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Highlights 18 

• Stress load following a chronic stress protocol was assessed in European sea 19 

bass 20 

• Our broad approach shows that osmoregulatory functions are the most 21 

sensitive 22 

• Measures taken individually can be misleading when evaluating welfare in 23 

aquaculture 24 

• Multiple endpoints are needed to properly assess health and welfare in 25 

aquaculture 26 

 27 

Abstract 28 

Stress modifies energy allocation in fishes by redirecting energy from growth and 29 

reproduction to coping mechanisms. However, these adjustments become 30 

inappropriate when the challenge consists of sustained or repeated stressors, with the 31 
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animal entering a maladaptive state. Capacities to cope with additional threats are 32 

then altered and compromise survival. The characterization of the responses to 33 

chronic stress in fishes helps better understanding the physiological limits in an 34 

aquaculture or ecological context. Here, we investigate the coping capacities of 35 

European sea bass to multiple and diverse stressors applied over a 3-weeks period. 36 

Multiple behavioural (group dispersion and swimming activity) and physiological 37 

responses (blood cortisol, osmoregulatory mechanisms, stress-related gene 38 

expression, etc.) were evaluated in resting fish or in fish exposed to additional 39 

challenges. Resilience to the chronic stress protocol was evaluated 4 months after the 40 

end of the chronic stress. Chronically stressed individuals showed reduced growth, 41 

lower cortisol response, increased chloride and sodium concentration in the plasma 42 

and modified gill gene expression translating osmoregulatory dysfunctions. Chronic 43 

stress had no significant effect on plasmatic calcium, lysozyme concentration and 44 

osmotic pressure. Increased thigmotaxic behaviour was observed in a new 45 

environment behavioural test. Four months after the chronic stress, no significant 46 

difference was observed in growth performances and in plasma parameters. 47 

Altogether, gills and more generally osmoregulatory functions were found to be the 48 

most sensitive to the chronic stress, while only limited changes in growth, activity of 49 

the HPI axis, immunity and swimming behaviour were observed when assessed 50 

individually. This work demonstrates the necessity of using multiple and diverse 51 

endpoints related to different functions to properly assess health and welfare in fishes. 52 

 53 
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 56 

1. Introduction 57 

Welfare is gaining increasing attention in fish research with the rise of societal 58 

concerns regarding fishing methods, aquaculture practices and slaughtering 59 

techniques (Browman et al., 2019; Sneddon et al., 2016). In aquaculture, fish can be 60 

exposed to physical stressors (e.g. confinement, handling), or low water qualities all 61 

potentially altering fish welfare (Sanahuja et al., 2020; Sneddon et al., 2016; Toni et 62 

al., 2019). Most of welfare assessment are related to stress responses, experience of 63 

pain, growth problems, incidence of disease or abnormal behaviour (Sneddon et al., 64 

2016; Stevens et al., 2017; Toni et al., 2019; van de Vis et al., 2020). Detection and 65 
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assessment of poor welfare conditions have benefited from outcomes of multiple 66 

research studies over the past years on physiological and behavioural responses to 67 

acute or chronic stressors, and has led to the development of numerous animal-based 68 

physiological and behavioural indicators mostly linked to stress responses 69 

(Huntingford et al., 2006; Martins et al., 2012; Noble et al., 2018; Sadoul et al., 2014; 70 

Stien et al., 2020).  71 

Stress in fish is classically defined as “the physiological cascade of events that occurs 72 

when the organism is attempting to resist death or re-establish homeostatic norms in 73 

face of insults”(Schreck, 2000). Stress responses have been classified in fish as 74 

primary, secondary and tertiary for which numerous studies have been dedicated 75 

(Barton, 2002; Schreck and Tort, 2016; Wendelaar Bonga, 1997). Activation of 76 

endocrine pathways, i.e. the hypothalamo-sympathetic and the hypothalamus-77 

pituitary-interrenal (HPI) axes, constitutes the primary responses to stressors (Barton, 78 

2002; Gorissen and Flik, 2016), and help reallocating energy for downstream systems 79 

involved in the secondary stress responses (Sadoul and Vijayan, 2016). These 80 

secondary responses involve cardiovascular and respiratory responses as 81 

consequences of hormone rises (Barton, 2002). Osmoregulatory modifications are 82 

also observed as body fluid homeostasis is regulated by catecholamine and cortisol 83 

which act on the gill ion transports and blood circulation at the level of gill lamellae 84 

(Takei and Hwang, 2016). Tertiary responses refer to aspects of whole-animal 85 

performance and are generally maladaptative; they include not only changes in 86 

growth but also in cognition, learning and behaviour such as swimming capacity and 87 

modified behavioural patterns (feeding, aggression) (Noakes and Jones, 2016; 88 

Wendelaar Bonga, 1997).  89 

All mechanisms involved from the primary to the tertiary stress response can be 90 

integrated in a generic framework describing consequences on energetic trade-offs. 91 

Primary and secondary stress responses tend to increase the energetic cost for 92 

maintenance, while the tertiary response reduces the capacities to assimilate energy. 93 

Consequently, due to limited available energy, long term stress inevitably reduces 94 

energy allocated towards growth, maturity and reproduction (Sadoul and Vijayan, 95 

2016). The Dynamic Energy Budget (DEB) theory has been demonstrated to properly 96 

describe energy allocations towards growth, maturation and maintenance throughout 97 

the life cycle of many species including fish species (Marques et al., 2018; Sadoul and 98 

Vijayan, 2016). Based on longitudinal body mass and length data, the DEB model can 99 
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provide estimations of the energetic trade-offs related to environmental perturbations 100 

(Kooijman, 2010). Such an approach can help bridging data obtained at the cellular 101 

level and life history traits at the individual level and providing biological pertinence 102 

across all levels of organization. 103 

During the last decade, effects of environmental or physical chronic stressors on fish 104 

biology have been evaluated in various fish species through studies focusing on the 105 

HPI axis and the neuroendocrine regulation of the stress response including the 106 

serotoninergic system (Höglund et al., 2020; Madaro et al., 2016, 2015; Moltesen et 107 

al., 2016; Pavlidis et al., 2015; Samaras et al., 2018; Vindas et al., 2016). In addition, 108 

several authors were also interested in effects of chronic stressors on tertiary stress 109 

responses, including growth and metabolism, immune response or behaviour 110 

(Carbonara et al., 2019; Martos-Sitcha et al., 2019; Mateus et al., 2017; Millot et al., 111 

2010; Person-Le Ruyet et al., 2008; Piato et al., 2011; Rambo et al., 2017; Santos et 112 

al., 2010; Uren Webster et al., 2018). Overall, these studies highlight the difficulty we 113 

have to evaluate resistance to chronic stress as it involves multiple physiological and 114 

behavioural regulatory mechanisms which vary depending on the fish species or the 115 

nature of the chronic stressor (Balasch and Tort, 2019). In this context, assessment of 116 

fish health and welfare in farmed animals exposed to chronic stress condition is still a 117 

challenging issue which deserves more studies. 118 

 119 

In the present study, we used one-year old juvenile European sea bass, Dicentrarchus 120 

labrax, a marine species of ecological and commercial importance in Europe 121 

(Vandeputte et al., 2019) to develop a global assessment of the effects of chronic 122 

stress on fish welfare. This study aims to test whether a chronic stress protocol has 123 

clear consequences on some physiological and behavioural responses allowing 124 

establishment of reliable biomarkers of welfare in aquaculture. We made the 125 

hypothesis that gill-related functions are more sensitive to chronic stress in a 126 

euryhaline fish such as the European sea bass. In nature, the species lives in coastal 127 

waters mostly of the eastern Atlantic Ocean and the Mediterranean Sea and can be 128 

exposed to a wide range of salinities during its life cycle (Pickett and Pawson, 1994). 129 

The species is also one of the most cultured finfish species in the Mediterranean Sea, 130 

but is known to show intense and high  physiological and behavioural responses to 131 

stress (Fanouraki et al., 2011; Millot et al., 2014). Nevertheless, our capacity to 132 

provide robust biomarkers of chronic stress in this species is still limited. This is 133 
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particularly relevant in the context of increasing societal expectations regarding 134 

rearing conditions (Toni et al., 2019).  135 

 136 

2. Material and Methods 137 

 138 

2.1.Rearing conditions 139 

All experiments were performed at the experimental research station of Ifremer 140 

Palavas-Les-Flots. Experiments were authorized by ethics committee agreement 141 

APAFIS#10745 and all procedures involving animals were in accordance with the 142 

ethical standards of the institution and followed the recommendations of Directive 143 

2010/63/EU. 144 

European sea bass eggs (Dicentrarchus labrax from West Mediterranean population) 145 

were obtained from 10 females and in vitro fertilized with the frozen sperm of 13 146 

males using a full factorial crossing method. Eggs and larvae were then reared 147 

following previously optimized standards for European sea bass (Chatain, 1994). 148 

Briefly, eggs were reared at 13+/-3°C degrees in 9 different tanks until hatching. 149 

Temperature was then set at 15 degrees. Larvae were reared following previously 150 

optimized standards for European sea bass in 9 different tanks with the exact same 151 

rearing conditions. At 121 days post fertilization (dpf), random subpopulations of 600 152 

fish per tank were transferred in 9 larger rearing tanks and reared at 21°C. At 175+/-3 153 

dpf, a subpopulation of 2025 fish was individually tagged using PIT tags and 154 

randomly distributed in three 1.5 m3 tanks under anesthesia, as described in (Alfonso 155 

et al., 2019b). The fish were then monitored over time for growth and for their 156 

response to chronic stress through multiple physiological and behavioural tests as 157 

described below and illustrated in Fig. 1. 158 

Over the entire experiment, rearing densities were below 40 kg/m3 considered as an 159 

intermediate density in recirculating system and shown to have no effect on fish stress 160 

level nor growth (Sammouth et al., 2009). 161 

 162 

2.2.Chronic stress protocol 163 

At 309 dpf, fish from all 3 tanks were evenly distributed in 6 experimental tanks of 1 164 

m3 (n=291 fish per tank). Mean body mass was 41.1 g (±13.5SD). All experimental 165 

tanks were isolated with opaque plastic curtains ensuring independency between tanks 166 

and avoiding external rearing routine disturbances. Fish were fed using an automatic 167 
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feeder delivering 20 portions over 6 h. The delivered food was readjusted every 3 168 

days in order to make sure that fish were fed ad libitum: until uneaten pellets were 169 

observable at the bottom of the tank. These uneaten pellets were removed daily.  170 

At 336 dpf, and for a period of 3 weeks, the following stressors reflecting common 171 

aquaculture practices were applied on 3 tanks : 172 

- Every day, 6 randomly programmed one minute flash of light (including 3 173 

overnight), 174 

- Every week, 3 randomly planned one minute chasing with a net, 175 

- Every week, 3 randomly planned thirty minutes confinement stress obtained 176 

by reducing initial tank volume to ¼ . 177 

All stressors were chosen because they potentially regularly occur in aquaculture 178 

practices. The chasing and confinement stressors were selected based on previous 179 

studies, showing that they induce acute stress responses (Karakatsouli et al., 2012; 180 

Athanasios Samaras et al., 2016). The one minute flash light was identified as a 181 

potential strong stressor based on the intense behavioural response we observed. They 182 

were all randomly programmed in order to avoir predictability shown to reduce the 183 

stress load (Cerqueira et al., 2020). Similar random repeated stressors have already 184 

been shown to induce chronic stress in seabass (Samaras et al. 2018). 185 

No stress regime was applied to the three other tanks over the 3 weeks. Although all 186 

in the same room and supplied with the same water, the three tanks used for the 187 

chronic stress protocol were placed as far as possible from the control tanks in order 188 

to avoid disturbing the control tanks when performing the planned stressors. 189 

 190 

2.3.Biometries 191 

A total of 6 biometries were performed from the tagging to the start of the chronic 192 

stressor protocol (175, 207, 233, 256, 289 and 336 ± 4 dpf) (see figure 1). This 193 

consisted in anesthesizing the fish in the rearing tank using 15 mg.L-1 Benzocaine 194 

(benzocaine E1501, Sigma, Saint Louis, MO, USA) to reach loss of equilibrium 195 

(Stage I of anesthesia), transfering them with a net in a 80L oxygen-aerated tank filled 196 

with rearing water and 37.5 mg.L-1 Benzocaine to provoke stage II of anesthesia 197 

(Iwama et al., 1989), reading the tag and measuring the fork length and body mass of 198 

each fish using computer connected ruler and scale. Each fish spent less than 30 199 

seconds out of the water for each biometry.  200 
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At the end of the three weeks of chronic stress, only sampled fish (see below) were 201 

measured for body mass and fork length. Two more biometries were performed on all 202 

fish 66 and 105 days after the end of the chronic stress protocol. Fish were fasted for 203 

24 hours prior each biometry. 204 

 205 

2.4.Sampling protocols 206 

Prior each sampling, an algorithm was used to randomly assign each fish of the tank 207 

to a specific treatment based on the number of fish required for each protocol (see 208 

below). All samplings were performed in a random order by experimenters blind to 209 

treatments. 210 

Right after the end of the three weeks of chronic stress, one tank of the control 211 

treatment and one tank of the chronic stress treatment were fasted for 24 h. Fish were 212 

then slightly anesthetized (Stage I of anesthesia) with Benzocaine (15 mg.L-1) in their 213 

home tank, simultaneously fished in both tanks and fully anesthetized (Stage II) 214 

with37.5 mg Benzocaine.L-1. They were then identified based on their RFID tag and 215 

accordingly dispatched in order to perform one of the following 6 protocols: 216 

- Protocol 1 (P1): A total of 18 individuals per treatment (36 fish in total) were 217 

euthanized in high dose of benzocaine (225 mg.L-1) immediately after 218 

dispatching. Blood was collected from the caudal vein using a heparinized 219 

syringe. The brain, the pituitary and the head kidney were extracted and 220 

immediately frozen in liquid nitrogen. The gills of 12 individuals per 221 

treatment were also collected and frozen in liquid nitrogen.  222 

- Protocol 2 (P2): A total of 18 fish per treatment were first allowed to rest in 223 

80L tank filled with clear water for 20 minutes. They were then exposed to an 224 

acute stress test (AST) consisting in confining the fish for 4 minutes in a 10 L 225 

aerated bucket. The fish were then allowed to recover from the stressor for one 226 

hour in a 100 L tank supplied with water renewed twice per hour. Fish were 227 

then euthanized in 225 mg benzocaine.L-1 and blood was collected. 228 

- Protocol 3 (P3): A total of 18 fish per treatment were sampled following the 229 

same procedure as described for P2 but allowing the fish to recover during 3 230 

hours in another identical 100 L tank.  231 

- Protocol 4 (P4): The same procedure as P3 was also performed on 18 fish per 232 

treatment but with a 6 hours recovery period. 233 
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- Protocol 5 (P5): A total of 12-13 fish per treatment were exposed to a 24 hours 234 

osmotic challenge (OC) consisting in transferring the fish directly in 235 

freshwater (Bossus et al., 2011; Masroor et al., 2019) individually in a 10 L 236 

aquarium supplied with freshwater at 21°C. Full water volume was renewed 237 

over an hour. Fish were then euthanized in high dose of benzocaine (225mg.L-238 
1), blood collected and gills dissected and frozen in liquid nitrogen.  239 

- The other fish were put back in the tank for future analyses.  240 

Protocols P1 to P4 aim at describing the acute confinement stress response of each 241 

condition, while P5 allows to investigate stress response and homeostatic capacities to 242 

extreme conditions. The dispatching process among protocols took 15 minutes after 243 

fish were anesthetized (Stage I of anesthesia). In the first sampled fish (P1), blood 244 

was collected within 15 minutes following end of dispatch, hereafter called ‘fish 245 

sampled after sorting and dispatching’ (see results section, Fig. 3). The same 246 

protocols were performed over the next two days on the remaining tanks, by testing 247 

each day one tank of each treatment. All euthanized fish were measured for their 248 

length and body mass, and sexed. The number of 18 fish sampled per tank in 249 

protocols P1 to P4 was chosen to be sufficient to account for sex differences. Since 250 

proportion of females in our population was unknown and suspected to range from 25 251 

to 50% (Vandeputte et al., 2020), sampling numbers were increased to get sufficient 252 

females. In P5, gills were sampled on reduced number of individuals (12 fish per 253 

tank) due to the cumbersome and cost of procedures.  254 

The remaining fish were then mixed and transferred in three new tanks making sure 255 

each treatment was equally represented in each tank. Four months after the chronic 256 

stress (478+/-1 dpf), protocols P1, P2 and P3 were applied on 12 fish per protocol and 257 

tank-replicate. The reduced number of fish sampled is explained by the unbiased sex-258 

ratio in the population (54.1%) observed after the first experiment and increasing the 259 

probability of getting sufficient numbers of females and males. 260 

 261 

2.5.Plasmatic measurements 262 

After collection, blood was immediately centrifuged at 13000 rcf for 4 minutes. An 263 

aliquot was frozen at -80°C for analysis of lysozyme, and ion concentrations whereas 264 

another aliquot was frozen at -20°C for further cortisol analysis. 265 

 266 

2.5.1. Cortisol measurement using ELISA 267 
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Cortisol is the major stress hormone in fishes (Sadoul and Geffroy, 2019). It was 268 

therefore quantified from plasma samples following a slightly modified competitive 269 

ELISA assay protocol previously described (Faught et al., 2016). The assay was 270 

performed by an experimenter blind to the treatment and the plasma were placed in a 271 

random order on the plates. Briefly, 96-well plates were coated for 16 hours at 4°C 272 

with a cortisol monoclonal antibody (1.6 μg.mL-1; East Coast Bio, ME, USA) diluted 273 

in PBS. Standards ranging from 0 to 25 ng.mL-1 were obtained by diluting 274 

hydrocortisone (Sigma). Cortisol conjugated to horseradish peroxidase (East Coast 275 

Bio, ME, USA) diluted in PBS (1:1600 dilution) was added to aliquots of standards 276 

and samples (1 to 1 ratio). All resulting mixes were then distributed (100 µL) in 277 

duplicates in the 96-well coated plate, and the plate was incubated at room 278 

temperature for 2 hours. After washing the plate three times with PBS-tween, each 279 

well was filled with a detection solution (50 μL) for 30 minutes and the reaction was 280 

stopped using 1M sulfuric acid (50 μL). Absorbance was read at 450 nm (EL800 281 

Universal Microplate Reader, BIO-TEK INSTRUMENTS, INC.). 282 

Eighteen samples were used to check for ELISA assay validity. Results obtained with 283 

the ELISA assay were compared with results obtained using liquid chromatography 284 

tandem mass spectrometry (LC-MS/MS) (Dufour-Rainfray et al., 2015). The 285 

correlation between the measures obtained using both techniques rendered a R2 of 0.9 286 

with intercept 0 but a slope of 2, indicating that concentrations measured in ELISA 287 

were always overestimated by a factor 2. LC-MS/MS is an expensive method 288 

requiring heavy equipment and extensive maintenance, but is considered to be the 289 

reference method for absolute quantification of steroids. We used that technic to 290 

validate the ELISA measures. Consequently, all ELISA measures were divided by 2. 291 

 292 

2.5.2. Lysozyme concentration 293 

Lysozyme is released by the non-humoral defence system to protect from bacteria and 294 

was shown to be affected by stressful conditions (Demers and Bayne, 1997). Plasma 295 

lysozyme activity was determined using a turbimetric assay following a previously 296 

published protocol (Douxfils et al., 2012). Briefly, 20 µl of plasma was mixed with 297 

160 µl of Micrococcus lysodeikticus (Sigma) solution (1.25 mg.mL-1 0.05M sodium 298 

phosphate buffer, pH 6.2). Absorbance was measured at 450 nm every 3min during 299 

30 min at 25°C (Synergy2, BioTek Instruments, France). Using a standard lysozyme 300 
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chloride from chicken egg white (Sigma) in sodium phosphate buffer, the lysozyme 301 

concentration in the plasma was expressed in U.mL-1. 302 

 303 

2.5.3. Plasmatic measures of sodium, calcium and chloride concentrations and 304 

osmotic pressure 305 

Maintenance of hydromineral balance is generally assessed using the main plasmatic 306 

ion concentrations and osmotic pressure (McCormick, 2001). Plasma sodium was 307 

analysed using flame atomic absorption spectrophotometry (Varian AA240FS, 308 

Agilent Technologies, Massy, France). Plasma concentrations of chloride and calcium 309 

were measured using colorimetric kits (chloride with a mercuric-thiocyanate method 310 

and calcium with Arsenazo III (Biolabo, France)), following manufacturers 311 

recommendations. Absorbance was measured with the micro plate reader Synergy2 312 

(BioTek instruments, France). Osmotic pressure was measured with a Wescor Vapor 313 

Pressure Osmometer (Model 5500; Wescor Inc., Logan, UT, USA).  314 

 315 

2.6.Behavioural test: Novel environment and hypoxia test in group  316 

 317 

 318 

The novel environment in group was adapted from (Alfonso et al., 2020) and shown 319 

to be sensitive to environmental perturbations (Alfonso et al., 2020). Briefly, at 422, 320 

424 and 425 dpf (2 months after the end of the chronic stress protocol), two groups of 321 

8±1 fish from each treatment were transferred in 4 different tanks. After one night, the 322 

group of fish (either group of control or group of stressed fish) was placed in a 1 m2 323 

observation tank (75cm x 75cm x 21.5 cm of water height, 120 L) for measuring 324 

behavioural response to a new environment. A corner (15x15 cm, 225 cm2) of the 325 

tank was separated from the open field arena by a grid and contained a pump, oxygen 326 

and nitrogen aerators to maintain targeted oxygen concentration and an oxygen probe 327 

(Odéon, NEOTEK-PONSEL, Caudan, France) to record oxygen saturation every 328 

minute all along the experiment. After 1 hour in the new environment, oxygen 329 

saturation was reduced over 20 minutes using nitrogen bubbling, in order to reach a 330 

saturation around 20%. This hypoxic period lasted 40 minutes. Fish behaviour was 331 

recored over the whole duration of the test for a total of 2 hours using a DMK 332 

31AU03 camera and IC Capture software (The Imaging Source, Germany) at 25 333 

frames.s-1. Data extraction and analyses were performed using EthoVision XT 13.1 334 
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software (Noldus, The Netherlands). Swaps between individuals were manually 335 

corrected using the track editor module. For behavioural analyses, the arena was 336 

virtually separated into two areas: the centre area composed of one half of the surface 337 

and the periphery area including the other half; time spent in periphery (s), indicative 338 

of thigmotaxis behaviour, was recorded. The velocity of each fish (cm.s-1), indicative 339 

of individual fish activity, and the interindividual distances (cm), indicative of group 340 

cohesion (Alfonso et al., 2020), were also assessed. Variables were averaged over 1 341 

minute every 10 minutes in order to record the kinetics of behavioural responses. 342 

 343 

2.7.Gene expression analyses 344 

2.7.1. RNA extraction 345 

All samples used for gene expression analyses were stored at -80°C until RNA 346 

extraction. Brain, pituitary and head kidneys samples were grinded using 2 ball mills 347 

(45 seconds at 30 rpm) in 500 µL MR1 and 1 μl of TCEP from NucleoMag® RNA 348 

extraction kit (Macherey-Nagel). Samples were then centrifugated at 13000 rpm for 349 

two minutes and a sub-sample of 200 μl was collected, and diluted in 150 μl of MR1 350 

in a 96 deep-wells plate. The plate was then placed in the KingFisher automatic 351 

extraction robot to perform the extraction protocol following manufacturer’s 352 

instructions for the NucleoMag® RNA kits.  353 

The gills were extracted using Trizol according to manufacturer’s recommendations 354 

(Invitrogen, Carlsbad, CA, USA).  355 

 356 

2.7.2. RNA integrity 357 

Twelve samples per extraction plate were analysed for RNA integrity on the 2100 358 

bioanalyzer® (Agilent) following manufacturer’s instructions. All samples had a RIN 359 

above 8. 360 

 361 

2.7.3. Reverse transcription 362 

RNA quantities were estimated by measuring the A260/A280 ratio with the 363 

NanoDrop® ND-1000 V3300 Spectrophotometer (Nanodrop Technology Inc., 364 

Wilmington, DE, USA). 365 

Reverse transcriptions were performed on RNA extracted from the brains, gills, and 366 

head kidneys following a previously published protocol (Kiilerich et al., 2018). 367 

Briefly, 1 µg RNA was treated with 0.5 units RQ1 DNase (Promega, Madison, WI, 368 
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USA) for 30 min at 37°C in a total volume of 21 µl. DNase was inactivated by 5 min 369 

at 75°C. Reverse transcription was carried out with the following Promega chemicals: 370 

1 µg random primers, 200 units MMLV reverse transcriptase, 0.5 mM dNTPs and 25 371 

units RNasin RNase inhibitor. The mix was incubated for 1 h at 37°C in a total 372 

volume of 25 µl. cDNA samples were diluted 43 times and stored at −20°C until real-373 

time PCR (qPCR). 374 

Total RNA extracted from pituitaries were below 1 µg, and we therefore used the 375 

Qscript cDNA supermix kit® (Quantabio) able to extract on lower RNA amounts. 376 

cDNA from pituitaries were diluted 10 times and stored at -20°C until real-time PCR 377 

(qPCR). 378 

 379 

2.7.4. Primers selection 380 

Primers were either obtained from the literature (Table 1) or specifically designed for 381 

this study (Table 2). Primer designs were performed using the PerlPrimer software 382 

(Marshall, 2004) which enables to target exon-exon junctions when the mRNA and 383 

the genomic sequences are available which is the case for European Sea bass (Tine et 384 

al., 2014). They were designed to target expression of:  385 

- the main genes of the HPI axis (crf, crfbp, pomcb, star, mc2r, hsd11b2, cyp11a2, 386 

cyp11b1 mr, gr1, gr2) 387 

- genes coding for cell proliferation and neural differentiation and known to covary 388 

with the stress axis (Sadoul et al., 2018) (egr1, pcna, neurod1, neurod2, bdnf),  389 

- one key genes related to the appetite and known to be affected by stress (Sadoul and 390 

Vijayan, 2016) (npy) 391 

- genes involved in ions and water movements previously published for European sea 392 

bass (Blondeau-Bidet et al., 2019a; Bodinier et al., 2009; Bossus et al., 2011, 2013; 393 

Giffard-Mena et al., 2007) (atp1a1a, atp1a1b, slc12a2, slc12a3-like, clcn3, slc4a4, 394 

atp6v1a, atp6v1b2, slc9a2b, slc9a2c, slc9a3, trpv4, cftr, aqp3) or for other fish 395 

species (de Polo et al., 2014; Shahsavarani and Perry, 2006; Su et al., 2020) (ecac, 396 

cazh, ca15b) 397 

- genes involved in ammonia transport in European sea bass (Blondeau-Bidet et al., 398 

2019a) (rhcg1, rhcg2, rhbg) or in other fish species (Wood and Nawata, 2011) (rhag). 399 

- genes coding for proteins controlling gill permeability (Chasiotis et al., 2012) 400 

(cldn5a, cldn5b, cldn7a, cldn8like, cldn12, cldn23a, oclna, oclnb, tjp1). 401 
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These primers were tested for their efficiency over a minimum of 6 dilution points 402 

and kept when their efficiency was comprised between 80%-105% (Table 2).  403 

 404 

2.7.5. Real-time PCR protocol 405 

An Echo®525 liquid handling system (Labcyte Inc., San Jose, CA, USA) was used to 406 

dispense 0.5 μL of diluted cDNA and 1 µL of a mix containing 0.75 μL of 407 

SensiFAST™ SYBR® No-ROX Kit (Bioline, London, UK), and 0.25 µL of primers 408 

at a concentration leading to a final well-concentration ranging from 0.2 to 0.8 µM 409 

depending on the primer (Table 1). Each sample was run in duplicate. The qPCR 410 

steps were as follows: denaturation at 95°C for 2 min, followed by 45 cycles of 411 

amplification (95°C, 15 s), hybridization (60°C, 5 s) and elongation (72°C, 10 s), and 412 

a final step at 40°C for 30 s. A melting curve program was performed to control the 413 

amplification specificity using the following protocol: 10 s holding at 55°C followed 414 

by sequential 0.05°C increases, repeated 80 times. Ultra-pure water was used as a no-415 

template control in the qRT-PCR. Relative levels of gene transcription were obtained 416 

using the following equation (2^(Ct_ref))/2^(Ct_target) with the target gene 417 

normalized by the geometric mean of two housekeeping genes as reference. Seven 418 

different reference genes (eef1-alpha, l13, gapdh, 18S, actb, fau, rpl17) were tested 419 

for all organs and the R function “selectHKs” from the “NormqPCR” package 420 

(Perkins et al., 2012) was used to select the best two reference genes, based on their 421 

stability across all conditions. For the 4 organs, the function selected the same two 422 

reference genes: l13 and fau. 423 

 424 

2.8. A bioenergetic model to compare growth data overtime between treatments 425 

The DEB model has previously been parametrized for European sea bass (Lika et al., 426 

2018) and used to explain metabolic trends both in nature (Sadoul et al., 2020) and in 427 

controlled conditions (Stavrakidis-Zachou et al., 2019). Based on longitudinal data of 428 

body mass and length, we used the DEB model (equations provided in Table S1) to 429 

estimate the amount of assimilated energy and test whether chronic stress has 430 

significant effects on this variable. In addition, we used this approach to test possible 431 

impact of chronic stress on other metabolic trait. For this purpose, we tested whether 432 

allowing individual DEB parameters to vary individually improved the predictions of 433 

body mass and length values. We tested all primary metabolic parameters of Table S2 434 

leading to a significant change in body mass and/or length over time prior puberty: 435 
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- The “surface-area-specific maximum assimilation rate” ({ṗAm}, in J.d-1.cm-2), 436 

driving the maximum amount of energy the animal can assimilate per unit of 437 

structural surface when food is ad libitum. 438 

- The “allocation fraction to soma” (κ), specifying the fraction of energy 439 

mobilized from the reserve compartment allocated to the production and 440 

maintenance of structure. 441 

- The “specific cost for structure” ([EG], J.cm-3), which represents the cost 442 

(biomass and overhead) to the animal of transforming the energy allocated 443 

towards growth (ṗG) in structure. 444 

- The “somatic maintenance cost” ([ṗM], J.cm-3.d-1), corresponding to energy 445 

requirement to maintain a unit of structure. 446 

- The “energy conductance” (v, d-1), corresponding to the rate of energy 447 

mobilization from the reserve compartment. 448 

To estimate the difference in assimilated energy between chronically stressed and 449 

control fish, calculations were run during different periods, i.e. until the first biometry 450 

(6 month old), until transfer to experimental tanks, during chronic stress treatment and 451 

after this treatment. 452 

 453 

2.9. Statistical analyses 454 

Statistical analyses and illustrations were performed using R version 3.6.1. All 455 

statistical analyses were carried out at the 95% level of significance. A linear mixed 456 

model was fitted to analyse body mass and length at 11, 12 and 14 months using 457 

“chronic stress”, “sex” and their interaction as fixed effects, and the “rearing tank” as 458 

random effect.  459 

Plasmatic values of cortisol, lysozyme, chloride, and calcium concentrations and 460 

osmotic pressure, before and after the osmotic challenge, were also analyzed using a 461 

similar mixed model but “length” and “osmotic challenge” were added as fixed 462 

effects and “sampling day” as a random crossed effect with “chronic stress” (model 463 

1). Genes from the gills were analysed using the same model. Expression of these 464 

genes were also analysed only on individuals before the salinity challenge using the 465 

same model without “salinity challenge” as fixed effect (model 2). Gene expressions 466 

of the HPI axis were measured only before the salinity challenge and were therefore 467 

analysed using model 2.  468 



 

15 
 

The lmer function from the lme4 package was used for all these mixed models (Bates 469 

et al., 2014). 470 

A PCA was performed on the expression of all genes studied in the brain, pituitary 471 

and head kidney using the FactomineR package (Lê et al., 2008). The coordinates for 472 

each individual on the first 3 dimensions were extracted and evaluated using model 1. 473 

The same procedure was performed for the expression of the genes evaluated in the 474 

gills using model 2. 475 

From the novel environment and hypoxia test, the behaviour data (inter-individual 476 

distances, velocity and time spent in the center) were analysed before (<60 min) and 477 

after (≥60 min) the hypoxia challenge using a linear mixed model using chronic 478 

stress, time (categorical) and their interaction as fixed effects and the day of 479 

experiment as random effect. 480 

The step function was used to remove non-significant fixed effects from the mixed 481 

models. The lmerTest package was used to provide p-values based on Satterthwaite's 482 

degrees of freedom approximation (Kuznetsova et al., 2017). Degrees of freedom 483 

reported in the result section were rounded to the nearest integer. The approximation, 484 

required to obtain significances from linear mixed models, might provide small 485 

differences between variables measured on the same individuals. When one fixed 486 

effect (or the interaction) was found significant, a Tukey post hoc test was completed 487 

with the glht function from the multcomp package to test significant differences 488 

between the levels of the fixed effect. 489 

Finally, correlations between all variables of interest across all individuals were 490 

calculated and illustrated using the rcorr and the corrplot functions from the Hmisc 491 

and corrplot packages respectively. 492 

 493 

3. Results 494 

 495 

Growth performances 496 

The chronic stress protocol had no significant effect on survival. However, after 3 497 

weeks of chronic stress, we observed a significant lower weight (F1,486 = 9.01, p-value 498 

= 0.003) and length (F1,485 = 6.42, p-value = 0.01) in stressed individuals highlighting 499 

reduced growth performances in the stressed group compared to control (Fig. 2). 500 

When compared to controls, chronically stressed individuals showed slower growth , 501 

but both treatments had positive growth over the three weeks (Fig. S1). However, 502 
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growth reduction started before the stress protocol, during the acclimation period 503 

presumably because of a unfavourable localisation of the stress tanks in the 504 

experimental hall. Two months after the end of the exposure, no more difference was 505 

observed between stressed and control fish.  506 

The DEB model applied to growth data fits well body mass and lengths of control and 507 

chronically stressed fish by optimizing only the amount of energy assimilated (Fig. 2). 508 

Both biometric values have a mean relative error (MRE) of less than 5%. The 509 

goodness of fits for chronically stressed individuals is slightly inferior with a MRE 510 

higher than controls (4.17 vs 4.59). The DEB model estimates that chronically 511 

stressed fish assimilated 24.8% less energy than controls. According to the model, 512 

after the chronic stress, the chronically stressed fish were catching up the body mass 513 

and length of controls by assimilating more energy (6.9% more). 514 

Allowing any DEB parameter to vary individually did not help to increase the 515 

goodness of fits of the model for both treatments (Fig. S2).  516 

 517 

Physiology of the HPI axis 518 

High levels of plasma cortisol were measured in fish sampled right after sorting and 519 

dispatching them (P1) (Fig. 3). A significant difference between chronically stressed 520 

and control fish was observed with chronically stressed individuals showing lower 521 

cortisol values (F1,6 = 9.45, p-value = 0.02). During the recovery periods (P2 to P4, 522 

i.e. 1h, 3h and 6h respectively) after the acute stress test (AST), no significant 523 

difference in plasma cortisol levels was observed between the two treatments. No 524 

significant difference was also observed after 24 hours of freshwater challenge (P5) 525 

(Fig. 3). 526 

Despite the effect of chronic stress on plasma cortisol levels after sorting and 527 

dispatching, no effect of the chronic stress was observed on the expression of 528 

candidate genes in the HPI axis, except for pomcb significantly upregulated in the 529 

pituitary of chronically stressed fish (F1,14 = 4.78, p-value = 0.047) (Data not shown). 530 

Moreover, PCA analysis of gene expressions in the brain, pituitary and head-kidney 531 

did not reveal significant effect of chronic stress. In agreement with these results, we 532 

observed in both, stressed and control groups, the same correlation at the individual 533 

level between all measures performed in the tissues (gene expressions and plasmatic 534 

measures, Fig. 4). Similarly, some interesting intra- and inter- organ correlations 535 

could be observed in both experimental groups (Fig. 4B). The expression of genes 536 
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related to neurogenesis (neurod, pcna, egr1) and genes related to cortisol receptors 537 

and pathway synthesis (mr, gr1, gr2, crf) in the brain showed significant positive 538 

correlations (Fig. 4). Within the interrenal, the expressions of most genes related to 539 

cortisol synthesis (mc2r, star, hsd11b2a, hsd11b2b, cyp11b1, p450scc) and genes 540 

related to the expression of cortisol receptors (mr, gr1, gr2) are positively correlated. 541 

Finally, positive correlations were observed between the expressions of pomcb, gr1, 542 

gr2 and mr in the pituitary.  543 

 544 

Homeostasis regulation of ions and water before and after an osmotic test 545 

Effects of chronic stress before the osmotic test 546 

Chronic stress induced a significant increase in plasmatic chloride (F1,19 = 5.26, p-547 

value = 0.033) and sodium (F1,25 = 13, p-value = 0.001) levels (Fig. 5C and D) but had 548 

no significant effect on osmotic pressure or on calcium concentration. Moreover, 549 

when analysing changes in gill transcript levels, a significant increase was observed 550 

for two genes: slc12a3like (F1,61 = 19.5, p-value < 0.001) and aqp3 (F1,62 = 13.6, p-551 

value < 0.001). 552 

 553 

Effects of the osmotic challenge 554 

The 24 hours freshwater challenge (OC) strongly reduced the overall osmotic pressure 555 

(F1,137 = 228.3, p-value < 0.001) in both control and chronically stressed individuals 556 

(Fig. 5A). This was concomitant with a significant reduction in chloride (F1,130 = 557 

220.7, p-value < 0.001) and sodium (F1,133 = 447.8, p-value < 0.001) concentrations 558 

but not in calcium levels (Fig. 5). However, differences in chloride and sodium 559 

concentrations between control and stressed fish were not maintained after 24 hours 560 

of freshwater challenge.  561 

This OC also induced significant modification of the expression of several gill genes 562 

related to ion and water homeostasis, ammonia transport, cortisol receptors and most 563 

genes involved in gill permeability (Table 3). Finally, expression of these genes did 564 

not significantly differ between control and chronically stressed fish, but a significant 565 

interaction effect (p<0.05) between the OC and the chronic stress treatment was 566 

observed for several of these genes, including atp1a1b (F1,122 = 4.1, p-value = 0.045), 567 

slc12a3like (F1,128 = 4.1, p-value = 0.045), cftr (F1,130 = 4.3, p-value = 0.04), slc9a2c 568 

(F1,125 = 10.4, p-value = 0.002), cldn5a (F1,127 = 5.03, p-value = 0.027), cldn8like 569 
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(F1,128 = 5.2, p-value = 0.024), ocldnb (F1,129 = 7.6, p-value = 0.007), gr2 (F1,127 = 4.6, 570 

p-value = 0.034).  571 

The PCA analysis using the expression of all genes measured in the gills show a clear 572 

separation on the first axis of individuals based on the OC (Fig. 6). The genes 573 

contributing the most to this separation are given in Fig. 6C. Overall, trpv4, oclnb, 574 

rhch1, aqp3 and atp1a1a are the genes the most upregulated in the 24 hours 575 

freshwater fish, while slc12a2, cftr, rhcg2, ca15b, slc9a2c, and slc4a4 are the genes 576 

showing the highest expression in fish that were not challenged. All expressions of 577 

these genes showed significant differences between seawater and freshwater fish 578 

when analyzed individually (Table 3).   579 

The second axis of the PCA displayed a significant difference between control and 580 

chronically stressed individuals (F1,132 = 7.2, p-value = 0.008). The genes contributing 581 

the most to this difference are listed in Fig. 6C. Genes cldn8like, mr, cldn12, ocln and 582 

gr2 were the one contributing the most although their expression did not significantly 583 

differ between treatments when evaluated individually (Table 3).  584 

 585 

Innate immune system 586 

Investigation of the effects of chronic stress or osmotic test on innate immune system 587 

was also carried out. While OC significantly reduced plasma lysosyme levels (F1,123 = 588 

11.1, p-value = 0.0012), no significant effect of chronic stress on this parameter was 589 

observed (Fig. S3). 590 

 591 

Behaviour 592 

In the novel environment challenge in group, the three variables of interest measured 593 

(inter-individual distances, velocity and time spent in the center) changed 594 

significantly through time both before and after the start of the hypoxia challenge 595 

(Table S3). Prior to the hypoxia challenge, a significant interaction between the time 596 

and the treatment (chronic stress) was observed for the mean inter-individual 597 

distances (F5,457 = 7.4, p-value <0.001) and the time spent in periphery (F5,456 = 7.4, p-598 

value <0.001). However, the post-hoc tests ran on each independent time point 599 

highlighted only a significant effect of the chronic stress on the time spent in the 600 

periphery during the first two time points of the measure (z-values = 2.33 and 2.32, 601 

and p-values = 0.02 and 0.02 respectively, Fig. 7C). The chronically stressed fish 602 

spent more time in the periphery of the tank than controls at the beginning of the trial, 603 
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indicative of higher thigmotaxis behaviour. After the start of the hypoxia challenge, a 604 

significant interaction between time and treatment was observed only for the mean 605 

distance between individuals (F5,468 = 3.36, p-value = 0.005). Nevertheless, the post-606 

hoc test did not show any significant differences between treatments for any of the 607 

time points during the hypoxia challenge. In addition, the velocity and the associated 608 

changes over time were not different between treatments neither before nor after the 609 

start of hypoxia challenge (no interaction, Table S3). 610 

 611 

Parameters measured 4 months later 612 

Four months after the chronic stress, no significant difference was observed in growth 613 

performances and in plasma parameters (cortisol, lysozyme, sodium, calcium, 614 

chloride) measured between treatments. 615 

 616 

4. Discussion 617 

 618 

The present study aimed to assess responses of fish repeatedly exposed during 619 

3 weeks to a variety of acute stressors commonly observed in aquaculture. To assess 620 

their welfare status, we investigated a large spectrum of physiological and 621 

behavioural markers analysed from molecular to whole-body levels and involved in 622 

various biological functions including growth, activity of the HPI axis, gill functions, 623 

immunity and swimming behaviour. 624 

 625 

Consequences on growth 626 

In the present study, the most apparent effects of the chronic stress protocol were 627 

detected on biometric results, with a clear reduction in growth of body mass and 628 

length. It is well known that stress is energy consuming, decreases appetite through 629 

well-described molecular mechanisms and thus reduces growth performances in fish 630 

(Sadoul and Vijayan, 2016). These growth data are therefore not surprising and in 631 

agreement with previous studies (Samaras et al., 2018; Santos et al., 2010). Samaras 632 

et al. (2018) also observed growth reduction for European sea bass exposed to a “high 633 

stress regime” over three weeks, and this reduction led to a 6.5% difference in final 634 

body mass. Based on body mass results (9% difference), the stress protocol (also over 635 

three weeks) could be considered to lead to a more severe stress load. Nevertheless, 636 

while Samaras et al. (2018) observed a complete interruption of growth over the 3 637 



 

20 
 

weeks with both, medium and high stress regimes, chronically stressed fish continued 638 

growing in our experiment and gained 13%. This illustrates the complexity behind 639 

chronic stress, and highlights the need for multiple and diverse markers of stress; 640 

growth taken individually is not a reliable indicator of stress intensity. 641 

The DEB model applied to biometric data suggests that growth reduction induced by 642 

the chronic stress protocol can be entirely explained by reduced energy assimilation. 643 

DEB is often used to highlight a mode of action of a contaminant based on changes in 644 

biometric values (Ashauer and Jager, 2018). To our knowledge, this is the first time 645 

DEB theory was applied to physical stressors. Here, based on available data, the 646 

results from the DEB model suggest that none of the metabolic mechanisms involved 647 

in energy allocation was impacted by the treatment, apart from total energy 648 

assimilated. This translates into reduced foraging and/or reduced nutrient assimilation 649 

by the digestive tract. Reduced food consumption was previously reported in sea bass 650 

exposed to chronic stress (Samaras et al., 2018; Santos et al., 2010). However, Millot 651 

et al. (2010) reported, on the contrary, that repeated acute stress increases feed 652 

demand and intake in sea bass, while growth was still reduced, suggesting that 653 

nutrient assimilation and/or energy allocated to maintenance were affected. A very 654 

recent study also demonstrates that elevated cortisol levels affect growth mainly as a 655 

consequence of reduced digestibility rather than feed intake (Pfalzgraff et al., 2021). 656 

The outputs from the DEB model analysis suggest that our chronic stress protocol had 657 

no dramatic consequence on other metabolic functions than assimilation. This argues 658 

for only subtle physiological alterations due to the chronic stress and translates in a 659 

very quick recovery in terms of body mass and length.  660 

 661 

Biomarkers related to corticotropic axis 662 

Assessment of chronic stress by studying the HPI axis activity can be misleading 663 

when solely based on basal plasma cortisol levels. Indeed, a negative feedback of 664 

cortisol production causes down regulation of the HPI axis in chronically stressed fish 665 

(Barton et al., 2002, 1987; Pickering and Stewart, 1984; Vijayan and Leatherland, 666 

1990; Wendelaar Bonga, 1997). In this study, it was not possible for practical reasons 667 

to measure basal levels of cortisol, the major stress hormone in fishes (Sadoul and 668 

Geffroy, 2019). However, assessment of the reactivity of the HPI axis to acute stress 669 

has already been used to study chronic stress effects (Madaro et al., 2015; Pavlidis et 670 

al., 2015; Samaras et al., 2018; Santos et al., 2010). In our protocol, sorting and 671 
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dispatching of the fish represents a first acute stressor as indicated by the high cortisol 672 

levels (Fig. 3). This response was expected as sea bass is a very stress-sensitive 673 

species as shown by rapid and high cortisol response after exposure to acute stressors 674 

(Fanouraki et al., 2011; Ordóñez-Grande et al., 2020; A. Samaras et al., 2016; 675 

Samaras et al., 2018). Interestingly, chronic stress treatment significantly decreases 676 

the acute stress response observed after sorting and dispatching fish when compared 677 

to control. Nevertheless, both treatments reacted similarly to the additional acute 678 

stress (confinement during 4 minutes, AST) suggesting that the HPI axis was not 679 

deeply affected by the chronic stress protocol. Cortisol values after 6 hours were still 680 

much higher than basal levels previously observed for European sea bass (Acerete et 681 

al., 2009; Samaras et al., 2018), indicating that the total stress recovery were not met 682 

after 6 hours.  683 

Our post-AST cortisol values differ from previous studies. Samaras et al. (2018) 684 

observed a decrease in the maximum cortisol response 1 h after acute stress in sea 685 

bass chronically exposed to acute stressors of different load intensities. Santos et al. 686 

(2010) and Di Marco et al. (Di Marco et al., 2008) observed an increase in plasma 687 

cortisol levels after an acute challenge in sea bass chronically exposed to high 688 

stocking density but not when using low or medium densities. Similar inconsistent 689 

results in HPI reactivity in response to chronic stress were also observed in other 690 

species, such as in salmon, zebrafish or seabream (Madaro et al., 2015; Moltesen et 691 

al., 2016; Pavlidis et al., 2015; Samaras et al., 2018; Vindas et al., 2016). Overall, 692 

these results highlight that chronic stress effects vary according to age, experimental 693 

protocols and/or species.  694 

In the present study, the limited effect of chronic stress on HPI-axis reactivity also 695 

translates in terms of gene expression related to the HPI axis. Despite a wide analysis 696 

of key genes involved in stress response in the brain, pituitary or interrenal, only 697 

pomcb was affected by the chronic stress, with a significant upregulation. In sea bass, 698 

two orthologous genes have been identified and annotated as pomca and pomcb 699 

(Rousseau et al., 2021). Measures of pomcb transcripts in the pituitaries of seabream 700 

(a fish species phylogenetically close to sea bass) suggest that expression values 701 

reflect ACTH activity (Cardoso et al., 2011). Our study indicates a stimulatory effect 702 

of chronic stress on pomcb gene expression measured before the AST. Although we 703 

did not measure basal cortisol levels, this increased expression of pomcb is in 704 

agreement with increased basal cortisol levels measured by Samaras et al. (2018) in 705 
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sea bass. On the contrary, significant changes of cfr, gr1 and mr gene expressions 706 

were previously also described by Samaras et al. (2018) in the pre-optic area (POA). 707 

Our non-significant results might be explained by the fact that they were obtained in 708 

the entire brain, diluting potential signal variations. Overall, our repeated acute stress 709 

protocol has only minor effects on the HPI axis which suggests a moderate stress load 710 

of the experimental protocol. Additional plasmatic parameters, including lactate and 711 

glucose levels, would have been interesting to investigate in light of previous results 712 

on chronic stress in fish (Santos et al., 2010).  713 

 714 

Biomarkers related to ions and water homeostasis 715 

To our knowledge, the present study is the first to investigate the effect of chronic 716 

stress on ions and water homeostasis in sea bass. The interplay between the stress axis 717 

and osmoregulatory functions is well described (Takei and Hwang, 2016), but data on 718 

the effects of chronic stress on osmoregulatory functions are scarce. In seawater 719 

(SW), chronic stress induced a significant increase in plasma sodium and chloride 720 

levels and an upregulation of the expression of two gill genes: aqp3 (a water channel) 721 

and ncc2 (a co-transporter of Na+ and Cl-). Relationships between such effects on 722 

plasma ions and expression of these genes remain complex. Aqp3 and ncc2 genes are 723 

well known to play an important role in osmoregulation under freshwater (FW) 724 

conditions for several euryhaline fishes (Madsen et al., 2015; Takei et al., 2014) 725 

including sea bass (Blondeau-Bidet et al., 2019a; Giffard-Mena et al., 2007). Aqp3 is 726 

involved in the water flow through the basolateral side of gill’s epithelium to prevent 727 

swelling, and may take part in nitrogen excretion (Madsen et al., 2015). Ncc2 allows 728 

gill absorption of NaCl to maintain ion homeostasis (Takei et al., 2014). However, 729 

several studies suggest that aqp3 and ncc2a are also implicated in gill functions since 730 

SW adapted fish show significant levels of the transcripts (Blondeau-Bidet et al., 731 

2019a; Breves et al., 2020; Giffard-Mena et al., 2007; Jung et al., 2012; Moorman et 732 

al., 2015; Tipsmark et al., 2010). Aqp3 immunoreactivity appears quantitatively 733 

similar whatever the salinity in medaka (Ellis et al., 2019) and protein abundance does 734 

not change significantly in killifish (Jung et al., 2012). Ncc2 protein was also 735 

quantified in SW-acclimated mummichogs using western blot approach (Breves et al., 736 

2020). We propose that aqp3 and nnc2 genes are important targets of the chronic 737 

stress in SW-adapted sea bass but their exact functions in relation to gill ion transport 738 

and epithelial permeability still need to be clarified. 739 
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Fish from both treatments (control and chronic stress) responded to the OC with a 740 

significant decrease in blood osmotic pressure and NaCl levels in agreement with 741 

previous results (Bossus et al., 2011; L’Honoré et al., 2019). In parallel significant 742 

changes in the expression of genes implicated in ions and water movements were 743 

observed in agreement with previous studies in sea bass measuring gene expressions 744 

24 h or several weeks after a transfer in FW: (i) decrease in nkaα1b, nkcc1a, cftr, 745 

nhe2c, vha-a and vha-b, ca15b transcript levels and (ii) increase in gene expression of 746 

nkaα1a, ncc2, clcn3, nhe3, trpv4, rhcg1, aqp3 (Blondeau-Bidet et al., 2019a; Bodinier 747 

et al., 2009; Bossus et al., 2011, 2013; Giffard-Mena et al., 2007; L’Honoré et al., 748 

2020; Lorin-Nebel et al., 2006; Masroor et al., 2019). In both treatments, we also 749 

measured significant changes in the expression of genes involved in paracellular 750 

movement of solutes with cldn5a, cldn7, oclna and oclnb up-regulated and cldn5b, 751 

cldn23a and zo-1 down-regulated in FW. In Atlantic killifish, ocln gene expression 752 

was also up-regulated following hypo-osmotic challenge (Whitehead et al., 2011) and 753 

acclimation of goldfish to ion-poor water induced an increase in ocln and cldn7 754 

mRNA and a decrease of zo-1 transcript (Chasiotis et al., 2012). More work would be 755 

needed to better understand the functional roles in osmotic challenge for genes such 756 

as cldn5a and cldn5b.  757 

An important majority of the gene expressions evaluated were not affected by the 758 

chronic stress (2 in seawater and 8 significant interaction out of 33 tested after 759 

freshwater challenge), suggesting that many cellular mechanisms, such as ammonia 760 

transport, were not altered by our stress protocol. Nevertheless, the PCA analysis 761 

performed on all 33 genes measured in the gills shows that the chronic stress explains 762 

part of the variability in the expression of SW-adapted and FW-challenged sea bass, 763 

with a significant effect on the second dimension. In addition, expression of several 764 

gill genes presented a significant interaction between chronic stress and salinity. 765 

Altogether, these analyzes suggest that our chronic stress protocol significantly alters 766 

abilities of sea bass to withstand a FW challenge. Further experiments will be 767 

necessary to understand the exact role of the most affected genes and get a clearer 768 

view on the consequences of chronic stress on this coping ability. Although such a 769 

challenge has no biological reality in nature or in captivity, it provides an interesting 770 

test for assessing health and adaptive capacities of fishes. 771 

 772 

Biomarkers related to behaviour. 773 
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In terms of behaviour, our results show that chronically stressed fish spent more time 774 

on the periphery of the experimental tank, indicating a higher thigmotaxis during the 775 

first 20 minutes in the new environment. Thigmotaxis is generally considered as an 776 

indicator of stress, related to anxiety and is evolutionarily conserved across multiple 777 

fish species including European sea bass (Alfonso et al., 2020; Prut and Belzung, 778 

2003; Schnörr et al., 2012). This behaviour was previously demonstrated to be a good 779 

marker of contaminant-related disruptions in ecotoxicology (Alfonso et al., 2019a) or 780 

altered welfare in aquaculture (Colson et al., 2015; Sadoul et al., 2016; Tonkins et al., 781 

2015). Moreover, exposure of sea bass to environmental stressors such as high 782 

ammonia levels, hyperoxia or hypoxia also induced a decrease in thigmotaxis 783 

associated with a decrease in activity and changes in group cohesion (Alfonso et al., 784 

2020). Our results over the first 20 minutes in the new environment suggest that 785 

chronic stress might have subtle effects on some emotional reactivity traits in sea bass 786 

increasing thigmotactic response without altering behavioural coping responses to 787 

threatening stress, such as hypoxia. 788 

 789 

Resilience 790 

Body mass and length, plasma ions and cortisol levels were among the most 791 

significant physiological parameters for which differences were observable in 792 

response to repeated acute stress during three weeks. In order to evaluate the lasting 793 

effect of the chronic stress, they were therefore measured again 4 months after the 794 

chronic stress protocol. No more differences were observable in any of the measures 795 

performed. Therefore, in parallel to the recovery of the biometric measures, fish 796 

reinstated also their physiological parameters after the chronic stress, indicating a 797 

good resilience of European sea bass to our chronic stress conditions. Compensatory 798 

growth effects after a period of chronic stress has already been observed in sea bass 799 

and was attributed to an increase in feed intake (Millot et al., 2010), in accordance to 800 

our modeling approach. 801 

Conclusions 802 

The present study illustrates the benefit of using several endpoints related to different 803 

functions to assess health and welfare in European sea bass exposed to a chronic 804 

stress protocol. This was particularly important with a protocol leading overall to a 805 

low stress load. The modelling approach suggested that only subtle physiological 806 

consequences were affected by the stress protocol, and this was confirmed by limited 807 
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significant differences in measures taken individually, despite a large spectrum of 808 

performed analyses. Altogether, the present study suggests that 1) growth or HPI 809 

reactivity are not always relevant taken individually for assessing chronic stress in 810 

European sea bass, 2) gill functions are more sensitive to chronic stress and should be 811 

included when assessing a chronic stress protocol and 3) behavioural tests are useful 812 

measures when included in a multi-parameters approach. 813 

Reasons for the small difference in stress load, despite a protocol supposed to be 814 

stressful are unclear. One could suggest that the multiple biometries performed prior 815 

the chronic stress protocol, increased the stress load of both conditions prior the 816 

experiment (Moraes et al., 2017) and attenuated the differences between conditions. 817 

Nevertheless, regardless of the reason, this work demonstrates the importance of 818 

integrating within a multivariate analysis a large spectrum of measures to be able to 819 

show subtle differences of stress load in European sea bass. In aquaculture conditions, 820 

multiple random acute stressors can have consequences on welfare which are difficult 821 

to highlight because of tenuous changes in physiology and behaviour. Thus, we 822 

propose that our multivariate approach is necessary to get a relevant assessment of 823 

welfare in fish exposed to chronic stress protocols. 824 

 825 

Acknowledgments 826 

We are grateful to Marie-Odile Vidal, François Ruelle, and Alain Vergnet for 827 

hatching and rearing the fish. The authors would also like to thank Dr. D. Dufour-828 

Rainfray, Dr. P. Emond and Mr. A. Lefevre for LC-MS-MS analysis of seabass 829 

plasma samples. The authors are also gratful to Emilie Levavasseur for the European 830 

sea bass drawing in Fig. 1. 831 

 832 

Competing interests 833 

‘No competing interests declared’ 834 

 835 

Data availability 836 

The data that support the findings of this study are available upon request. 837 

 838 

Funding 839 

This work was funded by the ERANET COFASP project SUSHIFISH (ANR-15-840 

COFA-0002-01). 841 



 

26 
 

 842 

References 843 

Acerete, L., Reig, L., Alvarez, D., Flos, R., Tort, L., 2009. Comparison of two 844 
stunning/slaughtering methods on stress response and quality indicators 845 
of European sea bass (Dicentrarchus labrax). Aquaculture 287, 139–144. 846 
https://doi.org/10.1016/j.aquaculture.2008.10.012 847 

Alfonso, S., Blanc, M., Joassard, L., Keiter, S.H., Munschy, C., Loizeau, V., Bégout, 848 
M.-L., Cousin, X., 2019a. Examining multi- and transgenerational 849 
behavioral and molecular alterations resulting from parental exposure to 850 
an environmental PCB and PBDE mixture. Aquat. Toxicol. Amst. Neth. 208, 851 
29–38. https://doi.org/10.1016/j.aquatox.2018.12.021 852 

Alfonso, S., Sadoul, B., Cousin, X., Bégout, M.-L., 2020. Spatial distribution and 853 
activity patterns as welfare indicators in response to water quality 854 
changes in European sea bass, Dicentrarchus labrax. Appl. Anim. Behav. 855 
Sci. 104974. https://doi.org/10.1016/j.applanim.2020.104974 856 

Alfonso, S., Sadoul, B., Gesto, M., Joassard, L., Chatain, B., Geffroy, B., Bégout, M.-L., 857 
2019b. Coping styles in European sea bass: The link between boldness, 858 
stress response and neurogenesis. Physiol. Behav. 207, 76–85. 859 
https://doi.org/10.1016/j.physbeh.2019.04.020 860 

Ashauer, R., Jager, T., 2018. Physiological modes of action across species and 861 
toxicants: the key to predictive ecotoxicology. Environ. Sci. Process. 862 
Impacts 20, 48–57. https://doi.org/10.1039/C7EM00328E 863 

Balasch, J.C., Tort, L., 2019. Netting the stress responses in fish. Front. Endocrinol. 864 
10. https://doi.org/10.3389/fendo.2019.00062 865 

Barton, B.A., 2002. Stress in fishes: a diversity of responses with particular 866 
reference to changes in circulating corticosteroids. Integr. Comp. Biol. 42, 867 
517–525. https://doi.org/10.1093/icb/42.3.517 868 

Barton, B.A., Morgan, J.D., Vijayan, M.M., 2002. Physiological and condition-869 
related indicators of environmental stress in fish. 111–148. 870 

Barton, B.A., Schreck, C.B., Barton, L.D., 1987. Effects of chronic cortisol 871 
administration and daily acute stress on growth, physiological conditions, 872 
and stress responses in juvenile rainbow trout. Dis. Aquat. Organ. 2, 173–873 
185. 874 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2014. Fitting linear mixed-effects 875 
models using lme4. ArXiv14065823 Stat. 876 

Blondeau-Bidet, E., Bossus, M., Maugars, G., Farcy, E., Lignot, J.-H., Lorin-Nebel, C., 877 
2016. Molecular characterization and expression of Na+/K+-ATPase α1 878 
isoforms in the European sea bass Dicentrarchus labrax osmoregulatory 879 
tissues following salinity transfer. Fish Physiol. Biochem. 42, 1647–1664. 880 
https://doi.org/10.1007/s10695-016-0247-x 881 

Blondeau-Bidet, E., Hiroi, J., Lorin-Nebel, C., 2019a. Ion uptake pathways in 882 
European sea bass Dicentrarchus labrax. Gene. 883 
https://doi.org/10.1016/j.gene.2019.01.006 884 

Blondeau-Bidet, E., Hiroi, J., Lorin-Nebel, C., 2019b. Corrigendum to “Ion uptake 885 
pathways in European sea bass Dicentrarchus labrax” [Gene 692 (2019) 886 
126–137]. Gene 700, 179. https://doi.org/10.1016/j.gene.2019.03.018 887 

Bodinier, C., Boulo, V., Lorin-Nebel, C., Charmantier, G., 2009. Influence of salinity 888 
on the localization and expression of the CFTR chloride channel in the 889 



 

27 
 

ionocytes of Dicentrarchus labrax during ontogeny. J. Anat. 214, 318–329. 890 
https://doi.org/10.1111/j.1469-7580.2009.01050.x 891 

Bossus, M., Charmantier, G., Blondeau-Bidet, E., Valletta, B., Boulo, V., Lorin-892 
Nebel, C., 2013. The ClC-3 chloride channel and osmoregulation in the 893 
European sea bass, Dicentrarchus labrax. J. Comp. Physiol. [B] 183, 641–894 
662. https://doi.org/10.1007/s00360-012-0737-9 895 

Bossus, M., Charmantier, G., Lorin-Nebel, C., 2011. Transient receptor potential 896 
vanilloid 4 in the European sea bass Dicentrarchus labrax: a candidate 897 
protein for osmosensing. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 898 
160, 43–51. https://doi.org/10.1016/j.cbpa.2011.04.014 899 

Breves, J.P., Starling, J.A., Popovski, C.M., Doud, J.M., Tipsmark, C.K., 2020. 900 
Salinity-dependent expression of ncc2 in opercular epithelium and gill of 901 
mummichog (Fundulus heteroclitus). J. Comp. Physiol. B 190, 219–230. 902 
https://doi.org/10.1007/s00360-020-01260-x 903 

Browman, H.I., Cooke, S.J., Cowx, I.G., Derbyshire, S.W.G., Kasumyan, A., Key, B., 904 
Rose, J.D., Schwab, A., Skiftesvik, A.B., Stevens, E.D., Watson, C.A., 905 
Arlinghaus, R., 2019. Welfare of aquatic animals: where things are, where 906 
they are going, and what it means for research, aquaculture, recreational 907 
angling, and commercial fishing. ICES J. Mar. Sci. 76, 82–92. 908 
https://doi.org/10.1093/icesjms/fsy067 909 

Carbonara, P., Alfonso, S., Zupa, W., Manfrin, A., Fiocchi, E., Pretto, T., Spedicato, 910 
M.T., Lembo, G., 2019. Behavioral and physiological responses to stocking 911 
density in sea bream (Sparus aurata): Do coping styles matter? Physiol. 912 
Behav. 212, 112698. https://doi.org/10.1016/j.physbeh.2019.112698 913 

Cardoso, J.C.R., Laiz-Carrion, R., Louro, B., Silva, N., Canario, A.V., Mancera, J.M., 914 
Power, D.M., 2011. Divergence of duplicate POMC genes in gilthead sea 915 
bream Sparus auratus. Gen. Comp. Endocrinol. 173, 396–404. 916 
https://doi.org/10.1016/j.ygcen.2010.12.001 917 

Cerqueira, M., Millot, S., Felix, A., Silva, T., Oliveira, G.A., Oliveira, C.C.V., Rey, S., 918 
MacKenzie, S., Oliveira, R., 2020. Cognitive appraisal in fish: stressor 919 
predictability modulates the physiological and neurobehavioural stress 920 
response in sea bass. Proc. R. Soc. B Biol. Sci. 287, 20192922. 921 
https://doi.org/10.1098/rspb.2019.2922 922 

Chasiotis, H., Kolosov, D., Kelly, S.P., 2012. Permeability properties of the teleost 923 
gill epithelium under ion-poor conditions. Am. J. Physiol. Regul. Integr. 924 
Comp. Physiol. 302, R727-739. 925 
https://doi.org/10.1152/ajpregu.00577.2011 926 

Chatain, B., 1994. Estimation et amélioration des performances zootechniques de 927 
l’élevage larvaire de Dicentrarchus labrax et de Sparus auratus. These Dr. 928 
Etat Univ Aix-Marseille II Fr. 929 

Colson, V., Sadoul, B., Valotaire, C., Prunet, P., Gaumé, M., Labbé, L., 2015. Welfare 930 
assessment of rainbow trout reared in a Recirculating Aquaculture 931 
System: Comparison with a Flow-Through System. Aquaculture 436, 151–932 
159. https://doi.org/10.1016/j.aquaculture.2014.10.047 933 

Crespo, B., Gómez, A., Mazón, M.J., Carrillo, M., Zanuy, S., 2013. Isolation and 934 
characterization of Ff1 and Gsdf family genes in European sea bass and 935 
identification of early gonadal markers of precocious puberty in males. 936 
Gen. Comp. Endocrinol. 191, 155–167. 937 
https://doi.org/10.1016/j.ygcen.2013.06.010 938 



 

28 
 

de Polo, A., Margiotta-Casaluci, L., Lockyer, A.E., Scrimshaw, M.D., 2014. A new 939 
role for carbonic anhydrase 2 in the response of fish to copper and 940 
osmotic stress: implications for multi-stressor studies. PloS One 9, 941 
e107707. https://doi.org/10.1371/journal.pone.0107707 942 

Demers, N.E., Bayne, C.J., 1997. The immediate effects of stress on hormones and 943 
plasma lysozyme in rainbow trout. Dev. Comp. Immunol. 21, 363–373. 944 
https://doi.org/10.1016/S0145-305X(97)00009-8 945 

Di Marco, P., Priori, A., Finoia, M.G., Massari, A., Mandich, A., Marino, G., 2008. 946 
Physiological responses of European sea bass Dicentrarchus labrax to 947 
different stocking densities and acute stress challenge. Aquaculture 275, 948 
319–328. https://doi.org/10.1016/j.aquaculture.2007.12.012 949 

Douxfils, J., Deprez, M., Mandiki, S.N.M., Milla, S., Henrotte, E., Mathieu, C., 950 
Silvestre, F., Vandecan, M., Rougeot, C., Mélard, C., Dieu, M., Raes, M., 951 
Kestemont, P., 2012. Physiological and proteomic responses to single and 952 
repeated hypoxia in juvenile Eurasian perch under domestication--clues 953 
to physiological acclimation and humoral immune modulations. Fish 954 
Shellfish Immunol. 33, 1112–1122. 955 
https://doi.org/10.1016/j.fsi.2012.08.013 956 

Dufour-Rainfray, D., Moal, V., Cloix, L., Mathieu, E., Gauchez, A.-S., Brossaud, J., 957 
Corcuff, J.-B., Fraissinet, F., Collet, C., de Casson, F.B., 2015. Mass 958 
spectrometry for steroid assays, in: Annales de Biologie Clinique. pp. 70–959 
78. https://doi.org/10.1684/abc.2014.0988 960 

Ellis, L.V., Bollinger, R.J., Weber, H.M., Madsen, S.S., Tipsmark, C.K., 2019. 961 
Differential expression and localization of branchial AQP1 and AQP3 in 962 
Japanese medaka (Oryzias latipes). Cells 8, 422. 963 
https://doi.org/10.3390/cells8050422 964 

Fanouraki, E., Mylonas, C.C., Papandroulakis, N., Pavlidis, M., 2011. Species 965 
specificity in the magnitude and duration of the acute stress response in 966 
Mediterranean marine fish in culture. Gen. Comp. Endocrinol. 173, 313–967 
322. https://doi.org/10.1016/j.ygcen.2011.06.004 968 

Faught, E., Best, C., Vijayan, M.M., 2016. Maternal stress-associated cortisol 969 
stimulation may protect embryos from cortisol excess in zebrafish. R. Soc. 970 
Open Sci. 3, 160032. https://doi.org/10.1098/rsos.160032 971 

Giffard-Mena, I., Boulo, V., Aujoulat, F., Fowden, H., Castille, R., Charmantier, G., 972 
Cramb, G., 2007. Aquaporin molecular characterization in the sea-bass 973 
(Dicentrarchus labrax): the effect of salinity on AQP1 and AQP3 974 
expression. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 148, 430–444. 975 
https://doi.org/10.1016/j.cbpa.2007.06.002 976 

Gorissen, M., Flik, G., 2016. The endocrinology of the stress response in fish: an 977 
adaptation-physiological view, in: Fish Physiology. Elsevier, pp. 75–111. 978 

Höglund, E., Moltesen, M., Castanheira, M.F., Thörnqvist, P.-O., Silva, P.I., Øverli, 979 
Ø., Martins, C., Winberg, S., 2020. Contrasting neurochemical and 980 
behavioral profiles reflects stress coping styles but not stress 981 
responsiveness in farmed gilthead seabream (Sparus aurata). Physiol. 982 
Behav. 214, 112759. https://doi.org/10.1016/j.physbeh.2019.112759 983 

Huntingford, F.A., Adams, C., Braithwaite, V.A., Kadri, S., Pottinger, T.G., Sandøe, 984 
P., Turnbull, J.F., 2006. Current issues in fish welfare. J. Fish Biol. 68, 332–985 
372. https://doi.org/10.1111/j.0022-1112.2006.001046.x 986 



 

29 
 

Iwama, G.K., McGeer, J.C., Pawluk, M.P., 1989. The effects of five fish anaesthetics 987 
on acid–base balance, hematocrit, blood gases, cortisol, and adrenaline in 988 
rainbow trout. Can. J. Zool. 67, 2065–2073. 989 

Jung, D., Sato, J.D., Shaw, J.R., Stanton, B.A., 2012. Expression of aquaporin 3 in 990 
gills of the Atlantic killifish (Fundulus heteroclitus): Effects of seawater 991 
acclimation. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 161, 320–992 
326. https://doi.org/10.1016/j.cbpa.2011.11.014 993 

Karakatsouli, N., Katsakoulis, P., Leondaritis, G., Kalogiannis, D., Papoutsoglou, 994 
S.E., Chadio, S., Sakellaridis, N., 2012. Acute stress response of European 995 
sea bass Dicentrarchus labrax under blue and white light. Aquaculture 996 
364–365, 48–52. https://doi.org/10.1016/j.aquaculture.2012.07.033 997 

Kiilerich, P., Geffroy, B., Valotaire, C., Prunet, P., 2018. Endogenous regulation of 998 
11-deoxycorticosterone (DOC) and corticosteroid receptors (CRs) during 999 
rainbow trout early development and the effects of corticosteroids on 1000 
hatching. Gen. Comp. Endocrinol. 265, 22–30. 1001 
https://doi.org/10.1016/j.ygcen.2018.05.031 1002 

Kooijman, S.A.L.M., 2010. Dynamic energy budget theory for metabolic 1003 
organisation. Cambridge University Press, Cambridge, United Kingdom. 1004 

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H., 2017. lmerTest package: tests 1005 
in linear mixed effects models. J. Stat. Softw. 82, 1–26. 1006 
https://doi.org/10.18637/JSS.V082.I13 1007 

Lê, S., Josse, J., Husson, F., 2008. FactoMineR: an R package for multivariate 1008 
analysis. J. Stat. Softw. 25, 1–18. https://doi.org/10.18637/jss.v025.i01 1009 

L’Honoré, T., Farcy, E., Blondeau-Bidet, E., Lorin-Nebel, C., 2020. Inter-individual 1010 
variability in freshwater tolerance is related to transcript level differences 1011 
in gill and posterior kidney of European sea bass. Gene 741, 144547. 1012 
https://doi.org/10.1016/j.gene.2020.144547 1013 

L’Honoré, T., Farcy, E., Chatain, B., Gros, R., Ruelle, F., Hermet, S., Blondeau-Bidet, 1014 
E., Naudet, J., Lorin-Nebel, C., 2019. Are European sea bass as euryhaline 1015 
as expected? Intraspecific variation in freshwater tolerance. Mar. Biol. 1016 
166, 102. https://doi.org/10.1007/s00227-019-3551-z 1017 

Lika, K., Kooijman, S.A.L.M., Stavrakidis-Zachou, 2018. AmP Dicentrarchus labrax. 1018 
Lorin-Nebel, C., Boulo, V., Bodinier, C., Charmantier, G., 2006. The Na+/K+/2Cl-1019 

cotransporter in the sea bass Dicentrarchus labrax during ontogeny: 1020 
involvement in osmoregulation. J. Exp. Biol. 209, 4908–4922. 1021 
https://doi.org/10.1242/jeb.02591 1022 

Madaro, A., Olsen, R.E., Kristiansen, T.S., Ebbesson, L.O., Flik, G., Gorissen, M., 1023 
2016. A comparative study of the response to repeated chasing stress in 1024 
Atlantic salmon (Salmo salar L.) parr and post-smolts. Comp. Biochem. 1025 
Physiol. A. Mol. Integr. Physiol. 192, 7–16. 1026 
https://doi.org/10.1016/j.cbpa.2015.11.005 1027 

Madaro, A., Olsen, R.E., Kristiansen, T.S., Ebbesson, L.O.E., Nilsen, T.O., Flik, G., 1028 
Gorissen, M., 2015. Stress in Atlantic salmon: response to unpredictable 1029 
chronic stress. J. Exp. Biol. 218, 2538–2550. 1030 
https://doi.org/10.1242/jeb.120535 1031 

Madsen, S.S., Engelund, M.B., Cutler, C.P., 2015. Water transport and functional 1032 
dynamics of aquaporins in osmoregulatory organs of fishes. Biol. Bull. 1033 
229, 70–92. https://doi.org/10.1086/BBLv229n1p70 1034 



 

30 
 

Marques, G.M., Augustine, S., Lika, K., Pecquerie, L., Domingos, T., Kooijman, 1035 
S.A.L.M., 2018. The AmP project: Comparing species on the basis of 1036 
dynamic energy budget parameters. PLoS Comput. Biol. 14. 1037 
https://doi.org/10.1371/journal.pcbi.1006100 1038 

Marshall, O.J., 2004. PerlPrimer: cross-platform, graphical primer design for 1039 
standard, bisulphite and real-time PCR. Bioinforma. Oxf. Engl. 20, 2471–1040 
2472. https://doi.org/10.1093/bioinformatics/bth254 1041 

Martins, C.I.M., Galhardo, L., Noble, C., Damsgård, B., Spedicato, M.T., Zupa, W., 1042 
Beauchaud, M., Kulczykowska, E., Massabuau, J.-C., Carter, T., Planellas, 1043 
S.R., Kristiansen, T., 2012. Behavioural indicators of welfare in farmed 1044 
fish. Fish Physiol. Biochem. 38, 17–41. https://doi.org/10.1007/s10695-1045 
011-9518-8 1046 

Martos-Sitcha, J.A., Simó-Mirabet, P., de Las Heras, V., Calduch-Giner, J.À., Pérez-1047 
Sánchez, J., 2019. Tissue-specific orchestration of gilthead sea bream 1048 
resilience to hypoxia and high stocking density. Front. Physiol. 10, 840. 1049 
https://doi.org/10.3389/fphys.2019.00840 1050 

Masroor, W., Farcy, E., Blondeau-Bidet, E., Venn, A., Tambutté, E., Lorin-Nebel, C., 1051 
2019. Effect of salinity and temperature on the expression of genes 1052 
involved in branchial ion transport processes in European sea bass. J. 1053 
Therm. Biol. 85, 102422. https://doi.org/10.1016/j.jtherbio.2019.102422 1054 

Mateus, A.P., Costa, R.A., Cardoso, J.C.R., Andree, K.B., Estévez, A., Gisbert, E., 1055 
Power, D.M., 2017. Thermal imprinting modifies adult stress and innate 1056 
immune responsiveness in the teleost sea bream. J. Endocrinol. 233, 381–1057 
394. https://doi.org/10.1530/JOE-16-0610 1058 

McCormick, S.D., 2001. Endocrine control of osmoregulation in teleost fish. Am. 1059 
Zool. 41, 781–794. https://doi.org/10.1093/icb/41.4.781 1060 

Millot, S., Cerqueira, M., Castanheira, M.-F., Øverli, Ø., Oliveira, R.F., Martins, C.I., 1061 
2014. Behavioural stress responses predict environmental perception in 1062 
European sea bass (Dicentrarchus labrax). PloS One 9, e108800. 1063 
https://doi.org/10.1371/journal.pone.0108800 1064 

Millot, S., Péan, S., Leguay, D., Vergnet, A., Chatain, B., Bégout, M.-L., 2010. 1065 
Evaluation of behavioral changes induced by a first step of domestication 1066 
or selection for growth in the European sea bass (Dicentrarchus labrax): 1067 
A self-feeding approach under repeated acute stress. Aquaculture 306, 1068 
211–217. https://doi.org/10.1016/j.aquaculture.2010.04.027 1069 

Mitter, K., Kotoulas, G., Magoulas, A., Mulero, V., Sepulcre, P., Figueras, A., Novoa, 1070 
B., Sarropoulou, E., 2009. Evaluation of candidate reference genes for 1071 
QPCR during ontogenesis and of immune-relevant tissues of European 1072 
seabass (Dicentrarchus labrax). Comp. Biochem. Physiol. B Biochem. Mol. 1073 
Biol. 153, 340–347. https://doi.org/10.1016/j.cbpb.2009.04.009 1074 

Moltesen, M., Laursen, D.C., Thörnqvist, P.-O., Andersson, M.Å., Winberg, S., 1075 
Höglund, E., 2016. Effects of acute and chronic stress on telencephalic 1076 
neurochemistry and gene expression in rainbow trout (Oncorhynchus 1077 
mykiss). J. Exp. Biol. 219, 3907–3914. 1078 
https://doi.org/10.1242/jeb.139857 1079 

Moorman, B.P., Lerner, D.T., Grau, E.G., Seale, A.P., 2015. The effects of acute 1080 
salinity challenges on osmoregulation in Mozambique tilapia reared in a 1081 
tidally changing salinity. J. Exp. Biol. 218, 731–739. 1082 
https://doi.org/10.1242/jeb.112664 1083 



 

31 
 

Moraes, T.C.H. de, Ferreira, C.M., Gama, K.F. da S., Hoshiba, M.A., Povh, J.A., Abreu, 1084 
J.S. de, 2017. Routine exposure to biometric procedures in fish farming 1085 
reveals differences in stress response in tambaqui and hybrid tambatinga. 1086 
Bol. Inst. Pesca 43, 1–10. https://doi.org/10.20950/1678-2305.2017.1.10 1087 

Noakes, D.L., Jones, K.M., 2016. Cognition, learning, and behavior, in: Fish 1088 
Physiology. Elsevier, pp. 333–364. 1089 

Noble, C., Gismervik, K., Iversen, M.H., Kolarevic, J., Nilsson, J., Stien, L.H., 1090 
Turnbull, J.F., 2018. Welfare indicators for farmed Atlantic salmon: tools 1091 
for assessing fish welfare. Welf. Indic. Farmed Atl. Salmon Tools Assess. 1092 
Fish Welf. 1093 

Ordóñez-Grande, B., Guerreiro, P.M., Sanahuja, I., Fernández-Alacid, L., Ibarz, A., 1094 
2020. Evaluation of an acute osmotic stress in European sea bass via skin 1095 
mucus biomarkers. Animals 10, 1546. 1096 
https://doi.org/10.3390/ani10091546 1097 

Pavlidis, M., Karantzali, E., Fanouraki, E., Barsakis, C., Kollias, S., Papandroulakis, 1098 
N., 2011. Onset of the primary stress in European sea bass Dicentrarhus 1099 
labrax, as indicated by whole body cortisol in relation to glucocorticoid 1100 
receptor during early development. Aquaculture, Larvi 2009 315, 125–1101 
130. https://doi.org/10.1016/j.aquaculture.2010.09.013 1102 

Pavlidis, M., Theodoridi, A., Tsalafouta, A., 2015. Neuroendocrine regulation of 1103 
the stress response in adult zebrafish, Danio rerio. Prog. 1104 
Neuropsychopharmacol. Biol. Psychiatry 60, 121–131. 1105 
https://doi.org/10.1016/j.pnpbp.2015.02.014 1106 

Perkins, J.R., Dawes, J.M., McMahon, S.B., Bennett, D.L., Orengo, C., Kohl, M., 2012. 1107 
ReadqPCR and NormqPCR: R packages for the reading, quality checking 1108 
and normalisation of RT-qPCR quantification cycle (Cq) data. BMC 1109 
Genomics 13, 296. https://doi.org/10.1186/1471-2164-13-296 1110 

Person-Le Ruyet, J., Labbé, L., Bayon, N.L., Sévère, A., Roux, A.L., Delliou, H.L., 1111 
Quéméner, L., 2008. Combined effects of water quality and stocking 1112 
density on welfare and growth of rainbow trout (Oncorhynchus mykiss). 1113 
Aquat. Living Resour. 21, 185–195. https://doi.org/10.1051/alr:2008024 1114 

Pfalzgraff, T., Lund, I., Skov, P.V., 2021. Cortisol affects feed utilization, digestion 1115 
and performance in juvenile rainbow trout (Oncorhynchus mykiss). 1116 
Aquaculture 736472. 1117 
https://doi.org/10.1016/j.aquaculture.2021.736472 1118 

Piato, Â.L., Capiotti, K.M., Tamborski, A.R., Oses, J.P., Barcellos, L.J.G., Bogo, M.R., 1119 
Lara, D.R., Vianna, M.R., Bonan, C.D., 2011. Unpredictable chronic stress 1120 
model in zebrafish (Danio rerio): Behavioral and physiological responses. 1121 
Prog. Neuropsychopharmacol. Biol. Psychiatry, The Neurobiology of 1122 
Neurodegenerative Disorder: From Basic to Clinical Research 35, 561–1123 
567. https://doi.org/10.1016/j.pnpbp.2010.12.018 1124 

Pickering, A.D., Stewart, A., 1984. Acclimation of the interrenal tissue of the 1125 
brown trout, Salmo trutta L., to chronic crowding stress. J. Fish Biol. 24, 1126 
731–740. https://doi.org/10.1111/j.1095-8649.1984.tb04844.x 1127 

Pickett, G.D., Pawson, M.G., 1994. Sea Bass: Biology, exploitation and 1128 
conservation. Springer Science & Business Media. 1129 

Prut, L., Belzung, C., 2003. The open field as a paradigm to measure the effects of 1130 
drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol., Animal 1131 



 

32 
 

Models of Anxiety Disorders 463, 3–33. https://doi.org/10.1016/S0014-1132 
2999(03)01272-X 1133 

Rambo, C.L., Mocelin, R., Marcon, M., Villanova, D., Koakoski, G., de Abreu, M.S., 1134 
Oliveira, T.A., Barcellos, L.J.G., Piato, A.L., Bonan, C.D., 2017. Gender 1135 
differences in aggression and cortisol levels in zebrafish subjected to 1136 
unpredictable chronic stress. Physiol. Behav. 171, 50–54. 1137 
https://doi.org/10.1016/j.physbeh.2016.12.032 1138 

Rousseau, K., Prunet, P., Dufour, S., 2021. Special features of neuroendocrine 1139 
interactions between stress and reproduction in teleosts. Gen. Comp. 1140 
Endocrinol. 300, 113634. https://doi.org/10.1016/j.ygcen.2020.113634 1141 

Sadoul, B., Alfonso, S., Bessa, E., Bouchareb, A., Blondeau-Bidet, E., Clair, P., 1142 
Chatain, B., Bégout, M.L., Geffroy, B., 2018. Enhanced brain expression of 1143 
genes related to cell proliferation and neural differentiation is associated 1144 
with cortisol receptor expression in fishes. Gen. Comp. Endocrinol. 267, 1145 
76–81. https://doi.org/10.1016/j.ygcen.2018.06.001 1146 

Sadoul, B., Foucard, A., Valotaire, C., Labbé, L., Goardon, L., LeCalvez, J.-M., Médale, 1147 
F., Quillet, E., Dupont-Nivet, M., Geurden, I., 2016. Adaptive capacities 1148 
from survival to stress responses of two isogenic lines of rainbow trout 1149 
fed a plant-based diet. Sci. Rep. 6, 35957. 1150 
https://doi.org/10.1038/srep35957 1151 

Sadoul, B., Geffroy, B., 2019. Measuring cortisol, the major stress hormone in 1152 
fishes. J. Fish Biol. 94, 540–555. https://doi.org/10.1111/jfb.13904 1153 

Sadoul, B., Geffroy, B., Lallement, S., Kearney, M., 2020. Multiple working 1154 
hypotheses for hyperallometric reproduction in fishes under metabolic 1155 
theory. Ecol. Model. 433, 109228. 1156 
https://doi.org/10.1016/j.ecolmodel.2020.109228 1157 

Sadoul, B., Mengues, P.E., Friggens, N.C., Prunet, P., Colson, V., 2014. A new 1158 
method for measuring group behaviours of fish shoals from recorded 1159 
videos taken in near aquaculture conditions. Aquaculture 430, 179–187. 1160 
https://doi.org/10.1016/j.aquaculture.2014.04.008 1161 

Sadoul, B., Vijayan, M.M., 2016. 5 - Stress and Growth, in: Schreck, C.B., Tort, L., 1162 
Farrell, A.P., Brauner, C.J. (Eds.), Fish Physiology, Biology of Stress in Fish. 1163 
Academic Press, pp. 167–205. https://doi.org/10.1016/B978-0-12-1164 
802728-8.00005-9 1165 

Samaras, A., Dimitroglou, A., Sarropoulou, E., Papaharisis, L., Kottaras, L., Pavlidis, 1166 
M., 2016. Repeatability of cortisol stress response in the European sea 1167 
bass (Dicentrarchus labrax) and transcription differences between 1168 
individuals with divergent responses. Sci. Rep. 6, 34858. 1169 
https://doi.org/10.1038/srep34858 1170 

Samaras, A., Espírito Santo, C., Papandroulakis, N., Mitrizakis, N., Pavlidis, M., 1171 
Höglund, E., Pelgrim, T.N.M., Zethof, J., Spanings, F.A.T., Vindas, M.A., 1172 
Ebbesson, L.O.E., Flik, G., Gorissen, M., 2018. Allostatic load and stress 1173 
physiology in european seabass (dicentrarchus labrax l.) and gilthead 1174 
seabream (sparus aurata l.). Front. Endocrinol. 9. 1175 
https://doi.org/10.3389/fendo.2018.00451 1176 

Samaras, Athanasios, Papandroulakis, N., Costari, M., Pavlidis, M., 2016. Stress 1177 
and metabolic indicators in a relatively high (European sea bass, 1178 
Dicentrarchus labrax) and a low (meagre, Argyrosomus regius) cortisol 1179 



 

33 
 

responsive species, in different water temperatures. Aquac. Res. 47, 1180 
3501–3515. https://doi.org/10.1111/are.12800 1181 

Sammouth, S., d’Orbcastel, E.R., Gasset, E., Lemarié, G., Breuil, G., Marino, G., 1182 
Coeurdacier, J.-L., Fivelstad, S., Blancheton, J.-P., 2009. The effect of 1183 
density on sea bass (Dicentrarchus labrax) performance in a tank-based 1184 
recirculating system. Aquac. Eng. 40, 72–78. 1185 
https://doi.org/10.1016/j.aquaeng.2008.11.004 1186 

Sanahuja, I., Dallarés, S., Ibarz, A., Solé, M., 2020. Multi-organ characterisation of 1187 
B-esterases in the European sea bass (Dicentrarchus labrax): Effects of 1188 
the insecticide fipronil at two temperatures. Aquat. Toxicol. 228, 105617. 1189 
https://doi.org/10.1016/j.aquatox.2020.105617 1190 

Santos, G.A., Schrama, J.W., Mamauag, R.E.P., Rombout, J.H.W.M., Verreth, J.A.J., 1191 
2010. Chronic stress impairs performance, energy metabolism and 1192 
welfare indicators in European seabass (Dicentrarchus labrax): The 1193 
combined effects of fish crowding and water quality deterioration. 1194 
Aquaculture 299, 73–80. 1195 
https://doi.org/10.1016/j.aquaculture.2009.11.018 1196 

Schnörr, S.J., Steenbergen, P.J., Richardson, M.K., Champagne, D.L., 2012. 1197 
Measuring thigmotaxis in larval zebrafish. Behav. Brain Res. 228, 367–1198 
374. https://doi.org/10.1016/j.bbr.2011.12.016 1199 

Schreck, C.B., 2000. Accumulation and long-term effects of stress in fish. Biol. 1200 
Anim. Stress 147–158. 1201 

Schreck, C.B., Tort, L., 2016. 1 - The concept of stress in fish, in: Carl B. Schreck, 1202 
L.T., Anthony P. Farrell and Colin J. Brauner (Ed.), Fish Physiology, Biology 1203 
of Stress in FishFish Physiology. Academic Press, pp. 1–34. 1204 

Shahsavarani, A., Perry, S.F., 2006. Hormonal and environmental regulation of 1205 
epithelial calcium channel in gill of rainbow trout (Oncorhynchus mykiss). 1206 
Am. J. Physiol.-Regul. Integr. Comp. Physiol. 291, R1490–R1498. 1207 
https://doi.org/10.1152/ajpregu.00026.2006 1208 

Sneddon, L.U., Wolfenden, D.C.C., Thomson, J.S., 2016. 12 - Stress Management 1209 
and Welfare, in: Schreck, C.B., Tort, L., Farrell, A.P., Brauner, C.J. (Eds.), 1210 
Fish Physiology, Biology of Stress in Fish. Academic Press, pp. 463–539. 1211 
https://doi.org/10.1016/B978-0-12-802728-8.00012-6 1212 

Stavrakidis-Zachou, O., Papandroulakis, N., Lika, K., 2019. A DEB model for 1213 
European sea bass (Dicentrarchus labrax): Parameterisation and 1214 
application in aquaculture. J. Sea Res., Ecosystem based management and 1215 
the biosphere: a new phase in DEB research 143, 262–271. 1216 
https://doi.org/10.1016/j.seares.2018.05.008 1217 

Stevens, C.H., Croft, D.P., Paull, G.C., Tyler, C.R., 2017. Stress and welfare in 1218 
ornamental fishes: what can be learned from aquaculture? J. Fish Biol. 91, 1219 
409–428. https://doi.org/10.1111/jfb.13377 1220 

Stien, L.H., Bracke, M., Noble, C., Kristiansen, T.S., 2020. Assessing fish welfare in 1221 
aquaculture, in: Kristiansen, T.S., Fernö, A., Pavlidis, M.A., van de Vis, H. 1222 
(Eds.), The Welfare of Fish, Animal Welfare. Springer International 1223 
Publishing, Cham, pp. 303–321. https://doi.org/10.1007/978-3-030-1224 
41675-1_13 1225 

Su, H., Ma, D., Zhu, H., Liu, Z., Gao, F., 2020. Transcriptomic response to three 1226 
osmotic stresses in gills of hybrid tilapia (Oreochromis mossambicus 1227 



 

34 
 

female × O. urolepis hornorum male). BMC Genomics 21, 110. 1228 
https://doi.org/10.1186/s12864-020-6512-5 1229 

Takei, Y., Hiroi, J., Takahashi, H., Sakamoto, T., 2014. Diverse mechanisms for 1230 
body fluid regulation in teleost fishes. Am. J. Physiol.-Regul. Integr. Comp. 1231 
Physiol. 307, R778–R792. https://doi.org/10.1152/ajpregu.00104.2014 1232 

Takei, Y., Hwang, P.-P., 2016. 6 - Homeostatic responses to osmotic stress, in: 1233 
Schreck, C.B., Tort, L., Farrell, A.P., Brauner, C.J. (Eds.), Fish Physiology, 1234 
Biology of Stress in Fish. Academic Press, pp. 207–249. 1235 
https://doi.org/10.1016/B978-0-12-802728-8.00006-0 1236 

Tine, M., Kuhl, H., Gagnaire, P.-A., Louro, B., Desmarais, E., Martins, R.S.T., Hecht, 1237 
J., Knaust, F., Belkhir, K., Klages, S., Dieterich, R., Stueber, K., Piferrer, F., 1238 
Guinand, B., Bierne, N., Volckaert, F.A.M., Bargelloni, L., Power, D.M., 1239 
Bonhomme, F., Canario, A.V.M., Reinhardt, R., 2014. European sea bass 1240 
genome and its variation provide insights into adaptation to euryhalinity 1241 
and speciation. Nat. Commun. 5, 1–10. 1242 
https://doi.org/10.1038/ncomms6770 1243 

Tipsmark, C.K., Sørensen, K.J., Madsen, S.S., 2010. Aquaporin expression 1244 
dynamics in osmoregulatory tissues of Atlantic salmon during 1245 
smoltification and seawater acclimation. J. Exp. Biol. 213, 368–379. 1246 
https://doi.org/10.1242/jeb.034785 1247 

Toni, M., Manciocco, A., Angiulli, E., Alleva, E., Cioni, C., Malavasi, S., 2019. 1248 
Assessing fish welfare in research and aquaculture, with a focus on 1249 
European directives. Animal 13, 161–170. 1250 
https://doi.org/10.1017/S1751731118000940 1251 

Tonkins, B.M., Tyers, A.M., Cooke, G.M., 2015. Cuttlefish in captivity: An 1252 
investigation into housing and husbandry for improving welfare. Appl. 1253 
Anim. Behav. Sci. 168, 77–83. 1254 
https://doi.org/10.1016/j.applanim.2015.04.004 1255 

Tsalafouta, A., Gorissen, M., Pelgrim, T.N.M., Papandroulakis, N., Flik, G., Pavlidis, 1256 
M., 2017. α-MSH and melanocortin receptors at early ontogeny in 1257 
European sea bass (Dicentrarchus labrax, L.). Sci. Rep. 7, 46075. 1258 
https://doi.org/10.1038/srep46075 1259 

Uren Webster, T.M., Rodriguez-Barreto, D., Martin, S.A.M., Van Oosterhout, C., 1260 
Orozco-terWengel, P., Cable, J., Hamilton, A., Garcia De Leaniz, C., 1261 
Consuegra, S., 2018. Contrasting effects of acute and chronic stress on the 1262 
transcriptome, epigenome, and immune response of Atlantic salmon. 1263 
Epigenetics 13, 1191–1207. 1264 
https://doi.org/10.1080/15592294.2018.1554520 1265 

van de Vis, H., Kolarevic, J., Stien, L.H., Kristiansen, T.S., Gerritzen, M., van de 1266 
Braak, K., Abbink, W., Sæther, B.-S., Noble, C., 2020. Welfare of Farmed 1267 
Fish in Different Production Systems and Operations, in: The Welfare of 1268 
Fish. Springer, pp. 323–361. 1269 

Vandeputte, M., Clota, F., Sadoul, B., Blanc, M.-O., Blondeau-Bidet, E., Bégout, M.-1270 
L., Cousin, X., Geffroy, B., 2020. Low temperature has opposite effects on 1271 
sex determination in a marine fish at the larval/postlarval and juvenile 1272 
stages. Ecol. Evol. 10, 13825–13835. https://doi.org/10.1002/ece3.6972 1273 

Vandeputte, M., Gagnaire, P.-A., Allal, F., 2019. The European sea bass: a key 1274 
marine fish model in the wild and in aquaculture. Anim. Genet. 50, 195–1275 
206. https://doi.org/10.1111/age.12779 1276 



 

35 
 

Vijayan, M.M., Leatherland, J.F., 1990. High stocking density affects cortisol 1277 
secretion and tissue distribution in brook charr, Salvelinus fontinalis. J. 1278 
Endocrinol. 124, 311–318. 1279 

Vindas, M.A., Madaro, A., Fraser, T.W.K., Höglund, E., Olsen, R.E., Øverli, Ø., 1280 
Kristiansen, T.S., 2016. Coping with a changing environment: the effects of 1281 
early life stress. R. Soc. Open Sci. 3, 160382. 1282 
https://doi.org/10.1098/rsos.160382 1283 

Wendelaar Bonga, S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591–1284 
625. https://doi.org/10.1152/physrev.1997.77.3.591 1285 

Whitehead, A., Roach, J.L., Zhang, S., Galvez, F., 2011. Genomic mechanisms of 1286 
evolved physiological plasticity in killifish distributed along an 1287 
environmental salinity gradient. Proc. Natl. Acad. Sci. 108, 6193–6198. 1288 
https://doi.org/10.1073/pnas.1017542108 1289 

Wood, C.M., Nawata, C.M., 2011. A nose-to-nose comparison of the physiological 1290 
and molecular responses of rainbow trout to high environmental 1291 
ammonia in seawater versus freshwater. J. Exp. Biol. 214, 3557–3569. 1292 
https://doi.org/10.1242/jeb.057802 1293 

 1294 

 1295 

 1296 

 1297 
 1298 
 1299 
 1300 
 1301 
 1302 
 1303 
 1304 
 1305 
 1306 
 1307 
 1308 
 1309 
 1310 
 1311 
 1312 
 1313 
 1314 
 1315 
 1316 
 1317 
 1318 
 1319 
 1320 
 1321 
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Fig. 2. Effects of chronic stress on the evolution of biometric values in European sea 1324 

bass. At 309 dpf, fish were dispatched in 6 different tanks. At 336 dpf, fish from three 1325 

tanks were chronically stressed with repeated acute stressors during 3 weeks (red 1326 

zone). Differences to the controls are presented for the body mass (A) and the length 1327 

(B). Data are represented as mean ± SEM. The continuous lines represent the 1328 

simulated outputs from the DEB model. 1329 

(n=873 and 879 until 309 dpf, n=865 and 877 at 336 dpf, n=247 and 252 at 358 dpf, 1330 

n=586 and 593 at 424 dpf, n=573 and 581 at 463 dpf for control and chronic stress 1331 

respectively). The pink period illustrates the 4 weeks acclimation period to the 1332 

experimental tanks prior the chronic stress. Difference to the control are highlighted 1333 

by an asterisk. 1334 

 1335 
Fig. 3. Stress response of European sea bass chronically stressed (blue) or control 1336 

(yellow). Cortisol values are represented as mean ± SEM. Fish were first anesthetized, 1337 

sorted and dispatched for experimental purposes, and cortisol was measured on a 1338 

subsample (n=54 and 55, left panel). Fish were then stressed by a 3 minutes 1339 

confinement stress and sampled 1, 3 and 6 hours later (n= 54 and 50 for 1h, n=51 and 1340 

57 for 3h, n=52 and 60 for 6h, middle panel). Finally, a group of fish was osmotically 1341 

challenged during 24 hours in fresh water. 1342 

 1343 

Fig. 4. Correlogram of the correlation matrix between gene expressions in the Brain, 1344 

the Interenal and the pituitary (Pit.) and measures performed in the plasma for 1345 

individuals in the control group (A) or for individuals chronically stressed for 3 weeks 1346 

(B). Pearson linear correlations coefficient are illustrated using colors ranging from 1347 

dark red (-1) to dark blue (+1). Non-significant (p-value>0.05) correlations are 1348 

crossed.  1349 

 1350 
Fig. 5. Osmotic markers in plasma of European sea bass chronically stressed (blue) or 1351 

control (yellow) before and after a 24 hours challenge in freshwater. Data are 1352 

represented as mean ± SEM. Significant effects of the salinity challenge are 1353 

highlighted by asterisks on the x-label. Significant difference between control and 1354 

chronic stress are highlighted by asterisks on the graph (*: p<0.05; **: p<0.01; ***: 1355 

p<0.001). 1356 

 1357 
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Fig. 6. Principal component analysis (PCA) on the gene expression in the gills of 1358 

individuals chronically stressed or controls and before or after a 24 h freshwater 1359 

challenge. (A) Individual plot. (B) Box plots of the coordinates on dimension 2 of the 1360 

PCA for all individuals and compared between the control and the chronic stress 1361 

groups. Significant difference is highlighted by asterisks (**: p<0.01). (C) List of the 1362 

genes with the most significant contributions to the variability on the first and the 1363 

second dimensions of the PCA.  1364 

 1365 

Fig. 7. Group behaviour in a novel environment before and during a hypoxia 1366 
challenge of fish previously exposed to chronic stress treatment or control conditions. 1367 
Mean inter-individual distance (A), velocity (B) and time spent in the center (C) are 1368 
illustrated during a 60 min acclimation period to the novel environment and during a 1369 
hypoxia challenge obtained by reducing the oxygen saturation down to 20% (D). Data 1370 
are represented as mean ± SEM. The difference between chronically stressed 1371 
individuals and control individuals at a single time point are illustrated with an 1372 
asterisk (p<0.05).1373 
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Table 1. Published primers used for real-time PCR on European sea bass cDNA. 1374 
 1375 
 1376 

  1377 

Gene Protein name 

GenBank 

accession 

numbers 

Forward primer (5' → 3') Reverse primer (5' → 3') 
Concentration 

in qPCR well 
Tm Ref 

eef1-alpha elongation factor 1-alpha 1 AJ866727.1 AGATGGGCTTGTTCAAGGGA TACAGTTCCAATACCGCCGA 0,4 60 (Sadoul et al., 2018) 

l13 ribosomal Protein L13 DT044910.1 TCTGGAGGACTGTCAGGGGCATGC AGACGCACAATCTTGAGAGCAG 0,4 60 (Sadoul et al., 2018) 

18S 18S ribosomal RNA AM419038.1 TCAAGAACGAAAGTCGGAGG GGACATCTAAGGGCATCACA 0,4 60 (Pavlidis et al., 2011) 

fau 
ubiquitin like and ribosomal protein S30 

fusion 
FM004681 GACACCCAAGGTTGACAAGCAG GGCATTGAAGCACTTAGGAGTTG 0,4 60 (Mitter et al., 2009) 

rpl17 ribosomal Protein L17 AF139590 TTGAAGACAACGCAGGAGTCA CAGCGCATTCTTTTGCCACT 0,2 60 (Samaras et al., 2018) 

mr mineralocorticoid receptor JF824641.1 GTTCCACAAAGAGCCCCAAG AGGAGGACTGGTGGTTGATG 0,4 60 (Sadoul et al., 2018) 

gr1 glucocorticoid receptor 1 ΑY549305 GAGATTTGGCAAGACCTTGACC ACCACACCAGGCGTACTGA 0,4 60 (Pavlidis et al., 2011) 

gr2 glucocorticoid receptor 2 AY619996 GACGCAGACCTCCACTACATTC GCCGTTCATACTCTCAACCAC 0,2 60 (Pavlidis et al., 2011) 

mc2r melanocortin 2 Receptor FR870225.1 CATCTACGCCTTCCGCATTG  ATGAGCACCGCCTCCATT  0,4 60 (Tsalafouta et al., 2017) 

cyp11b1 (11B-

hydroxylase) 

cytochrome P450 family 11 subfamily B 

member 1 
AF449173.2 GGAGGAGGATTGCTGAGAACG AGAGGACGACACGCTGAGA 0,4 60 (Samaras et al., 2018) 

atp1a1a  Na/K ATPase alpha subunit isoform 1a KP400258 CCTCAGATGGCAAGGAGAAG CCCTGCTGAGATCGGTTCC 0,4 60 (Blondeau-Bidet et al., 2016) 

atp1a1b  Na/K ATPase alpha subunit isoform 1b KP400259 AGCAGGGCATGAAGAACAAG CCTGGGCTGCGTCTGAGG 0,4 60 (Blondeau-Bidet et al., 2016) 

slc12a2 (nkcc1) 
sodium-potassium-chloride cotransporter 

1  
AY954108 TCAGCTCACAGTTCAAGGCC TTGTGGAGTCCATAGCGGC 0,4 60 (Blondeau-Bidet et al., 2019b) 

slc12a3-like (ncc2) sodium-chloride cotransporter 2   ATGATGAGCCTCTTCGAGCC GCTGCTCTCATCACCTTCTGT 0,6 60 (Blondeau-Bidet et al., 2019a) 

clcn3 chloride channel 3 JN998891 CAAGTACAGCAAGAACGAGGC ACAGCGTCTTGAGAGGGAAG 0,4 60 (Bossus et al., 2013) 

slc4a4 (nbc1) sodium bicarbonate cotransporter FM001880 ACAGAGCACGGAACACACGG CGTCCACAGCCAGCAGTTCG 0,4 60 (Blondeau-Bidet et al., 2019a) 

atp6v1a (vha-a) V-type proton ATPase catalytic subunit a   GGCAGTCACATCACAGGAGG CCAGCTCCATCACCACATCG 0,4 60 (Blondeau-Bidet et al., 2019a) 

atp6v1b2 (vha-b) V-type proton ATPase catalytic subunit b2   TTGCCATAGTCTTCGCAGCC CTTCTCGCACTGGTAGGCC 0,4 60 (Blondeau-Bidet et al., 2019a) 

slc9a3 (nhe3) sodium/hydrogen exchanger isoform 3 CX660524 GGATACCTCGCCTACCTGAC AAGAGGAGGGTGAGGAGGAT 0,4 60 (Blondeau-Bidet et al., 2019a) 

slc9a2b (nhe2b) sodium/hydrogen exchanger isoform 2b   CTGTCAGATCGAGGCGTTTG TCAAACACACTCAGCACAGC 0,4 60 (Blondeau-Bidet et al., 2019a) 

slc9a2c (nhe2c) sodium/hydrogen exchanger isoform 2c    CGTTTCACCCACAATGTCCG GCACCAGAATGCCAATTCCC 0,4 60 (Blondeau-Bidet et al., 2019b) 

trpv4 
transient receptor potential cation channel 

subfamily V member 4 
GQ396264 CGGGAGAGATTGTCACCTTG CCATCACGGACACATAAGCC 0,4 60 (Bossus et al., 2011) 

rhbg  rhesus blood group, b glycoprotein   CCTCATGGTGACCCGAATCC TATGTGGACAGAGTGCAGGC 0,4 60 (Blondeau-Bidet et al., 2019b) 

rhcg1  rhesus blood group, c glycoprotein 1   TCAGGGAATTGTGTGACCGC CCCAGCGTGGACTTGATTCT 0,4 60 (Blondeau-Bidet et al., 2019b) 

rhcg2  rhesus blood group, c glycoprotein 2   TGGCTACCTGTTTGTCACGC TATAAAGCCGCCGAGCATCC 0,4 60 (Blondeau-Bidet et al., 2019b) 

pcna proliferating cell nuclear antigen   CAGAGCGGCTGGTTGCA CACCAAAGTGGAGCGAACAA 0,4 60 (Crespo et al., 2013) 

neurod1 neuronal differentiation 1   TTCTCCTTCAGCGTGCACTA GGTGCGAGTGTCCATCAAAG 0,4 60 (Sadoul et al., 2018) 
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Table 2. Designed primers used for real-time PCR on European sea bass cDNA. 1378 
 1379 

Gene Protein name 

GenBank 

accession 

numbers 

Forward primer (5' → 3') Reverse primer (5' → 3') 
amplicon 

size 

Concentra

tion in 

qPCR well 

http://sea 

bass.mpipz.de/cgi-

bin/hgGateway 

Efficie

ncy 

gapdh glyceraldehyde-3-Phosphate Dehydrogenase AY863148 GAGAAACCCGCCAAATATGAC TACCATGTGACCAGCTTGAC 193 0,4 DLAgn_00059000 86,3 

actb actin beta AY148350.1 TGACCTCACAGACTACCT GCTCGTAACTCTTCTCCA 140 0,4 DLAgn_00187660 92,3 

crf corticotropin-releasing hormone    GCAACGGGGACTCTAACTCT GTCAGGTCCAGGGATATCGG 217 0,6 DLAgn_00076040 86,0 

crfbp corticotropin-releasing hormone binding protein   CCAGAGGGCAGTTTCACCAT ACATAGTCACCTGACCCCGA 173 0,4 DLAgn_00120190 92,0 

star steroidogenic acute regulatory protein   TGAGCTGAACAGACTGGCAG TCTCCATTCGCAGCCACAAT 216 0,4 DLAgn_00115570 92,0 

hsd11b2 hydroxysteroid (11-beta) dehydrogenase 2   CCGAGCTGTCCCTAATGTCG TGAGGAGGGTAGGATGGTGG 263 0,4 DLAgn_00234370 87,3 

pomcb pro-opiomelanocortin-b  GGATACTGGACTGTATTCACCT GAAATGCCCTCAGAAGATCC 291 0,4 DLAgn_00069720 94,2 

cyp11a2 

(p450scc) 
p450 side chain cleaving   CCCCCGTCAGTGTTTAGGAC TTGCGCTGTTTCTCCACTCT 96 0,4 DLAgn_00168500 91,3 

cftr cystic fibrosis transmembrane conductance regulator DQ501276.2 GAACCAACCAGGACAAACCA GCAAGTCGATGAACTTAAACACTC 149 0,4 DLAgn_00172160 89,6 

cazh carbonic anhydrase FK944087 GACTAACGGACCTGATACATGG TCTGTGTCGTCCACAAAGTC 223 0,4 DLAgn_00000090 92.7 

ca15b carbonic anhydrase 15b CX660749 GGCAAGACAGTCAAAGTCAG CCTCAATAAAGAAACCAAGAGCAG 255 0,6 DLAgn_00101240 86,0 

trpv6 (ecac) epithelial calcium channel   TTCCATGTTATCCTTATCGGCT CATAAACTTTGTCAGGTCTCCA 209 0,4 DLAgn_00059190 90,9 

aqp3 aquaporin 3 DQ647191 CATGTACTACGATGCCCTGTG CATAGCCAGAGTTAAAGCCCA 271 0,4 DLAgn_00117370 96,8 

rhag rhesus blood group, a glycoprotein   CAAGTTCCTTTCTCCCATCCT GTAACAACACCTCCAACCAG 206 0,4 DLAgn_00071020 92,0 

egr1 early growth response 1   AACTCCAGCCTCAGTTCCTC AGTCAGGAATCATGGGCACA 202 0,4 DLAgn_00110040 91,6 

neurod2 neuronal differentiation 2   TGCGTAAAGTGGTTCCATGC GTCGTGGGTTGGGAGAGTC 172 0,4 DLAgn_00193890 95,7 

bdnf brain-derived neurotrophic factor DQ915807.1 TGAGACCAAATGCAACCCCA CACGTAGGACTGGGTTGTCC 100 0,2 DLAgn_00159270 94,5 

cldn5a claudin 5a   GTAATTGGCTCGCTCCTGGT GTCTGAGCCACCACGATGTT 92 0,4 DLAgn_00120450 104,9 

cldn5b claudin 5b   CAAGGTCCACGACTCGGTTC CGCCTCATCCTTGATGCAGT 145 0,4 DLAgn_00250470 87,6 

cldn7a claudin 7a   CCCGTCAATACCAAGTATGAG ACTTCGGTGTAGATTTCCCT 123 0,4 DLAgn_00040400 87,3 

cldn8-like claudin 8like   AGCCAACATCAGGATGCAGT CTGCAACGATGAGGGCAAAG 125 0,4 DLAgn_00035220 104,0 

cldn12 claudin 12   CCTTCATCATTGCCATTGTGTC GGTCAACTTTAGAGTACCACTCTG 200 0,4  DLAgn_00060570 81 

cldn23a claudin 23   GACCATCATACCCATCGCCT TAAACATGACGAAACCGCCC 145 0,4  DLAgn_00086250 81,6 

oclna occludin a   ACTTTCATCGTGAATTTCCTCC GAGTCCGTTTCATGTTCTTTATCC 227 0,4 DLAgn_00081130 100,9 

oclnb occludin b   CCCAAGAGGTTATAGCTATTGTCC AGGTAAAGAGGCTTGCTGTG 229 0,4 DLAgn_00258740 94,2 

tjp1b tight junction protein 1b   GACAACAGGCCCAAATACCA CAGCGTTTCTCCTTTCTCCT 290 0,8 DLAgn_00169520 90,9 

npy neuropeptide Y   GAGACACTACATCAACCTCATCAC TGGGTCATATCTCGACTGTGG 132 0,4 DLAgn_00199940 93,4 
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Table 3. Gill gene expression of European sea bass chronically stressed or control before and after a 1383 
24 hours challenge in freshwater. Values are presented as mean ± SEM of 32-37 fish. Significances 1384 
are represented with asterisks (*: p<0.05; **: p<0.01; ***: p<0.001). 1385 
 1386 

Control Chronic stress statistic 

SW FW SW FW chronic stress salinity interaction 

io
n

 a
n

d
 w

a
te

r 
h

o
m

e
o

st
a

si
s 

atp1a1a 0,8  ± 0,02 1,28  ± 0,04 0,82  ± 0,03 1,31  ± 0,04 ***  

atp1a1b 1,1  ± 0,03 0,94  ± 0,03 1,14  ± 0,03 0,89  ± 0,02 *** * 

slc12a2  1,81  ± 0,05 0,53  ± 0,02 1,92  ± 0,06 0,5  ± 0,02 ***  

slc12a3 like 0,77  ± 0,03 1,22  ± 0,06 0,96  ± 0,04 1,24  ± 0,06 *** * 

clcn3 0,89  ± 0,02 1,16  ± 0,03 0,89  ± 0,02 1,17  ± 0,03 ***  

cftr 1,72  ± 0,05 0,55  ± 0,03 1,88  ± 0,08 0,52  ± 0,02 *** * 

slc4a4  1,73  ± 0,1 0,69  ± 0,03 1,44  ± 0,08 0,61  ± 0,03 ***  

atp6v1a 1,12  ± 0,03 0,96  ± 0,03 1,08  ± 0,03 0,9  ± 0,03 ***  

atp6v1b2 1,09  ± 0,04 0,97  ± 0,03 1,07  ± 0,04 0,89  ± 0,02 ***  

slc9a2b 1,15  ± 0,05 0,94  ± 0,04 1,14  ± 0,04 0,9  ± 0,05 ***  

slc9a2c 1,59  ± 0,11 0,68  ± 0,04 1,9  ± 0,09 0,53  ± 0,04 *** ** 

slc9a3 0,85  ± 0,03 1,31  ± 0,05 0,78  ± 0,03 1,3  ± 0,05 ***  

ecac 0,74  ± 0,04 1,36  ± 0,08 0,87  ± 0,04 1,37  ± 0,06 ***  

trpv4 0,35  ± 0,03 3,17  ± 0,11 0,37  ± 0,03 3,3  ± 0,13 ***  

cazh 1,16  ± 0,05 0,89  ± 0,06 1,17  ± 0,06 0,96  ± 0,07 ***  

ca15b 2,89  ± 0,25 0,51  ± 0,09 2,95  ± 0,32 0,42  ± 0,06 ***  

aqp3 0,44  ± 0,03 2,2  ± 0,17 0,7  ± 0,06 2,49  ± 0,2   ***  

ammonia 

transport 

rhcg1 0,75  ± 0,03 1,39  ± 0,04 0,77  ± 0,03 1,39  ± 0,04 ***  

rhcg2 1,59  ± 0,07 0,72  ± 0,05 1,48  ± 0,05 0,61  ± 0,04 ***  

rhbg 1,26  ± 0,07 0,84  ± 0,04 1,31  ± 0,06 0,79  ± 0,04 ***  

rhag 1,03  ± 0,07 0,98  ± 0,06 1,18  ± 0,06 0,94  ± 0,06   **  

g
il

l 
p

e
rm

e
a

b
il

it
y
 cldn5a 0,78  ± 0,04 1,37  ± 0,06 0,89  ± 0,05 1,27  ± 0,06 *** * 

cldn5b 1,13  ± 0,04 0,96  ± 0,03 1,12  ± 0,05 0,92  ± 0,04 ***  

cldn7a 0,8  ± 0,03 1,32  ± 0,04 0,81  ± 0,03 1,3  ± 0,04 ***  

cldn8like 1,07  ± 0,04 1,14  ± 0,04 0,97  ± 0,03 0,91  ± 0,04 * 

cldn12 1,02  ± 0,03 1,01  ± 0,03 1,02  ± 0,03 0,97  ± 0,03  

cldn23a 1,14  ± 0,05 1,03  ± 0,04 0,99  ± 0,03 0,93  ± 0,03 **  

oclna 1,02  ± 0,05 1,13  ± 0,04 0,94  ± 0,04 1,01  ± 0,05 *  

oclnb 0,6  ± 0,03 1,98  ± 0,07 0,58  ± 0,03 1,71  ± 0,07 *** ** 

tjp1 1,18  ± 0,06 0,89  ± 0,05 1,18  ± 0,06 0,9  ± 0,06   ***  

hormonal 

regulation 

mr 0,99  ± 0,03 1,09  ± 0,03 0,97  ± 0,03 1,01  ± 0,05 **  

gr1 1,11  ± 0,04 0,92  ± 0,02 1,08  ± 0,04 0,9  ± 0,03 ***  

gr2 1,04  ± 0,03 1,01  ± 0,03 1,05  ± 0,04 0,91  ± 0,03   ** * 
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Chronic stress P1-
P5

336

T: Tagging using RFID-tag
B: Biometry
P1: Blood/brain sampling
P2: Acute stress test + blood sampling 1h later
P3: Acute stress test + blood sampling 3h later
P4: Acute stress test + blood sampling 6h later
P5: Osmotic test + blood/gills sampling
NE: Novel environment + hypoxia test

357

Sorting and dispatching

Time (dpf)
359 423

B+NE
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P1-
P3T+B B B B B
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