; 3) three observations of e.g. hyperplasia per sample; and
4) severe changes.

For analysis of gene expression in gill tissues, total gill RNA was isolated from 12
individuals per treatment (three weeks exposure and at the end of the trial) using TRIzolTM
and Micro to Midi Kit and DNAsel treatment (Invitrogen, MD, USA). Purity and quantity of the
isolated RNA was measured by spectrophotometry (Nanodrop® ND-1000 Spectrophotometer,
NanoDrop Technologies, Wilmington, DE, USA). For all samples, 0.5 mg total RNA was
reverse transcribed to cDNA using a 50:50 mix of random hexamer and oligo(dT) primers and
Tagman Gold RT-PCR kit (Applied Biosystems, CA, USA). All reactions were performed in
accordance with the manufacturer’s protocol.

Primers for expression analysis were based on known Atlantic salmon sequences.
nkccl (Genbank no. NM_001123683) primers (Forward: TCTGAATTCGAAAGCACCGC and
Reverse: TAAATGTCCGGCACAACTCG) were designed using the Vector NTI Advance 10
(Life technologies, MD, USA) and NetPrimer (PREMIER Biosoft, CA, USA) software. cfirl

(Genbank no. AF155237) primers (Forward: GAACCTTCTCCAATATGGTTGAAGAGGCAAG

10
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and Reverse: GCACAGTTTTCCTTCCCCAACTCCTAAC), and primers against the internal
standard gene 18S rRNA (Forward: GCCCTATCAACTTTCGATGGTAC and
Reverse: TTTGGATGTGGTAGCCGTTTCTC) also were used from Singer et al. (2002) and
Jargensen, Hetland, Press, Grimholt & Gjgen et al. (2007), respectively. PCR products from
all primers were cloned using pGEM T-easy (Promega, WI, USA) and sequenced with Big Dye
Terminator chemistry and the ABI 3730 automated sequencer, both delivered by Applied
Biosystems.

Triplicate real-time gPCR reactions were performed using the Light cycler 480 and
SYBR Green chemistry (Roche, Switzerland) at the following thermal cycling conditions: 95°C
for 10min, followed by 45 cycles at 95°C for 15s, 60°C for 15s and 72°C for 15s. Specificity
was assessed by the melting curves and on EDTA stained agarose gel. Relative nkccl or cftrl
MRNA was normalized to relative 18S rRNA mRNA levels. The transcription ratios were tested
by using the Relative Expression Software Tool, REST, including exact PCR efficiency of each

amplicon according to Pfaffl, Horgan & Dempfle (2002).

2.5 Data treatment and statistics
Specific growth rates (SGR, % day) between sampling points (t, days) were calculated

using the individual body weight at the first sampling point (BW1) and at the last sampling point
(BW2), according to the equation:

SGR = (INBW2 - InBW1) x 100 / t
Individual body weight measurements, BW1 and BW2, were also used to calculate feed
conversion ratios for particular periods (FCR) following Helland et al. (1996):

FCR = TFI/ (BW2 — BW1)
where TFI represents the total individual dry feed intake over the experimental period in
guestion.
Condition factor (CF) was calculated from the individual weight (W, g) and corresponding
length (L, cm):

CF=W x L3x100
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Hepato somatic index (HSI, %) was calculated according to the equation:

HSI = (Liver weight / W) x 100
Cardio somatic index (CSl, %) was calculated according to the equation:

CSI = (Heart weight / W) x 100
Fish tank was used as the statistical unit unless otherwise indicated. All data are presented as
mean + SD, except for gene expression data that are presented as mean + SEM.

To test for significant differences between exposure treatment means, one-way
ANOVAs were used, with exposure treatment as the main factor. If significant, Tukey’s multiple
comparison tests were subsequently applied to evaluate which treatment differed from which.
For plasma nitrite, repeated measures ANOVAs were used, with the main factor being
exposure treatment and repeated measures being sampling point to test for effects of exposure
duration. Differences between treatments in gene expression of nkcc and cftrl were tested for

significance by the Pair Wise Fixed Reallocation Randomization Test (Pfaffl et al., 2002).
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3. Results

3.1 Exposure conditions

The exposure system maintained nitrite in the fish tanks from approximately 90% to
106% of the intended nominal NO2-N concentration (Table 1). A reduction in the order of 14.7
+ 5.0% (mean £ SD of all treatments) was observed in the nitrite concentration between mixing
tanks and the outlet of the fish tanks. The actual Cl:NO>-N ratios therefore varied between
101% and 108% of the nominal ratios (Table 1). There was no significant difference between
the CI:NO2-N ratios measured during the first three weeks, compared with ratios obtained in
the remainder of the experiment (p > 0.05). During the study, the tank outlet pH increased

significantly by up to 0.07 units (p < 0.05) with the NO2-N exposure concentration (Table 1).

3.2 Survival, growth and feed utilization indices

No treatment-related mortality was observed during the experiment. The mean
individual weight across treatments at the end of the experiment was 80.9 + 8.4 g ind* (n =15
tanks). No significant differences in weight were detected between treatments (p = 0.16) (Fig.
1), although the three groups exposed to the highest nitrite concentrations showed the lowest
body weight at the end of the trial. However, during the first periods of the experiment,
significant differences in specific growth rate (SGR) were found between the start of the
exposure and week 3. The highest SGR was observed in the control group (2.9 £ 0.2 %BW d-
1). The lowest SGR occurred in the group exposed to a nominal 10 mg L2 NO2-N concentration
at a CI:NOz-N ratio of 21:1 (2.5 + 0.1 %BW d*?) (Table 2), representing a 16% growth rate
reduction. Significant differences in SGR between treatments were also observed between
day 22 and day 49 of the experiment. In contrast, final individual body weight, SGR (p = 0.13),
accumulated feed intake (p = 0.14) or feed conversion ratio (FCR, feed:gain) (p = 0.25) had
no significant differences throughout the entire experimental period. In addition, no significant

differences were found in HSI, CSI or condition factor (data not shown).

13



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

3.3 Blood indices

Blood pH averaged 7.2+0.0, whereas chloride and glucose averaged 131 + 1 mmol I
and 6.0 + 0.2 mg dL?, respectively, at the last sampling point at day 84. None of these blood
indices changed significantly with treatment at neither day 22 nor at day 84 (Table 3).

The plasma nitrite concentration was significantly affected by the experimental
treatments at experimental day 22 (p < 0.01) and at day 84 (p < 0.001) (Fig. 2). The 104:1
CI:NO2-N ratio in water did not result in a significant plasma nitrite concentration in relation to
the control group. At lower CI:NO2-N ratios (which correspond to the two highest water NO>"-
N concentration treatments), a significantly increased plasma NO>-N was observed (Figure
2). Length of exposure significantly affected plasma NO2-N (p < 0.05) when sampling day was
included in the statistical analysis in a repeated measures design. Hence, although still
affected by the ambient nitrite concentration, the exposure resulted in a significantly lower

plasma NO--N at the end of the experiment compared with day 22.

3.4 Histology

Gill histology of the fish in the control group or of fish exposed to 0.5 or 10 mg L** NO2
-N showed no significant effect on the histology score at day 84 of treatment (p = 0.54) (Fig.
3). Overall, none of the histology samples investigated had a gill histopathology score higher

than two.

3.5 Gene expression

Branchial nkccl transcription was not affected by nitrite exposure after 22 days (Fig.
4A) but a significant nkccl up-regulation was found in the 2 mg L™t NO.-N nominal exposure
group (104:1 ratio) at day 84. However, no dose-response relationship was apparent between
exposure concentration and nkccl transcription. In contrast, branchial transcription of cftrl was
significantly affected by the experimental treatments (Fig. 4B). Only fish in the 10 mg Lt NO2
-N nominal exposure group (21:1, CIINO2-N ratio) showed an up-regulation of cfirl

transcription (p < 0.001) at day 22. All groups except the lowest nitrite concentration were
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found to be significantly up-regulated relative to the control group at day 84 (p < 0.05) (Fig.

4B).

4. Discussion

Despite the relatively high water nitrite concentrations used in the present study, i.e. up
to 100 times the limit stated in water quality guidelines (FDIR, 2004), no treatment-related
mortality occurred during the experiment. This observation is supported by the protective
effects of water chloride on nitrite toxicity in teleosts (Bowser et al., 1989; Crawford & Allen,
1977; Jensen, 2003; Svobodova et al., 2005). However, little was known of the optimal CI:NO»
-N ratio for Atlantic salmon during the parr stage under conditions promoting rapid fish growth
in the control group. In this sense, the present study provides information as to which CI:NO;
-N ratios are necessary to provide sufficient protection against adverse effects of chronic nitrite
exposure during smolt production, under a fixed and high chloride concentration.

Low level chronic nitrite exposure is common in RAS for Atlantic salmon production.
For instance, nitrite ranged from below 0.01 to 3.7 mg L' NO>-N in a facility producing 5 million
smolts per year using RAS (monitored daily over 2.5 years, Frode Mathisen, Grieg Seafood,
pers. com.). In addition, it has been reported that routine procedures such as removal of large
water volume from the system can cause changes in water temperature and pH. These
changes can consequently affect the nitrification process and lead to nitrite accumulation up
to 6 mg L in commercial RAS for salmonids in Chile (Emparanza, 2009).

High nitrite level in fish tank can be caused by many reasons such as improper feeding
ration, antibiotics baths and poor nitrification performance, particularly in the its second stage,
i.e. NO> oxidation to NOs. This condition has resulted in damage or mortality in different fish
culture: catfish (NO2-= 1.6 mg L?; CI:NO2.-N ratios of 27.5), tench (NO>-1.2-1.9 mg L%; CI
:NO2.-N= 11.8-18.8) and tilapia (0.8-2.0 mg L*; CI:NO,.-N= 27-83), (Svobodova et al., 2005).
Therefore, it was recommended that chloride concentrations should be raised to at least 100

mg L as a preventive measure (Svobodova et al., 2005). Recently, it has been recommended
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for cold water species, such as trout, chloride levels above 200 mg L* as designing criteria for
RAS operations (Timmons et al., 2018).

The trend in commercial RAS is to operate under high salinity levels for early stages of
salmon, to reduce stress levels and the amount of energy required for osmoregulation
(Timmons et al., 2018). In consequence, to avoid nitrite toxicity in RAS is recommended to
maintain a high CI- concentration (100-200 mg L) (Svobodova et al., 2005; Timmons et al
2018). Hence, our experimental set up was defined to maintain a fixed nominal high CI-
concentration of 200 mg L. This is important for water inlets chloride concentration that can
fluctuate at seasonal scale (see Terjesen et al., 2013) as well as at spatial scale in Norway
and Chile (see Kristensen et al., 2009).

Outcomes from this study can serve as a guideline for CI dosage in RAS, trying to
maintain a fixed high CI- level. For example, for a concentration of 1.9 mg L** NO2-N, more
than 200 mg L of CI-must be the target at tank level to reach a NO2-N: Cl ratio above 104:1.
If the water inlet has a CI concentration of 14 and 100 mg L?, then 186 and 100 mg L* of CI
would be added, respectively. This concentration of CI represents an applicable dosage of
307 and 165 mg L* of NaCl (analytical grade), the equivalent in grams of NaCl per m™ of inlet
water, respectively. Even though, this ClI- dosage can be considered an easy operational
routine to avoid nitrite toxic sub-lethal effects on salmon, the temporal variability of CI- at the
inlet should be properly defined throughout long-term water quality monitoring programs.

The growth rate of the control fish group observed in the present study was comparable
with the growth rates observed in commercial salmon smolt production, with 76% to 130% of
that expected from tables based on industry growth rate data (Skretting, 2006, 2009). However,
specific growth rates of the exposed fish were significantly affected by nitrite during the first 22
days. The fish exposed to a nominal 10 mg L' NO2-N concentration, at a Cl:NO-N ratio of
21:1, showed a significantly reduced growth rate compared with the control group. Kroupova
et al. (2008) reported that the specific growth rate of rainbow trout also was reduced when
exposed to CI:NO;-N ratios below 33:1. The previously recommended water CI:NO>-N ratio

of at least 20:1 for RAS (Timmons & Ebeling, 2007) is therefore not sufficient to protect Atlantic
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salmon parr during the early phases of nitrite exposure. Instead, our findings suggest that a
CI:NO2-N ratio of at least 104:1 is necessary to avoid nitrite accumulation in Atlantic salmon
parr; this ratio should consequently be implemented as the new threshold.

The present results suggest that the cost of tissue maintenance or of growth was not
increased to any large extent by nitrite entry into the fish, since feed utilization (FCR) was not
significantly affected (Table 2). Nitrite might have adversely affected growth during the first
weeks of exposure by disturbing the oxygen carrying capacity or in growth-controlling parts of
the endocrine system; for instance, by transformation of nitrite to nitric oxide or by nitrite
replacing this hormone (Jensen, 2003). Indeed, it has been suggested that nitrite is not only
an inert molecule. Moreover, Bryan et al. (2005) demonstrated that NO2 can regulate gene
expression in mammalian tissues, and several observations indicate that nitrite can be
transformed to NO in rainbow trout erythrocytes (Jensen, 2006).

Regarding blood indices during nitrite exposure, in the study by Kroupova et al (2008),
no significant differences were found in methaemoglobin levels in blood, despite that significant
changes were found in several other parameters such as growth rate and plasma nitrite
concentrations (Kroupova, et al., 2008). Possibly, unlike nitrite in plasma, methaemaoglobin
measurements are not sufficiently reflective of water nitrite concentrations during chronic sub-
lethal exposure, in contrast to the situation during acute exposure studies. Moreover, chloride
can be depleted during nitrite exposure (Jensen, 2003), and blood glucose has been shown to
increase in turbot (Jia et al., 2015); however, none of these responses were observed in the
present study. A response in these blood parameters cannot be ruled out however, for the very
first days of exposure, since the first sampling was done at 22 days. However, the results
suggest that unlike in rainbow trout (Kroupova, et al., 2008) and Atlantic cod (Siikavuopio &
Seether, 2006), major ion-regulatory disturbances or hyperglycemia, typical of stressful
conditions in fish (Ackerman, et al., 2000; Pankhurst, 2011), are not chronically induced in
Atlantic salmon parr at the CI:NO>-N ratios used in the present study. Previous studies support
the lack of chloride depletion, as fish apparently maintain a fixed internal chloride concentration

even when nitrite is present in high levels (Lewis & Morris, 1986) and most blood parameters
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of animals exposed subchronically to nitrite did not differ from the control treatment (Silva et
al., 2018).

Nitrite accumulated significantly in plasma of the salmon parr at the two highest
exposure concentrations, but concentrations were kept below that in the ambient water in fish
of all groups (Fig. 3). This agrees with the situation in rainbow trout chronically exposed to
nitrite, in which plasma levels were considerably lower than ambient water (Kroupova et al.,
2008). The same was observed when African catfish was exposed during 28 days to water
NO-N concentrations up to 13 mg L™ (Roques et al., 2015). The direction of the tissue:water
nitrite gradient is, however, dependent on the water chloride concentration, and there are both
inter- and intraspecific differences regarding the extent of nitrite tissue accumulation (Jensen,
2003). As an example, NO2>-N levels in plasma of rainbow trout exposed to nitrite at a 3:1
CIENO2-N ratio increased above the ambient water concentration during the first day of
exposure (Stormer et al., 1996). In the present study, the nitrite concentration in plasma was
significantly affected by length of exposure, such that at 84 days, plasma concentration had
decreased to 40 + 9 % from values at day 22 (all exposure groups pooled). Thus, as also
witnessed by the lack of effect on growth rate in the last part of the trial, a potential adaptation
towards the ambient nitrite occurred in the Atlantic salmon parr. This may have occurred either
by reduction in the nitrite influx rate, increased excretion of nitrite, or by tissue detoxification
mechanisms and not specifically by the protective effects of chloride. Doblander and Lackner
(1996) showed that trout hepatocytes have the ability to oxidize nitrite to nitrate, and the
authors suggested that the sensitivity of fish towards nitrite is not only governed by branchial
uptake but also by detoxification systems in liver and other tissues. The ability of African catfish
to acclimatize to relatively high nitrite concentrations in water (up to 13 mg L NO>-N) was
also attributed to internal detoxification of nitrite to less toxic nitrate (Roques et al., 2015). The
presence of uric acid increases nitrite oxidation to nitrate by a factor of two in the rainbow trout
hepatocytes (Doblander & Lackner, 1996). Therefore, further studies should combine

nucleotide rich feeds (e.g. Andersen et al., 2006) and nitrite exposure treatments in Atlantic

18



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

salmon since nucleic acid-rich diets increase plasma uric acid in salmon and rainbow trout to
20—-44 umol/L (Aas et al., 2006; Andersen et al., 2006).

In contrast to nkccl, mMRNA expression of the cftrl anion channel was responsive to
the experimental treatments. In this sense, cftrl may be considered a novel marker for nitrite
exposure in Atlantic salmon parr. In rainbow trout, the number of gill chloride cells correlate
with increasing water nitrite concentration during chronic exposure at a constant 10 mg L™ CI
concentration (Kroupova et al., 2008). The chloride cell number has also been found to
correlate with the nitrite concentration in plasma of trout (Krous, Blazer & Meade, 1982).
Moreover, gills were the preferred tissue for transcriptomics in response to acute nitrite toxicity
in bighead carp (Miao et al., 2018). Regarding the cellular location in gill tissues, the CFTR
protein is localized at the basolateral membrane of the chloride cells in freshwater adapted
killifish (Marshall & Singer, 2002); these authors concluded that the basolateral location is
consistent with CFTR involved in NaCl uptake in freshwater. In Atlantic salmon, cftrl
transcription increases rapidly at sea water transfer and is subsequently sustained (Singer et
al., 2002), although Stefansson et al. (2012) suggest a more complex regulation of CFTR
during sea water migration. Interestingly, cftrl mRNA expression is significantly up-regulated
by cortisol-implants in Atlantic salmon smolts (Singer et al., 2003). Taking into account that
nitrite increases chloride cell abundance, and that CFTR is involved in NaCl uptake, it is
hypothesized that the observed up-regulation of cftrl mMRNA expression in salmon parr during
nitrite exposure might be associated with an increased number of chloride cells. Considering
that nitrite competes with CI for transport across the gill, chloride cell proliferation during
exposure of the fish to nitrite may be a compensatory mechanism to maintain internal CI
balance. Such a putative coping mechanism may explain why no significant chloride depletion
was detected in the present study, despite nitrite exposure resulted in elevated nitrite in
plasma. Future studies using an acute-type exposure model in Atlantic salmon parr may assist
in elucidating such a putative mechanism, as well as potential detoxification routes.

In conclusion, this study provides recommendations as to which chloride to nitrite ratios

can counteract certain adverse effects of nitrite during long-term exposure in Atlantic salmon
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parr, based on growth rate, and physiological and molecular responses. It is suggested that
for smolt production, water quality must be maintained so that any nitrite present in the water
is not able to enter the fish via branchial channels. Measurements of nitrite in plasma are useful
in this regard and indicate that a CI:NO>-N ratio in the water above 104:1 is necessary to avoid
nitrite accumulation in Atlantic salmon parr. Therefore, we suggest that during episodes of
nitrite accumulation in RAS for Atlantic salmon parr, or when such nitrite peaks can be
expected to occur, chloride should be added to the water to maintain a CI:NO2-N ratio above

104:1 to protect against initial growth rate reduction and nitrite entry.
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Figure legends

Fig. 1. Individual body weight of Atlantic salmon parr during the nitrite exposure study. Each

data point indicates the tank mean (£ SD) of each treatment (n = 3 tanks).

Fig. 2. Plasma NO2-N concentration in Atlantic salmon parr sampled after 22 and 84 days of
NO2-N exposure. Each bar represents the mean (+ SD) of three samples; each sample
consists of plasma pooled from four individual fish per tank. Significant differences (p < 0.05)

are indicated by letters above the bars.

Fig. 3. Histological evaluation of gill tissues of Atlantic salmon parr when exposed to water
nitrite for 84 days. Each bar indicates the mean score (+ SD) of three tanks; each tank value
averaged from histology of four fish (12 fish per treatment). To the right, examples of scores

0, 1, and 2; scores greater than 2 were not observed.

Fig. 4. NKCC1 (A) and CFTR1 (B) gill gene expression in Atlantic salmon parr sampled at 22
days (cross-hatched bars) and 84 days (open bars) since the start of the nitrite exposure.
The data is normalized to the expression level in the control group (expression = 1, dashed
horizontal line). Each bar indicates the mean (+ S.E.) values of 12 individuals per treatment.

Differences are significant at *p < 0.05; **p < 0.01; and ***p < 0.001.
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Table 1. Nominal and actual exposure concentrations of nitrite (NO2-N) and chloride (CI'), and other conditions, during the 84 day
long nitrite exposure study on Atlantic salmon patrr.

Nominal [NO2-N] [CI] Cl:INO2-N Conductivity Tank Water O2saturation pH
exposure (mgL?1)* (mglL?) (w:w) (uS cm?) water temperature (%)

(NO2-N, flow (°C)

mg L) (L min1)

0 0.0+0.02 189.0+229 1.8x10°+0.9x10% 701 + 632 26+0.1 12401 922+1.3> 7.0+0.1
0.5 0.5+0.2° 187.2+21.7 404+ 1799 708 £ 622 26+0.1 12501 95.4+0.9% 7.0+0.1
2 1.9£04° 190.0+23.0 104 +27° 726+70>  25+02 12501 99.9+0.8* 7.1%01
5 4.6+0.69 189.3+223 43+9P 749 £ 65° 26+£0.1 12501 929+0.6° 7.1+0.1
10 9.0+£1.0° 189.1+23.8 2152 785 + 694 2601 12501 93.1+3.8°> 7.1+0.1

*All values in the table are the mean + SD of measurements in the tank outlets (n=3 tanks per treatment), throughout the
experiment. See text for details on sampling frequency during the trial. Tank means with differing letters are significantly
different (p<0.05, n=15).

$The control group CI:NO2-N ratios were not included in this statistical test, since the background levels of nitrite (below or
around detection limits of the analysis) produced high variances in the ratios.



Table 2. Specific growth rate (SGR) and feed conversion ratio (FCR) of the Atlantic salmon parr during the 84 day long nitrite

exposure study.

gfgg‘ﬁ'e CENOAN SGR SGR SGR FCR FCR
(NO2-N, (Wew) doay 1212 . doay 22-_?3* doay 43?4 day 2.2-43 day 4.3-8_4
mg L) (% day™) (% day™) (% day™) (feed:gain) (feed:gain)
0 1.8x10°+0.9 x

105 291+0.242 2.08+0.13%> 1.33+0.17 0.73+0.02 0.77 £0.04
0.5 404 + 179 2.59+0.09% 225+0.092 143+0.13 0.73+0.06 0.84 +0.05
2 104 + 27 2.62+0.022%> 190+0.20%* 1.35+0.19 0.77+0.05 0.78 £ 0.03
5 43+9 2.73+0.10%® 1.79+0.17° 1.24+0.29 0.82+0.06 0.85 +0.09
10 21+5 247 +£0.14> 2.02+0.04% 1.41+0.07 0.77+0.04 0.81+0.02

*All values in the table are the mean + SD of measurements (n=3 tanks per treatment), throughout the experiment. Tank

means not sharing similar letters are considered significantly different (p<0.05, n=15).



Table 3. Blood chloride (CI), pH and glucose (Glu) of the Atlantic salmon parr at day 22 and 84 of exposure to different NO2-
N concentration.

Experimental Nominal

day NO2-N CI:NO2-N CI i Glu
exposure ratio (mmol I'1)* P (mg d) *
(mg L)
22 0 1.8x10° 121.2+35 7.2+00 54+04
22 0.5 404 1126+47 7.3+0.1 48+0.9
22 2 104 1220+23 7.1+£0.2 55+0.2
22 5 43 1144+13 7.2+0.1 53+05
22 10 21 113.2+57 7.2+00 46+x04
84 0 1.8x10° 130.1+06 7.2+0.0 5.9+0.7
84 0.5 404 131.0+11 7.2+0.0 6.1+x05
84 2 104 1316+28 7.3+0.0 59+x04
84 5 43 1299+26 7.2+0.1 6.3+x0.9
84 10 21 132.7+24 7.2+0.0 58+0.3

*All values in the table are the mean + SD of blood parameter measurements (n=9 fish per treatment), throughout the experiment.
See text for details on sampling frequency during the trial.



