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Lumpfish (Cyclopterus lumpus L) is a North Atlantic species harvested for its roe and increasingly used as a cleanerfish in Atlantic salmon (Salmo salar L.) farming to remove salmon louse (Lepeophtheirus salmonis). In aquaculture, the health and welfare of fish depends on optimal levels of several biotic and abiotic factors. Crowding, a common abiotic stress factor in aquaculture practice, can affect the welfare and survival of fish. In this study, lumpfish was exposed to crowding stress daily at random timepoints for one month (stress group) or no crowding (control group). Blood and skin were sampled weekly for physiological parameter analysis and proteomics, respectively. Adrenocorticotropic hormone (ACTH) stimulation and dexamethasone (DEX) suppression test were conducted at the sampling timepoints. Gel-based proteomics coupled with liquid chromatography and tandem mass spectrometry (LC-MS/MS) was used to identify protein changes in skin tissues of lumpfish under crowding. The results indicated that the stress group showed signs of allostatic overload type 2 (chronic stress) due to oversensitivity to ACTH, and a reduced negative feedback system with increased baseline levels of cortisol. These chronic changes in the endocrine system promoted changes in secondary and tertiary stress responses as reduced osmoregulatory capacity and stunted growth, after 14 days of stress and onward. Calmodulin, guanine nucleotide binding protein subunit beta 2, glutathione-S-transferase Mu 3, fatty acid binding protein, heat shock cognate 70 kDa protein, keratin, histone H4 and 14-3-3 alpha/beta showed protein spot intensity changes compared with controls in lumpfish skin at one or several time points during the one month period of crowding stress. The differentially expressed proteins are related to several metabolic pathways and are involved in stress and immune responses. Overall, the study shows that lumpfish can suffer from chronic stress with possible dire consequences for the animal welfare.
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1 Introduction

The cleanerfish lumpfish, is kept in sea pens together with Atlantic salmon and is exposed to stressors due to management practices such as crowding. Crowding is known to affect Atlantic salmon’s physiological status and disease resistance, alter the immune response of the organism, and reduce its capacity to fight against diseases (Iversen and Eliassen, 2014; Abdel-Tawwab et al., 2019; Petitjean et al., 2019; Delfosse et al., 2021). As a response to any stressful event animals releases cortisol to the bloodstream under the influence of the hypothalamus-pituitary-interrenal (HPI) axis. This initiates a series of physiological cascades that influences growth, metabolism, osmoregulation, respiratory and immune functions (Iwama, 1998).

Every year almost 50 million cleaner fish are reported as loss in Norwegian aquaculture. This is unfortunately a minimum number estimate (Stranden, 2020). In a lumpfish study there was a 27% loss in 4 months (Geitung et al., 2020) and 45% loss was reported in a national Norwegian survey among Atlantic salmon farms (Stien et al., 2020). By using an operational index of welfare, 29% of lumpfish was shown to have suboptimal welfare (Gutierrez Rabadan et al., 2021). To ensure good welfare, increased knowledge of the biology of lumpfish is needed, including knowledge of its capacity to handle stressful events.

Measurement of plasma cortisol is a common method to assess stress levels in most vertebrates including fish (Ellis et al., 2012; Thang et al., 2017). Stress is defined as a condition in which the “dynamic equilibrium” of an organism, called homeostasis, is threatened or disturbed as a result of the actions of internal or external stimuli, commonly defined as stressors (Selye, 1950; Selye, 1973; Wendelaar Bonga, 1997; Varsamos et al., 2006; Wendelaar Bonga, 2011). The concept of allostasis has been introduced to complement the concept of stress, and more precisely, to describe the role of primary mediators (e.g. glucocorticosteroids) in response to a stressor, and thus considered allostasis to be “the ability to achieve stability through change.” (McEwen, 1998; McEwen and Wingfield, 2003; Goymann and Wingfield, 2004; McEwen, 2005; Wingfield, 2005). This is a process that supports homeostasis, —i.e physiological parameters that are essential for life, and are affected by changes in environment and/or life history stages. Activation of an allostatic response through the HPI axis, results in increased levels of catecholamines and cortisol in the blood (Wendelaar Bonga, 2011), this is part of the primary stress response. HPI activation is initiated through a cascade of endocrine signals where the release of corticotropin-releasing factor (CRF) from the hypothalamus stimulates the release of adrenocorticotropin hormone (ACTH) from cells in the distal part of the pituitary gland. ACTH is the major stimulant for the synthesis and release of cortisol in the head kidney of fish. Cortisol released in the blood will again function as a negative feedback, stopping the release of CRF and ACTH, thus reducing plasma cortisol back to normal resting levels (Mommsen et al., 1999; Wendelaar Bonga, 2011).

However, even if information on stress tolerance is important in a welfare optimization frame, as far as we know no scientific study has been published on the allostatic load and dynamics of the HPI-axis in lumpfish subjected to a long-term crowding (chronic) stressor. Thus, in this study we assess the primary stress response in context to the corticotropic axis and its influence on secondary and tertiary stress responses in lumpfish subjected to chronic stress, as well as the physiological stress responses at the molecular level. Secondary stress responses resulting from the changes in endocrine signals, in particular cortisol, classically include changes in metabolism (e.g glucose and lactate levels), changes in osmoregulation (changes in osmolality and ion levels) and changes in immune and physiological defense mechanisms (e. g. heat shock proteins and immune relevant proteins). If the stress continues, tertiary stress responses (whole animal changes) such as immune suppression, changes in growth, behavior and swimming capacity (Barton, 2002).

Stress response is a very complex process that involves several molecular factors. In brief, the response initiates with a sensor that senses the danger signals from the stressors, and relay it to the effectors, that starts the complex signaling pathway to overcome the stress effect (Smith and Workman, 2012). Studies on involved proteins/genes could boost the knowledge on understanding the stress response. Proteomics has been used to study the effect of environmental stressors such as the effect of osmotic stress on serum proteome of tilapia (Oreochromis niloticus) (Kumar et al., 2009), effect of hypoxia on the serum proteome of juvenile Eurasian perch (Perca fluviatilis) (Douxfils et al., 2012), effect of microcystin-LR on the liver proteome of medaka (Oryzias latipes) (Karim et al., 2011), changes in skin mucus proteome in chronically stressed gilthead seabream (Sparus aurata) (Cordero et al., 2016; Pérez-Sánchez et al., 2017), changes in blood plasma and muscle proteome of Atlantic salmon under crowding stress (Veiseth-Kent et al., 2010), changes in plasma proteome of gilthead seabream after crowding, netting and hypoxia (Raposo de Magalhães et al., 2020) and effect of crowding stress on physiological state and flesh quality of a crustacean, chinese shrimp (Feneropenaeus chinensis) (Zhang et al., 2014). These studies suggested the involvement of several genes/proteins in stress responses in fish exposed to stressors. Some of the proteins identified are heat shock proteins, apolipoproteins, lectins, complements factors, several antimicrobial proteins, enzymes and acute phase proteins (Ni et al., 2014; Cordero et al., 2016; Pérez-Sánchez et al., 2017; Raposo de Magalhães et al., 2020).

However, very little has been explored in terms of change in the skin proteome of teleosts under prolonged crowding stress. Skin is the largest and outermost organ in fish. It serves several biological functions such as osmoregulation, mechanical protection, primary line of defense against pathogens and external stressors (Esteban, 2012).

The aim of this study is to monitor the stress response of lumpfish after repeated crowding and identify proteomics changes in lumpfish (Cyclopterus lumpus) skin, that have a potential to contribute to better understanding of fish welfare and health management.



2 Materials and Methods


2.1 Fish Rearing and Ethical Approval

Arctic Cleaner Fish AS, Stamsund, Norway, provided the fish used in the study. The fish arrived as newly hatched fry and were maintained at Mørkvedbukta Research Station, Nord University, Bodø, Norway at 8 ± 0.4°C and oxygen level 85 ± 3% O2 saturation. The lumpfish were acclimatized for one month before the start of the experiment. The fish were start fed with Gemma micro feed (50-400 μm, dry pellet, Skretting AS, Norway) and later fed with Amber Neptun ST pellet 1 μm- 4 µm, (Skretting AS, Norway) depending on the size of lumpfish. Lumpfish of an average weight of 52.7 g (± 15.1) were acclimated for a period of one month prior the start of experiment.

The stress experiment was approved by the local responsible laboratory animal science specialist under the surveillance of the Norwegian Animal Research Authority (NARA), Norway and was approved by the Norwegian Food Safety Authority (in the FOTS system) registered by the Authority with approval number 7293/15.



2.2 Experimental Design and Tissue Sampling

Approximately 300 lumpfish were divided in two tanks (1 m3) supplied with seawater from 250 m depth (34 ppt). Fish were divided into two groups; control and stressed (150 fish per tank), the density of fish was 10.5 kg/m3. The stressed group experienced daily crowding stress (260 kg/m3) for a month by lowering the water level till the dorsal fin was exposed and refilling the tank again. It took 6.45 min to drain the water and 14-15 min to refill summing up to approximately 21 min of exposure to the stressor. The stressor was applied randomly every day between 8 am to 4 pm, to ensure that lumpfish did not acclimate to the stressor. The control group did not experience any stress. The fish were anaesthetized with metomidate solution (5 mg/l, Aquacalm, Syndel, USA) and killed with a blow to the head before sampling. Blood samples for analysis of plasma cortisol, lactate, glucose, osmolality, chloride and magnesium were obtained from the caudal vein prior to the start of the experiment (pre-stress), and after 7, 14, 21, 28 days of stress. Six fish from control and six fish form stressed fish were sampled at each timepoint (n=6). Blood was sampled with heparinized syringes on Monday mornings at 8 am, ensuring at least 18 hours of rest after the last exposure to a stressor. Blood was centrifuged at 5000 rpm (3250 g) for 5 min, plasma was removed and stored in cryo tubes at -22°C until analyses were performed. Skin samples (from the dorsal part, near the operculum above the lateral line) were collected on days 7, 14, 21, 28 from stress or control fish for proteomics (n=6) and gene expression (n=5) analysis, samples from each fish were analyzed without pooling. Tissue was flash frozen in liquid nitrogen and stored at -80°C. Lumpfish has very little mucus (from fish of ~700 g scraping the whole surface yields only about 95 µg protein, unpublished data), hence, skin samples (~5 mm2) were sampled without steps to remove mucus.



2.3 Measurement of Cortisol, Osmolality, Chloride, Magnesium, Lactate, and Glucose

Plasma cortisol concentrations was measured by a radioimmunoassay (RIA) technique as described by Iversen et al. (1998). Plasma osmolality measured using Wescor 5500 osmo-meter (Wescor®) and chloride levels in Sherwood Chloride Analyzer 926 (Sherwood Scientific Inc. USA). Magnesium (Mg2+) was analysed by a fluidtest® Mg-XB (Biocon®, Germany) adapted for plate count reader. Samples below the detection limit were given a value corresponding to the tests sensitivity, which was 0.4 mmol L-1 (mM). Lactate and glucose were measured in whole blood immediately after taking the sample using Lactate Pro™ (Arkray KDK, Kyoto, Japan) and Freestyle Freedom Lite (Abbott Diabetes Care Ltd., Oxon, UK), respectively. Levels of lactate and glucose below detection limit were assigned a value corresponding to the sensor’s minimal sensitivity, which was 0.8 mM (lactate) and 1.1 mM (glucose). Use of transportable instruments for measuring of glucose and lactate, give equivalent results to established laboratory techniques (Wells and Pankhurst, 1999).



2.4 Adrenocorticotropic Hormone Stimulation and Dexamethasone Suppression Test

Stimulation (adrenocorticotropic hormone) and suppression (dexamethasone) test was conducted in accordance to Pottinger and Carrick (2001), with some minor modifications. Briefly, on pre-stress, 7, 14, 21 and 28 days after start of the experiment 12 fish per group (a total of 24 fish per time point), were netted from their respective tanks, then anaesthetized (as described in section 2.2), and injected intraperitoneally with 1 mg kg-1 dexamethasone (Sigma-Aldrich) in ethanol: phosphate-buffered saline (PBS; 1:3; 1µg µL-l). Finally, they were transferred to two holding tanks (0.5 m3). After 24 h the fish were netted, anaesthetized, and 6 fish from each group was either given an intraperitoneal injection of 0.5 mL kg-1 adrenocorticotropic hormone (ACTH fragment 1-24; Sigma-Aldrich in PBS at 45 µg m L-1) or 0.5 mL kg-1 PBS, to measure the function of the negative feedback system. The ACTH and PBS groups were kept separate by a wall inserted into two different holding tanks. Two hours after the ACTH/PBS administration, the fish were netted, anaesthetized and blood was sampled, plasma isolated and stored as above (section 2.2).



2.5 Calculation of Specific Growth Rate

Modified specific growth rate (SGR) was calculated utilizing the following equation:

	

An average overall SGR was calculated for the experimental period (28 days) for all experimental groups.



2.6 Sample Preparation and 2DE Analysis

Skin tissues were thawed and homogenized under liquid nitrogen using pestle and mortar. Homogenized samples were dissolved in phosphate buffered saline (Sigma Aldrich, USA) containing (0.1%) protease inhibitor cocktail as per manufacturer’s protocol (GE Healthcare, USA). Proteins were extracted and 2DE analysis was performed following the protocol mentioned elsewhere (Patel and Brinchmann, 2017). In short: For each sample 80 µg protein was loaded in a 17 cm (pH-3–10), IPG strips (immobilized pH gradient, Bio-Rad, USA) by rehydration. Rehydrated strips were subjected to iso-electric focusing in Bio-Rad Protean IEF cell, using three steps of slow ramping at a constant temperature of 20°C to a total volt hours of 60,000 at a maximum of 10,000 V. The focused IPG strips were reduced with DTT and alkylated with iodoacetamide and then loaded on 12.5% polyacrylamide gels in the Bio-Rad Protean IIxii system (USA). The gels were run at constant current, 20 mA/gel, for 15 min and then 6 mA/gel overnight (approx. 16 h), in the morning the current was increased to 15 mA/gel till the dye front reached the bottom of the gel. The voltage limit was 250 V throughout the run. Following the manufacturers protocol gels were stained with Sypro® Ruby Protein gel stain, Life technologies, USA, and images made using ChemiDoc™ XRS system (Bio-Rad). PDQuest software (BioRad, USA) was used to analyse 2D gel images and find differentially expressed spots with a cut off of minimum 1.5-fold change and p-value <0.05 (see further section 2.9). Spots were excised and analysed by LC- MS/MS at the University of Tromsø, Norway.



2.7 LC-MS/MS Analysis

Excised spots from 2D gels were subjected to in-gel reduction (DTT), alkylation (iodoacetamide), and tryptic digestion using 6 ng/μl trypsin (V511A; Promega). Peptide mixtures in 0.1% formic acid were loaded onto a nanoACQUITY UltraPerformance LC (Waters), containing a 5 μm Symmetry C18 Trap column (180 μm × 20 mm; Waters) in front of a 1.7 μm BEH130 C18 analytical column (100 μm × 100 mm; Waters). Peptides were separated with a gradient of 5–95% acetonitrile, 0.1% formic acid, with a flow of 0.4 μl min−1 eluted to a Q-TOF Ultima mass spectrometer (Micromass/Waters). The run was done in data dependent tandem mass spectrophotometry (MC/MC) mode, and peak lists generated from MS/MS by Mascot Distiller Workstation.



2.8 Protein Identification and Gene Ontology Terms

The files obtained from mass spectrometry analysis were blasted in MASCOT (http://www.matrixscience.com/) for protein identity. The specifications used were maximum 1 missed cleavage, fixed carbamidomethyl (C) modification, variable oxidation (M) modification, 100 ppm peptide tolerance, 0.1 Da MS/MS tolerance, monoisotopic, 2+ and 3+ peptide charge and enzyme trypsin. The amino acid sequences were mapped against protein database SwissProt (556196 sequences; 199341870 residues, 06.12.2017) and NCBInr (135744157 sequences; 49805139192 residues, 06.12.2017) restricting the search to Actinopterygii (5307 sequences in SwissProt, 2069668 sequences in NCBI as on 06.12.2017). The gene ontology terms were retrieved from UniProt KB.



2.9 Real Time Quantitative PCR of Hspa8 Gene

We performed real time quantitative PCR (Bustin et al., 2009) of the hspa8 gene to assess the mRNA expression level locally in skin. RNA was extracted using Omega Bio-tek® EZNA Total RNA extraction kit using the manufacturer’s protocol. The RNA integrity was assessed by viewing intact 18S and 28S bands on 1% agarose gel. The quantification was performed in Qubit Fluorometer using Qubit RNA BR assay (Thermo Scientific, USA). The reverse transcription was done using Quantitect Reverse Transcription kit (Qiagen, Germany) using 100 ng of extracted total RNA as input material. The complementary DNA (cDNA) was 5 times diluted and real time PCR was performed on Lightcycler® 96 instrument (Roche, Switzerland) using Sybr green chemistry (Fast start Universal SYBR green, Roche, Switzerland). Fourty five cycles of PCR were run following a preincubation (95°C for 10 min), two step amplification (95°C for 10 s, 60°C for 30 s), and melting (95°C for 10 s, 65°C for 60 s, 95°C for 1 s). A threefold serially diluted cDNA (prepared from pooled RNA) was used to obtained the standard curve for calculation of PCR efficiency (Table 1). The formula used for calculation of PCR efficiency was E = 10^(-1/slope) (Pfaffl, 2001). Beta actin (β- actin) and glyceraldehyde-3-phosphate dehydrogenase (gapdh) were used as reference genes in the study. Primers used in this study were from a previous study on lumpfish (Patel et al., 2019) (Table 2). All plates were run with no template control, positive control (pooled cDNA from all samples) and no reverse transcriptase control. The stability of reference genes were estimated using excel based tool Bestkeeper (Pfaffl et al., 2004). We used the 2−ΔΔCt method for calculation of hspa8 expression (Livak and Schmittgen, 2001).


Table 1 | Bestkeeper analysis for stability of reference genes.




Table 2 | Primers used in this study.





2.10 Statistical Analysis

The data sets were tested for normality using a Kolmogorov-Smirnov test, and for homogeneity of variance using a Levene test. A one-way ANOVA test was performed at each sampling time in regard for the physiological parameters to test for differences between the test groups and within the groups (Sokal and Rohlf, 1987). If the F-values were significant, a Bonferroni post hoc test was used to determine which groups differed. A Kruskal-Wallis ANOVA (non-parametric) and a Mann-Whitney U-test with a Bonferroni-adjusted significance level were used when requirements for parametric statistics were not met.

Spot intensities from each protein as well as gene expression data from the stressed group were compared with the control group on days 7, 14, 21, and 28, using unpaired t-test. Mann Whitney U test was performed wherever data did not show normal distribution. A one-way ANOVA test was thereafter performed to find the expression trend of spots in the stressed group and control group. Tukey HSD (Honest Significant Difference) test was used for post hoc analysis (p<0.05, n = 6). A Kruskal-Wallis ANOVA (non-parametric) and a Mann-Whitney U-test with a Bonferroni-adjusted significance level were used when requirements for parametric statistics were not met. Significant differences were established at 0.05 levels. Results are given as means ± standard error (SE). Significant differences were established at p<0.05.




3 Results


3.1 Primary Stress Response

The resting levels of plasma cortisol in the no-stress (control) group did not change during the experimental period (Figure 1). The resting plasma cortisol increased in the daily stress group and was significantly elevated compared with pre-stress and control groups at the same sampling time at 21 (25.3 ± 10.1 nM) and 28 (22.5 ± 14.1 nM) days after start of the experiment.




Figure 1 | Plasma cortisol levels (mean ± SD, n = 6) in the control group (filled circles) and daily stress group (filled triangles) in lumpfish during the 28 day trial. # indicates significant difference between groups at the same sampling day at 95% confidence level, * indicates significant difference from the pre-stress level at 95% confidence level.





3.2 Secondary Stress Responses


3.2.1 Plasma Metabolic and Osmoregulatory Parameters

Plasma osmolality pre-stress was 354.83 ± 23.79 mOsm kg-1. There were no significant differences between experimental groups and pre-stress values at 7, 14 and 21 days. At day 28 the stress group plasma osmolality was 391.67 ± 37.59mOsm kg-1, significantly higher than plasma osmolality levels pre-stress and significantly higher than the control group at day 28 (Figure 2A).




Figure 2 | (A) Plasma osmolality (mean ± SD, n = 6) in the control group (filled circles) and daily stress group (filled triangles) in lumpfish during the 28 day trial. (B) Plasma chloride (mean ± SD, n = 6) in the control group (filled circles) and daily stress group (filled triangles) in lumpfish during the 28 day trial. (C) Plasma magnesium (mean ± SD, n = 6) in the control group (filled circles) and daily stress group (filled triangles) in lumpfish during the 28 days trial. # indicates significant difference between groups at the same sampling day at 95% confidence level, * indicates significant difference from the pre-stress level at 95% confidence level.



Average concentration of plasma chloride at pre-stress levels were 145 ± 9.38 mM. There were no significant differences between the experimental groups and pre-stress values at 7, 14 and 21 days. At day 28 the stress group plasma chloride concentration was 171. 33 ± 22.44 mM, significantly higher than the control group at day 28 and pre-stress levels (Figure 2B).

For plasma magnesium there were no significant differences between experimental groups and pre-stress values at 7, 14 and 21 days. At day 28 the stress group plasma magnesium concentration was 4.57 ± 1.62 mM, significantly higher than the control group and pre-stress levels (Figure 2C).

The initial mean glucose levels in the pre-stressed group ranged between 0.7 to 2.1 mM with an average of 1.60 ± 0.59 mM for both groups. The highest glucose levels were detected in the control group at day 14 at 2.97 mM (± 1.78). There were no significant differences between the sampling groups, neither at the same sampling time or compared to pre-stress levels (results not shown).

The average concentration of plasma lactate in the pre-stress group was 0.77 ± 0.08 mM before the start of the experiment. However, plasma lactate was not measurable (lover than the detection limit) by the Lactate Pro™ instrument in any of the experimental groups or at any sampling time.

Overall, this indicates that after the increase in cortisol at 21 days, secondary stress response can be observed at 28 days as reduced osmoregulatory capacity in the daily stressed lumpfish. Whilst, no recruitment of glucose (from glycogen in liver or muscles) was evident and lactate levels were not increased.



3.2.2 Proteomics Analysis of Skin From Stressed Fish

Skin of lumpfish from the crowding stress experiment was analyzed using two-dimensional gel electrophoresis followed by mass spectrometry analysis (Figure 3). Eight spots showed differential intensity between the groups (p<0.05) (circles in Figure 3). The proteins in the spots were identified as calmodulin, fatty acid binding protein, 14-3-3 alpha/beta, heat shock cognate 70 kDa protein, glutathione-S-transferase Mu 3, guanine nucleotide binding protein subunit beta 2, histone H4 and keratin (Table 3). Spot intensities for all groups at all timepoints are shown in Figure 4. The spot intensity of spot 1, calmodulin, was higher than the control at 14 and 21 days. Intensity of spot 2, fatty acid binding protein, increase throughout the experiment and was significantly higher that the control at the same times points at 21 and 28 days. Spot intensity of spot 3, 14-3-3-alpha/beta was lower than the control at 7 and 14 days. Heat shock cognate 70 kD, spot 4, showed reduced spot intensity compared with control for all timepoints studied. Spot 5, glutation-S-transferase, showed higher spot intensity at 21 days compared with control, the same was found for spot 6, guanine nucleotide binding protein. Spot 7, histone H4 showed a reduced spot intensity at 28 days compared with control. Spot 8, keratin, showed an increased spot intensity compared to control at 21 days and a reduced intensity compared with control at 28 days.




Figure 3 | Gel images from control and stressed groups showing differentially expressed proteins. Polyacrylamide gel (12.5%) images from 7, 14, 21, 28 days showing identified proteins from stressed and control fish. C stands for control and S stands for stressed group. Each gel represents proteins from one fish. Protein spots differentially expressed are encircled in yellow and denoted by numbers. 1- calmodulin, 2- fatty acid binding protein, 3- 14-3-3 alpha/beta, 4- heat shock cognate 70, 5- glutathione-S- transferase, 6- guanine nucleotide binding protein, 7- histone H4 and 8- keratin. Molecular weight (MW) measured in kDa.




Table 3 | Differentially expressed proteins from skin of lumpfish under crowding stress.






Figure 4 | Protein spot intensities of identified proteins in control and stressed group. Protein spot intensities given by PDQuest (Y-axis) during the course of the experiment measured on day 7, 14, 21, and 28 (X-axis). Error bar shows error of mean (p < 0.05, n = 6). Letters signifies the difference in expression between the stressed group and number signifies the difference in expression between the control group along the course of experiment at different time points (One way Annova and Tukey HSD post hoc analysis; Kruskal Walli’s test and Dunn’s test for nonparametric data). The same number/letters shows no difference and different number/letters indicates a difference. Asterisk shows the comparison between the control and stressed fish at each time point (unpaired t-test for data that showed normal distribution and Mann Whitney U test for data that did not show normal distribution).



The most consistent change in spot intensity was found for spot 4, heat shock cognate 70 kD, which were lower in stress groups that control groups at all time points. In 2D gels proteins can be found in several spots since post-translational modifications of proteins such as phosphorylation, alkylation, methylation and cleavages will move proteins in the gels in the pI axis (X-axis) if charge is modified and in the kD-axis (Y-axis) if size is modified. A change in spot intensity does therefore not necessarily represent a change in amount of total protein, but rather modification of the protein.

Gene ontology terms for these proteins were retrieved from their zebrafish or human orthologues from UniProtKB database. The analysis showed that the differentially expressed proteins are involved in phagocytosis and engulfment (GO:0006911), calcium ion binding (GO:0005509), transport of molecules (GO:0006810), metabolic process (GO:0008152), regulation of protein localization (GO:0032880), keratinization (GO:0031424), chaperoning activity (GO:0061684), nucleosome activity (GO:0006334) and extrinsic apoptotic signaling pathway (GO:0097191).



3.2.3 Gene Expression of Hspa8 in Skin

Since hsc70 was the only protein that showed consistent lower spot intensity in all time points, the corresponding gene was selected for gene expression analysis. qPCR analysis of hspa8, the gene coding for heat shock cognate 70, was done (Figure 5). The expression levels of hspa8 gene shown are relative to the geometric mean of two reference genes beta-actin and gapdh. Both the reference genes showed stable expression with a p value of 0.001 and correlation coefficient value (r) 0.0969 (beta-actin) and 0.974 (gapdh) (Table 1). Therefore the geometric means of both reference genes were used for the analysis of the hspa8 gene expression. The hspa8 gene expression in the stressed group was significantly higher than the control on day 7, but did not show significant differences on days 14, 21 and 28. The stressed group on day 7 was also significantly higher than the stressed group of day 28, where the hspa8 gene expression had returned to the control group level. The control groups did not show any significant changes throughout the trial period (Figure 5).




Figure 5 | Relative mRNA expression of hspa8 gene. The expression is relative to the geometric mean of two reference genes beta-actin and gapdh (glyceraldehyde 3-phosphate dehydrogenase). Asterisk denote a significant difference between the control and stressed group on day 7. The letters refers to the changes in expression between the stressed group on day 7 till 28. The number shows difference in expression between the control groups on day 7 till 28. The same letters and number means no change and different ltters and numbers indicate significant differences. Error bar shows error of the mean, n = 5, p < 0.05. Details about statistical analysis are mentioned in the statistic description in the Materials and Methods.






3.3 Tertiary Stress Responses


3.3.1 Growth of Fish

During prolonged stress the growth of animals can be affected. The average weight of lumpfish before the start of experiment was 52.7 ± 15.1 g. The average weight of the control group fish increased significantly compared to the pre-stress group and were higher than daily stress groups at 21 and 28 days. Control group fish weights were 152.3 ± 96.6 g and 150.1 ± 93.9g at day 21 and 28 (Figure 6A).




Figure 6 | (A) The body weight (mean ± SD, n=18) in the control group (filled circles) and daily stress group (filled triangles) in lumpfish during 28 day trial. (B) The overall specific growth rate (%) at the end of experiment (from day 0-28) in the control group (black bars) and daily stress group (grey bars) (n=18). # indicates significant difference between groups at the same sampling day at 95% confidence level, * indicates significant difference from the pre-stress level at 95% confidence level.



Figure 6B shows the difference in modified average specific growth rate (SGR). The overall SGR in the control group was significantly higher at the end of the experiment (2.33 ± 0.01%) compared to the stress group (1.27 ± 0.02%). Overall, the stress group showed inhibited growth compared with the control group.



3.3.2 Analysis of the Effect of Prolonged Stress on the HPI-Axis

To test the sensitivity and negative feedback response of the HPI-axis dexamethasone was injected to block natural ACTH release from the anterior pituitary.


3.3.2.1 ACTH Sensitivity

At day 28 stressed lumpfish injected with ACTH (that stimulate cortisol release from the kidney), had a significantly higher plasma cortisol level than in the ACTH-injected pre-stress group and control group at 28 days (Figure 7A). The stressed group, hence show an increased sensitivity to ACTH at 28 days.




Figure 7 | Plasma cortisol levels (mean ± SD, n=12) in the control group (black bars) and daily stress group (grey bars) in lumpfish during 28 days of exposure (n=12) following intraperitoneal injection with either (A) adrenocorticotropic hormone (ACTH 45 µg mL-1, 0.5 mL kg-1) or (B) negative sensitivity test; phosphate buffered saline (PBS; 0.5 mL kg-1). All fish were injected 24 h earlier with dexamethasone (DEX; 1 mg kg-1 in ethanol: PBS; 1:3; 1 µg L-1). # indicates significant difference between groups at the same sampling day at 95% confidence level, * indicates significant difference from the pre-stress level at 95% confidence level.





3.3.2.2 Negative Feedback Response

Figure 7B shows the average plasma cortisol levels in lumpfish first injected with dexamethasone and then with phosphate buffer saline. A significantly higher level of cortisol was seen in the daily stressed group comparison to pre-stress levels and control group after 21 and after 28 days, in stressed groups at 21 and 28 days cortisol levels were 28.98 ± 8.6 nM and 35.27 ± 8.95 nM, respectively.






4 Discussion

With the growth in use of lumpfish as cleanerfish, increasing concern for the welfare of the species has arisen as mortality and disease outbreak have started to increase in later years (Iversen et al., 2015; Treasurer et al., 2018; Stien et al., 2020). One possible reason for this is the increased stress load the fish experience during common aquaculture practice such as grading, cleaning, vaccination and transport (Barton, 2002; Iversen et al., 2005; Iversen et al., 2009; Iversen and Eliassen, 2014; Treasurer et al., 2018). It is essential to understand the physiology of the fish and its response to stress and if the immune barriers of the fish, such as skin (Brinchmann, 2016), is affected by stress.


4.1 Primary Stress Response

Pre-stress levels of cortisol in lumpfish were low and within the level that is generally considered representative for unstressed fish (Barton and Iwama, 1991). Similar resting levels of cortisol in lumpfish were previously observed (Jørgensen et al., 2017; Treasurer et al., 2018). Resting levels of plasma cortisol in the daily stressed lumpfish was not significantly different from pre-stress levels at 7 and 14 days. The stress response is a natural reaction which promotes increased survival. Cortisol levels increase after exposure to short time stressor(s) (Hvas et al., 2018; Treasurer et al., 2018), and return to resting levels after 12 hours in lumpfish (Treasurer et al., 2018). The prolonged elevated level of resting plasma cortisol from day 21 onwards in the fish exposed to daily stressors in the current study, indicates an allostatic overload type 2 on the HPI axis. Long time stress can be maladaptive and malicious for fish due to changes in the sensitivity of the HPI axis (Pickering and Pottinger, 1989; Mommsen et al., 1999; Øverli et al., 2002; Iversen and Eliassen, 2014).



4.2 Secondary Stress Response


4.2.1 Physiological Parameters

It is commonly seen that stress increases the levels of plasma glucose and lactate (Moon and Foster, 1995; Iversen et al., 2003), and increased glucose is a commonly used indicator of secondary stress response (Mommsen et al., 1999; Cook, 2012), observed for salmonids and other species (Barton, 2000; Barcellos et al., 2001; O’Connor et al., 2011). However, in the present study there were no significant changes in glucose levels. This is in accordance with several other studies, where a lack of correlation between plasma cortisol and glucose levels were found (Barton et al., 1988; Mommsen et al., 1999; Cook, 2012; Hvas et al., 2018). The conflicting results could be due to differences in experimental setup and/or species differences. It could also be due to the fact that plasma glucose in carnivorous fish can fluctuate a lot more than in mammals, so it may not be used as the only indicator of metabolic status or stress (Mommsen et al., 1999).

Elevation of lactate concentrations often observed immediately after stress is likely due to muscle glycolysis (Moon and Foster, 1995), where lactate is the end product of glucose metabolism during anaerobe glycolysis (Olsen et al., 1995). The average concentration of lactate in blood of lumpfish from the control group was 0.77 mM (± 0.08) before the start of experiment. However, plasma lactate was not above the detection limit of the Lactate Pro™ instrument in any experimental groups or sampling time point. In Atlantic salmon, Atlantic cod and ballan wrasse on the other hand elevated levels of lactate after crowding stress are observed (Iversen et al., 2015). These species show active fight or flight reaction during stress, resulting in high muscle activity. This escape reflex relies on hindbrain neurons, Mauthner cells (Bierman et al., 2009). In contrast, species like Atlantic halibut and lumpfish seek shelter or hide during severe stress, and thus, produce very low or no muscle lactate (Hvas et al., 2018; Treasurer et al., 2018). Lumpfish seems to lack Mauthner neurons (Hale, 2000).

Release of cortisol has a direct influence on osmolality, chloride and magnesium, and one can use increase of these parameters as an indication of secondary stress responses (Wendelaar Bonga, 1997; Veiseth et al., 2006; Björnsson et al., 2011; Wendelaar Bonga, 2011). The only significant difference in plasma osmolality and chloride levels compared to pre-stress in the present study was detected on day 28. There was no positive correlation between plasma cortisol and the levels of plasma osmolality and chloride in the earlier timepoints, in agreement with another lumpfish study (Hvas et al., 2018). A plausible explanation is induction of a compensatory response on the cell level. When fish cells are exposed to hypotonic environment the cells rapidly swell but will return to its original volume, by eliminating cellular osmolytes and hence water. This regulatory mechanism is termed regulatory volume decrease (RVD). Fish in seawater, on the other hand, will work against shrinking of cells (as an effect of elevated plasma osmolality), thus minimizing the effect of the stressor (Trischitta et al., 2005). However, when stress is prolonged (chronic) the fish will not be able to keep up this compensatory response as all reserve energy has been depleted. The exhaustion of the compensatory responses can explain the significant increase in both osmolality and plasma chloride in stressed group at the end of the experiment.

To prevent dehydration because of osmotic water loss, marine teleosts must drink seawater and eliminate divalent ions as magnesium and sulphate. Redding and Schreck (1983) state that uptake and excretion of magnesium (Mg2+) happens in guts and kidneys. In the well-studied species of teleost, Atlantic salmon, total magnesium concentration in plasma will not be higher than 2 nM (Bijvelds et al., 2001). The concentration of Mg2+ during our experiment was significantly higher at the end of the experiment in the daily stress group compared to the control group. Hence, lumpfish show abilities to cope with some secondary effects of stress in the short time perspective, however every day stress and accumulation of plasma cortisol seems to have a negative impact on the stress coping mechanism in the longer run.



4.2.2 Protein Changes in Lumpfish Skin Under Crowding

Fish have evolved mechanisms to cope with stress, where a series of proteins and genes are involved in the stress response to combat the unpleasant condition. Proteomic methods can help to identify potential stress markers for a wide range of stressors. 2D gel based proteomics along with homology search to identify the differentially changed proteins is a suitable technique to study effects of stress in non-model species with relatively little genomic information available in public databases (Junqueira et al., 2008) like lumpfish. The changes in physiological parameters observed in this study could modulate molecular mechanisms in lumpfish. The skin is a barrier between the fish interior and the marine environment, and is a mucosal surface that serves an important role in the innate immune system of fish.

The aim of the proteomic analysis, hence was to study the response of the skin proteome of the cold-water marine lumpfish under chronic crowding stress. Analysis of the effect of prolonged crowding stress on the skin of lumpfish using two-dimensional gel and mass spectrometry based approaches, identified eight differentially expressed protein spots.

Spot 1 was identified as calmodulin and significantly increased in expression level in the stressed fish compared to unstressed ones on days 14 and 21 (Figure 4). Calmodulin is a highly conserved multifunctional calcium binding protein, with a role in various biological processes such as inflammation, apoptosis, autophagy, immune and stress response (Berchtold and Villalobo, 2014; Li et al., 2014). This protein was over-expressed in notothenoid fish of Antarctica exposed to cold stress (Yang et al., 2013). Intensity changes in protein spot 1, calmodulin, in stressed fish suggests that calmodulin dependent signaling pathways might be initiated as a stress response.

Spot 2, fatty acid binding protein heart-like, was significantly upregulated on days 21 and 28 in the stressed group compared to the control (Figure 4). This protein is involved in energy metabolism by transportation of lipid, and changes in it could serve to meet the increased energy requirement due to stress. Interestingly, inhibition of fatty acid binding protein and resulting peroxisome proliferator-activated receptor α downregulation in zebrafish liver gave increased oxidative stress (Zhang et al., 2016). This suggest that changes in fatty acid binding protein levels or activity (post-translational modifications) could be important for direct stress mitigation. However, fatty acid binding protein has also been found to increase inflammation (Hui et al., 2010) and to be highly expressed in inflammatory diseases (Milner et al., 2009; Yeung et al., 2009).

Spot 3, 14-3-3-alpha/beta, had a lower intensity in the stress group at day 7 and 14. The 14-3-3 protein family are well known as scaffold proteins in signaling pathways and as such influence numerous cellular processes (Tzivion et al., 2001). This protein has been identified in four spots in skin mucus of lumpfish (Patel and Brinchmann, 2017), in four spots in Atlantic cod (Rajan et al., 2011), in two spots in mucus of European sea bass (Dicentrarchus labrax) (Cordero et al., 2015). A 14-3-3 alpha/beta spot’s intensity decreased in skin mucus after wounding in gilthead seabream (Sparus aurata) (Cordero et al., 2017). In brain of stressed fingerling of rainbow trout, the expression of several 14-3-3 genes was increased (Koskinen et al., 2004). This result cannot be directly compared with our result as it is on the gene level and in brain, not skin. In turbot (Scophthalmus maximus) subjected to low salt stress, an increase in gene expression of a 14-3-3 was found, which subsequently decreased during the stress period (Liu et al., 2020). In the present study sampling of skin tissue was done once a week, hence a possible early peak in 14-3-3 spot intensity would not be detected. Silencing of 14-3-3 by RNA interference influenced the osmoregulation in turbot, suggesting an important role for 14-3-3 in osmoregulation (Liu et al., 2020), potentially linking 14-3-3 modulation to secondary stress responses in osmolality, chloride and magnesium.

Spot 4, heat shock cognate 70 kDa protein, is also known as heat shock cognate 71kDa or hsp73 (Stricher et al., 2013). Heat shock proteins/genes are expressed in fish exposed to stressors such as temperature, salinity, crowding, pathogenic infections, chemicals and toxins (Boone and Vijayan, 2002; Ming et al., 2010; Ellison et al., 2017). It was previously found in skin mucus of lumpfish (Patel and Brinchmann, 2017). Hsc70 is a multifunctional protein involved in inflammation, infection, autophagy, chaperoning activity, protein folding and protein degradation (Stricher et al., 2013). A short term crowding stress of 24 hours in Wuchang bream (Megalobrama amblycephala) showed initial downregulation of hsc70 mRNA in the liver and then upregulation possibly to maintain homeostasis (Ming et al., 2010). In the present study the hsc70 protein spot in the stressed group showed a consistent lower intensity compared to the control groups at all time points. Lower intensity of the hsc70 spot in all time points in this study could represent lower protein amount due to the long period of exposure to crowding, where the fish could not regain the homeostasis. This would be in agreement with the physiological data that showed that the stressed group after 14 days showed signs of allostatic overload type 2 (chronical stress). Alternatively the spot represents one of several heat shock cognate 70 spots, with a post-translational modification that is changed during stress.

Spot 5 was glutathione-S-transferase Mu 3 protein. It is an enzyme from the large glutathione-S-transferase (GST) family with detoxification in electrophiles as its primary function. In many organisms expression of GSTs has been observed due to oxidative stress (Cho et al., 2001). Glutathione-S-transferase Mu in mice can modulate the stress activated signaling by suppressing the expression of apoptosis signal regulating kinase that serves as defense against oxidative stress (Cho et al., 2001). Spot 5 had higher intensity on day 21 and a significant difference was observed between day 21 and day 28 in the stressed group.

Spot 6, guanine nucleotide binding protein (G-protein), showed increased intensity at 21 days. G-proteins are well known signaling pathway components among others involved in G-protein coupled receptor signaling. A guanine nucleotide binding protein was found in skin mucus of lumpfish (Patel and Brinchmann, 2017). In zebrafish (Danio rerio) brain guanine nucleotide binding protein was modulated after ethanol stress. Since there are a large number of G-proteins in cells, further research is needed to further characterize the spot 6 G-protein, and its possible role in stress signaling pathways.

Spot 7 was identified as histone H4 protein. The primary function of histone proteins is in DNA condensing in the nucleosome complex, but histones also have antimicrobial functions (Robinette et al., 1998). The nucleosome core complex contains the major histone proteins (H2A, H2B, H3 and H4) and several non-histone proteins as well as H1 are associated with it for DNA packaging. Under stressful conditions the DNA packaging might get affected, as part of regulation of gene expression, and chromatin proteins can get up-or downregulated and/or modified compared to non- stressed individuals (Rando, 2012; Smith and Workman, 2012). In channel catfish skin the expression levels of histone like proteins (HLP) were suppressed in stressed (overcrowding and high ammonia levels) fish compared to unstressed fish from week 1 till week 4 of the experiment (Robinette et al., 1998; Robinette and Noga, 2001). In our study, the lumpfish skin showed a steady intensity of spot 7, histone H4 in both stressed and unstressed fish till day 21. On day 28 the stressed fish showed a significant drop in the spot 7 intensity (histone H4) compared to the unstressed, control, fish. This change could influence gene expression, but also the role of histones as antimicrobial proteins, as long term exposure to stress impairs the immune system of organisms (Tort, 2011).

Spot 8 was keratin type-II cytoskeletal 8 like protein, and had higher spot intensity on day 21 and then lower intensity on day 28 in lumpfish skin after crowding. This protein was found to be downregulated in skin mucus of stressed (random light flashes, shaking of tanks, random sounds, moving objects into water, water reverse flow in random order for 30 min three times per day for 21 days) gilthead sea bream (Pérez-Sánchez et al., 2017). Keratins are important structural proteins in skin and has roles in phagocytosis, cell shape determination and stress responses. Keratin performs these functions by its highly dynamic scaffolding activity (Magin et al., 2007). A study on human suggested that keratin could, in addition to its structural role, protect the tissue from injury by removing the stress activated kinases by acting as a phosphate sponge (Ku and Omary, 2006). Keratin has also been shown to have antimicrobial activity (Molle et al., 2008). In the current study, we speculate that, the higher spot intensity of keratin on day 21 could be to remove the stress induced kinases, but as the crowding still continued after 21 days, the fish could not recover from the long exposure to stress and the keratin spot intensity was reduced on day 28 compared to day 21 (Figure 4). Gel based proteomics picks up changes in proteins, including post-translational changes, hence the change in spot intensity does not clearly imply changes in protein levels, and hence the interpretation of the changes seen are not clear at the moment.

In conclusion, we identified protein spots that showed modulated spot intensities in response to crowding stress. Gene ontology analysis showed the involvement of the identified proteins in metabolic pathways, binding, protein regulation, phagocytosis and engulfment. Among all the expressed proteins hsc70 could be a potential stress marker in skin for crowding stress as it had lover spot intensity at all time points compared to the non-stressed group. However, further work is needed to determine if changes in protein amount and/or protein modifications are responsible for the drop in intensity of the hsc70 spot observed. Further research on pathway analysis of the identified proteins would add to the existing knowledge of stress responses in fish.



4.2.3 Expression of Hspa8 Gene in Lumpfish Skin Subjected to Prolonged Stress

The expression level of hspa8 gene did not correlate with the protein expression levels of heat shock cognate 70kDa. Gene expression was upregulated at day 7 and was not significantly different from the control group at other time points. It is well known that mRNA levels (gene expression) and protein levels does not always correlate, as seen e.g. in yeast, Saccharomyces cerevisiae (MacKay et al., 2004). 2D gels separate post-translationally modified version of the same protein, hence any given protein will be present in several spots and changes in intensity of a spot does only mean that the spot changes, and not necessarily protein amount. For example an addition of one to several phosphate groups will distribute a protein on several spots. This might not be enough to give increased spot density in these several spots, but the disappearance of non-phosphorylated protein will be large enough to be observed.




4.3 Tertiary Stress Response

When stress affect the organism’s and population’s growth, disease resistance and mortality, one often denotes it as a tertiary stress response (Wendelaar Bonga, 1997; Wendelaar Bonga, 2011). To establish homeostasis during and after a stressor the organism must direct all energy to important task such as locomotion and respiration. As long as the danger exists, other physical tasks such as growth or reproduction will not be prioritized (Wendelaar Bonga, 1997; Wendelaar Bonga, 2011).

Lumpfish in the stressed group showed stunted growth and did not increase in weight after 14 days, which signify a tertiary stress response. The control group, on the other hand, showed a steady rise in average weight throughout the experiment, and its weight was significantly higher than the stress group at the same time points after 21 and 28 days. The modified average specific growth rate showed a similar negative trend. An effect of plasma cortisol on growth has been shown in gold fish (Carassius auratus) (Bernier et al., 2004), Atlantic cod (Gadus morhua) (Staurnes et al., 1994) and Atlantic salmon (Pickering, 1990). In addition, Bernier (2004) noticed that, the specific growth rate was lower in the stressed group both in comparison to the control group and to the pre-stress situation, in accordance with the present study.

To detect chronical stress (allostatic overload type 2) one can use the dexamethasone test to assess HPI axis sensitivity and the feedback loop. Dexamethasone will block the release of ACTH from the pituitary, hence block the stress response (Wilens et al., 1984). Daily stressed lumpfish after 28 days showed oversensitivity to the weight-adjusted dose of ACTH compared to the control group, hence stressed fish had a significantly higher level of plasma cortisol compared to control fish after ACTH stimulation. The inhibition test using dexamethasone to inhibit ACTH release followed by PBS injection showed relatively high cortisol levels, hence the negative feedback mechanism in lumpfish are reduced, implying a chronical stress situation.

Historically, the DEX test has been used to detect HPI axis changes in melancholic patients (Wilens et al., 1984; Banki et al., 1986; Kumar et al., 1986). Even though studies on ACTH sensitivity in animals are not very numerous, those which has been conducted supports the notion that chronic stressed animals show changes in HPI axis activity and sensitivity (Friend et al., 1985; Mormede et al., 2007; Iversen and Eliassen, 2014).

There are few studies on chronic stress of fish, combining the baseline levels of plasma cortisol, sensitivity of the interrenal cells (ACTH), and the efficiency of the negative feedback by corticosteroids (DEX). Lack of similar studies and unclear definitions of acute/chronic stress makes it difficult to draw precise conclusions, and to generalize results from different fish species. However, in lumpfish (this study), Atlantic salmon (Iversen and Eliassen, 2014) and rainbow trout (Oncorhynchus mykiss) (Pottinger and Carrick, 2001) an oversensitive HPI-axis with reduced negative feedback system and elevated baseline levels of plasma cortisol seems to indicate a chronic stressed fish (allostatic overload type 2) with high potential to compromise the animal welfare of the species.



4.4 Overall Stress Response, Concluding Remark

In the current study lumpfish, exposed to repeated stress, showed sign of primary, secondary and tertiary stress responses. After three weeks and onward there were changes on the endocrine level, i.e. cortisol does not return to resting levels (measured in the morning after a minimum a 18 hrs after the stressor). After four weeks secondary stress response was observed as changes in osmoregulation (plasma osmolality and ion level changes) as well as changes in molecular parameters (proteins and gene expression). The molecular parameters changes were clearest for hsc70 which showed decreased spot intensity at all time points, as well as increased gene expression at day 7. Whole body changes (tertiary stress response) were also found, that is impaired growth, HPI-axis oversensitivity and impaired feedback mechanism. The chronic stress (allostatic overload type 2) can have possible dire consequences for the animal welfare and possible lead to increased disease susceptibility.
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5 Glutathione-S-transferase Mu 3 Anoplopoma fimbria 57/7 139/139 25955/6.84 KLAYWDIRG
(ACQ58211) RLLLEYTGSKY
6 Guanine nucleotide binding protein Danio rerio (042248) 29/2 57/57 36557/7.60 RVWQVTIGTR
subunit beta 2 like
7 Histone H4 Larimichthys crocea 49/15 132/132 15136/11.48 RISGLIYEETRG
(KKF20647) RDNIQGITKPAIRR
8 Keratin, type Il cytoskeletal 8-like Scleropagus formosus 56/3 141141 56997/6.22 RTLLEGEESRL
(KPP69326) KLALDIEIATYRX

aSignificant threshold, ®Sequence coverage, SUnique peptide, Unique peptide sequences are in red.
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