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Experimental Handling Challenges Result in Minor Changes in the Phagocytic Capacity and Transcriptome of Head-Kidney Cells of the Salmonid Fish Coregonus maraena
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Aquaculture management involves regular handling procedures, but these can evoke stress responses in farmed fish. We compiled an extensive list of published parameters that indicate the most likely handling-induced physiological deviations from the norm. However, since these parameters are based almost exclusively on studies of rainbow trout and Atlantic salmon, we conducted a handling-challenge experiment with maraena whitefish (Coregonus maraena). This salmonid fish was sampled at either 3 or 24 h after a single 1-min handling or after 10 days of daily repeated 1-min handling. The cortisol levels were strongly elevated in some individuals at 3 h after the single handling challenge, but these elevations were not significantly different between the challenged and control cohorts. The phagocytic capacity of myeloid head-kidney cells stimulated with fluorophore-labeled, inactivated Aeromonas salmonicida was significantly decreased in maraena whitefish at 3 h after the handling challenge compared to control fish. Microarray analysis of head-kidney samples from the challenged and control fish revealed 12 differentially expressed genes at 3 h and 70 at 24 h after the single handling episode, but only 5 differentially expressed genes after 10 days of repeated daily handling. The identified genes were assigned to numerous stress- and immune-relevant functional pathways, including “glucocorticoid receptor signaling” (3 h post-challenge), “HIF1A signaling” (24 h post-challenge), or “complement system” (10 days of repeated challenge). Our data reveal the tight interconnection of immune and stress pathways in the head kidney of maraena whitefish and corroborate several parameters previously found regulated in other tissues of handling-stressed rainbow trout. These findings indicate that handling may compromise the health and welfare of maraena whitefish in aquaculture.
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INTRODUCTION

Maladaptive stress responses are associated with reprogramming of the immune system. A comprehensive panel of biomarkers provides a reliable source of information for evaluation of the actual immune status and the impact and severity of a particular environmental challenge. Biomarkers are substances or characteristics that indicate an upcoming or persistent condition (1), as they reflect the “interaction between a biological system and an environmental agent of chemical, physical, or biological origin” (2, 3). In non-mammalian model species, such as teleost fishes, gene profiling has been widely used to search for parameters that are sensitive to environmental disturbances and that might be suitable for use as potential diagnostic markers for disease and distress (4–6). Different methodologies allow the screening of either preselected genes (quantitative PCR, qPCR) or whole transcriptomes (microarray, RNA sequencing) in different tissues and/or under different challenge conditions. The simultaneous assessment of multiple parameters, preferably from different analysis platforms, allows the drawing of realistic conclusions about unsuitable husbandry conditions and environmental stressors that may exceed the adaptive capacity of the examined individuals (7, 8). The recording of gene expression markers in conjunction with other molecular markers, such as plasma hormones or metabolites, behavioral features, growth rates, feed intakes, or parasite infestations (7), can reflect potential alterations at the different levels of the fish's biological response (9, 10).

Stressors in aquaculture can impair the immune defenses of fish, thereby facilitating the appearance of diseases (11). Handling stress, in particular, has been intensively investigated in the salmonids rainbow trout Oncorhynchus mykiss and Atlantic salmon Salmo salar, as these species have been domesticated for decades and are therefore more resilient to anthropogenic stress (12–14). These studies have provided an extensive list of a wide variety of parameters that change after typical handling procedures, such as chasing and netting, exposure to air, and transfer to (confinement) tanks (Table 1). The investigated parameters include body scores (15), concentrations of osmolytes and metabolites (e.g., hormones, carbohydrates, lactate, nucleotides, free fatty acids, and sialic acids) (16–21), blood cell counts (16, 22), enzyme activities (23–25), behavioral characteristics (23), susceptibility to parasites (26), and a long and diverse list of tissue-specific transcripts recorded via qPCR (27–29) or transcriptomic approaches (30–34).


Table 1. Overview about selected physiological parameters altered in response to handling stress in Oncorhynchus mykiss and Salmo salar.

[image: Table 1]

By contrast, other salmonid species, such as the maraena whitefish Coregonus maraena, are non-domesticated, as they have been kept in aquaculture for only a few generations and on a comparatively small scale (35). These other fish species respond inappropriately to unavoidable aquaculture procedures, including transportation and tank cleaning, and only sparse reports are available regarding their physiological reaction patterns. However, a common response among all vertebrates is the immediate activation of the stress axis by an adequate stimulus. This activation is initiated in the brain and leads to the release of stress hormones into the bloodstream by specialized endocrine tissues (Figure 1). The chromaffin and interrenal cells of the head kidney, in particular, are in charge of secreting catecholamines and glucocorticoid hormones (e.g., cortisol), the main endocrine effectors of the stress response (11, 36, 37).
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FIGURE 1. Overview of the three levels of the stress response in teleost fish. The primary response activates the brain-sympathetic-chromaffin (BSC) axis. Sympathetic nerve fibers transfer the stress signals through the spinal cord and the sympathetic ganglia, which innervate and form synapses with chromaffin cells in the head kidney. The synapse activity triggers the release of the catecholamines adrenaline (A) and noradrenaline (NA) into the bloodstream. In parallel, the activation of the hypothalamic–pituitary–interrenal (HPI) axis stimulates the release of corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) into the blood. ACTH, in turn, induces the interrenal cells in the head kidney to release cortisol (CORT) into the bloodstream. CORT promotes the secondary response of reorganizing the availability of energy resources, as reflected by altered blood pressure and heart rate and by the changed concentrations of glucose and lactate. The tertiary response is reached when the system assumes a dysregulated state but cannot return to homeostasis, thereby impairing the immune system, behavior, growth, and reproduction.


In a previous study, we analyzed the monoaminergic response to acute and repeated exposure to handling in the brain of maraena whitefish (38). In the present study, we recorded the effect of the same challenge, but with a focus on the phagocytic capacity of myeloid head-kidney cells and the transcriptomic response of the head kidney.



MATERIALS AND METHODS


Animal Rearing Conditions

Juvenile maraena whitefish were obtained from the Institute for Fisheries of the State Research Center for Agriculture and Fishery Mecklenburg-Western Pomerania (Born, Germany) and BiMES—Binnenfischerei GmbH (Friedrichsruhe, Germany). Following transportation, the maraena whitefish were habituated for 2 weeks in fresh-water recirculation systems at 18°C at a stocking density of 10 kg/m3 and a 12:12-h day-night cycle. The quality of the water was sustained by automated purification and disinfection (a bio-filter and UV light), with continuous recording of relevant quality parameters ([image: image], [image: image], [image: image], NH3; pH value; temperature and oxygen saturation). Commercial dry feed pellets (4.5 mm; Biomar, Inicio Plus) were distributed by automatic feeders at a daily rate of 0.8–4.0%, depending on the weight of the animals.



Handling Experiment With Maraena Whitefish

One week before the start of the experiments, 48 juvenile whitefish, with a start length of about 20 cm and a start weight of about 200 g, were acclimatized to dark cylindrical 150 L polyethylene tanks. The present study involved a single handling challenge for the maraena whitefish, followed by sampling after 3 h (n = 8) and 24 h (n = 8) or repeated daily handling over a period of 10 days (n = 8) (Figure 2). The fish were kept in pairs in separate tanks, as described in detail previously (38). For the single 1-min handling challenge, the 16 fish were intermittently chased and netted for 1 min. They were then lifted separately from the tank and transferred into a secondary tank, where they were kept until the 3 or 24 h post-handling time point. The fish sampled at 3 and 24 h were kept in different tanks. The repeated 1-min handling procedure was applied on a daily basis for a 10 day period, and the 8 treated fish were sampled at 24 h after the last handling treatment. Cohorts of control fish (24 fish in total) were kept in parallel under identical conditions but not exposed to the handling challenge.
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FIGURE 2. Schematic representation of the handling experiment. After a 7-day acclimation period in the experimental tanks, 24 maraena whitefish were exposed to a one-minute handling challenge (indicated by “H” and pink circles), while 24 control fish remained undisturbed (indicated by “C”). (A) The single handling challenge involved chasing, netting, and the transfer from one tank (labeled with “1” or “2”) to another tank (termed the “post-stress tank”). Sampling (indicated by †) was conducted at 3 or 24 h after the handling challenge. This handling-challenge experiment was repeated four times, starting on different days, with rotation of the experimental tanks to avoid tank effects. A total of 16 fish were sampled per time point. (B) The repeated handling challenge was performed every morning in the same tank (labeled “1”), while the control fish (in tank “2”) remained undisturbed. After 10 days, the treated and control fish were sampled (indicated by †). This experiment was conducted four times (16 fish in total), starting on different days and with rotation of the experimental tanks to avoid tank effects.


Experiments were performed in the morning (between 8 and 11 a.m.) to minimize the influence of circadian rhythms on the measurements. All procedures were approved by the Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern, Germany (LALLF M-V/TSD/7221.3-1-069/18). The sampling and killing methods followed the standards described in the German Animal Welfare Act [§ 4(3) TierSchG]. In detail, whitefish were euthanized with an overdose of 2-phenoxyethanol (0.7 mL/1 L water), followed by spine sectioning at the skull level. Immediately after euthanasia, blood was extracted from the caudal vein using a heparinized syringe and stored in heparinized vials on ice. The head kidneys were then isolated, as the head kidney is the effective center for neuro-immune interactions in teleosts and controls endocrine, hematopoietic, and immune functions (39, 40). Half of the tissue was snap-frozen in liquid nitrogen (for microarray hybridization), and the other half was placed in a sterile container with Dulbecco's Modified Eagle's Medium (DMEM; Gibco/Thermo Fisher) for cell extraction for the phagocytosis assay and cell sorting.



Measurement of Blood Parameters

Glucose and lactate concentrations in freshly extracted blood were analyzed using a portable reflectance photometry device (Accutrend Plus, Roche) and the respective test strips (Accutrend BM, Roche).

Plasma was extracted from heparinized blood by centrifugation at 6°C and 270 × g for 15 min. The erythrocyte pellet was discarded, and the plasma was used to quantify the cortisol concentrations using a competitive enzyme-linked immunosorbent assay (ELISA; DRG Diagnostics). A Beckman Coulter DTX 800/880 Series Multimode Detector (Beckman Coulter) detected the level of absorbance at 450 nm. Measurements were performed following the manufacturer's instructions.



Isolation of Head-Kidney Cells and Phagocytosis Assay

The effects of handling on the phagocytic activity of myeloid cells were quantified using samples from fish treated with “single 1-min handling” and sampled 3 h post-treatment (n = 4) and in samples from matching controls (n = 4). The isolation of head-kidney cells followed our previously published protocols (40). In brief, head-kidney tissue was homogenized in DMEM using a steel sieve (500 μm). The resulting head-kidney cell suspension was then successively sieved through two cell strainers (200 and 100 μm pore size). The sieved cell suspension was then layered onto an isotonic Percoll gradient (ρ = 1.084 g/mL) and centrifuged at 800 × g for 30 min to reduce the number of erythrocytes. The cell band in the DMEM/Percoll interface was collected, washed, and resuspended in DMEM to obtain a final concentration of 20 million cells per mL. A 100 μL sample of this cell suspension was incubated with or without fluorescein isothiocyanate (FITC; Miltenyi Biotec) labeled Aeromonas salmonicida (wild-type strain JF 2267) at a 2.5:1 (head-kidney cell:bacteria) ratio at 17°C for 30 min. The cell suspension was then analyzed by fluorescence activated cell sorting using a MoFlo XDP high-speed cell sorter (Beckman Coulter) with an incorporated air-cooled Coherent Sapphire laser (488 nm, 100 mW) to identify the cells of myeloid origin [larger cells with high internal complexity; cf. (40)]. This cluster of cells was sorted and reanalyzed with the cell sorter to quantify the FITC-positive and FITC-negative cells inside the cluster. A Carl Zeiss confocal laser-scanning microscope LSM 800 (Carl Zeiss Microscopy) with a Plan-Neofluar 40 × /1.30 oil objective (Carl Zeiss Microscopy) was used to validate the internalization of FITC-labeled bacteria by myeloid cells and to discard aggregates of fluorescent bacteria, which could be recorded as false positives.

The same animals used for the phagocytosis assay were selected for microarray analysis.



RNA Isolation and Microarray Analysis

Total RNA was extracted from head-kidney samples by homogenization in liquid nitrogen using TRIzol Reagent (Life Technologies/Thermo Fisher) and the RNeasy Mini Kit (Qiagen). The concentration of the obtained RNA was determined by spectrophotometry (NanoDrop One, Thermo Fisher Scientific) and its quality was assessed by horizontal electrophoresis on 1% agarose gels. The integrity of the RNA was analyzed using the Bioanalyzer (Agilent), which revealed RNA integrity numbers > 9 for all samples analyzed.

Hybridizations were carried out using 8 × 60 k Agilent-020938 Salmon Oligo Microarrays (Agilent Technologies; GEO platform: GPL21057) that included the transcript-fragment sequences from Oncorhynchus, Salmo, and Coregonus spp. (41). Samples (50 ng) of the extracted RNA specimens (four controls and four treated fish for each 3 h, 24 h, and 10 day time point) were converted first to Cy3-labeled cRNA using a Low Input Quick Amp Labeling Kit (Agilent Technologies). The ND-1000 Spectrophotometer was used to measure the cRNA yield and dye-incorporation rate. The hybridization was performed using the Agilent Gene Expression Hybridization Kit (Agilent Technologies) according to the One-Color Microarray-Based Gene Expression Analysis protocol (version 6.6, part number G4140-90040). In detail, the Cy3-labeled fragmented cRNA in a hybridization buffer was hybridized overnight (17 h, 65°C) to two 8 × 60 k Agilent-020938 Salmon Oligo Microarrays using Agilent's hybridization chamber and oven. When hybridization was complete, the microarray chips were washed with Agilent Gene Expression Wash Buffer 1 (room temperature, 1 min), followed by a second wash with the preheated Agilent Gene Expression Wash Buffer 2 (37°C, 1 min). The signaling fluorescence of the hybridized arrays was scanned using Agilent's Microarray Scanner System G2505C (Agilent Technologies) at a resolution of 2 μm.



Data Analysis

Statistical analyses of blood parameters were performed using GraphPad Prism 9.1.0 (GraphPad Software) with a significance level of 0.05.

The Agilent Feature Extraction software (version 12.1.1.1) was used to read and process the microarray image files. Data were normalized by subtracting the background fluorescence based on a two-sided t-test analysis. The resulting data sets were analyzed in RStudio (v. 1.4.1106) for R (v. 3.6.3) with the limma package from the Bioconductor suite. The expression fold-change (FC) between treated fish and controls was calculated, and Benjamini and Hochberg correction was applied to the p-values to minimize the false discovery rate. Genes were considered significantly expressed when q < 0.01 and absolute FC ≥ 1.75.

The Basic Local Alignment Search Tool (BLAST) was used to annotate the significantly expressed genes based on a coverage and sequence identity of >80% and E-value <1 × 10−4. The expression data have been submitted to Gene Expression Omnibus (GEO) under accession code GSE183125. The heat map was developed using RStudio, applying the functions gplot, tidyverse, cluster, factoextra, and pheatmap (https://www.bioconductor.org/). The list of differentially expressed (DE) genes (excluding repeated annotations) was used for a functional analysis with the Ingenuity program (Ingenuity Pathway Analyses, Ingenuity Systems/Qiagen). Benjamini-Hochberg multiple testing was performed, and p < 0.05 was considered as a cut-off score. The output lists were carefully reviewed, and all pathways and functions associated with a mammalian disease were deleted. All functionally relevant pathways are indicated by italics in the following sections.




RESULTS


Cortisol Is Not Significantly Elevated in Whitefish 3 h After Handling

The blood concentrations of cortisol, glucose, and lactate were determined in the treated maraena whitefish and matching controls 3 and 24 h after a single episode of 1-min handling and after a repeated 1-min handling challenge over 10 days. The cortisol concentrations in some individuals reached values of up to 215 ng/mL at 3 h after the handling challenge, but the cortisol level elevations were not consistent across the entire cohort. Therefore, no significant differences were detected at other time points or with the matching controls (Figure 3A). The levels of glucose (43–139 mg/dL) and lactate (0.8–3.6 ng/mL) also did not differ significantly between the investigated groups (Figures 3B,C).


[image: Figure 3]
FIGURE 3. Concentrations of blood parameters in the treated and control maraena whitefish. The concentrations of (A) plasma cortisol (ng/mL), (B) glucose (mg/dL), and (C) lactate (mmol/L) in eight individuals per time point are illustrated as box and whisker plots. Bars represent the mean values in control (white) and treated (gray) fish. Individual measurement points are indicated by blank (control) and filled (treatment) dots; error bars indicate standard deviation.




Single and Repeated Episodes of Handling Result in Moderate Changes in the Head-Kidney Transcriptome

A single episode of handling had moderate effects on the head-kidney transcriptome of maraena whitefish (Figures 4A,B). The transcript abundances of a dozen genes were increased at least 1.75-fold (with q < 0.01) in whitefish 3 h after the challenge compared to the control fish (Figure 4A; GEO accession ID: GSE183125). A pathway analysis application allocated two of the 12 genes (FKBP5 and KRT18) to glucocorticoid receptor signaling (with p = 0.01) (Table 2). An upstream analysis suggested two cytokines and ten transcription factors that could be responsible for the induction of three differentially expressed (DE) genes (NR4A4, KDM6B, and KRT18) (Figure 4C).


[image: Figure 4]
FIGURE 4. Classification of differentially expressed (DE) genes in treated vs. control maraena whitefish. (A) Hierarchical representation of DE features (q < 0.01; FC ≥ |1.75|) in the head kidney of maraena whitefish at 3 and 24 h after single handling and 10 days after repeated daily handling (as indicated below the heat map). The intensity and shade of the colored cells represent the normalized mean values of four individuals per group (C, control; H, handling) and time point (3 and 24 h after single handling; 10 days after repeated daily handling). Gene symbols or Agilent IDs (in cases of unknown features) are listed on the right and labeled according to the sampling time point at which differential expression over control was detected (3 h, gray; 24 h, brown; 10 d, red). (B) Venn diagram illustrating the absolute number and the number of upregulated (↑) and downregulated (↓) DE features in the head kidney of maraena whitefish 3 and 24 h after single handling and 10 days after repeated daily handling relative to the expression values obtained for the matching control group. The overlaps indicate that no DE genes are shared by the three treatment groups. The diagram was calculated on the basis of the Agilent ID lists; the three most upregulated and downregulated genes in the respective lists are given next to the respective circle. (C–F) Upstream analyses predicted cytokines (bold, underlined) and transcription factors (bold) that might be responsible for the renal expression patterns (C) at 3 h and (D,E) 24 h after single handling and (F) at 10 days after repeated daily handling of maraena whitefish. The gray factor is not present as a teleost ortholog. The observed upregulation and downregulation of the italicized DE genes is highlighted according to the colors of the heatmap in (A). Relationships between upstream regulators and genes are displayed by lines indicating activation (orange) or uncertainty due to lack of knowledge (gray) or the state of downstream factors (yellow). Broken and solid lines indicate indirect or direct interactions; a blocked line indicates inhibition.



Table 2. Relevant Ingenuity-predicted canonical pathways (with p ≤ 0.01) regulated in challenged maraena whitefish.
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Sampling at 24 h after the handling challenge increased the number of DE genes to 70 (56 upregulated and 14 downregulated genes). These DE genes were assigned to 16 relevant pathways (with p ≤ 0.01), including the stress-related pathways HIF1A signaling, unfolded protein response, endoplasmic reticulum stress pathway, and protein ubiquitination pathway; the metabolic pathways glycolysis, asparagine biosynthesis, and glutathione redox reactions; and the immune-relevant pathways antigen presentation pathway, role of protein kinase receptor in interferon induction and antiviral response, and arginine degradation (Table 2). The upstream analysis suggested six cytokines (Figure 4D) and 14 transcription factors that may be responsible for the induction of 21 DE genes (Figure 4E).

The repeated handling over 10 days modulated the transcript levels of only five (three upregulated and two downregulated) genes, including CD46 in the head kidney of maraena whitefish. CD46 was the most upregulated gene (6.5-fold) of the entire study across all time points (Figure 4A). A pathway analysis suggested the cytokine IL2 and the transcription factor SNAI1 as negative upstream regulators of CD46 expression (Figure 4F), which is predicted to control the complement system (with p = 0.007) (Table 2).



Phagocytic Activity of Myeloid Cells Is Reduced 3 h After Handling

At 3 h after handling, we incubated head-kidney cells from challenged and matching control fish with FITC-labeled Aeromonas salmonicida and determined the ratio of FITC-positive and FITC-negative cells (Figure 5A) in the cluster of presumably myeloid cells. Confocal microscopy was used to validate the phagocytosis of labeled bacteria by the myeloid cells (Figure 5B), as this microscopy mode allows the identification of aggregates of fluorescent bacteria that may otherwise distort the results. The phagocytic capacity of myeloid cells from maraena whitefish was significantly decreased by 37% (with p = 0.02) at 3 h after handling compared with the undisturbed control fish (Figure 5C).
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FIGURE 5. Phagocytic capacity of myeloid cells from treated and control maraena whitefish. Sorted myeloid cells were incubated with FITC-labeled Aeromonas salmonicida. A high-speed cell sorter separated and quantified the FITC-positive and FITC-negative cells. (A1) The histogram shows the quantitative distribution of FITC-positive (+) and FITC-negative (–) cells. (A2–4) The FSC-A/SSC dot plots illustrate the proportion of FITC (+) (blue cloud) and FITC (–) (orange cloud) cells. These cells were sorted according to the parameters of cell volume (abscissa) and granularity (ordinate); therefore, the orientation of the dot cloud in the diagram suggests that most of the phagocytosing cells are more granular and larger cells of myeloid origin [see (40) for further information]. (B) Confocal microscopy was used to validate the phagocytosis of labeled bacteria by myeloid cells. A representative picture shows FITC-labeled A. salmonicida (bright green) phagocytosed by myeloid cells (characterized by their high internal complexity). Scale bar represents 10 μm. (C) The percentages of FITC-positive cells from maraena whitefish 3 h after a handling challenge (gray bar, n = 4) and from control fish (white bar; n = 4) are represented by box and whisker plots; error bars indicate standard deviations. * indicates a significantly different cell number (with p = 0.02).





DISCUSSION

The stress-induced reprogramming of the immune system may be reflected by delayed wound healing, accelerated pathogenesis, decreased vaccine protection, and modulated autoimmune diseases (42, 43). In the teleostean head kidney, the neuroendocrine “stress” axis and the immune system are interlinked by several hormones, including adrenaline, noradrenaline, and the glucocorticoid cortisol, which are released by the chromaffin and interrenal cell populations of this organ. In the present study, we observed elevated cortisol levels in only a few maraena whitefish individuals at 3 h after the handling challenge, and we interpret this as possibly a subsiding cortisol response. Other researchers have made similar observations in salmonid fish after handling stress (21, 25, 33), giving us reason to assume that the cortisol levels in our fish had likely peaked earlier than 3 h post-challenge. Nevertheless, the pathway analysis of differentially regulated genes in maraena whitefish 3 h after the challenge suggests an activation of glucocorticoid receptor signaling, which is broadly considered as anti-inflammatory, antiproliferative, and proapoptotic (44).

The release of stress hormones initiates a cascade of secondary messengers, which alters the expression of a panel of genes (45, 46). These expression patterns also modulate the function of immune cells, including monocytes/macrophages, granulocytes, and lymphocytes, in the head kidney (47–49). For this reason, we investigated the impact of the experimental handling procedure on the transcriptome of the head kidney and the consequences of handling on innate immune functions in maraena whitefish. Our list of DE genes at 24 h after handling shares a remarkable degree of overlap with the previously published lists on handling-induced expression profiles (30–34), despite the previous use of tissues other than the head kidney from the related species rainbow trout. Microarray studies on the liver (32) or brain (30) of handling-stressed rainbow trout revealed increased transcript levels of genes coding for matrix metalloproteinases (MMP), arginase (ARG), SRY-box transcription factors (SOX), the heat-shock gene DNAJC5, and four genes associated with myosin (MYO), which we also found upregulated 24 h after handling in the head kidney of maraena whitefish. The upregulation of nine features associated with MHC-class I molecules in the liver of handling-stressed rainbow trout (31) agrees with the increased levels of TAPBP (encoding the MHC-class I antigen-processing molecule tapasin) in the present study. The increased hepatic expression of genes coding for a G-protein-coupled signaling factor in an RNA-seq analysis of handling-stressed rainbow trout (34) corresponds to the upregulation of GRP4 in maraena whitefish. These DE genes could prove to be suitable biomarkers for evaluating inappropriate handling of salmonids and for monitoring the advances in domestication processes of salmonid species.

The transcriptional response to the handling procedure increased six-fold after 24 h (compared to the 3 h sampling made 21 h earlier) and included numerous genes that contribute to both stress and immune pathways. The pathway steroid hormone signaling in epithelial cells likely reflects the glucocorticoid-mediated physiological changes and is closely interrelated with the canonical “stress pathways” HIF1A signaling, unfolded protein response, endoplasmic reticulum stress pathway, and protein ubiquitination pathway. The restructuring of metabolic processes is reflected by differentially regulated pathways, such as glycolysis, that mobilize energetic resources. The pathways arginine degradation and signaling in epithelial cells and neutrophils indicate the proliferation and/or differentiation of phagocytic immune cells, such as macrophages and neutrophilic granulocytes. In this context, the pathways antigen presentation pathway, glutathione redox reactions, and phagosome maturation suggest that handling affects key processes involved in the detection and destruction of potentially invading pathogens. In line with this prediction, we observed a significant decrease in phagocytosis by the phagocytic cells from treated whitefish compared with the undisturbed controls. The finding of decreased phagocytosis capacity is worrisome because it may indicate an increased susceptibility to bacterial infection. The resistance to pathogens is apparently weakened in teleost fish following a disruptive stimulus, as has been concluded by other authors (50–52). Similar conclusions were drawn from studies that investigated the relationship between handling stress and parasite infestation (26).

The interconnection of stress and immune pathways early after the onset of a disturbing stimulus is also illustrated by the cytokines and transcription factors that were predicted to have caused the altered expression profiles in the treated maraena whitefish. At all the time points examined, members of the interleukin-2 family (IL2, IL4/13, IL15, and IL21) were presumably involved in the regulation of the handling-induced expression profiles. The respective interleukins are considered to share conserved pleiotropic functions with their mammalian orthologs (53); this would include the differentiation of T cells and B cells, which develop in the head kidney. Stress has been reported to influence the ratio of leukocyte populations in fish blood (7, 54, 55) and the results of our pathway analysis suggest that leukocyte proliferation was modulated in response to handling.

Notably, tumor necrosis factor alpha (TNF) presumably contributed to the expression profile at 24 h after the single handling. TNF is an early cytokine that emerges after a disruptive stimulus in various fish species (56). The list of transcription factors with predicted involvement in the expression profiles at 3 h and 24 h after handling included both typical stress-related factors (e.g., HSF1, CREB1, and ATF4) and classical immune-related factors (mainly STATs and Rel/NF-κB). FOXO1 is a transcription factor that regulates the availability of energy and the type of antibodies produced by B cells, so it may also have an ambivalent role in stress and immune pathways.

After 10 days of repeated daily handling, only a few genes were differentially regulated relative to undisturbed control fish. One of these was CD46, which encodes a transmembrane glycoprotein that protects cells from excessive complement activation in many vertebrates, including fish (57). The activity and expression levels of complement components in salmonid fish are induced by husbandry practices and environmental stress (58–60), and transcriptomic analyses on handling-stressed rainbow trout have also identified complement genes (complement factor H, C1q-like proteins, complement receptor) as regulated features (31, 33, 34).

The low number of differentially regulated genes after 10 days of repeated handling agrees with our previously reported results (38). The lack of changes in plasma cortisol concentrations and monoamine activities in the brain over a 10 day period of repeated handling suggested a habituation to handling procedures over time. The genes encoding dopamine receptors and monoamine synthesis enzymes could therefore be potential indicators of habituation in the brain. The present study extends the panel of indicators to additional genes in the head kidney and confirms that maraena whitefish might habituate to the daily handling conditions applied in this study.



CONCLUSION

A comprehensive panel of biomarkers provides a reliable source of information for evaluation of the actual biological status of fish and the impact and severity of a particular environmental challenge. This information is especially important for species that have only recently been introduced into intensive aquaculture and have not yet undergone breeding programs. A technical approach based on global transcriptome analysis and complemented by the quantification of metabolite-based parameters has not yet been published for coregonid species. The handling challenge tested in this study had already reduced the phagocytic activity of myeloid cells from maraena whitefish at only 3 h after the treatment, and this could increase disease susceptibility. The level of various genes involved in stress and immune pathways deviated from the norm 24 h after the challenging event. However, 10 days of repeated handling resulted in modulation of the concentrations of significantly fewer parameters. Taken together, the data indicate that relatively short handling procedures have a measurable impact on the physiology of maraena whitefish and should be minimized as much as possible to prevent increased disease susceptibility. Our data also show that habituation may decrease the activation of the stress axis and subsequent immune suppression. Therefore, close monitoring of the wellbeing of fish in aquaculture is essential to establish a balance between challenges that cause distress and subtler challenges that can lead to habituation.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/, GSE183125.



ETHICS STATEMENT

The animal study was reviewed and approved by Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern, Germany. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

AR, UG, JM-R, and TG designed research. JM-R, RB, and MT performed stress experiments and sampled fish. JM-R, TV, and UG performed phagocytosis assays and flow cytometry analyses. DK, AR, and JM-R conducted microarray analyses. JM-R and AR performed statistical analyses and wrote the paper. UG reviewed and edited the manuscript. All authors have read and agreed to the final version of the manuscript.



FUNDING

JM-R has been funded by an inter-institutional PhD project of the FBN. The publication of this article was funded by the Open-Access Fund of the FBN.



ACKNOWLEDGMENTS

We thank Marieke Verleih, Petra Müntzel, Birgit Sobczak, Brigitte Schöpel, Ingrid Hennings, Luisa Falkenthal (FBN), and Ildiko Toth (Core Facility for Microarray Analysis) for their excellent technical assistance, and we particularly acknowledge Christian Plinski (FBN) for his expertise and advice with the flow cytometer. We are grateful to Ralf Bochert (State Research Center of Agriculture and Fisheries, Mecklenburg-Vorpommern, Born, Germany) and Guido Thies (BiMES—Binnenfischerei GmbH Mecklenburg, Friedrichsruhe/Frauenmark, Germany) for providing the maraena whitefish.



REFERENCES

 1. Mayeux R. Biomarkers: potential uses and limitations. NeuroRx. (2004) 1:182–8. doi: 10.1602/neurorx.1.2.182

 2. World Health Organisation (WHO) International Programme on Chemical Safety (IPCS). Biomarkers and risk assessment: concepts and principles. Environ Health Criteria. (1993) 155:11.

 3. Gagné F. Biochemical Ecotoxicology: Principles and Methods. Amsterdam: Academic Press (2014).

 4. Krasnov A, Afanasyev S, Nylund S, Rebl A. Multigene expression assay for assessment of the immune status of Atlantic Salmon. Genes. (2020) 11:1–11. doi: 10.3390/genes11111236

 5. Rebl A, Verleih M, Nipkow M, Altmann S, Bochert R, Goldammer T. Gradual and acute temperature rise induces crossing endocrine, metabolic and immunological pathways in maraena whitefish (Coregonus maraena). Front Genet. (2018) 9:241. doi: 10.3389/fgene.2018.00241

 6. Myers JN, Dyce PW, Chatakondi NG, Gorman SA, Quiniou SMA, Su B, et al. Analysis of specific mRNA gene expression profiles as markers of egg and embryo quality for hybrid catfish aquaculture. Comp Biochem Physiol A Mol Integr Physiol. (2020) 243:110675. doi: 10.1016/j.cbpa.2020.110675

 7. Seibel H, Baßmann B, Rebl A. Blood will tell: what hematological analyses can reveal about fish welfare. Front Vet Sci. (2021) 8:194. doi: 10.3389/fvets.2021.616955

 8. Adams A, Thompson KD. Development of diagnostics for aquaculture: challenges and opportunities. Aquac Res. (2011) 42:93–102. doi: 10.1111/j.1365-2109.2010.02663.x

 9. Johansen R, Needham JR, Colquhoun DJ, Poppe TT, Smith AJ. Guidelines for health and welfare monitoring of fish used in research. Lab Anim. (2006) 40:323–40. doi: 10.1258/002367706778476451

 10. Noble C, Gismervik K, Iversen MH, Kolarevic J, Nilsson J, Stien LH,. Welfare Indicators for Farmed Rainbow Trout: Tools for Assessing Fish Welfare an FHF-Financed Project, Led by Nofima in Partnership with: The Norwegian Seafood Research Fund Institute of Marine Research. Available online at: https://nofima.no/fishwell/trout/ (accessed February 24, 2022).

 11. Balasch JC, Tort L. Netting the stress responses in fish. Front Endocrinol (Lausanne). (2019) 10:62. doi: 10.3389/fendo.2019.00062

 12. Fevolden SE, Refstie T, Røed KH. Selection for high and low cortisol stress response in Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss). Aquaculture. (1991) 95:53–65. doi: 10.1016/0044-8486(91)90072-F

 13. Rexroad CE, Vallejo RL, Liu S, Palti Y, Weber GM. Quantitative trait loci affecting response to crowding stress in an F2 generation of rainbow trout produced through phenotypic selection. Mar Biotechnol. (2013) 15:613–27. doi: 10.1007/s10126-013-9512-5

 14. Jentoft S, Aastveit AH, Torjesen PA, Andersen Ø. Effects of stress on growth, cortisol and glucose levels in non-domesticated Eurasian perch (Perca fluviatilis) and domesticated rainbow trout (Oncorhynchus mykiss). Comp Biochem Physiol Part A Mol Integr Physiol. (2005) 141:353–8. doi: 10.1016/j.cbpb.2005.06.006

 15. McCormick S, Shrimpton J, Carey J, O'Dea M, Sloan K, Moriyama S, et al. Repeated acute stress reduces growth rate of Atlantic salmon parr and alters plasma levels of growth hormone, insulin-like growth factor I and cortisol. Aquaculture. (1998) 168:221–35. doi: 10.1016/S0044-8486(98)00351-2

 16. Casillas E, Smith LS. Effect of stress on blood coagulation and haematology in rainbow trout (Salmo gairdneri). J Fish Biol. (1977) 10:481–91. doi: 10.1111/j.1095-8649.1977.tb04081.x

 17. Waring CP, Stagg RM, Poxton MG. The effects of handling on flounder (Platichthys flesus L) and Atlantic salmon (Salmo salar L). J Fish Biol. (1992) 41:131–44. doi: 10.1111/j.1095-8649.1992.tb03176.x

 18. Liu X, Afonso L, Altman E, Johnson S, Brown L, Li J. O-acetylation of sialic acids in N-glycans of Atlantic salmon (Salmo salar) serum is altered by handling stress. Proteomics. (2008) 8:2849–57. doi: 10.1002/pmic.200701093

 19. Karakach TK, Huenupi EC, Soo EC, Walter JA, Afonso LOB. 1H-NMR and mass spectrometric characterization of the metabolic response of juvenile Atlantic salmon (Salmo salar) to long-term handling stress. Metabolomics. (2009) 5:123–37. doi: 10.1007/s11306-008-0144-0

 20. Sigholt T, Erikson U, Rustad T, Johansen S, Nordtvedt TS, Seland A. Handling stress and storage temperature affect meat quality of farmed-raised Atlantic salmon (Salmo salar). J Food Sci. (1997) 62:898–905. doi: 10.1111/j.1365-2621.1997.tb15482.x

 21. Farbridge KJ, Leatherland JF. Plasma growth hormone levels in fed and fasted rainbow trout (Oncorhynchus mykiss) are decreased following handling stress. Fish Physiol Biochem. (1992) 10:67–73. doi: 10.1007/BF00004655

 22. Benfey TJ, Biron M. Acute stress response in triploid rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis). Aquaculture. (2000) 184:167–76. doi: 10.1016/S0044-8486(99)00314-2

 23. Möck A, Peters G. Lysozyme activity in rainbow trout, Oncorhynchus mykiss (Walbaum), stressed by handling, transport and water pollution. J Fish Biol. (1990) 37:873–85. doi: 10.1111/j.1095-8649.1990.tb03591.x

 24. Kubilay A, Uluköy G. The effects of acute stress on rainbow trout (Oncorhynchus mykiss). Turkish J Zool. (2002) 26:249–54. Available online at: https://journals.tubitak.gov.tr/zoology/issues/zoo-02-26-2/zoo-26-2-15-0105-4.pdf (accessed February 23, 2022).

 25. López-Patiño MA, Hernández-Pérez J, Gesto M, Librán-Pérez M, Míguez JM, Soengas JL. Short-term time course of liver metabolic response to acute handling stress in rainbow trout, Oncorhynchus mykiss. Comp Biochem Physiol Part A Mol Integr Physiol. (2014) 168:40–9. doi: 10.1016/j.cbpa.2013.10.027

 26. Delfosse C, Pageat P, Lafont-Lecuelle C, Asproni P, Chabaud C, Cozzi A, et al. Effect of handling and crowding on the susceptibility of Atlantic salmon (Salmo salar L) to Lepeophtheirus salmonis (Krøyer) copepodids. J Fish Dis. (2020) 44:1–10. doi: 10.1111/jfd.13286

 27. Sveen LR, Grammes FT, Ytteborg E, Takle H, Jørgensen SM. Genome-wide analysis of Atlantic salmon (Salmo salar) mucin genes and their role as biomarkers. PLoS ONE. (2017) 12:e0189103. doi: 10.1371/journal.pone.0189103

 28. Fast MD, Hosoya S, Johnson SC, Afonso LOB. Cortisol response and immune-related effects of Atlantic salmon (Salmo salar Linnaeus) subjected to short- and long-term stress. Fish Shellfish Immunol. (2008) 24:194–204. doi: 10.1016/j.fsi.2007.10.009

 29. Stone DAJ, Gaylord TG, Johansen KA, Overturf K, Sealey WM, Hardy RW. Evaluation of the effects of repeated fecal collection by manual stripping on the plasma cortisol levels, TNF-α gene expression, and digestibility and availability of nutrients from hydrolyzed poultry and egg meal by rainbow trout, Oncorhynchus mykiss (Walbaum). Aquaculture. (2008) 275:250–9. doi: 10.1016/j.aquaculture.2008.01.003

 30. Krasnov A, Koskinen H, Pehkonen P, Rexroad CE, Afanasyev S, Mölsä H, et al. Gene expression in the brain and kidney of rainbow trout in response to handling stress. BMC Genomics. (2005) 6:3. doi: 10.1186/1471-2164-6-3

 31. Momoda TS, Schwindt AR, Feist GW, Gerwick L, Bayne CJ, Schreck CB. Gene expression in the liver of rainbow trout, Oncorhynchus mykiss, during the stress response. Comp Biochem Physiol Part D Genomics Proteomics. (2007) 2:303–15. doi: 10.1016/j.cbd.2007.06.002

 32. Wiseman S, Osachoff H, Bassett E, Malhotra J, Bruno J, Vanaggelen G, et al. Gene expression pattern in the liver during recovery from an acute stressor in rainbow trout. Comp Biochem Physiol Part D Genomics Proteomics. (2007) 2:234–344. doi: 10.1016/j.cbd.2007.04.005

 33. Cairns MT, Johnson MC, Talbot AT, Pemmasani JK, McNeill RE, Houeix B, et al. cDNA microarray assessment of gene expression in the liver of rainbow trout (Oncorhynchus mykiss) in response to a handling and confinement stressor. Comp Biochem Physiol Part D Genomics Proteomics. (2008) 3:51–66. doi: 10.1016/j.cbd.2007.04.009

 34. Liu S, Gao G, Palti Y, Cleveland BM, Weber GM, Rexroad CE III. RNA-seq analysis of early hepatic response to handling and confinement stress in rainbow trout. PLoS ONE. (2014) 9:e88492. doi: 10.1371/journal.pone.0088492

 35. Baer J, Deweber JT, Rösch R, Brinker A. Aquaculture of coregonid species-quo vadis? Ann Zool Fenn. (2021) 58:307–18. doi: 10.5735/086.058.0414

 36. Mastrolia L, Gallo VP, La Marca A. The adrenal chromaffin cells of Salmo gairdneri Richardson (Teleostei, Salmonidae). J Anat. (1984) 138:503–11.

 37. Gallo VP, Civinini A. Survey of the adrenal homolog in teleosts. Int Rev Cytol. (2003) 230:89–187. doi: 10.1016/S0074-7696(03)30003-8

 38. Martorell-Ribera J, Venuto MT, Otten W, Brunner RM, Goldammer T, Rebl A, et al. Time-dependent effects of acute handling on the brain monoamine system of the salmonid Coregonus maraena. Front Neurosci. (2020) 14:591738. doi: 10.3389/fnins.2020.591738

 39. Geven EJW, Klaren PHM. The teleost head kidney: integrating thyroid and immune signalling. Dev Comp Immunol. (2017) 66:73–83. doi: 10.1016/j.dci.2016.06.025

 40. Martorell Ribera J, Nipkow M, Viergutz T, Brunner RMRM, Bochert R, Koll R, et al. Early response of salmonid head-kidney cells to stress hormones and toll-like receptor ligands. Fish Shellfish Immonol. (2020) 98:950–61. doi: 10.1016/j.fsi.2019.11.058

 41. Rise ML, von Schalburg KR, Brown GD, Mawer MA, Devlin RH, Kuipers N, et al. Development and application of a salmonid EST database and cDNA microarray: data mining and interspecific hybridization characteristics. Genome Res. (2004) 14:478–90. doi: 10.1101/gr.1687304

 42. Padgett DA, Glaser R. How stress influences the immune response. Trends Immunol. (2003) 24:444–8. doi: 10.1016/S1471-4906(03)00173-X

 43. Zefferino R, Di Gioia S, Conese M. Molecular links between endocrine, nervous and immune system during chronic stress. Brain Behav. (2021) 11:e01960. doi: 10.1002/brb3.1960

 44. Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in health and disease. Trends Pharmacol Sci. (2013) 34:518–30. doi: 10.1016/j.tips.2013.07.003

 45. Medzhitov R, Horng T. Transcriptional control of the inflammatory response. Nat Rev Immunol. (2009) 9:692–703. doi: 10.1038/nri2634

 46. Cole SW. Human social genomics. PLoS Genet. (2014) 10:e1004601. doi: 10.1371/journal.pgen.1004601

 47. Smith NC, Umasuthan N, Kumar S, Woldemariam NT, Andreassen R, Christian SL, et al. Transcriptome profiling of Atlantic salmon adherent head kidney leukocytes reveals that macrophages are selectively enriched during culture. Front Immunol. (2021) 12:709910. doi: 10.3389/fimmu.2021.709910

 48. Qiu R, Sun YY, Guan CC, Kan YC, Yao LG. Characterization of TCR+ and CD8+ head kidney leucocytes in Japanese flounder (Paralichthys olivaceus) with antisera against TCRα and CD8α. J Fish Biol. (2021) 99:345–53. doi: 10.1111/jfb.14722

 49. Andreyeva AY, Kukhareva TA, Soldatov AA. Cellular composition and proliferation levels in the hematopoietic tissue of black scorpionfish (Scorpaena porcus L) head kidney and spleen during the spawning and wintering periods. Anat Rec. (2019) 302:1136–43. doi: 10.1002/ar.24031

 50. Narnaware YK, Baker BI, Tomlinson MG. The effect of various stresses, corticosteroids and adrenergic agents on phagocytosis in the rainbow trout Oncorhynchus mykiss. Fish Physiol Biochem. (1994) 13:31–40. doi: 10.1007/BF00004117

 51. Law WY, Chen WH, Song YL, Dufour S, Chang CF. Differential in vitro suppressive effects of steroids on leukocyte phagocytosis in two teleosts, tilapia and common carp. Gen Comp Endocrinol. (2001) 121:163–72. doi: 10.1006/gcen.2000.7593

 52. Chen W-H, Sun L-T, Tsai C-L, Song Y-L, Chang C-F. Cold-stress induced the modulation of catecholamines, cortisol, immunoglobulin M, and leukocyte phagocytosis in tilapia. Gen Comp Endocrinol. (2002) 126:90–100. doi: 10.1006/gcen.2001.7772

 53. Zou J, Secombes C. The function of fish cytokines. Biology. (2016) 5:23. doi: 10.3390/biology5020023

 54. Pickering AD. Cortisol-induced lymphocytopenia in brown trout, Salmo trutta L. Gen Comp Endocrinol. (1984) 53:252–9. doi: 10.1016/0016-6480(84)90250-8

 55. Ortuño J, Esteban MA, Meseguer J. Effects of short-term crowding stress on the gilthead seabream (Sparus aurata L) innate immune response. Fish Shellfish Immunol. (2001) 11:187–97. doi: 10.1006/fsim.2000.0304

 56. Guo H, Dixon B. Understanding acute stress-mediated immunity in teleost fish. Fish Shellfish Immunol Rep. (2021) 2:100010. doi: 10.1016/j.fsirep.2021.100010

 57. Rebl A, Goldammer T. Under control: the innate immunity of fish from the inhibitors' perspective. Fish Shellfish Immunol. (2018) 77:328–49. doi: 10.1016/j.fsi.2018.04.016

 58. Korytár T, Nipkow M, Altmann S, Goldammer T, Köllner B, Rebl A. Adverse husbandry of maraena whitefish directs the immune system to increase mobilization of myeloid cells and proinflammatory responses. Front Immunol. (2016) 7:631. doi: 10.3389/fimmu.2016.00631

 59. Nikoskelainen S, Bylund G, Lilius E-M. Effect of environmental temperature on rainbow trout (Oncorhynchus mykiss) innate immunity. Dev Comp Immunol. (2004) 28:581–92. doi: 10.1016/j.dci.2003.10.003

 60. Simide R, Richard S, Prévot-D'Alvise N, Miard T, Gaillard S. Assessment of the accuracy of physiological blood indicators for the evaluation of stress, health status and welfare in Siberian sturgeon (Acipenser baerii) subject to chronic heat stress and dietary supplementation. Int Aquat Res. (2016) 8:121–35. doi: 10.1007/s40071-016-0128-z

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Martorell-Ribera, Koczan, Tindara Venuto, Viergutz, Brunner, Goldammer, Gimsa and Rebl. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-09-889635-g005.gif
a B Head-kidney cells

@
T, o)
FLANT sscA
FITC() colls FITC(H) cells

4 FITC positive cells






OPS/images/fvets-09-889635-t001.jpg
Experimental handling procedure  Duration Time of Selected indicative parameters Direction References
sampling after

challenge

S. salar:

Net confinement 9min 1,8,6,and8h  Metabolite concentration: cortisol, glucose, free fatty acids,  Up (7
osmoles, sodium, chloride (plasma)

Netting and transfer to low-water tanks ~ 10min - Metabolite concentration: inosine monophosphate (white  Up (20)
muscle)

Netting and transfer to low-water tanks ~ 10min - Metabolite concentration: adenosine-5'"-triphosphate, Down (20)
phosphocreatine (white muscle)

Daily chasing, netting, transfer to 1smineach 42 days Metabolite concentration: growth hormone, insulin-lie Up (15)

low-water tanks, and draining the tank growth factor (plasma)

Twice dally chasing, netting, transferto 15mineach  11and 20 days  Body score: length, weight, condition factor Down (15)

low-water tanks and draining the tank

Netting, exposure to air and transfer to 105 air exposure 30min Metabolite concentration: cortisol (plasma), hemoglobin Up 22

low-water tanks (blood); Cell number: heterophic granulocytes, thromboocytes
(blood)

Netting, exposure to air and transfer to 10 air exposure 30min Cell number: white blood cells, particularly lymphocytes Down ©2)

low-water tanks (blood)

Handiing and exposure to air 155 1h Metabolite concentration: cortisol, glucose (plasma); Up ©8)
Transcript level: interleukin-1-beta
(head-kidney macrophages)

Daily netting out of water 155 4 weeks Metabolite concentration: di-O-acetylated sialic acids Up (18)
(plasma)

Daily netting out of water 155 2 weeks Metabolite concentration: carbohydrates, O-phosphocholine, Up (19)
lactate, alanine, valine, trimethylamine-N-oxide (plasma)

Netting out of water 30s 3h Transcript level: mucins (gil) Up @1

Netting out of water 155 1h Metabolite concentration: cortisol (plasma); Susceptbilty:  Up (26)
attachment of copepodids

0. mykiss:

“Hook and line” stress 2min 20min Metabolite concentration: glucose (plasma); Cell numbers:  Up (16)
thrombocytes, hematocrit (blood)

“Hook and line” stress 2min 10-60min Enzyme activty: clotting time Down (16)

Confinement in a shaking bucket 30min 3h Enzyme activiy: lysozyme (plasma, Kiciney); Behavior. Up 3)
opercular ventilation frequency

Chasing 5min 1h Metabolite concentration: cortisol, glucose (plasma) Up @1

Chasing 5min 2,4,and8h  Metabolite concentration: growth hormone (plasma) Down @1

Netting, transportation in a bucket, transfer 10min - Metabolite concentration: cortisol, glucose (serum); Enzyme  Up 24

to a new tank and chasing in the new tank activity: lysozyme (serum)

Daily netting 2min 5 days Metabolite concentration: cortisol (plasma); Transcript levels:  Up (30)

Gytochromes, glyceraldehyde-3-phosphate dehydrogenase,
fructose-bisphosphatase aldolase A, glutamate
carboxypeptidase, growth factor receptor-bound protein 2
~related adapter protein, transposase etc. (kidney)

Daily netting 2min 5 days Transcript level: creatine Kinase, microtubule-associated Down 30)
protein RP/EB, myosin chains, parvalbumin, sarcoplasmic
reticulum calcium ATPase, troponin (brain)

Netting, exposure to air and transferto 30 3h Metabolite concentration: cortisol, glucose (plasmal); Up @1
low-water tanks Transcript level: C1q-like protein, complement receptor,

glucose-6-phosphatase, MHC class 1 heavy chains, nuclear

protein 1, transcription factor JunB, tumor necrosis decoy

factor receptor (liver)

Netting and chasing 3min 1h Metabolite concentration: cortisol (plasma); Transcript levels:  Up ©2)
androgen receptor, arginase, ATPase B, cystatin,
glucokinase, ubicitin, cathepsin D, viteline envelope:
proteins, glutamine synthetase 3, glucose transporter I,
lipoprotein lipase, matrix metalloproteinase-1, nitric oxide
synthase pyruvate kinase, cytochrome P450, retinal binding
protein, SRY-related HMG-box transcription factors ete. (iver)
Netting and chasing 3min 24h Transcript level: aryl hydrocarbon receptor, solute carrier Up (32)
family 2, member 1, glutamate-ammonia ligase,
20-B-hydroxysteroid dehydrogenase, cytochrome
monooxygenase 2k5, cathepsin D, insulin-like growth
factor-2 etc. (iver)
Transfer to confinement tanks. 24h - Metabolite concentration: adrenocorticotropic hormone, — Up @3)
cortisol, glucose (plasma); Transcript fevel:
calcium-transporting ATPase 2, complement factor H,
damage-specific DNA-binding protein, fibrinogen chains,
glucogen synthase kinase-binding protein, glutamine
synthetase, haemoglobin beta-chain, haptoglobin,
immunoglobulin epsilon Fc receptor, orosomucoid, serum
albumin, tryptophanyl-tRNA synthetase (iver)

Netting and a manual stripping procedure 15 min 21 days Transcript level: tumor necrosis factor (iver) Up 9
every 2 days
Transfer to confinement tanks 3h - Transcript level: barier-to-autointegration factor, Up @4

mitochondiial phosphate carrier member 25, diablo
IAP-binding mitochondrial protein, chitinase 1,
calcium-binding mitochondrial carrier protein, pepsinogen ¢,
coenzyme g-binding protein coq10, regulator of G-protein
signaling 1, insulin-like growth factor binding proteins, papilin,
transcription factor ¢p2, transmermbrane protein 80, tsc22
domain member 3, zymogen granule membrane protein 16
eto. (iver)
Transfer to confinement tanks 3h - Transcript level: arestin domain containing protein 3, c1q-ike Down (34)
protein 4, C-type lectin domain family 4, member E enolase 2,
G-protein-coupled signaling factor, heat-shock proteins, kit
receptor, reproduction regulator 2, MHG class Il alpha chain,
multidrug and toxin extrusion protein 1, neurofiament
polypeptides, proto-oncogene c-fos, tubulin, etc. (iver)
Repeated chasing 5min 45 min Metabolite concentration: lactate, triglycerides (plasma); Up @5)
Enzyme activity: 3-hydroxyacyl-coenzyme A dehydrogenase,
glucocorticoid receptor 1 and 2, glucose 6-phosphatase
(iver); Transcript leves: 6-phosphatase and glucose
transporter 2 (iver)
Repeated chasing 5min 45 min Metabolite concentration: fatty acids (plasmal, glycogen Down 5)
(iver); Enzyme activity: fatty acid synthase (iver); Transcriot
levels: glucokinase, pyruvate kinase, phosphoenoipyruvate
carboxykinase (liver)





OPS/images/fvets-09-889635-g003.gif





OPS/images/fvets-09-889635-g004.gif
=)

ikt
o iriesn






OPS/images/inline_2.gif
NO;





OPS/images/fvets-09-889635-t002.jpg
Canonical pathway

3h:
Glucocorticoid receptor signaling

24h:

HIF1A signaling

Glycolysis

Antigen presentation pathway
Synaptogenesis signaling pathway

Unfolded protein response

Cell cycle control of chromosormal replcation
Steroid hormone signaling in epithelial cels
Endoplasmic reticulum stress pathway
Asparagine biosynthesis

Role of protein kinase receptor in interferon induction and antiviral response
Signaling in epithelial cells and neutrophils
14-3-3-mediatec/p70S6K signaling

Protein ubiquitination pathway

Phagosome maturation

Glutathione redox reactions

Arginine degradation

10d:

Complement system

Number of
included genes

210
2
38

307
55
56
164
21
1
114
11-115
126-128
268
141
4
4

36

p-value

0.01

0.00002
0.00004
0.00017
0.00024
0.00062
0.00055
0.00098
0.0018
0.0029
0.0043
<0.0044
<0.0059
0.0072
0.0077
0.01
0.01

0.0071

Involved DE genes

FKBPS, KRT18

HSPAS, HSPA, MMP9, NCF2, PKM, RASD1
ENO1, PGAM1, PKM

CALR, PDIA3, TAPBP

ARPC3, DNAJCS, HSPA, PAFAH1B1, RASD1, STX18
CALR, HSPAS5, HSPA

MCM4, MCM7, PCNA

DNAJCS, HSPAS, HSPA, PDIA3

CALR, HSPAS

ASNS

HSPAS, HSPA, TAB2

ARPC3, NCF2, RASD1

PDIA3,RASD1, YWHAG

DNAJCS, HSPAS, HSPA, PSMC4

CALR, DYNC1I1, NCF2

PDIA3

ARG1

CD46





OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Experimental Handling Challenges Result in Minor Changes in the Phagocytic Capacity and Transcriptome of Head-Kidney Cells of the Salmonid Fish Coregonus maraena



		Introduction



		Materials and Methods



		Animal Rearing Conditions



		Handling Experiment With Maraena Whitefish



		Measurement of Blood Parameters



		Isolation of Head-Kidney Cells and Phagocytosis Assay



		RNA Isolation and Microarray Analysis



		Data Analysis







		Results



		Cortisol Is Not Significantly Elevated in Whitefish 3 h After Handling



		Single and Repeated Episodes of Handling Result in Moderate Changes in the Head-Kidney Transcriptome



		Phagocytic Activity of Myeloid Cells Is Reduced 3 h After Handling







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Experimental Handling Challenges
Result in Minor Changes in the
Phagocytic Capacity and
Transcriptome of Head-Kidney Cells
of the Salmonid Fish Coregonus
maraena





OPS/images/fvets-09-889635-g001.gif
Stress axis
e b N
Brain / a )
o SR
| ES

BSC

Sympathetic
nerves

Spinal
chord

Blood ® @

stream

\ Leukocytes
Head kidney





OPS/images/fvets-09-889635-g002.gif
"

* Single episode of handling ® Repeated handling
- S 7L repeated handiing

IH, H; H,
Poststres tark|
3h/-

24h
HE

d10 C H H,

-
d11 H;r H’{"

.. Contolfsh ., Fish oxposedtohonding  + sompling () 1 min. handing





OPS/images/inline_3.gif
NO;









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





