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Executive Summary

Objectives: Identification of long-lasting effects of low oxygen concentrations (hypoxia) in very
early stages (larval) on performances of juvenile rainbow trout.

Rationale: Previous studies in mammals and birds but also recently in fish have acknowledged
that early life is a critical period for developmental plasticity. Thus, exposure to stressful events
during early life stages may disrupt brain development and consequently modify brain-related
processes such as behavior or stress response. It could also affect metabolic phenotype and
stimulus received at early life can modulate metabolism in later life, a process which is called
‘metabolic programming’. In these conditions, oxygen consumption and feed intake (which are
mutually connected) can also be regulated by early life exposure to low oxygen level. However,
it is still largely unknown in aquaculture fish species to which extent the effects of sub-optimal
environmental conditions during early life stages can adversely affect later performance at the
juvenile or adult stages. Information on such long-lasting effects is important to ensure proper
management of experimental groups before undertaking experiments.

In order to assess the above objectives, a cohort of rainbow trout larvae were exposed during
17 days (just after hatching) to hypoxia conditions or kept in nhormoxia conditions. Later fish
from both experimental groups were studied in two research infrastructures at INRA/PEIMA
(France) and at WU (the Netherlands).

Long-term effects on adaptation and stress functions were studied in PEIMA. Specifically,
several parameters related to corticotrope axis, gill functions (homeostasis, stress and
metabolism, immunity) or behaviour were studied in juvenile fish kept in normal conditions or
in fish exposed to an acute challenge (acute confinement stress for corticotrope axis, acute
hypoxia for behaviour test, 24h hypoxia challenge for gill functions).

Assessments whether early life hypoxia has long term effects on feed intake, feed efficiency
and metabolic parameters related to oxygen use were performed by WU in collaboration with
INRA/NuMeA. Parameters related to these functions were studied in fish receiving two
contrasted diets, i.e. high-dietary oxygen demand (DOD) or low-DOD diets. It is expected that
when fed to satiation, diets contrasting in DOD will result in a similar oxygen consumption, but
different feed intake. However, no information is available on possible effects of early-life
hypoxia on these parameters.

Main Results:

Adaptation and stress: Early-life chronic hypoxia did not affect later in life (juvenile stage) basal
activity of the corticotrope axis (assessed through plasma cortisol levels) nor gill functions
(assessed through expression of specific genes related to these functions). However in
juvenile fish exposed to challenging conditions, some effects of early hypoxia were observed:
This includes i) a minor effect on plasma cortisol response after an acute stress during the
recovery phase ii) significant changes in expressions of genes involved in some gill functions
(i.e. osmoregulation and acid-base balance) in fish exposed to 24h hypoxia challenge.

Feed intake and oxygen consumption: The assessments of feed intake, feed efficiency and
metabolic parameters related to oxygen consumption in juvenile fish exposed or not to early-
life hypoxia showed:

- There is an effect of early life hypoxia on oxygen consumption an on maximum feed
intake in later life in juvenile rainbow trout;

- The impact of early life hypoxia on feed intake and oxygen consumption is dependent
upon dietary oxygen demand (DOD): these parameters increased in fish fed with high-DOD.
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1. Introduction and rationale

Excellent management of experimental fish stocks is required of European aquaculture
research infrastructures, thus enabling ethical, rapid and flexible use of experimental fish as
well as low experimental variance and reduced project costs. To improve these aquaculture
services, we have to consider several issues in order to develop relevant tools and/or
management rules. Among these issues, the impact of experimental fish management on the
outcome of experiments may start already at the embryonic and larval stage where the
construction of the phenotypes of the fish starts. Developmental events such as cell
proliferation, migration or cell death during embryonic and larval stages determine adult tissue
structure and function. These events are under the influence of genetic, epigenetic and
environmental influence and possibly underlie individual differences.

Previous studies in mammals and birds but also recently in fish have acknowledged that early
life is a critical period for developmental plasticity. Thus, exposure to stressful events during
early life stages may disrupt brain development thus altering brain maturation endpoints and
consequently modifying brain-related processes such as behavior or stress response (Auperin
et al., 2008; Fokos et al., 2017). It could also affect metabolic phenotype and stimulus received
at early life can modulate metabolism in later life, a process which is called ‘metabolic
programming’ (Lui et al., 2017). However, it is still largely unknown in aquaculture fish species
to which extent the effects of sub-optimal environmental conditions during early life stages can
adversely affect experiments done later at the juvenile or adult stage. Water quality and
particularly O, levels are considered as the primary stressors in fish, a situation which is
particularly important in early life stages where oxygen depletions are likely to affect survival
and the success of larval development (Cadiz et al., 2017; Mu et al., 2017). In this context,
filing knowledge gap on the later life consequences of hypoxia exposure during early life
stages would improve our understanding regarding the quality of the experimental fish for use
later in life in aquaculture research infrastructure.

The aims of the present study were to assess in rainbow trout to which extend early-life
challenging factor (i.e. hypoxia) can negatively affect performance in juveniles later in life.
These issues have been approached through two complementary questions: 1) Are biological
functions involved in adaptation and stress of juveniles response modified by early chronic
hypoxia? 2) Does chronic hypoxia applied during early life modify feed intake, feed efficiency
and metabolic parameters related to oxygen use in later life?

These studies were developed on two research infrastructures (INRA/PEIMA and WUR) but
all fish used were issued from the same cohort exposed during larvae stage to hypoxia in
INRA/PEIMA.

2. Exposure to chronic hypoxic stimulus during early life
affects ability to cope with changing environment in later
life.

2.1. Introduction

Phenotypic plasticity is defined as the individual’'s capacity to change its phenotype in response
to environmental cues in order to increase its fitness in a given environment. Thus, stressful
situations will affect individual ability to cope with their environment and this capability may be
genetic or acquired during early life stages (Vindas et al., 2017). Mammalian literature
suggests that it is possible to prepare individuals to cope with future challenging environment
through environmental programming during early life (ex. Champagne et al., 2008). In fish,
such issue has been recently studied by Vindas et al. (2017) and these authors showed that
salmon which experienced unpredictable chronic stress during early life stage display a higher
growth rate during the challenging developmental periods of their life cycle and also had lower
hypothalamic catecholaminergic serotoninergic response to acute stress.
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Long-term effects of early exposure to chronic hypoxia have also been recently studied in fish:
Cadiz et al. (2017) showed in sea bass that such early exposure maodified long-term regulation
of haemoglobin gene expression, thus suggesting possible effect on physiological responses
to hypoxia. Moreover, in zebrafish, early hypoxia during embryogenesis leads to increased
hypoxia tolerance as larvae. Overall, these first studies support the hypothesis of long-term
physiological consequences of early-life exposure to hypoxia. The main objective of the
present study was to clarify such long-term consequences by analysing physiological and
behavioural ability to cope with a challenging situation. More precisely, we studied i) response
of the HPI axis to acute stress ii) response of the gill functions to acute hypoxia exposure iii)
behavioural response to exposure to hypoxia.

2.2. Materials and method

2.2.1. Fish and experimental set-up in INRA/PEIMA (Sizun, France)

Experimental research performed in this study was in accordance to the guiding principles for
the use and care of laboratory animals and in compliance with the French and European
regulations on animal welfare. Experiments were conducted within INRA-PEIMA (Sizun,
France) facilities that have authorization for animal experimentation (C29-277-02) and were
approved by the Local Animal Care and Ethics Committee provided by the French legislation
under the official license N°74. The project's agreement number is: APAFIS#7508-
2016110211489713

Figure 1 summarizes the experimental protocol. Fertilized eggs obtained from male and female
rainbow trout (autumn-spawning strain) were incubated in standard conditions until hatching.
Two days after hatching, half of the larvae were exposed to hypoxia during 17 days. Such
chronic hypoxia conditions were obtained by adding nitrogen in the water which supplies
rearing tanks. Such procedure allowed us to have between 3.4 and 4.4 mg/l O2 levels. These
levels were continuously measured during the 17 days period. The other half of the larvae were
reared during these 17 days under normoxia conditions (10-11mg/l). At the end of the
experimental period (resorption stage), the 2 groups were fed and reared under normoxia
conditions. Some fish were sampled at the end of the hypoxia stress and 3 weeks after and
first feeding to measure a direct and mid-term effects of chronic stress on hypoxic and glucose
metabolism-related genes in alevins. Two months later, part of the fish was transferred to WUR
experimental installation (see section 3) whereas the remainders were kept in PEIMA.

From 162 days (~5 months) after hypoxia treatment, control and hypoxia exposed juvenile
trout were assessed for long term effect of early hypoxia stress on growth and on ability to
cope with acute environmental challenges. This included the following challenges:

(1) Exposure to acute confinement stress 162 and 163 days after hypoxia. In order to assess
cortisol response to acute stress (Hypothalamo-Pituitary-Interrenal axis responsiveness), part
of the fish was immediately sampled and the other part was exposed to 4 minutes confinement
stress. They were netted and transfered to a bucket where they were kept 4 minutes at high
density (200kg/m?3). Thereafter, fish were transferred back to the recovery tank and further
sampled 1h, 3h and 6h after confinement stress.

(2) Exposure to 24h hypoxia 162 days after hypoxia. A group of juvenile trout was exposed to
hypoxia conditions during 24h (8-9mg/I O, before challenge and 3-4mg/lI O» during challenge).
This was achieved by increasing fish density from 14-16kg/m?3 to 50-60 kg/m? (reduction of the
water level in experimental tanks) and by reduction of the water flow in the tanks from 2 to 1
renewal/h. Such procedure led to increases in CO2 and NHj4 levels which stayed at non-toxic
levels (CO, < 20 mg/l and NHs<0.5 mg/l). Such hypoxia challenge was used to assess
responses to this acute stressor of various physiological parameters including osmoregulation,
immunity, oxidative stress and HPI axis responsiveness. Fish were sampled before and after
the 24h hypoxia challenge.
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(3) Behavioural measurement in the "hypoxia test" 176 days after hypoxia. The objective of
hypoxia test was to assess escape from a hypoxic to a normoxic compartment according to
the life history. This hypoxia test was adapted from Ferrari and al. (2015) with some
modifications. Briefly, the experiments were carried out with two identical circular tanks (A and
B, 70liters) attached to each other via a transparent pipe. Each tank had its own water
circulation with its own oxygen measurement. 28-32 fish were placed in the tank A (density 20-
25kg/m3). After an acclimation period of 30 min, progressive hypoxia was supplied into the
tank A using water bulled with nitrogen. At the end of the experiment (90 min) mean oxygen
was 3.2 = 0.8mg/l (N=12). The second tank B was supplied with water containing 9-10mg/l O-.
Due to a dominance problem, each fish entering in tank B was caught. Escape activity was
measured in 6 groups of ‘control' fish and 6 groups of 'early hypoxia' fish.

control normoxia
normoxia
hypoxial normoxia
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Figure 1 Scheme summarizing the experiméntal protocol.

2.2.2. Blood analysis and plasma biochemistry

Blood was sampled from the dorsal aorta using lithium-heparinized needles. pH was directly
measured in blood with i-STAT Handheld (Abbott, France). Haematocrit was obtained using
ammonia-heparinized microcapillary tubes and a Hettich haematocrit-200 centrifuge. Plasma
was collected after centrifugation and stored at -80°C.

lons in plasma

Plasma sodium was analysed using flame atomic absorption spectrophotometry (Varian
AA240FS, Agilent Technologies, Massy, France). Plasma concentrations of chloride and
calcium were measured using colorimetric kits (chloride with a mercuric-thiocyanate method
and calcium with Arsenazo Il (Biolabo, France)). Absorbance was measured with Synergy?2
(Biotek, France)

Complement activity in plasma

The plasma complement activity was performed by hemolytic assay with rabbit red blood cells
(RRBC, Biomérieux, France). The protocol was adapted from Yano (1992) and Danion et al.
(2012) with modifications. Buffer used to measure complement was DGHB (Dextrose Gelatin
Hepes Buffer) with EGTA and Mg (Moreno-Indias et al., 2012) (4.2mM HEPES, 59mM NacCl,
10mM MgCl,, 2.08% glucose, 0.08% gelatin, 10mM EGTA, pH 7). Briefly, different dilutions of
rainbow trout plasma were mixed with 50ul of 2% RRBC suspension (total volume per well =
150ul). Plate was incubated for 60min at 20°C then centrifuged at 1000g for 5min at 4°C. 75ul
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of supernatant from each well was transferred with 75ul of PBS into another plate. Absorbance
was measured at 414nm with Synergy2 (Biotek, France). Complement activity was expressed
as the 50% lysis dilution calculated by linear regression.

Lysozyme activity in plasma
Plasma lysozyme activity was determined using turbimetric assay (Douxfils et al., 2012).
Briefly, 20ul of rainbow trout plasma was mixed with 150ul of Micrococcus lysodeikticus
(Sigma) solution (1.25mg/ml 0.05M sodium phosphate buffer, pH 6.2). Absorbance was
measured at 450nm every 3 min during 30 min at 25°C (Synergy2, Biotek, France). Using a
standard lysozyme chloride from chicken egg white (Sigma) in sodium phosphate buffer, the
lysozyme concentration in the plasma was expressed in U/ml

Plasma cortisol

Measurement of plasma cortisol. Steroids were measured by LC-MS/MS according to the
protocol described in Dufour-Rainfray et al. (2015).

2.2.3. Gene expression

Analysis of genes involved in stress

Total RNA from gill and interrenal was extracted using TRIzol reagent, according to the
manufacturer's instruction. RNA was quantified by measuring the optical density at 260nm.
RNA integrity was checked using the Bioanalyser 2100 Agilent.

Reverse transcriptase was realized from 2ug of RNA at 37°C for 1h using M-MLV reverse
transcriptase (Promega). Real time RT-PCR was carried out on a QuantStudio 5 Real-Time
PCR system (384-well) with SYBR-Green PCR master Mix (Applied Biosystem) and with
BioMark™ HD system using Fluidigm 96x96 Dynamic Array.

Analysis of genes involved in intermediary metabolism

Total RNA of whole-body alevins was extracted with Trizol method following the manufacturer
instructions (Invitrogen). In alevin samples, 5 pg of luciferase control RNA (Promega) per mg
of tissues was added for data normalisation as previously described (Marandel et al., 2012).
Quiality test and the reverse transcription of RNA were performed as previously described by
Liu and collaborators (Liu et al., 2017). Primers used for quantitative real-time PCR were
previously published (Liu et al., 2017; Marandel et al., 2015; Marandel et al., 2016). gPCR
assays were carried out as previously performed by Liu and collaborators (Liu et al., 2017).
Luciferase and ef1a genes were chosen as reference genes for normalisation to investigate
the relative mMRNA level of target gene by the E-method on Light Cycler software as previously
described (Marandel et al., 2012).

2.2.4. Statistical analysis

Non parametric tests (Mann-Whitney, Kruskal-Wallis ANOVA and post-hoc multiple
comparisons tests) were used with low sample sizes (h=3-6) and when the test of normality of
residues or equal variance failed. Else biochemistry and gene expression were analyzed using
one or two-way ANOVA.

2.3. Results

2.3.1. Effect of chronic hypoxia exposure on larvae stage

Rainbow trout larvae were exposed or not to hypoxia conditions between hatching and yolk
sac resorption. Various parameters were analyzed at the end of the experimental period in
both hypoxia and control groups.
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Survival and growth

As shown in table 1, we did not observe at the end of the hypoxia exposure period any
significant effect of chronic hypoxia exposure on mortality nor on growth performances.

Table 1 Effect of hypoxia stress during 17 days (between hatching and yolk sac resorption) on mortality
and growth of rainbow trout fry. Values are mean + SD, N=3 tanks per condition.

Control Hypoxia for 17 days \F/’\;\r:ﬁlnueey test) (Mann-
Survival (%) 94.9+4.4 90.5+1.5 0.257
Weight after stress (mg) 93.3+4.6 91.7+22 0.827

Expression of genes related to whole body intermediary metabolism.

At the end of hypoxia exposure, RNAs were extracted from whole body of larvae in order to
check that chronic hypoxia stress was effective. In this context, we analyzed the mRNA levels
for key target genes susceptible to be sensitive to hypoxia (Table 2). Thus, 3 genes known to
be sensitive to hypoxia (egin3b, Bnip3-s95, Bnip3-s75) showed expression which was
significantly increased in the chronic stress group. This clearly confirmed that the hypoxia
treatment was effective during the 17 days experimental period. However, this treatment did
not modify expression of glucose-metabolism related genes (which are well known to be also
sensitive to the level of oxygen).

Table 2. Direct effects of chronic hypoxia stimuli applied after hatching on mRNA levels of hypoxic and
glucose metabolism-related genes in alevins (at the end of stimulus). Values are presented as mean +
SD. One-way ANOVA was used for statistical analysis.

Target gene Control Hypoxia p-value
Markers of hypoxia
hifabl 0.77+£0.26 0.82+0.06  0.692
hifab2 0.75+ 0.25 0.76£0.21 0.94
egln3a 1.24+ 0.84 1.08+£0.37 0.687
egln3b 0.32+ 0.05 1.34+0.35 0.002*
Anaerobic glycolysis
pdkl 0.80+ 0.16 0.84+0.04 0.613
I[dhaa 0.42+0.20 0.64+0.17 0.081
Idhab 0.70+0.23 0.77+0.12 0.54
slcl6a3a 1.12+ 0.46 1.00+ 0.49 0.681
slc16a3b 1.26+ 0.66 1.43+0.27 0.583
Glucose transporters
glutlaa 1.25+1.03 1.46+1.39 0.783
glutlab 0.78+0.22 0.90£0.11 0.26
glutlba 0.78+0.22 0.90£0.11 0.26
glutlbb 0.96+ 0.27 0.99+0.12 0.819
glut2a 0.68+ 0.26 0.54+0.10 0.277
glut2b 0.92+ 0.39 0.81+0.06 0.51
glutda 0.78+ 0.12 0.83+0.14 0.594
glutdb 0.70+£ 0.13 0.61+0.10 0.223
Autophagy (marker of hypoxia)
Bnip3l-s5 1.17+0.25 1.00+0.19 0.239
Bnip3l-s61 1.33+0.27 1.09+0.12 0.082
Bnip3l-s53 1.15+0.28 0.99+0.16 0.28
Bnip3-s95 1.22+0.14 0.97+0.17 0.035*
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Bnip3l-s11 0.94+0.33 1.08+0.23 0.453
Bnip3-s75 2.00+0.56 1.05+0.46 0.013*

2.3.2. Long term effects of early exposure to hypoxia stress studied in
INRA/PEIMA

Following early chronic exposure to hypoxia (17 days between hatching and resorption), fish
from both ‘early hypoxia’ and ‘control’ groups were kept in normal water during ~5 months. At
the end of this period, juveniles were assessed adaptation capacity to cope with an
environmental challenging situation Thus, fish from both ‘control’ and ‘early hypoxia’ groups
were exposed or not to a 24h hypoxia challenge. In addition, before and at the end of this 24h-
challenge, fish were acutely confined during 4 minutes in order to analyze the HPI axis
response. Finally, other fish were exposed to a behavioral test. The following biological
parameters have been analyzed during his experimental period:

- 24h-hypoxia challenge: blood parameters and also gene expression in the gill were
measured just before and at the end of the challenge.

- Acute confinement (4 minutes) stress: HPI axis responsiveness to such treatment
was assessed by plasma cortisol measure before and 1h, 3h, 6h after the
confinement. In addition, gene expressions in head-kidney were analyzed before
and 6h after the acute stress.

- Hypoxia challenge: escape behavioral to hypoxia was measured in both ‘control’
and ‘early hypoxia’ groups

Growth performance

Growth performances were followed from resorption until 5-6 months breeding of fish kept in
normoxia conditions. As indicated in figure 2, we did not observe differences in body weight
between fish from the ‘control’ group and from the ‘early hypoxia’ group. Then, at the start of
the experimental period where we assessed adaptation of the juveniles, the two groups of fish
showed similar weight.

=@ control

early hypoxia /

weight (g)
N N
N w »

iy
fury

B
o

control early stress

26/12 14/2 5/4 25/5
time (day/month)

Figure 2: Growth evolution for 6 months N=3 tanks (A) and at the end of the experiment N=144 fish.
(B)

Biological responses to a 24h hypoxia challenge

Plasma parameters

After 5-6 months breeding in normoxia conditions, juvenile fish from both ‘control’ and ‘early
hypoxia’ groups were exposed to hypoxia challenge during 24h. Analysis of plasma
parameters as shown in table 3 indicated a significant decrease of lysozyme activity after 24h
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challenge. This was also associated with an increase in plasma pH levels whereas no
significant effect was observed at the level of the other parameters, i.e. complement, ions and
hematocrit levels. Interestingly, 162 days after exposure to early hypoxia, this treatment led in
juveniles to a significant decrease in plasma Na+ levels associated with a tendency for a similar
effect on plasma CI- levels. A tendency for a decrease in lysozyme activity was also observed
in juveniles exposed to early hypoxia. Finally, we did not observe any interaction between
‘early hypoxia’ and ‘24h challenge’ suggesting that early hypoxia did not significantly modify
the response of our plasma parameters to a 24h challenge.

Table 3. The effects of early hypoxia stress with and without 24 hours challenge of bad water quality
on blood parameters.

Before 24 hours challenge After 24 hours challenge  P-Value

g);g?neters Control Y Control = . = 2o el interaction
hypoxia hypoxia hypoxia challenge

Complement 1062171 1100475 1031455 89751 0.473 0.075 0.188
Lysozyme 353+21 318+19 307+12 266114 0.053 0.009** 0.885

Na* 141.8+3.2 13945 141.8+3.2 139.742.9  0.049* 0.741 0.784

Cl 118+1.7 1162 119+1.5 115.1+1.5 0.079 0.86 N/A

Ca?* 2.41+0.05 2.32+0.09  2.42+0.05  2.4%0.04 0.369 0.468 0.639

pH 7.33£0.01 7.3£0.02 7.381£0.01 7.39£0.01 0.517 0.0003*** 0.175
Hematocrit 51.6x£1.7 54.3£1.7 51.5+1.4 51.9+0.6 0.314 0.431 0.424

Complement and lysozyme activities are expressed in U/ml; sodium, chloride and calcium in mM and
hematocrit in percentage. Values are presented as mean + SEM of 8-12 fish. Two-way ANOVA were
used for statistical analysis except for chloride. For this parameter, a non-parametric Kruskal-Wallis
ANOVA test was used due to a failure to the normality test.

Gill functions

Assessment of the early hypoxia stress and the 24h hypoxia challenge was further analyzed
at the level of gills. Various gill functions were studied through the measurement of expression
of sets of genes involved in specific functions, including osmoregulation (ion transporter and
epithelial permeability), stress and metabolism, cellular function (cell cycle), immunity and
hormonal regulation. As shown in table 4, the 24h-hypoxia challenge significantly modified
gene expression in several sets of genes: in relation to osmoregulation function, we observed
that 8 major genes involved in gill ion transport have their expression modified by the 24h
challenge whereas 6 important genes involved in epithelial permeability showed a significantly
different expression after the challenge. This 24h-hypoxia had also a significant effect on many
of the main genes involved in cell cycle, including caspase, pcha p53, p21, rad51, gadd45. As
anticipated, two genes involved in hypoxia stress response also showed significant change
(hifla, egin3) as well as genes involved in metabolism (st1s3, glutla). Significant effect of the
challenge was also observed for genes involved in the immune response (il1b, mx, nod2) and
in hormonal regulation (igfl, ghr2, 11bhds2, mr).

When considering the early hypoxia stress as factor, overall no significant effect was observed
on any gene expressions measured in the present study. However, for several genes involved
in osmoregulation (ion homeostasis and epithelial permeability), cell cycle, stress and
metabolism and immunity, significant interactions between early hypoxia stress and 24h
challenge were observed: this indicates that for those genes, the early hypoxia exposure has
long term significant effects on the acute response to a 24h challenge. Interestingly, we can
note that, in most cases, the genes for which such interaction was observed were different
from the genes responding to 24h challenge.

In summary, analysis of gene expressions at the level of gill clearly indicated that i) early
chronic hypoxia exposure has long term effects on response to an acute hypoxia challenge
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and this involves several gill functions ii) a 24h hypoxia challenge has significant effects on all
the gill functions analyzed.

Table 4: The effects of early hypoxia stress with and without 24 hours hypoxia challenge on gene
expressions in gill. Values are presented as mean + SD of 5-8 fish. Two-way ANOVA was used for
statistical analysis.

Before 24 hours challenge  After 24 hours challenge P-value

Control E%lc)),xia Control E;Fr)g,xia E;Fr)lc);xia iﬁaf;lzl:lrgse Interaction
atplala 1.03+0.24 095+035 0.89+0.22 09%0.2 0.755 0.280 0.643
atplalb 1.01+0.16 1.04+0.17 105+0.34 0.84+0.08 0.315 0.098 0.181
atplalc 1.01+0.14 1+0.12 1.33+0.21 1.18+0.16 0.279 0.0002***  0.230
atpla3 1.19+062 158+052 148+0.65 1.07+0.45 0.919 0.574 0.039*
at233 1.03+0.28 144+035 14604 1.21+0.23 0.537 0.462 0.007*
nbcl 1.03+0.27 1.08+0.33 0.99+0.21 0.79+0.24 0.445 0.090 0.197
atpévlb 1.01+0.18 1.09+0.1 1.16+0.22 1.01+0.13 0.563 0.596 0.065
n Ca 1.09+047 134+0.26 0.87+0.3 0.86 £0.24 0.323 0.0002**  0.286
g cad 1.04+029 0.83+0.19 188+052 154+0.69 0.128 0.0001**  0.986
8 nhe2 1.08+0.4 119+024 166+x056 1.25+0.19 0.328 0.03* 0.059
g nhe3 1.03+0.25 1.16+0.3 1.18+0.18 1.18+0.23 0.473 0.299 0.432
2 nkccla 1.02+0.23 1.19+0.21 1371027 1.1+0.29 0.620 0.197 0.02*
2 slc26a6 1.09+0.48 1.03+0.22 1+0.37 0.9+0.35 0.512 0.383 0.869
2 c¢fin 1.14+059 158+0.34 205+1.04 1.75+x051 0476 0.032* 0.129
cftr2 1.02+0.2 1.02+0.13 1.79+036 1.49+0.34 0.335 <0.0001*** 0.158
slcl0a3 1.01+0.18 1.17+0.24 115+0.31 0.97+0.26 0.900 0.738 0.077
atb2bl 1.01+0.13 1.08+0.12 1.24+0.19 1.29+0.23 0.324 0.002** 0.825
Ecac 1.03+0.26 1.21+0.22 1+0.25 1.09+0.28 0.138 0.460 0.620
Rhag 1.02+0.2 1.19+0.18 1.21+0.23 1+0.09 0.810 0.963 0.005**
rhcgl 1.02+0.23 1.14+0.19 143+0.29 133+0.31 0916 0.002** 0.255
Ut 1.14+054 111+038 15+042 1.04+0.55 0.158 0.407 0.207
cldnl 1.03+0.29 1.12+0.16 0.85+0.2 0.78£0.17 0.913 0.001** 0.317
cldn5a 1.02+0.22 1.12+0.14 0.79+£0.21 0.85+0.13 0.311 0.0004***  0.787
cldn7 1.06+041 1.28+0.18 1.03+0.33 1.15+0.35 0.137 0.501 0.671
- cldn8c 1.04+0.28 14+0.36 1.41+045 1.18+0.38 0.641 0.580 0.032*
E cldn8d 1.02+0.21 1.08+0.18 1.25+0.31 1.05+0.3 0.538 0.279 0.163
'c% cldnl0d 1.02+0.21 1.28+0.22 1.2+0.31 1.17£0.28 0.247 0.705 0.115
g cldn10e 1.03+0.3 1.26+0.4 1.5+0.32 1.24+0.26 0.885 0.069 0.046*
g-’_ cldn12 1.02+0.23 126+0.15 131+0.33 116+0.22 0.656 0.286 0.033*
= cldn23a 1.02+0.19 1.22+0.18 0.81+0.19 0.83+0.22 0.223 0.0002***  0.203
= cldn27b  1.01+0.14 1.27+0.17 129+0.33 126+0.34 0.234 0.166 0.129
cldn28b 1.01+0.15 0.87+0.07 054+0.11 0.67+0.18 0.934 <0.0001*** 0.009**
cldn30 1.02+0.24 0.97+0.19 0.76+0.2 0.89+£0.27 0.632 0.042* 0.238
cldn33b  1.16+0.69 1.09+0.46 1.1+0.51 0.64+0.17 0.162 0.156 0.080
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sparc 1.02+0.24 122+0.2 117+024 1+0.18 0.899 0.685 0.024*
ocln 1.03+£0.26 1.19+0.12 135+0.39 1.23+0.25 0.851 0.069 0.162
zo-1 1.01+0.17 1.2+0.11 1.11+0.26 1.16+0.15 0.071 0.718 0.275
ag2 1.2+0.79 1.7+1.14 095+0.71 1.33+132 0.327 0.251 0.893
muc 1.07+046 1.17+047 129+048 1.15+043 0.869 0.453 0.443
vamp8 1.02+0.22 1.15+0.17 153+033 134+0.21 0.784 0.0003***  0.078
casp6 1+0.1 1.06+0.12 148+035 1.33x0.19 0.995 <0.0001*** 0.270
casp7 1.05+0.36 112+0.14 0.93+0.19 0.92+0.13 0.774 0.045* 0.622
casp8 1.01+0.11 113+0.13 1.21+014 123+0.23 0.241 0.012* 0.319
casp9 1.02+0.22 1.02+0.13 114+025 0.99+0.14 0.270 0.468 0.295
% bcl2 1.07+0.39 115055 094+0.21 0.93+0.19 0.859 0.176 0.737
5 vdac2 1.02+0.25 128+0.14 133+x031 104+0.26 0.877 0.717 0.004**
@ p21 1.04+0.32 1.3+0.38 21+£1.04 1.62+0.48 0.666 0.003** 0.109
p53 1.02+0.19 1.07+0.14 094+0.17 0.9=+0.15 0.938 0.037* 0.397
pcna 1.02+0.2 1.05+0.17 059+0.06 0.64+0.14 0.646 <0.0001*** 0.829
rad51 1.04+0.33 1.09+0.21 0.78+x0.24 0.62+0.22 0.618 0.0003***  0.243
gadd45 1.02+0.23 1.01+0.14 0.93+0.17 0.84+0.13 0417 0.039* 0.522
gsr 1.03+0.26 1.05+0.18 0.96+0.23 0.86+0.22 0.610 0.112 0.433
sodl 1.09+051 1.08+0.28 0.98+0.27 0.89+0.19 0.977 0.198 0.754
sod2 1.03+0.29 118+0.11 111+0.22 1.08+0.22 0.453 0.876 0.248
gpxla 1.01+0.12 11%0.17 1.15+0.28 1.05+0.23 0.956 0.519 0.196
g gst 1.03+0.27 0.99+0.19 0.93+0.34 0.83+0.19 0441 0.150 0.695
o cypla 1.04+0.3 1.06+0.32 1.23+032 1.06+0.43 0.686 0.523 0.504
:c% st1s3 1.02+0.24 1.18+0.2 0.66+0.25 0.69+0.16 0.410 <0.0001*** 0.406
g sultla4  1.02+0.2 096+0.22 1.03+0.29 0.99+0.22 0.529 0.821 0.926
'8 coxda 1.01+0.18 0.98+0.18 1.02+0.18 0.95+0.16 0.377 0.904 0.790
©  cs 1.01+0.18 1.07+0.16 116+0.22 0.94+0.18 0.272 0.923 0.048*
§ glutla 1.03+0.25 1.1+0.33 148+0.28 1.15+0.22 0.258 0.019* 0.044*
% hifla 1.02+0.2 115+0.19 134+0.28 1.25+0.26 0.811 0.017* 0.184
hsp47 1.02+0.21 1.2+0.22 097+0.17 095+0.25 0.278 0.061 0.203
hsp70 1.09+0.5 092+0.18 1.13+0.57 1.23+051 0.883 0.292 0.408
hsp90 1.01+0.17 1.02+0.1 1.01+0.19 1.06+0.21 0.619 0.796 0.730
egnl3 114+0.75 146+0.62 7.36+247 6.86+3.47 0.776 <0.0001*** 0.171
IgM 1.14+0.68 1.26+0.83 0.96+0.3 0.83+0.3 0.775 0.250 0.410
IgT 111+047 1.06+063 091+043 1.04+031 0.809 0.501 0.593
mhcl 1.09+0.41 136+0.57 154+0.86 1.32+041 0.658 0.354 0.254
? mhc2 1.02+0.23 1.09+0.16 1.01+0.39 1.13+0.35 0.349 0.894 0.758
= illb 1.04+0.32 0.99+0.3 152+0.69 142+041 0.738 0.004** 0.916
E mx 1.11+053 0.93+0.27 0.8+0.28 0.71+£041 0.349 0.039* 0.811
B lyz 1.07+0.42 103+035 1.08+046 1.06+0.32 0.801 0.874 0.940
nod2 1.01+0.15 1+0.24 0.73+0.23 0.69+0.19 0.747 0.0002**  0.798
Inos 1.05+055 1.32+058 156+0.64 0.75+0.45 0.692 0.407 0.009**
- igfl 1.04+0.3 114+0.18 184+0.33 158+0.34 0.598 <0.0001*** 0.095
g = igf2 1.02+0.22 1.1+0.19 1.15+0.22 1.08+0.21 0.939 0.461 0.342
) ghr2 1.02+0.2 113+0.13 0.85+0.11 0.84+0.11 0.440 0.0001**  0.263
T prir 1.01+0.14 1.14+0.2 1.2+0.23 1.17+0.22 0.463 0.138 0.270
AQUA
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thra 1.01+0.11 114+0.08 1.13%0.2 1.19+0.18 0.078 0.132 0.469
hsd11b2 1.04+0.32 092+0.33 0.26+0.19 0.3+0.11 0.894 <0.0001*** 0.359
gr2 1.02+0.22 1.1+0.12 1.11+£0.19 0.96+0.17 0.607 0.718 0.080
Mr 1.04+031 1.13+0.13 0.87+0.06 1+0.09 0.017* 0.03* 0.942

Corticotrope axis

Adaptation capacity of the experimental groups was further assessed by analyzing response
to acute stress. This trait was characterized by analyzing both plasma cortisol levels and
expression of the main gene involved in the cortisol production in the head kidney.

Plasma cortisol levels

In the various experimental situations previously described, plasma cortisol was measured just
before (Oh) and after (1h, 3h, 6h) the 4 minutes confinement stress. This protocol was applied
on fish from the ‘control’ or ‘early hypoxia’ groups and also on fish from these two treatments
but after the 24h challenge. Thus, plasma cortisol levels were followed in 4 experimental
groups (figure 3). As indicated in figure 3 (see letters at bottom of the columns for statistical
results), we observed a very clear effect of time with a very significant increase of plasma
cortisol levels at 1h and 3h and a return at 6h to levels which are not significantly different from
Oh levels.

Figure 3: Plasmatic cortisol concentration. Values are presented as mean + SEM of 9-12 fish. Statistical
analysis with Kruskal-Wallis ANOVA test and post-hoc multiple comparisons test, * P<0.05.

At 1h and 3h post-confinement, we did not observe any significant difference between the four
groups but at 6h a difference was noted (see stars above the columns). Post-hoc analysis
indicated a significant difference between the ‘control’ and ‘early hypoxia' groups not exposed
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