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Introduction

Net biofouling has a significant impact for the global salmon industry in the seawater grow-out stage in terms of its management. Current mitigation strategies occur primarily through the regular removal of biofouling using in situ cleaning. While in situ net cleaning is effective there is uncertainty as to whether the equipment or dispersed material has an impact upon the fish in the cages. Through direct contact with the environment, the significant surface area of the gill including its microbiome is directly exposed to the acute environmental changes generated by net cleaning. This study aimed to provide a detailed understanding of the impact of in situ net cleaning on Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) gill health.





Methods

Three field trials were conducted on commercial fish farms in western Norway. Fouling organisms on net pens and flushed particles during in situ cleaning were identified and screened for major fish pathogens. Hydrographic profile measurements were performed to measure the impact on water quality. Gill samples were examined for histopathological changes, immune gene expression, and the prevalence of major pathogens. 16S rRNA amplicon sequencing was employed to explore the impact of net cleaning on gill microbiome.





Results and discussion

Data obtained from these trials identified a diversity of fouling species including hydroids, algae, skeleton shrimps, and filter feeders on net pens, a direct impact on measured water quality indicators, a moderate change in gill inflammatory and antigen presentation activity at the level of mRNA, and a large significant change in gill microbiome. Observed changes in gill microbial community involved a decrease in bacterial richness coupled to an increase in identified bacterial genera related to negative health consequences. Parallel analyses for pathogens load in biofouling organisms and flushed particles highlighted the presence of several fish bacteria and parasites. However, minor changes were detected in salmon gill pathogen diversity and loading. Our results suggest that biofouling organisms may act as transient reservoirs for some fish pathogens but not viruses and that gill microbial dysbiosis could be related to the host stress response during and post net cleaning.
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Introduction

Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) aquaculture have undergone rapid expansion over the last decades with the majority of production situated in Norway, Chile and Scotland (Naylor and Burke, 2005; FAO, 2018). Expansion has been supported through the adoption of technologies that increase production volume such as the adoption of larger net pen sizes which increase production efficiencies. Despite higher efficiencies, larger pens present additional challenges for seawater grow-out such as the necessity to control net biofouling where unwanted growth and accumulation of diverse organisms occurs on pen nets (Bloecher and Floerl, 2021). Biofouling organisms mainly include the hydroid Ectopleura larynx, caprellid amphipods, blue mussel Mytilus edulis, ascidian Ciona intestinalis, red algae Ectocarpus spp. and green algae Ulva spp. (Bloecher et al., 2013). Net occlusion reduces water quality by limiting water exchange, reducing oxygen saturation, inhibiting waste removal (Madin et al., 2010), and potentially decreasing cleaner fish efficiency through the provision of alternative food sources (Imsland et al., 2015). Several pathogens have been detected within biofouling communities, although there is no evidence that these communities act as a significant source of infection (Hellebø et al., 2017; Østevik et al., 2021). Besides biological impacts, biofouling has an impact on farm infrastructure, increasing pressure on mooring loads through increased net weights and reducing pen volume through deformation potentially leading to net damage (Gansel et al., 2015; Bannister et al., 2019). Thus, biofouling can negatively impact fish health and welfare and farm infrastructure.

Mitigation of net biofouling occurs primarily through either the use of antifouling net coatings or the regular removal of biofouling using in situ cleaning. Antifouling net coatings minimize biofouling growth on nets via the use of biocides with copper oxide the most frequently used in both Norway and Scotland (Bloecher and Floerl, 2020). Temporal reductions in the efficacy of copper-based coatings means that treated nets are not effective for the entire seawater production phase with several studies demonstrating that biofouling may occur within 8-12 weeks of immersion (Bloecher et al., 2015). Additional concerns have been raised over the potential hazardous impact of copper on the environment (Bloecher and Floerl, 2020). Such factors have resulted in the widespread adoption of in situ net cleaning to control net biofouling either as an alternative or as a complimentary approach to control biofouling on salmon farms. In situ cleaning is typically conducted using remotely operated cleaning rigs featuring several rotating discs that push water at a high pressure (50 to 300 bar) through nozzles against the net (Bannister et al., 2019). During this process, flushed particles are discharged directly into the surrounding environment within and around the cage. Particles contain a mixture of biofouling organisms and potentially residues of antifouling coatings (Floerl et al., 2016). The frequency of net cleaning varies according to biofouling accumulation rates, cultured species requirements, and net coating. Net cleaning rates have increased in Scotland and Norway due to concerns over cleaner fish performance and in some sites with high growth cleaning may be performed every two weeks or more (Bloecher and Floerl, 2021).

While in situ net cleaning is effective to mitigate issues related to biofouling, there is uncertainty as to whether the equipment or disposed material has a negative impact upon the fish. Recent published data show a temporal decrease in appetite and increased mortalities among salmon and cleaner fish after net cleaning events (Bloecher and Floerl, 2021). Previously, it has been suggested that the flushed particles during net cleaning can cause mechanical injuries to the gills and skin of farmed fish (Floerl et al., 2016). In addition, the release of E. larynx nematocyst toxins may cause irritation and damage to fish gills (Bloecher et al., 2018). Gill lesions such as thrombi, lamellar epithelial hyperplasia, and inflammation has also been observed post-cleaning (Bloecher et al., 2018; Østevik et al., 2021). Salmon producers highlighted several concerns over the development of disease outbreaks due to stress associated with the cleaning process in addition to the potential release of pathogens present in the biofouling organisms (Bloecher and Floerl, 2021).

The significant surface area and direct contact with the environment leaves the gill and its associated microbiome especially exposed to such concerns. The gill microbiome plays a pivotal role in the maintenance of healthy mucosal barriers and thus a stable immune system and overall health (Pérez et al., 2010). Dysbiosis, disturbance or imbalance of the microbiome, can dramatically impact overall health and physiology and may result from pathogenic infections and or treatment (Butt and Volkoff, 2019). For instance, dysbiosis of the salmon gut has been associated with both the bacterial infection Tenacibaculum dicentrarchi and the experimental treatment with formalin (Bozzi et al., 2021). Although some studies have assessed the effects of net cleaning on overall salmon gill health (Bloecher et al., 2018; Østevik et al., 2021), to the authors knowledge no studies have addressed the impact of net cleaning on the microbial communities present on the gill. Therefore, the aim of this study was to provide a detailed understanding of the impact of in situ net cleaning on Atlantic salmon and rainbow trout gill health through: (1) identification of the biofouling organisms on net pens and quantification of the pathogens loads in these organisms; (2) assessment of the perturbations in water quality from in situ cleaning of the nets and quantification of pathogen load in flushed particles; (3) investigation of the histopathological changes and the prevalence of gill pathogens following net cleaning; (4) evaluation of the impact of net cleaning on key markers of the salmon gill immune response; and (5) exploring the perturbations of the gill microbial community after in situ net cleaning.





Materials and methods




Ethics statement

This study was carried out in accordance with the UK Animal Scientific Procedures Act. The study protocol was approved by the Norwegian Animal Research Authority (NARA) in 2019 under the identification code 18259 and the University of Stirling Animal Welfare and Ethical Review Body (AWERB (19/20) 63).





Experimental procedures




Study sites and net cleaning

The field trials were conducted on commercial fish farms producing Atlantic salmon (Site A and B) and rainbow trout (Site C). Location of the fish farms were moderate exposed from waves and currents and none of the farm sites were directly impacted by freshwater from river runoffs. A full schematic outlining the experimental design and methods used for the analysis is presented in Supplementary Figure S1, and production data are illustrated in Table 1. In situ net cleaning was performed using remote-controlled subsea vehicles (StealthCleaner [Site A and C] and Østerbø Yanmar net cleaner [Site B]) with a water pressure ranged from 60 to 175 bar. The net cleaning process took 2-5 hrs per net pen. Average net cleaning frequency was given as every second week from May to November 2019.


Table 1 | Sampling events and production data of the commercial farm sites (A, B and C).







Sampling

Sampling and measurements at the farm sites were conducted in the period from August to October 2019. Gill samples were collected pre- and 5-8 days post- net cleaning. Collection of fouling organisms from the pen wall at surface layer was conducted prior net cleaning, on the same day of fish sampling. In addition, several hydrographic profile measurements and water sampling were performed during net cleaning to measure impact of net flushing on water quality. Such measurements were conducted one hour before net cleaning as a reference, and one hour after to measure clearance of waterborne particles. Sampling events are summarized in Table 1.





Biofouling organisms

Fouling communities on the upper part of net walls were examined with a handheld underwater camera (GoPro Hero4 attached to an extension pole) before net cleaning for describing dominant species and fouling coverage of the net area. Fouling organisms were collected from all locations except Farm C, where there were no fouling organisms on net walls at surface level due to the use of sea lice skirt. Fouling organisms were sampled by hand from the net wall and other submerged surfaces (floating collars) at surface level and stored in wide neck bottles (1000 mL) filled with seawater. The bottles were labelled and transported in a thermo box to the NORCE laboratory in Bergen. The samples were stored at 4°C overnight and examined at the laboratory the following morning.





Flushed particles

In situ net cleaning was performed using hydro-flushing at high pressure. This method results in flushed particles at varying sizes and sedimentation rates depending on fouling density, fouling species and the water pressure used. Vertical water sampling using a plankton net (mesh size 180 µm, diameter 27 cm) from a depth of 10 meters to surface was applied to collect flushed particles. Samples were collected pre-, during- and 40-60 mins post- net cleaning. No samples were collected pre-net cleaning at Farm A as the cleaning process was started when the sampling team arrived to the farm. Particles from the water column were collected in a 50 mL glass bottle at the end of the plankton net. Particles and seawater from the collecting bottle were transferred to a wide neck bottle (1000 mL). Vertical water sampling with plankton net was repeated five times resulting in a total sampling size of 250 ml. All sampling events were carried out in downstream net pens. The bottles were labelled and transported in a thermo box to the NORCE laboratory in Bergen for identification and further analyses of the flushed particles.





Fish samples

Atlantic salmon and rainbow trout were sampled before and after net cleaning (Table 1). Fish were collected using a net inside the cages, euthanized using an overdose of Benzocaine (Benzoak vet®, ACD Pharma AS, Leknes, Norway) and the weight and length were recorded for each specimen before sampling. All external lesions and count of salmon lice were registered. The second gill arch on the right sides was collected for histopathology (stored in buffered formalin solution, 10%), and the second gill arch on the left side were frozen in separate tube on dry ice and stored at -70°C for qPCR detection of major pathogens. Gill swabs were collected from second left gill arch and stored in Longmire’s buffer (2 M Tris-HCl, 0.5 M EDTA, 5 M NaCl, and 20%(w/v) SDS, pH 8.0 in double-distilled water) for microbiome analysis (Longmire et al., 1997). Gill tissue samples from the third left gill arch were collected in RNA later for gene expression analysis. Microbiome and gene expression samples were collected from site A only.






Water quality and current measurement

Effective net cleaning time ranged from 2 to several hours per pen and as such long lasting cleaning processes might result in accumulation of waterborne particles in the pen environment. Profile measurements of turbidity were carried out in downstream net pens to examine variations in particle densities at different depths (0-30 m) before, during and after net cleaning. Turbidity was measured with a sensor (Backscatter; auto range) attached to CTD Profiler Model SD208 (SAIV AS). The profile measurements also included dissolved oxygen measured as percent saturation. Any changes in levels of dissolved oxygen during net cleaning compared to before and after net cleaning reflect changes in oxygen consumption in the pen water. Dissolved oxygen was measured with an optical sensor (RINKO III) attached to the same CTD profiler as the turbidity sensor. In addition, the CTD profiler was used to measure conductivity (C), temperature (T) and depth (D). Salinity profiles were calculated from C, T and D. All data processing were performed with the accompanying software SD200W (SAIV AS).

Current conditions at fish farm sites contribute to dispersal of waterborne particles and renewal of pen water. Hence, current conditions (speed and direction) play a significant role in clearance of flushed particles in the water that originates from net cleaning. Currents were measured on the farm sites during net cleaning using a current profiler (Aquadopp Profiler 400 KHz, Nortek). The instrument has a maximum profiling range given as 60-90 meters and was deployed at one meter depth close to the net pen being cleaned. The instrument was set up to measure currents continuously (10 seconds interval) every meter from surface level (2 meters depth) and down to 60 meters depth. Data were downloaded from the Aquadopp Profiler and validated using the software Surge (Nortek v.1.14.01) and SeaReport (Nortek v.1.1.1). The data processing was performed using accompanying software (SD6000 v.4.3.49).





Identification of the biofouling organisms

Biofouling organisms collected from the pen walls and floating collars were sorted into groups (algae, hydroids, bryozoans, mussels, and crustaceans) and placed in seawater filled petri dishes (sea water origin from sampling site). Subsamples were taken for identification using a microscope (Leica M80). Images were captured by a digital color camera (Leica EC3) connected to the microscope for documentation and identification of the fouling organisms with the software Leica LAS EZ software (version 3.4.0). Subsamples of the fouling organisms were also taken for RNA extraction prior qPCR analyses for detection of fish pathogens. These samples were homogenized using disposal scalpels and aliquoted to replicate samples (N=5; 50-90 mg per sample) and stored at -25°C in ethanol filled 2 mL cryotubes (VWR®) prior further analyses for detection of fish pathogens. Morphological identification and classification of fouling organisms was performed according to Rueness (1998); Hayward and Ryland (2017).





Analysis of the flushed particles

Flushed particles collected with plankton net were added to a 250 mL graduated measuring cylinder (tall form, class A, VWR®). Volume of sedimented particles were measured to examine differences in the collected samples before-, during- and 40-60 mins after- net cleaning. The samples were then transferred to disposable petri dishes for identification with a microscope (Leica M80) followed by sample aliquoting and storage prior to further analyses for detection of fish pathogens. Identification and aliquoting of sample replicates followed the same procedure as described for fouling organisms.





Quantification of salmon pathogens in gill samples, biofouling organisms and flushed particles




RNA extraction

RNA was extracted from gill tissue samples as described by Gunnarsson et al. (2017). In brief, a 100 mg of the gill tissue was added to 1000 μL of QIAzol (QIAGEN, Germany), and homogenized (3 minutes, 30 Hz) with TissueLyser II (QIAGEN, Germany). The samples were incubated for 5 min at room temperature then 200 μL of chloroform was added to the homogenate followed by a vigorous vortex for 15s and incubated for 5 min at room temperature. The samples were centrifuged at 12,000 x g for 15 min at 4°C for phase separation and the upper aqueous phase was transferred to a fresh tube. The RNA was precipitated by adding equal volume of 2-propanol followed by incubation at room temperature for 10 min. The samples were centrifuged at 12,000 xg for 15 min at 4°C, which resulted in a pellet of RNA at the bottom/side of the tube. The supernatant was removed, and pellet was washed in 1000 μL of 75% ethanol. After washing, the pellet was air-dried, and the RNA was eluted in 100 μL RNase free water (Sigma-Aldrich, USA). Samples of fouling organisms and flushed particles were pre-treated prior RNA extraction to remove ethanol and ensure high RNA yield. Cryotubes containing the ethanol preserved samples were centrifuged and ethanol removed using pipette. Each sample was then rehydrated by adding 200 µL water (Milli-Q®, Merk Millipore) and homogenized for 30 seconds using TissueRuptor II (QIAGEN, Germany) with disposal probes. A volume of 400 µL Milli-Q water was added to the homogenized sample. The diluted sample was transferred to a new 2 mL tube and centrifuged at 20,000 x g for 5 minutes at room temperature. The supernatant was removed, and the remaining pellet dissolved in 600 µL MBL solution with 2-mercaptoethanol. The solution was spiked with 2 µL Halobacterium salinarum as an exogenous control for real-time qPCR analyses to measure inhibition of the PCR reactions (Andersen et al., 2010). RNA was extracted using RNeasy PowerPlant® Kit (QIAGEN, Germany) according to the manufacturer’s protocol. All RNA samples were stored at -70°C until further analyses.





Real-time PCR (qPCR)

Real-time qPCR analyses of RNA targets for gill tissue, fouling organisms and flushed particles were set up using AgPath-ID™ One-Step RT-PCR Reagents (ThermoFisher Scientific). Assays targeting H. salinarum (exogenous control) and selected fish pathogens are listed in Supplementary Table S1. The qPCR master mixture consisted of 6.25 µL RT-PCR buffer, 1.78 µL RNase free water (Sigma-Aldrich), 1 µL Forward primer, 1 µL Reverse primer, 0.22 µL Probe and 0.25 µL 25X RT-PCR Enzyme.

The qPCR run was performed using QuantStudio™ 3 Real-Time PCR System (Applied Biosystems). The instrument was set up according to the manufacturer’s thermal protocol: Reverse transcription at 45°C for 10 minutes followed by RT, RT inactivation at 95°C for 10 minutes followed by 45 cycles at 95°C for 15 seconds (denaturation) and 60°C for 45 seconds (annealing/extension). Pathogen loads in gill tissues, fouling organisms, and flushed particles were quantified as number of thermal cycles for initial detections in the Real-time qPCR runs (Cq values) executed with a maximum of 40 cycles.





Statistical analysis

All statistical analyses were carried out using Prism (Version 8.4.2, GraphPad Software, LLC). Differences in prevalence of the selected pathogens were analyzed using a 2x2 contingency table and Fishers Exact test. The density data were tested for normality using Shapiro-Wilks test. When the data were normally distributed t-test was used test the difference before and after net cleaning, and Mann-Whitney U test for non-parametric data. Kruskal-Wallis test was used to compare mortality rates at the different farm sites. The results were considered significant with a P <0.05.






Histopathology

Gill arches from the sampled fish were fixed in 10% formalin and transported to Pharmaq Analytiq AS, where they were processed for histological examinations. The tissues were embedded in paraffin (Gamble, 2008; Dahle et al., 2020b). The stained sections were examined at the University of Bergen using a Leica DM500 and a Zeiss Axio scope with an attached Axiocam 105 Colour camera. The tissues were examined for presence of pathological changes.




Gene expression analyses




Total RNA Extraction

Total RNA was extracted from a 100 mg of gill tissue samples using TRI Reagent (Sigma-Aldrich, USA) following to the manufacturer’s protocol. The extracted RNA was eluted in 100 µL DEPC-treated Water (ThermoFisher Scientific, UK). The quality and quantity of RNA samples were evaluated using a Nanodrop ND-1000 Spectrophotometer (ThermoFisher Scientific, UK). The integrity of the RNA was evaluated by 1.5% (v/v) agarose gel (Sigma-Aldrich, USA) containing 0.1 µg/mL ethidium bromide (Sigma-Aldrich, USA) in Tris-Acetate-EDTA (TAE) buffer (Sigma-Aldrich, USA), and confirmed with Bioanalyzer 2100 (Agilent Technologies, USA). Samples with RIN > 8.2 were used for the subsequent analysis.





cDNA synthesis and removal of genomic DNA contamination

cDNA was synthesized and genomic DNA contamination was removed from 1 µg of the purified RNA sample using QuantiTect® Reverse Transcription (Qiagen, Germany) according to the manufacture’s protocol. To confirm successful reverse transcription, the cDNA was tested using PCR for Salmo salar Beta actin gene.





Absolute qPCR gene expression analysis

A real time absolute qPCR was performed to quantify the target genes copy numbers in the samples. Primers were designed for the following Atlantic salmon genes MHCII, IL-1β, TNF-α, IL-10 and TGF-β by using NCBI Primer design tool (Supplementary Table S1). The designed primers were optimized, and the clean PCR products were ligated into a vector using pGEM®-T Easy Vector Systems (Promega, UK) and transformed into XL1-Blue Competent Cells (Agilent Technologies, USA) following the manufacturer’s protocol. The plasmid DNA was extracted using NucleoSpin Plasmid Quick pure (Macherey-Nagel, Germany). Successful cloning was confirmed using PCR and plasmid DNA Sanger sequencing using T7 promoter (GTAATACGACTCACTATAGGGC) (Eurofins Genomics, UK). The sequence was aligned with the specific primers for the insert using Clustal Omega Multiple Sequence Alignment software and the obtained product sequence was blasted in the gene bank to check the correct insertion. Then, copy numbers per µL of plasmid DNA were calculated and used for generating a standard curve for absolute quantification. qPCR was performed for all samples in triplicate using Luminaris Color HiGreen qPCR Master Mix (ThermoFisher Scientific, UK) in Stratagene MX3005p qPCR (Agilent Technologies, USA).





Statistical analysis

Data were analyzed using GraphPad prism version 8.4.2 (San Diego, CA, USA). The obtained data were tested for normality by assessing frequency of distribution in the histogram and using Anderson-Darling test, D’Agostino & Pearson test, Shapiro-Wilk test, and Kolmogorov-Smirnov test. All results are reported as means and standard deviation (SD). When data were normally distributed independent t-test was used to investigate statistical significance between the two time points. Wilcoxon test was used when the data were not normally distributed. Differences between groups were considered statistically significant at p <0.05.






Microbiome analysis




DNA Extraction

DNA was extracted from site A gill samples using E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek Inc, USA) according to manufacturing protocol with some modifications. The modifications included a pre-lysis heating of the samples to 95°C for 10 min to increase the efficiency of DNA extraction from gram-positive bacteria and using Longmire’s buffer as a lysis buffer. DNA was eluted using 100 μL elution buffer, and the DNA purity and concentration were evaluated using a Nanodrop ND-1000 Spectrophotometer (ThermoFisher Scientific, UK). The DNA concentrations was also confirmed using a Qubit 2.0 Fluorometer (ThermoFisher Scientific, UK).





Bacterial 16S rRNA gene quantification

Bacterial 16S rRNA gene copy numbers in the samples were quantified in the samples using absolute qPCR assay as described by Clokie Benjamin Gregory et al. (2022). Primers and probe are listed in Supplementary Table S1. qPCR was performed for all samples in triplicate using SensiFAST Probe Lo-ROX Mix (Bioline, UK) with the following conditions: 95°C for 10 min, followed by 40 cycles of amplification (95°C for 30 s and 60°C for 1 min). All qPCR runs showed good linearity (R2 = 0.991–1, p < 0.05) and amplification efficiency of 95–102%.





Bacterial 16S rRNA amplicon sequencing

To prepare comparable 16S rRNA microbiome libraries, template DNA used to build the amplicon libraries was normalized to an equal 16S rRNA concentration (1e6 16S rRNA copy numbers) according to the qPCR assay results. Bacterial 16S rRNA Illumina amplicon libraries were generated using a two-step PCR amplicon assay from all the samples, negative sequencing control (NSC), no template control (NTC) in addition to a positive control IoA microbiome standard according to Elsheshtawy et al. (2021). The V4 region of the bacterial 16S rRNA gene was PCR-amplified in the first PCR using primers over hanged with Illumina adaptors (Supplementary Table S1) and barcoded in a second PCR by the addition of unique index sequences to the 5′ and 3′ ends of each sample using Nextera XT Index Kit (Illumina, USA). An equimolar final pool was prepared from the samples and sequencing was performed by Genomic Pipelines Group Earlham Institute (Norwich, UK) at PE250 using an S4 flowcell on an Illumina Novaseq (Illumina, USA).





Bioinformatics and data analysis

The raw sequence data provided by Earlham Institute contained 72 paired fastq files. All data processing was performed on a 32 processor HP workstation running Debian Linux (version 10). Sample sequence data (fastq files) were processed (Sequences cleaning, clustering in OTUs, and taxonomical classifications) by developing an automated python pipeline using Mothur’s SOP (Schloss et al., 2009) and the SILVA reference database (Quast et al., 2013). The total number of the retrieved raw reads were approximately 29.2 million and the number of sequences per sample ranged between 111664 and 1122903 with an average of 405197 reads. All statistical analysis was performed in R studio (Version 1.2.5042). All figures were produced using the R packages ggpubr and ggplot2 (Wickham, 2016; Kassambara, 2020a). Statistical analysis was conducted with the rstatix package (Kassambara, 2020b). Alpha diversity indices were calculated using the Phyloseq package (McMurdie and Holmes, 2013). Shapiro–Wilks test was used to verify homogeneity of variance of the alpha diversity estimates before testing the differences between groups. When the data were normally distributed, alpha diversity metrics were analyzed using t-test. Whereas if the data weren’t normally distributed, Wilcoxon test (rank sum test) was used and p values were adjusted using Benjamini and Hochberg (BH) correction (Benjamini and Hochberg, 1995). Beta diversity comparisons were calculated using Bray-Curtis pairwise distances in vegan (Oksanen et al., 2013) and phyloseq packages, and visualized using non-metric multidimensional scaling (NMDS). Differences between groups were calculated using non-parametric permutational multivariate analysis of variance (PERMANOVA) of 1002 permutations with vegan package. Differences between groups were considered statistically significant at adjusted P<0.05. In order to compare the relative of abundance of taxa between different groups, we generated differential heat trees using Metacoder R package (Foster et al., 2017). The trees illustrate the log2 fold change in taxa abundance. A Wilcoxon test followed by a Benjamini-Hochberg (FDR) correction was applied to test the differences between the same taxa in the two timepoints and p value was set to 0.05. In addition, the significant genera between the two time points were identified using Wilcoxon rank-sum test followed by a Benjamini-Hochberg (FDR) correction and p value was set to 0.05.








Results




Impact of in situ net cleaning on farm water quality

Measurements at 5- and 15-meters water depths during net cleaning revealed acceptable current conditions at all farms. Mean current speed on farm A and B ranged from 24 to 32 m/s, whereas farm C ranged from 18 to 24 m/s, with highest current speeds were measured at 15 meters depth at all sites. Hydrographic profile measurements demonstrated variability in both oxygen and turbidity during the net cleaning process across all three farms (Figure 1). The lowest oxygen saturation measured on Farm A at 5- and 15-meters depths was 83% and 80% respectively, demonstrating 10 to 14% drop compared to the measurements one hour after net cleaning. A similar pattern was also apparent on Farm B. Whereas, no differences were observed on Farm C, suggesting no stratification of the water layers. Temperature and salinity measurements indicated a pycnocline at 10 m depth on Farm A and B. However, no pycnocline was identified on Farm C (Figure 1). Turbidity measurements on Farm A revealed a peak in turbidity at 7 meters depth (above the observed pycnocline) during the initial period of the net cleaning (Figure 1). Turbidity levels remained elevated at all depth from 5-30 meters during the net cleaning period. No similar peaks were measured on Farm B or C. There was, however, an increased level in turbidity between 8 and 20 meters with a minor peak at 15 meters depth during net cleaning on Farm C. The volume of sedimented particles (particle concentration) collected with plankton nets illustrates how particle concentrations and turbidity change during the net cleaning with increases during cleaning operations (Figure 1). The highest particle concentration (sediment constituted 22% of the water volume) was measured in samples collected from Farm C during the final period of net cleaning. These particles were identified as fragmented fouling organisms and small fragments of feces and copper (Cu) particles was also abundant in the samples from Farm C. Likewise, Farm A and B showed 8% and 5.5% peaks in particle concentration, with similar compositions as Farm C. Examples of flushed particles collected from the different farms are shown in Figure 2.




Figure 1 | Impact of in situ net cleaning on farm water quality. Profile measurements of (i) dissolved oxygen, (ii) turbidity, (iii) temperature and salinity, and (iv) particle concentration and turbidity at farm sites (A–C). Particle concentration (%) were measured as volume of sedimented particles per volume water from vertical plankton net samples at depths from 10 meter to surface. Turbidity (FTU) is given as sum of measurements per meter at depths ranging from 1 to 10 meter (n=10).






Figure 2 | Fouling organisms observed on the upper meters of the net at all farms and flushed particles during in situ net cleaning. (i) Common fouling organisms included: macroalgae (A1-4), hydroids (B1-3), bryozoan (C1-5), and caprellidae (D1-3). (A1) Algae fouling dominated by red algae (A2; Ceramium spp.) and green algae (A3; Ulva spp.). (B1) Colonies with hydroids (Ectopleura larynx) covering the pen net. (B2) Two colonies with rose-red hydranths clearly visible. (B3) Hydranth with gonophores, oral- and aboral tentacles. Most dominant bryozoan species observed on collars and pen nets at examined fish farms identified as Electra pilosa. (C1) Large colonies appear in clusters on collars and their morphological features illustrated in C2 and C3. (C4) A more scatter fouling pattern of the same species appear on the net walls, often attached to algae as shown in C5. (D1) Skeleton shrimps using pen net as substrate. Common species observed on the fish farms identified as Caprella mutica; male (D2, anterior part) and female (D3). (ii) Flushed particles collected with plankton nets from different fish farms during net cleaning. (A1) Algae, hydroids (hydranth fragments) and organic matter (feces); (A2) Hydroid (hydranth with oral tentacles) and green algae; (B1) Algae, Caprellid amphipods and hydroids (hydranth); (B2) Bryozoan and organic matter; (C1) Hydroids (hydrocaulus), Caprellid amphipod and copper fragments (Cu); (C2) Copper fragments (Cu).







Biofouling organisms and flushed particles during in situ net cleaning and associated pathogens

The dominant fouling organisms observed on the net wall of the cages at all fish farms were macroalgae, hydroids, bryozoans, and skeleton shrimps (Figure 2). Algae were the most abundant fouling at a surface level (approximately 0-5 meters depth) on pen walls at locations A and B. The most common algae were identified as Ceramium spp. (red algae) and Ulva spp. (green algae). Underwater observations identified hydroid colonies (Ectopleura larynx) as the most dominant fouling organisms > 25 meters from surface. Bryozoans (Electra pilosa) and skeleton shrimps (Caprella spp. most commonly Caprella mutica) were observed on the upper part of pen nets and blue mussels only occurred on floating collars or as a few, small-sized individuals on the nets.

Screening of the fouling organisms for pathogens revealed that Ca. Branchiomonas cysticola and Ca. Syngnamydia salmonis were detected in all fouling organisms with the highest abundance in hydroids. Tenacibaculum maritimum was detected in all fouling organisms except blue mussel, whereas other species of Tenacibaculum were detected in all organisms. Hydroides and blue mussel samples tested positive for Ichthyobodo spp., while algae tested positive for Paranucleospora therion. On the contrary, fouling organisms were negative for the viruses SAV and PMCV, and the gill amoeba Paramoeba perurans. Control samples from all fouling organisms were positive and showed similar results. Hence, there was no significant PCR inhibition in the fouling samples. Results from qPCR tests of fouling organisms are summarized in Table 2.


Table 2 | Screening of fish pathogens in fouling organisms by qPCR.



The overall screening the flushed particles for salmonid common pathogens highlighted the presence of the bacteria Ca. Branchiomonas cysticola, Ca. Syngnamydia salmonis, Tenacibaculum spp. and T. maritimum, and the parasites P. theridion, Ichthyobodo spp. and P. perurans among the particles. However, no viruses were detected in the particle’s samples. All the control samples were positive, indicating that there was no significant PCR inhibition in the qPCR analyses. Pathogen loads in flushed particles sampled at different farms are shown in Table 3. Particles on Farm A exhibited high levels of the aforementioned bacteria and the parasites P. perurans and Ichthyobodo spp. during and post in situ cleaning, whereas low levels of P. theridion were only detected post cleaning. Farm B displayed high levels of T. maritimum and Tenacibaculum spp., but there was no increase in abundance of these bacteria during net cleaning. Ca. Branchiomonas cisticola abundance increased during net cleaning and the parasites P. theridion, Ichthyobodo spp. and P. perurans were only detected during and 40-60 minutes post cleaning. The gill amoeba P. perurans was the most abundant parasite detected but only at depth suggesting that organisms at lower depths with higher salinity (e.g., hydroids and bryozoans) might be a reservoir for P. perurans. In parallel, Farm C revealed high levels of Tenacibaculum spp. through the timescale. Ichthyobodo spp. showed a slight increase during net cleaning and post-net cleaning, whereas P. theridion and P. perurans were not detected although results from the gill samples showed a high prevalence of infection at this site.


Table 3 | Detection of fish pathogens in flushed particles by qPCR.







Mortalities associated with net cleaning

Registration of mortalities are routinely measured as daily count of dead fish in the net pens at the fish farm, and these data were used to examine for any acute or subacute effect of net cleaning at the different farms. There were significant differences in mortality rates between the fish farms when a period of 14 days (seven days before and seven days after net cleaning, n=15 including the treatment day) was compared (Kruskal-Wallis; p<0.001). Mean mortality rate at farm B was 4.8 fish per day, which was significantly (p<0.001) lower compared to the mortality rates at both Farm A (mean 170.4 per day) and Farm C (mean 48.0 per day). Mortality rate at Farm A significantly increased and reached a peak of 1363 dead fish within a day after net cleaning. A similar tendency was noted at Farm C.





Impact of net cleaning on the prevalence of salmon pathogens

Only minor changes in the prevalence and density of viruses, bacteria and parasites were observed at the three locations before and after net cleaning (Table 4). A significant drop in the prevalence (FET; p< 0,0008) and density (t-test; p= 0,0015) of Cand. S. Syngnamydia was observed at location A. This coincided with a similar drop in prevalence (FET; p= 0,0019) and density (t-test; p<0,0005) of P. perurans. The prevalence of T. finnmarkense increased from 0 to 43.0% (FET; p<0.0001) and the density of Cand. B. cysticola increased significantly (t-test; p= 0,0025) after net cleaning at location B. At location C, a significant increase in the prevalence (FET; p<0.05)and density (Mann-Whitney U; p= 0,0381) of Cand. B. cysticola were observed after net cleaning. Prevalence of major gill pathogens is summarized in Table 4.


Table 4 | Prevalence of major pathogens identified in gill samples before and after net cleaning.







Histopathological and immunological status of the gills upon net cleaning

The fish included in this study showed few external and internal signs of disease except for a few fish at site A with minor skin bleedings and signs of Amoebic gill disease (AGD). The gills from the salmon at this site showed signs of hyperplasia and aneurysm both before and after net cleaning (Figure 3). The salmon at site B also had gill pathology with hyperplasia and aneurysm, in addition to presence of epithelial cysts. A few of the rainbow trout at site C had lifting of the epithelial layer on the gills. No significant changes in the gill pathology were observed after net cleaning on the three farms. To evaluate the impact of net cleaning on key markers of the Atlantic salmon gill immune response, we performed absolute qPCR gene expression analysis for a cellular marker of immune cells, most notably antigen presenting cells (MHC II), proinflammatory cytokines (IL-1β and TNF-α) and inhibitory cytokines (TGF-β and IL-10). The mRNA abundance of all the tested markers was significantly increased in the gill after net cleaning (t-test, p <0.05; Figure 3), suggesting a slight increase of immunological activity.




Figure 3 | Histopathological and immunological status of the gills upon net cleaning. (i) Histopathological changes of the gills included (A) Epithelial cell hyperplasia with lamellar fusion (long, black arrow) and mucous cell hyperplasia (short, black arrow). (B) Clubbing (long, black arrow), mucus cells hyperplasia (red arrows) and epitheliocystis (short, black arrow). (C) Several gill lamellae with intralamellar bleeding (short, black arrow), aneurysm (long, black arrow), and lifting (thick, black arrow). (ii) Immune response of Atlantic salmon gills to net cleaning (Farm A). Data are mean ± SD of log 10 copy numbers of MHC II, IL-1β, TNFα, TGF-β and IL-10 at two points (n=30). Dots represent each individual sample and *p < 0.05, **p < 0.001 and ***p < 0.0001.






Impact of net cleaning on Atlantic salmon gill microbiome

To investigate the impact of in-situ cleaning of net pens on the Atlantic salmon gill microbiome, we analyzed alpha and beta diversity and microbial taxa composition before and after the net cleaning on farm A. Chao1 and ACE diversity indices were significantly decreased after net cleaning (t-test, p <0.05; Figure 4), indicating that gill microbial richness was reduced. There were no significant differences in Shannon-Weaver and Inverse Simpson evenness indices (Wilcoxon and t-test p >0.05; Figure 4). Beta diversity analysis based on Bray-Curtis distance illustrated significant changes in the gill microbiome community structure before and after net cleaning (PERMANOVA, p <0.001, R2 = 0.15708; Figure 4). NMDS analysis showed that pre- and post-samples clustered together however were separated from each other. The differential heat tree matrix shown in Figure depicts the significant changes in bacterial phyla abundance (Wilcoxon, p <0.05), where taxa compared have a relative abundance of > 0.1%. The comparison of genera pre- and post-net cleaning highlighted 152 genera that were significantly changed (Wilcoxon, p <0.05; Supplementary Table S2). Of these, 41 were highly significant different in response to in-situ net cleaning (Wilcoxon, p <0.0001; Figure 4).




Figure 4 | Impact of net cleaning on Atlantic salmon gill microbiome site A (n=30). (i) Alpha diversity metrics of salmon gill microbial communities before and after net cleaning. Dots represent each individual sample and *p < 0.05 and **p < 0.001. (ii) Non-metric multidimensional scaling (NMDS) plots based on Bray–Curtis similarity matrix of gill microbial communities before and after net cleaning (PERMANOVA, p = 0.001). The colors of the ellipses represent the two groups. (iii) Metacoder heat-tree showing the difference in gill microbiome phylotypes before and after net cleaning. Nodes in the heat-tree correspond to phylotypes, as indicated by node labels, while edges link phylotypes in accordance with the taxonomic hierarchy. Node sizes correspond to the number of observed OTUs. Colors represent the log fold difference of a given phylotype’s median relative abundance pre-cleaning compared to post-cleaning. Only significant differences, Wilcox rank-sum test followed by a Benjamini-Hochberg (FDR) correction are colored. Taxa colored dark cyan represent enrichment after net cleaning and dark magenta before net cleaning. (iv) Highly significant different genera in Atlantic salmon gill microbiome (n=30) upon net cleaning. Only significantly different genera between before and after net cleaning at p < 0.0001 are presented, Wilcox rank-sum test followed by a Benjamini-Hochberg (FDR) correction. Colored dots represent log10 mean relative abundance for each individual sample and black circles indicate the median and the black lines indicate the 50% confidence intervals.









Discussion

The present study revealed a diversity of fouling species including hydroids, algae, skeleton shrimps, and filter feeders (bryozoan, blue mussel), representing the common fouling organisms on marine fish farms in Norway (Braithwaite and McEvoy, 2005; Olafsen, 2006; De Nys and Guenther, 2009; Guenther et al., 2010; Blöcher, 2013). The diversity and abundance of fouling organisms on nets are influenced by several factors such as water depth, salinity, temperature that vary with seasonal and geographical conditions (Fitridge et al., 2012) and fish farm wastes where macroalgae, filter feeders and small crustaceans (including Caprellids) get their nourishment from nutritional salts, feces, feed waste and other organic matter as part of their diet (Ruokolahti, 1988; Cook et al., 2007; Dürr and Watson, 2009; Blöcher, 2013). Macroalgae was only abundant at Farm A and Farm B, and the algal fouling was restricted to upper part of the cage nets. Algal fouling is a common habitat for filter feeders such as blue mussels and bryozoans. However, in this study low abundance of blue mussels was observed on Farm A and Farm B, and no mussels were detected on Farm C. This could be attributed to the high frequency of net cleaning on Farm A and B, and the recent treatment with copper-based antifouling on Farm C that has proven to be effective against macroalgae and mussels (Edwards et al., 2015). The most abundant bryozoan was identified as Electra Pilosa, a common and widespread bryozoan epiphyte in Norwegian waters (Njåstad, 2018). Different species of caprellids were identified at all farm sites, with Caprella mutica identified as the most dominant species. The hydroid Ectopleura larynx was the most dominant species with colonies observed at depths ranging from the surface to >25 meters and has been described as the most common and dominant fouling species on marine fish farm nets in Southern Norway that may constitute 90% of the fouling biomass on the net (Guenther et al., 2010; Kassah, 2012). Caprellids and hydroids (E. larynx) are among the most common fouling species on net cages at marine salmonid farms in Norway and they are tolerant to copper-based antifouling (Guenther et al., 2010). It has been described that remaining hydroid fragments on the flushed net can re-grow and re-establish new colonies (Carl et al., 2011) often at a higher density as high-pressure washers contribute to the release and spread of actinulae (embryos of the hydroid).

Importantly, we found little evidence that biofouling organisms act as permanent reservoirs for fish pathogens. We did not detect viruses in any of the fouling samples although gill samples from fish at farm site A showed high prevalence of SAV, PRV-1 and PMCV. Our results agree with the findings of Hellebø et al. (2014), suggesting that fouling organisms are not reservoirs for viruses such as SAV or PMCV. Hellebø et al. (2017) reported Paramoeba perurans in different fouling organisms collected by hand from net pen, floating collars, and ropes at Atlantic salmon farms during an AGD outbreak although re-sampling at the same site six months later yielded negative results. In this study, following a similar sampling protocol, none of the fouling organisms collected from the surface level tested positive for P. perurans, although gill samples from the fish showed 100% prevalence. Supporting previous suggestions, our study supports the notion that fouling organisms are not reservoirs of P. perurans.

The flagellate belonging to the genus Ichthyobodo was most abundant in biofouling detected in hydroids and blue mussels and in bryozoans at Farm B. The assay used for detection (“Costia”; see Isaksen et al. (2011)) does not distinguish between different Ichthyobodo species and therefore we cannot conclude that the biofouling organisms are a reservoir for Ichthyobodo species (Ichthyobodo salmonis; see Isaksen et al. (2011)). Most of the fish, prevalence 60-100%, at both farm sites were infected with Ichthyobodo salmonis. The bacteria Ca. Branchiomonas cysticola and Ca. Syngnamydia salmonis appear to be ubiquitous, and infections with Ca. Branchiomonas cysticola are associated with complex gill diseases (Mitchell et al., 2013; Nylund et al., 2015; Steinum et al., 2015; Herrero et al., 2018). Experimental trials have shown that Ca. Branchiomonas cysticola infections can transmit horizontally from fish to fish (Wiik-Nielsen et al., 2017), while other studies suggest that these bacteria need a vector for effective transmission and spread of disease (Steinum et al., 2015). We detected Ca. Branchiomonas cysticola and Ca. Syngnamydia salmonis in all groups of fouling organisms and all gill samples from Farms A and B. It cannot be excluded that the biofouling samples from these sites were contaminated with bacteria from the environment (water). In contrast, all gill samples of fish tested positive for the parasite Paranucleospora theridion, and negative in most biofouling and environmental samples, therefore shedding-specific contamination and accumulation in biofouling organisms can be excluded. Bacteria within genus Tenacibaculum was also abundant and Tenacibaculum maritimum was detected in fouling samples from both farm sites (A and B), but only in algae, hydroids and caprellids. Furthermore, Tenacibaculum spp. (species other than T. maritimum) were detected in different fouling organisms at Farm B, but only in samples of blue mussels from Farm A. None of the gill samples of fish from Farm B, and few fish from Farm A (23%) tested positive for Tenacibaculum spp.

Overall, fish pathogens detected in flushed particles during net cleaning correspond to the findings in biofouling organisms. A higher diversity of fish pathogens was detected in flushed particles and those with highest abundance were Tenacibaculum spp. at all farm sites and Ca. Branchiomonas cysticola at Farm A and Farm B. Interestingly, Paramoeba perurans was only detected in flushed particles, indicating a higher density of this parasite at deeper parts of the net pens. As low salinity is a stressor for P. perurans and a salinity > 20-25%, is required for growth and survival (Collins et al., 2019) the measured salinity, for both Farm A and Farm B, at surface level (0-2 meters water depth) was < 25 ‰ representing a limitation. The most optimal environment for P. perurans therefore would be at the pycnocline or deeper according to Collins et al. (2019), hence the detection in flushed particles only. No pycnocline was detected at depth range 0 – 30 meters at Farm C with an optimal salinity for P. perurans at all depths (measured salinity around 32%). Gill samples of fish from this site revealed 60-70% prevalence of P. perurans infection although P. perurans was not detected during net cleaning.

The oxygen profile changed during the net cleaning, probably due to increased swimming activity and crowding of fish in the treated net cage. The oxygen level was normalized within one hour after the net cleaning at farms A and farm C, while a reduced oxygen level was still registered at farm B within the same recovery period however the net cleaning procedure on farm B took twice as long. Our observations indicate a stress response in the fish population that agrees with Stene et al. (2018) who reported increased plasma cortisol during net cleaning and elevated concentrations of faecal corticoid metabolites a day after net cleaning. The stress response is likely triggered by noise or avoidance of the net cleaner vehicle, decreased dissolved oxygen and increased turbidity through particle density. Identified particles in the water include fragments of bryozoan (with thorn-like structures) and hydrozoans which may cause gill or skin irritation to fish upon contact (Hodson et al., 1997; Baxter et al., 2011). Experimental trials have shown that nematocysts of the hydroid Ectopleura larynx remained active following high-pressure cleaning, and that such nematocysts caused gill lesions among exposed fish (Baxter et al., 2012; Bloecher et al., 2018). Across the three monitored sites net cleaning did not result in any significant changes in the gills of salmon and rainbow trout with few external signs of damage. The gill pathologies observed were mainly associated with the presence of P. perurans that has been a consistent problem in this area since 2012 (Nylund et al., 2008; Steinum et al., 2008; Dahle et al., 2020a).

Fish mortalities at all three sites before net cleaning were low but increased post net-cleaning. The higher mortality in farm A could be related to presence of Piscine myocarditis virus (PMCV) causing cardiac myopathy syndrome and mortality related to increased stress during net cleaning (Haugland et al., 2011; Garseth et al., 2018). Pathogens present in the three farms are common findings for salmonids in western Norway (Steinum et al., 2010; Nylund et al., 2011) and there was little or no change in pathogen density suggesting that the stress associated with net cleaning and the increased density of flushed particles had no effect upon pathogenesis. On the other hand, all measured mRNA transcripts relevant to antigen presentation and inflammatory processes, MHC II, IL-1β, TNF-α, TGF-β and IL-10, were significantly upregulated. Comas Morte (2018) reported a similar upregulation of inflammation-related mRNAs in the gill tissue of Gilthead Sea Bream (Sparus aurata) after net cleaning, suggesting a possible immune stimulation. The observed response, of a low magnitude, may be due to the increased recruitment of immune cells into the gill tissue or increased numbers of circulating leukocytes due to the general stress response.

In situ net cleaning significantly impacted the Atlantic salmon gill microbiome with decreased gill microbial community richness and significant changes in the gill microbial community composition. The observed change in salmon gill bacterial genera were pronounced indicating a major impact on this community with the abundance of both beneficial, opportunistic, and potential pathogenic bacteria significantly altered after net cleaning. Sulfitobacter, a beneficial marine bacterium that produces antibacterial compounds inhibit high-virulence serotypes of Vibrio anguillarum (Emilia Noor and Eguchi, 2012) and have an essential role in sulfite oxidation in aquaculture systems (Duarte et al., 2019; Palladino et al., 2021) was significantly decreased. Rubritalea, consistently reported in healthy Atlantic salmon gill microbiomes (Slinger et al., 2021) was also significantly decreased. Rubritalea was identified as a biomarker for a healthy European Seabass skin microbiome (Cámara-Ruiz et al., 2021). Members of this genus produce squalene which has antioxidant properties and act as a precursor for the synthesis of metabolites such as hormones, sterols, and vitamins (Yoon et al., 2007; Yoon et al., 2008; Cámara-Ruiz et al., 2021). In addition, Rubritalea produce carotenoids that have antioxidant properties and act as a precursors of vitamin A (Cámara-Ruiz et al., 2021). On the contrary, the abundance of the genera Duganella, Glaciecola and Oleiphilus were significantly increased. Duganella has been suggested as a stress biomarker, where its abundance increased in the Tambaqui (Colossoma macropomum) gut microbiome after acute short-term acid stress (Sylvain et al., 2016). A higher abundance of the genera Glaciecola and Oleiphilus in the skin microbiome of the yellowtail kingfish (Seriola lalandi) was reported after antibiotic treatment (Legrand et al., 2020). Furthermore, Glaciecola was reported as a member of a set of unique OTUs in the gut microbiome of the largemouth bronze gudgeon (Coreius guichenoti) suffering from furunculosis (Li et al., 2016). In agreement with previous reports of dysbiosis in farmed fish gill, skin, and gut microbiome (Rosado et al., 2019; Bozzi et al., 2021), opportunistic bacteria such as Aliivibrio, Pseudomonas and Clostridium significantly increased after net cleaning in the gill.

The gill microbial dysbiosis observed after net cleaning could be attributed to physicochemical changes of the water quality, increased suspended particles and/or other biological changes related to net cleaning. Several studies have reported an association between environmental stressors, changes in water quality, heavy metals and bacterial dysbiosis in aquatic species (recently reviewed by Infante-Villamil et al. (2021). Previously discussed significant changes in measured water quality parameters including dissolved oxygen and increased turbidity through flushed particles across all farms may be related to changes in the gill microbiome through direct, mechanical or chemical, or indirect, effects through host dysbiosis. We did not uncover any significant changes in pathogen load in any of the measured sources nor any gross morphological changes at the gill surface at any of the study sites. Despite a lack of gross morphological changes, previous studies have reported that changes in water quality, dissolved oxygen and the presence of particles from both sediment and displaced net biofouling can be attributed to microbial dysbiosis of the gill and increased susceptibility to infection (Hess et al., 2015). The release of fouling organisms such as the hydroid E. larynx and its nematocysts have also been reported to cause irritation and mechanical damage of the gills, increasing the likelihood of infection (Bloecher et al., 2018). Recent reports have suggested that copper net coatings may potentially be released during net cleaning, inducing injury to nerve and gill tissue (Bloecher and Floerl, 2020). Regardless of such reports, in this study we did not observe evidence of mechanical damage at the gross histological level across any of the 3 study sites.

In conclusion, in this study we have identified a direct impact of net cleaning on measured water quality indicators, as expected, a moderate change in gill inflammatory and antigen presentation activity at the level of mRNA and a large significant change in the gill microbiome community. Observed changes in the gill microbiome involve decreased bacterial richness and decreased diversity coupled to an increase in identified bacterial genera that are related to negative health consequences. Parallel analyses for pathogen load in biofouling and environment (water) samples did not highlight significant changes in addition to no change in salmon pathogen diversity and load. Current evidence, including this study, suggest that biofouling organisms may act as transient reservoirs for some fish pathogens but not viruses. Our data suggests that changes in gill microbiome could be related to the host stress response to the process of net cleaning and could be indicative of increased mortalities post-cleaning. As observed in one of our study sites salmon with underlying health complications i.e., CMS increased mortalities resulted post net-cleaning. The use of non-lethal gill microbiome assessments in parallel to standard pathogen monitoring throughout the marine cycle may have potential as a refined health management tool.
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N/A means that there was not possible to sample fouling organisms, i.e., not available.
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N/A means that there was not possible to sample fouling organisms, ie., not available.
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T. maritimum
Tenacibaculum spp.
P. theridion
Ichthyobodo spp.
P. perurans
Control
Farm B SAV
PMCV
Ca. Branchiomonas
Ca. Syngnamydia
T. maritimum
Tenacibaculum spp.
P. theridion
Ichthyobodo spp.
P. perurans
Control
Farm C SAV
PMCV
Ca. Branchiomonas
Ca. Syngnamydia
T. maritimum
Tenacibaculum spp.
P. theridion
Ichthyobodo spp.
P. perurans
Control
Farm C (0-5m) SAV
PMCV
Ca. Branchiomonas
Ca. Syngnamydia
T. maritimum
Tenacibaculum spp.
P. theridion
Ichthyobodo spp.
P. perurans

Control

N/A N/A
N/A N/A
N/A N/A
N/A N/A
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All samples were collected with plankton nets downstream treated net pen at depths from 10 to 0 meter (surface). Additional samples from 5 to 0 meter inside the net pen were taken at farms site
C during and post-net cleaning due to use of sea lice skirt at this site. Samples were aliquoted in replicates and extracted RNA from these replicates were tested by RT qPCR with specific assays
targeting the different pathogens. Results are given as ratio of positive replicates per sample and range of Cq values (ND; pathogen RNA not detected). Exogenous control (Halobacterium
salinarum) is included to measure inhibition of PCR reactions.

N/A means that there was not possible to sample fouling organisms, i.e., not available.
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Production data Fish sampling Fouling  Hydrographic =~ Water
organisms =~ measurements  sampling

Species Total Maximum Farm structure Weight  Length  Fulton's
biomass allowable (9) (cm) K
(ton) biomass (ton)
A Salmo salar 1949 3120 -8 net pens (120 m/each) Before | 27082019 30 26387 603%5 | 12:02 X
6677
During | 29.082019 X X

After | 04092019 30 2687.3% 59345 129401

5716
B Salmo salar 1130 2340 - 6 net pens (160 m/each) Before | 19.092019 30 1832  514%38  135£01 X X X
38638
During | 19.09.2019 X X

After | 26092019 30 1865+ 513345 13803

5126
C Oncorhynchus 278 3120 - 7 net pens (157 m each) Before | 23.10.2019 30 7644 £ 353+ 18 174102 n/a X X
mykiss - Net pens were surrounded by lice 1442
skirts extended from the floating
collars to 8 m depth During  23.10.2019 X X

After | 30102019 30 9002+ 36822 18102
163.1

Sampling was conducted between August-October 2019, and the collected samples included fouling organisms, water plankton, and fish. Fouling organisms were collected from the pen net at surface level. Vertical water sampling (plankion net; 0-10 meter) and
hydrographic profile measurements (0-30 meters depth) of salnity, temperature, oxygen, and turbidity were performed prior start, during and 1 hour after net cleaning. Fish weight (g), total length (cm), Fulton’s condition factor (K), and total farm biomass are llustrated.
Data are mean  standard deviation.

X" marks what kind of measurements that have been done at the different sites.
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