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Abstract :

European sea bass (Dicentrarchus labrax) migrate towards habitats where salinity can reach levels over
60%o0, notably in Mediterranean lagoons. D. labrax are genetically subdivided in Atlantic and
Mediterranean lineages and have evolved in slightly different salinities. We compared Atlantic and West-
Mediterranean populations regarding their capacity to tolerate hypersalinity with a focus on the
involvement of the intestine in solute-driven water reabsorption. Fish were analyzed following a two-week
transfer from seawater (SW, 36%o) to either SW or hypersaline water (HW, 55%o). Differences among
lineages were observed in posterior intestines of fish maintained in SW regarding NKA activities and
MRNA expressions of nkaa1a, agp8b, aqp1a and aqp1b with systematic higher levels in Mediterranean
sea bass. High salinity transfer triggered similar responses in both lineages but at different magnitudes
which may indicate slight different physiological strategies between lineages. High salinity transfer did not
significantly affect the phenotypic traits measured in the anterior intestine. In the posterior intestine
however, the size of enterocytes and NKA activity were higher in HW compared to SW. In this tissue, nka-
ala, nkcc2, agp8ab and agp8aa mRNA levels were higher in HW compared to SW as well as relative
protein expression of AQP8ab. For agpla, 1b, 8aa and 8b, an opposite trend was observed. The sub-
apical localization of AQP8ab in enterocytes suggests its role in transepithelial water reabsorption. Strong
apical NKCC2/NCC staining indicates an increased Na+ and CI- reuptake by enterocytes which could
contribute to solute-coupled water reuptake in cells where AQP8ab is expressed.
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» D. labrax successfully responds to hypersalinity at the posterior intestinal level. » Intestinal aquaporin
8ab and 8aa are overexpressed in response to hypersalinity. » Solute-coupled ion transport is
characterized at posterior intestinal level. » Intraspecific differences were measured between Atlantic
and Mediterranean D. labrax.
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Introduction

Hypersaline environments represent important osmotic and ionic challenges for teleost fish
and most teleost species do not tolerate salinities over 50 %o, (Gonzales., 2012). The
Mediterranean Sea is becoming warmer and saltier since the 1960s (Borghini et al., 2014) and is
now considered as a climate change hotspot. Climate-induced salinity changes can cause
seasonal hypersalinity in lagoons during dry and hot summers 335 frequently observed in the
Mediterranean area (Largier et al., 1997). Climate change-elai:d effects threaten species
worldwide and within-species populations may respond di’fe.»n*,y to climate-induced stress due
to local genetic adaptation or phenotypic plasticity, particularly in areas with steep
environmental gradients (Kinnby et al., 2020). Ev.0,ean sea bass are among the most important
species for aquaculture production in Euror: */a deputte et al., 2019). They distribute along the
coasts of the North-Eastern Atlantic Ocea. and Mediterranean and Black Sea. In some
Mediterranean lagoons, where D. ahr.. are found from spring to autumn, salinities are
fluctuating and can reach values up to 60 %o in the summer (Dufour et al., 2009). In some coastal
lagoons and saltpans of the Atla..tic ocean, the salinity can also reach levels higher than 36 %o
(Newton and Mudge 20L?). put salinity does not reach as high levels than in Mediterranean
lagoons. European sea bass have been genetically subdivided into two different genetic lineages,
a North-Atlantic lineage and a Mediterranean lineage subdivided into different populations
(Allegrucci et al., 1997; Caccone et al., 1997; Naciri et al., 1999; Vandeputte et al., 2019).
Duranton et al. (2018) estimated that Atlantic and Mediterranean D. labrax lineages have started
to diverge at around 300,000 years before present. Strongly euryhaline, the European sea bass is
therefore an interesting model to study osmoregulation in extreme salinities and to compare

intraspecific differences in underlying mechanisms, as wild populations from Atlantic and



Mediterranean origin have evolved in different habitats which could lead to differential
acclimation and adaptive mechanisms (Lemaire et al., 2005). We therefore expect differences in
their capacity to tolerate extreme salinities.

Fish intestine is a complex organ with multiple physiological functions (Schauer et al., 2018).
Besides its main functions in digesting and absorbing nutrients, fish intestine is critical for the
regulation of hydromineral balance (Wood and Bucking, 2011). Marine teleosts passively lose
water and gain salts in seawater and hypersaline water. To baw.~ dehydration, fish need to
compensate water loss by drinking and absorbing water via thz ~scizinageal-gastrointestinal (EGI)
tract (Li et al., 2014, Schauer et al., 2018).

The esophagus is involved in passive desalination witr, “uns entering the blood system through
diffusion (Grosell 2010). The intestinal fluid is i.7to'ic and becomes slightly hypo-osmotic to
the blood due to the active pumping of ior < by the Na*/K*-ATPase (NKA) (Madsen et al., 2014)
linked to apical NaCl uptake creating arn ~lectrogenic gradient which drives water reuptake from
the mucosa to the serosa (Musch et ~l., 1¢82, Grosell 2011, Carvalho et al., 2012, Gregdrio et al.,
2013). As a primary driving foice for water transport, NKA activity reflects the osmoregulatory
status of fish (Sardella et =1., 7009) and its increase at the intestinal level following salinity
change can be interpreted as an increased involvement in the regulation of hydromineral balance
(Sundell and Sundh, 2012). An increase in hypersaline water (HW) versus seawater (SW) was
observed in the activity of intestinal NKA in the spotted green puffer fish (Tetraodon
nigroviridis) (Bagherie-Lachidan et al., 2008), in posterior intestine of striped eel catfish
(Plotosidae catfishes) (Ruiz-Jarabo et al., 2016) and in anterior intestine of gulf toadfish
(Opsanus beta) (Guffey et al., 2011). NKCC2 is primarily responsible for apical Na* and CI-

uptake required for solute coupled water reuptake across the intestine (Grosell 2011). nkcc2



MRNA expression was higher in HW (55 %o) than in SW (35 %o) in the anterior intestine of sea
bream (Sparus aurata) (Gregorio et al. 2013). Localized in the apical brush border, a more
intense staining was observed for NKCC2 in enterocytes of Mozambique tilapia (Oreochromis
mossambicus) following three weeks of acclimation to hypersaline media (70 %o) (Li et al.
2014).

Water absorption occurs mainly through solution-coupled water reuptake through the intestinal
epithelium, which moves large amounts of water from the lumen to the blood (Skadhauge 1974,
Genz et al., 2011). In the seawater-acclimated Atlantic salmor: ~n Lrown trout (Salmo trutta L.),
the increased drinking rate was followed by an increascd ftluid absorption by the posterior
intestine (Veillette et al., 1993; Nielsen et al., 1999). A .aporins (AQPs) are membrane water
channels involved in whole-body and cellular wat.* hrmeostasis and major sites for transcellular
water uptake (Musch et al., 1982; Grosell #00,; Wood and Grosell 2012). Among multiple AQP
isoforms and paralogs, AQPla, AQPs.Y and AQP10a have been shown to be expressed in
intestinal enterocytes (Madsen ef al., 2011; Engelund et al., 2013; Madsen et al., 2014).
Aquaporin 1 specifically trans.rts water and has two paralogs in fish (AQPla and AQP1b)
(Tingaud-Sequeira et al., ?0u?). Several studies refer to their expression in seawater and/or
freshwater media but on. ’ Tew address AQP1 involvement in hypersaline media. The increased
expression of agp8 mRNAs following FW to SW acclimation suggested that AQP8 is involved
in water reuptake at intestinal level in Atlantic salmon (Tipsmark et al., 2010) and Japanese eel
(Anguilla japonica) (Kim et al. 2010). AQP8 is subdivided into AQP8aa, AQP8ab and AQP8b
(Tingaud-Sequeira et al., 2010). In Atlantic salmon intestine, AQP8aa is restricted to a subapical
area whereas AQP8ab is localized at the apical membrane and extends to the lateral membrane

(Madsen et al., 2011, Engelund et al., 2013). AQP8ab is considered as the main AQP8 paralog



participating in water absorption across the intestine of the SW-acclimated salmon whereas
AQP8aa may be concerned with maintaining fluid homeostasis in intracellular compartments
(Engelund et al., 2013). Transmission electron microscopy has confirmed the presence of
AQP8ab at the brush border membrane of enterocytes in rainbow trout (Oncorhynchus mykiss)
(Madsen et al., 2015). AQP10 has two paralogs, AQP10a and AQP10b (Santos et al., 2004; Kim
et al. 2010; Tipsmark et al., 2010). AQP10a has substantial mMRNA levels in the whole intestine
of both freshwater and seawater-acclimated Japanese eels (Kim et a: 2010). In Atlantic salmon,
intestinal agp10b mRNA expression increased when salmone **e. 2 (ransferred from fresh water
to seawater (Tipsmark et al., 2010). In European eel anu sea bream, aqpl0b transcript levels
were unresponsive to salinity changes (Santos et al., 20N, Wlartinez et al., 2005) clearly showing
species-specific features.

To respond to hypersaline salinity er 7/irc.iments, D. labrax juveniles increase their number
of branchial ionocytes (Varsamos et ai., 2002), adjust their renal glomerular size (Cao et al.,
2021) and increase drinking rate /*‘ar>a'nos et al., 2004). We address the question of how D.
labrax respond to hypersalinity at tie intestine level as a key organ involved in solute-linked
water reuptake and wheth~r G erent genetic lineages respond the same way or not. Thus, the
objectives of this study 2re 1) to quantify mRNA expression of critical ion transporters and
specific activity of intestinal NKA; 2) to quantify expression of selected aquaporins; 3) to
localize NKA, NKCC2/NCC and AQP8ab in D. labrax intestine. These analyses will be
performed on European sea bass from West Mediterranean (M) and Atlantic (A) origin
acclimated to seawater (MSW, ASW, 36 %o), or hypersaline water (MHW, AHW, 55 %o) for two

weeks. This study aims to a better understanding of water uptake pathways in D. labrax lineages



exposed to high salinities with a focus on the intestine and investigates physiological differences

between D. labrax with a different evolutionary history.

2. Materials and methods
2.1 Fish experimentations and sampling

European sea bass D. labrax were collected from West Mediterranean and Atlantic lineages at
the Ifremer Station (Palavas-les-Flots, Hérault, France). Sea bass om both lineages spawned
and were reared at the Ifremer Station and were then brovght = Montpellier University and
maintained for a week at 36 %o in 3500 L tanks, av 20 °C and a constant photoperiod
(12hL/12hD). The tanks contained natural seawater from *\ie Mediterranean Sea diluted with tap
water. Then fish were transferred to smaller 29¢ L .anks containing either hypersaline water
(HW: 55 %o) or seawater (SW: 36 %o). H ver;aline water was made by adding sea salt (Instant
Ocean, Blacksburg, USA) to seawater. +"*sh were maintained at this salinity for two weeks until
sampling. In this study, four crndiicns were compared: West Mediterranean D. labrax
maintained at 36 %o (MSW) anu 55 %o (MHW) as well as North Atlantic D. labrax maintained at
36 %o (AMW) and 55 %. (~“W). Water was mechanically/biologically aerated and filtered
(Eheim System, Lens, F.s-de-Calais, France). Oxygen levels, nitrogen levels, temperature and
salinity were regularly measured and adjusted. A siphon tube was used to daily remove 10 % of
the water and replacing it with clean water at the same salinity and temperature. Fish were fed
daily ad libitum with granules (Aphymar, Meéze, Hérault, France) until two days before
sampling. Fish were anesthetized using benzocaine at 50 ppm prior to any manipulation. Fish
mean fork length and body weight have been determined before sampling. Anterior and posterior

intestines were sampled and subdivided into two segments, a proximal and a distal segment. For



gene expression analysis, the distal segment of each intestinal region (anterior and posterior
intestine) were collected. For protein analysis, the proximal segment of each intestinal region
was collected. For histology, anterior intestines (distal segments) and posterior intestines
(proximal segments) were collected.

For mRNA analysis, samples were flash frozen in liquid nitrogen and stored at —80 °C. For
protein analyses, samples were stored at -80 °C in SEI buffer (300 mM sucrose, 20 mM
Na;EDTA, 100 mM imidazole, pH 7.4) containing compete EC i A-free proteinase inhibitors
(Roche, Mannheim, Germany). For histology, samples were i=>n.cryed for 48h in Bouin’s liquid
then rinsed in EtOH at 70 % for several weeks. The anim.' experimentations followed the rules

of the European Union (Instruction 86/609) and the Frenc.” 1aw (decree 87/848).

2.2 RNA extraction and complementary c[«NA. synthesis

Nucleospin® RNA (MACHEREY NASEL GMbH Co.KG, Germany) extraction kit was used
for total RNA extraction and DNA e rratment. The A260/A280 ratio was determined using a
NanoDrop® One Spectrophotu meter (ThermoFisher, USA). RNA was only used when the
A260/A280 nm ratio was ~ho.~ 1.9 and A260/A230 nm ratio was above 2.0. First-strand cDNA
synthesis was done wit, 1 ug RNA using qScript™ c¢cDNA SuperMix (Quanta Biosciences™)
and the necessary reagents including random primers, oligo primers and gScript reverse

transcriptase. cDNA samples were stored at —20 °C.

2.3 Quantitative real-time RT-PCR
The primers used in this study are indicated in Table 1. 0.75 puL of SensiFAST™ SYBR® No-

ROX Kit (Bioline, UK), 0.037 pL of each primer (at 0.4 uM), 0.21 uL of ultra-pure water and



0.5 pL of diluted cDNA (diluted at 1/16) were dispensed into a 384-well reaction plate in an
Echo®525 liquid handling system (Labcyte Inc., San Jose, CA, USA). Generated standard curves
determined the cDNA dilution for each primer pair. One sample was run in duplicates in this
program. The qRT-PCR procedures were described below: initial denaturation (1 cycle, 95 °C,
150 s), denaturation (45 cycles, 95 °C, 15 s), hybridization (1 cycle, 60 °C, 5 s), elongation (1
cycle, 72 °C, 10 s) and a final step (1 cycle, 40 °C, 30 s). The amplification specificity was
controlled by a melting curve program. The no-template control v<ed ultra-pure water in this
program. Efficiencies were measured and are indicated in Ta%!~ L. rhe geometric mean of three
reference genes normalized the expression levels using e AACt calculation with the MSW
condition as a control condition. The three reference ¢=nes used were the elongation factor
(efla), ribosomal protein L13 (I113) and ribosoi~al protein S30 fusion gene (fau). Relative
quantifications were performed using the net'od of Vandesompele et al. (2002). The threshold

cycle (Ct) of the three reference genes ai' not change at the tested conditions (P<0.05).

2.4 Morphology of the intestine >nd immunofluorescence

After extensive rinses ir 70 % ethanol, intestine samples were dehydrated in a graded ethanol
series and embedded in Maraplast (Leica). Transverse sections (5 wm) were cut on a microtome
(Leitz RM2235). Then the sections were collected on poly-L-lysine-coated glass slides and were
stained using the Masson's Trichrome staining protocol (Junqueira et al. 1979). Slides from at
least 3 animals per condition were observed and representative anterior and posterior intestine
sections were photographed under a Leica Diaplan microscope. For morphometric analyses, the

enterocyte perimeter and area were measured from the basal membrane of the cells up to the base



of the apical microvilli using the Image J software (ImageJ ij152). In each condition, 3 animals
have been compared and 8 measurements per animal have been done.

For immunofluorescence, sections were dewaxed (Histochoice), hydrated through a
descending series (from 100 % to 50 %) of ethanol baths and rinsed in phosphate-buffered saline
(PBS), pH 7.4. Slides were then immersed in a solution containing 0.02 % Tween 20, 150 mM
NaCl in PBS, pH 7.3 for 10 min. Sides were incubated for 20 min in 5 % bovine serum albumin
(BSA) in PBS, then rinsed three times with PBS. Primary labeling vas performed overnight in a
humid chamber placed on a shaker at 4 °C. Following antiboz:=s “»ere used: mouse monoclonal
antibody raised against chicken Na'/K*-ATPase o5 (deposted to DSHB, University of lowa) at
44 pg/mL, monoclonal mouse antibody (T4 recognizing “«KCC1/2 and NCC: lowa Hybridoma
Bank, University of lowa, IA. USA) at 10 pg/m! ar.d polyclonal antibody produced in rabbit
raised against Japanese medaka (Oryzias "atires) AQP8ab (displaying the same epitope than in
European sea bass) (Madsen et al. 2014, at 5 pg/mL in 0.5 % bovine serum albumin (BSA) in
PBS. Negative controls were prepar~d i hout the primary antibodies. After three washes in PBS
to remove unbound antibody, ti.~ seciions were incubated for one hour at room temperature in a
humid chamber with the s2~0,.4ury antibodies at 10 pg-mL ™ (goat anti-mouse Alexa Fluor 594,
Invitrogen, Life Technow qies) and 4 pg-mL ™ (goat anti-rabbit Alexa Fluor 488, Thermo Fisher
Scientific). Following PBS washes, nuclei were counterstained with 4°, 6-diamidino-2-
phenylindole (DAPI, Sigma) for 5 minutes. Sections were thoroughly washed in PBS and
mounted in an anti-bleaching mounting medium (Immuno-histomount, Santa Cruz
Biotechnology). Slides were then observed with a Leica DM6B microscope equipped with a

special filter set for fluorescence and coupled to a Leica DMC 2900 digital camera.
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2.5 Protein extraction, NKA activity assay and AQP8ab immunoblotting

Fish intestines stored in SEI buffer were thawed on ice for protein analyses. Tissues were
homogenized by a Retsch Mixer mill MM400 (Haan, Germany) using the frequency of 30 Hz for
1 min. After centrifugation at 1500 g (10 min, 4 °C), the supernatant containing the membranes
was used for protein quantification (Bradford; Bio-Rad, France) and NKA activity
measurements.

NKA activity was measured using a colorimetric assay based . the generation of inorganic
phosphate by the NKA with and without ouabain (Tang et al 29.2]}. 340 uL of reaction medium
(final concentration: imidazole, 100 mM; NaCl, 125 mM; 1 "Cl, 75 mM; MgCl,, 7.5 mM; pH 7.6)
was mixed with 10 uL of protein sample (100 ug/ul), © mM Na,ATP, and 0.5 mM ouabain
(final concentrations) or deionized water. To t2s* the. potential of NKA activity, the different
groups were incubated at 37 °C for 20 mir anr. the reaction was terminated in a freezer (- 20 °C)
for 10 min. The colorimetric reagent (ar,monium molybdate, 10 g/L; H,SO4, 0.9 M; Tween-20,
10 pL/mL) was mixed in equal v-'uires with the reaction samples. Inorganic phosphate was
measured at 405 nm in a microy.'ate 1eader (TECAN trading AG, Switzerland) to calculate NKA
activity. The absorbance ~f «22n sample was determined in triplicate and a mean value was
determined.

For immunoblotting, proteins (5 pg) were mixed with 0.4 pL B-mercaptoethanol (Sigma-
Aldrich, Germany) and 3.6 pL loading buffer (Bio-Rad, Marnes la Coquette, Hauts-de-Seine,
France). Then the proteins were separated by electrophoresis using sodium dodecyl sulfate-
polyacrylamide gels (Bio-Rad, Marnes la Coquette, Hauts-de-Seine, France). Proteins were then
transferred for 2 h on a PVDF membrane (WESTRAM Clear Signal, Schleicher and Schuell,

VWR, Val-de-Marne, France) using a wet transfer apparatus (Bio-Rad, Marnes la Coquette,
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Hauts-de-Seine, France). After transfer, the blots were incubated for 1 h in a commercial
blocking buffer (LI-COR Biosciences, Lincoln, NE, USA). After rinsing with PBS, the blots
were incubated overnight in a humid chamber placed on a shaker at 4 °C with a polyclonal
antibody produced in rabbit and raised against Japanese medaka (Oryzias latipes) AQP8ab
(Madsen et al., 2014) at 5 pg/ml diluted in blocking buffer with Tween 20 (2 pL/mL), followed
by rinsing and incubation with a secondary antibody, goat anti-rabbit IRDye® 800CW (0.05
uL/mL, LI-COR Biosciences, Lincoln, NE, USA) diluted in bloc«.ng buffer with Tween 20 (2
uL/mL) and 10 % SDS. Following washes, immunoreaztv. vands were visualized and
photographed using the Odyssey® Fc Imaging System '.I-COR Biosciences, Lincoln, NE,
USA). The results were converted to numerical values > compare protein abundances of the
immunoreactive bands (relative to twice the sc~ie samples used as a reference) using the

software Image J (ImagelJ ij152).

2.6 Statistical analyses

Statistical analyses were pei.armed using GraphPad Prism (version 8, GraphPad Software
Incorporated, La Jolla, CA 262, JSA). Normality and homogeneity tests were verified using the
D’ Agostino-Pearson anu Sartlett tests. If the data fit with these conditions, a two-way ANOVA
analysis was performed with salinity and the linecages as main factors followed by a Tukey’s
multiple comparisons test. For NKA activity, a three-way ANOVA analysis of variance with
salinity, the lineages and the tissue (anterior or posterior intestine) as main factors was performed
followed by a Tukey’s multiple comparisons test. Conversely, if normality and homogeneity of
variances were not verified, Kruskal-Wallis test was performed followed by a Dunn’s multiple

comparisons test. Data are represented as box and whisker plots (from the first quartile to the
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third quartile) showing median, minimum and maximum values. Morphometrical data are
represented using the mean +/- SD. Statistical differences were accepted at P < 0.05. Principal
component analysis (PCAs) was performed using standardized individual gene expression values
and NKA activities using Rstudio (version 1.2.5001) and the factoextra, missMDA and

FactoMineR packages (L€ et al., 2008).

3. Results
D. labrax analyzed in this and a previous study were char~c.ovzed by a similar length and
slight differences in weight (18.30+6.49g ~ 27.65+£13.51a, ‘Cao et al., 2021). Mortality was low

with one death observed both in the MSW and MHW groo after 1 and 4 days of transfer.

3.1 Morphometric analysis in the intestine

Anterior and posterior intestinal secuons were observed in 3 fish per condition focusing on
enterocytes that are characterized kv ai 2pical brush border facing the intestinal lumen (Fig. 1A-
D). The hematoxylin staining o: the nuclei was much more visible in intestinal sections of fish
maintained in hypersaline *ha> .n seawater conditions whatever the intestinal section observed
(for posterior intestine, s>e Fig. 1A-D). The size of intestinal enterocytes has been measured in
each condition using the cell perimeter and the cell area (Table 2, Fig. 1E, F). The data showed a
significantly higher value for the cell perimeter (25-50 % higher) and area (180-252 % higher) in
HW groups compared SW groups, with a clear effect of salinity (P < 0.0001) for both measured
parameters and both tissues. There was also a lineage effect (p<0.001), except for the cell area in
the anterior intestine, with a tendency of having slightly lower values in Atlantic than

Mediterranean D. labrax. (Table S1).
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3.2 NKA activity and nka, nkcc2 mRNA expression in the intestine

Overall, higher NKA activities were observed in hypersaline conditions compared to seawater
(P < 0.0001). More specifically, in the posterior intestine (Fig. 2A, blue), NKA activities were
higher in HW than SW whatever the population. In the anterior intestine however (Fig. 2A, red),
a different trend was observed for NKA activity with a significantly higher value in MSW than
in the other conditions. No differences were observed between san.ities in the Atlantic lineage
for this tissue. Overall, there was a clear effect of thz u.zage with higher values in
Mediterranean than in Atlantic populations (P < 0.0001) .\ ‘hatever the tissue considered. When
comparing anterior and posterior intestine, differences 1. NKA activity were observed only in
hypersaline conditions with significantly higher . 'K/. activities in the posterior intestine (P <
0.0001). Overall, a significant effect of the risse was detected (P < 0.0001) (Table S2).

In the posterior intestine, nka a/a expession was higher in hypersaline conditions (P < 0.01)
with a significant difference betw~en <ulinities in the Atlantic lineage. A significant lineage
effect was also observed with 'ower nka ala expression levels in SW for the Atlantic fish
compared to Mediterranea~ ti.> P < 0.01) (Table S1, Fig. 2B). nkcc2 was significantly higher in
HW compared to SW v.hatever lineages (P < 0.0001) (Fig. 2C). Nka a/a and nkcc2 mRNA
expressions from anterior intestine were not shown, as there was no difference among different

groups.

3.3 AQP8ab protein level and agp8 mRNA expression in the posterior intestine
Immunoblots showed one single band for AQP8ab at about 27 kDa in each condition (Fig.

3A). Relative AQP8ab protein levels were quantified, and the hypersaline-acclimated individuals
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showed significantly higher AQP8ab protein levels than the SW-acclimated individuals in both
lineages (salinity effect: P<<0.0001, Table S1). Among the different AQPs, agp8ab was the most

expressed paralog in MSW (Fig. S2). Comparing experimental conditions, there was a
significant salinity effect for agp 8ab and aqp 8aa (P<<0.0001) (Table S1; Fig. 3B, C). Agp 8ab

MRNA levels were slightly but not statistically higher in AHW compared to ASW but
significantly higher in MHW compared to MSW (Fig. 3B). Aqp 8aa mRNA levels were slightly
but not statistically higher in MHW compared to MSW but cigi.*ficantly higher in AHW
compared to ASW (Fig. 3C). However, for agp 8b, the tendecy was reversed with a lower
expression in hypersaline media compared to seawater *..2t v as significant in Mediterranean sea
bass (Fig. 3D). MSW showed significantly higher aqr 8b :~vels than all the other conditions. A
significant lineage effect (Table S1; P < 0.001) wa. ubserved for AQP8ab protein and agp 8ab,
agp 8b transcript levels in Mediterranean ><a bass compared to Atlantic sea bass with higher

levels in Mediterranean sea bass.

3.4 mRNA expression of othe, aguaporins in the intestine

In the posterior intesune, a significant higher agp la expression was observed in SW
compared to HW groups (Fig. 4A) (P < 0.0001). Marked differences in agp la expression
between lineages were observed in SW with higher expression levels in MSW than in ASW.
This was also the case for agp 1b, however for this paralog, no difference in expression was
observed between salinities for Atlantic fish (Fig. 4B). Overall a significant salinity (P < 0.0001)
and lineage (P < 0.001) as well as an interaction (P < 0.0001) between these two factors were

observed for agp la and agp 1lb (Table S1). For agp 10b, no salinity effect was observed.
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However, a significant higher expression was observed in the Mediterranean lineage than the
Atlantic lineage (lineage effect: P < 0.001) (Table S1; Fig. 4C).

In the anterior intestine, there was no difference in expression between different conditions for
agp la, agp 1b, agp 8aa, agp 8b and agp 10b (results not shown). For agp 8ab however, MRNA
levels were higher in hypersaline water compared to seawater in the Atlantic lineage (Fig. S1).

There was an effect of salinity (Table S1; P < 0.01) but no lineage effect for agp 8ab.

3.5 Principal component analysis

Principal component analysis (PCA) results were obta.ned from the posterior intestine for
gene expressions (aqpla, agplb, agp8b, agp8ab, aqp8aa, 4qpl0b, nkaala and nkcc2) and NKA
activity (Fig. 5). Principal component 1 (PC1) “esrribed 36.8% of the original information
whereas PC2 described 27.3%, making a umulative percentage of 64.1%. For the investigation
of the contributors to the principal compcnent, the variables in PC1 and PC2 were compared (Fig.
5A). Agp8aa, agp8ab and nkcc2 o ~up =7 together with positive loading on the right upper side
of the biplot. NKA activity anu nkaala also grouped together on the right upper side. Agpla,
agplb, aqp8b and agplOk avpzared with negative loading on the left side of the biplot. PCA
individual factor maps v.~re shown in Fig. 5B with the same variables. D.labrax maintained in
SW appeared on the left side of the biplot with a clear population structuration along the PC2
axis. In HW, sea bass appeared on the right side of the biplot with no clear structuration along
the PC2, however, AHW individuals more closely clustered together than MHW, that were more

dispersed.
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3.6 In situ immunofluorescence of NKAa, AQP8ab and NKCC/NCC in anterior and posterior
intestine

NKAa, AQP8ab and NKCC/NCC were immunolabeled using intestinal sections from at least
3 animals per condition. Control sections without primary antibody showed no immunolabeling
(results not shown). No apparent difference was observed in NKAo, NKCC/NCC and AQP8b
staining between the four conditions, therefore representative images of one condition were
shown. NKA basolateral staining was strong in enterocytes of all u.~erved images (Fig. 6A, 7D)
as widely known.

In the anterior intestine, AQP8ab was localized in ti.~ subapical area of enterocytes just
underneath the brush border (Fig. 6A-D, green stair.=y). In a few single cells, a strong
basolateral staining was recorded (Fig. 6A-B, a.*ows). NKCC/NCC using the polyclonal T4
antibody stained the brush border memwrares apically (Fig. 6C, fuchsia staining) with no
subcellular colocalization with AQP8ab (~ig. 6C).

The posterior intestine was chara~t.rized by different enterocyte types regarding their
structure and membrane proteii. expiession and localization. Deep invaginations were observed
(Fig. 7A-C) with very faint a7 diffuse AQP8ab staining, sometimes stronger in the subapical
parts (Fig. 7C). NKCC,/NCC apical staining was observed only in the proximal part of the
invaginations (Fig. 7B, arrow), and no staining in the distal part of the invaginations (Fig. 7A).
Shorter invaginations were observed in more distal parts of the intestine, probably the rectum
with the presence of numerous mucocytes (Fig. 7D-F). The AQP8ab subapical staining was more
diffuse but stronger and withdrawn to the cytosolic compartment (Fig. 7E, F). Only a faint apical

NKCC/NCC staining was observed in this section (Fig. 7E).
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4. Discussion

Extreme events due to climate change have become more frequent in the last decade of the
21th century (Donat et al., 2016). The Mediterranean region frequently experienced extreme
climate events like unusual high temperatures and the magnitude and frequency of these events
are expected to increase in the future (Kim et al., 2019). In the Mediterranean Sea, the salt
content is steadily increasing due to decreasing precipitations (Krahmann and Schott 1998),
increasing evaporation (Mariotti 2010) and reduction in freshwater ‘nflow (Rohling and Bryden
1992). This increasing salinity contributes to the appearance c¥ hy22rsaline coastal lagoons when
connectivity with the sea is limited and freshwater inpu. is lower than the evaporation rate.
European sea bass enter these habitats in spring and duru. the summer season and are extremely
tolerant to salinity changes and known to tolera.> hy persaline environments (Varsamos et al.,

2002; Cao et al., 2021) as well as fresh wa’ar ("_orin-Nebel et al., 2006; L’Honor¢ et al., 2019).

4.1 Intraspecific differences in the #oi1 ><ion patterns of key ion transporters and water channels

Increasing literature is avaii.hle on intraspecific variability showing that wild populations
experiencing contrasted e~/u2mmental conditions can undergo phenotypic changes leading to
differential physiologica. nerformance and organism tolerance (Stitt et al. 2014; Metcalfe et al.
2016; Sunde et al. 2018; Christensen et al. 2019; Donelson et al. 2019; McKenzie et al. 2020).
Intraspecific variation in expression patterns in relation to salinity and thermal tolerance were
measured in two populations of killifish (Fundulus heteroclitus) from the northern and southern
extremes of the species range along the Atlantic coast of North America from temperature and
salinity contrasting environments (Scott et al., 2004; Fangue et al., 2006). A higher seawater

tolerance and differential gene expression patterns were measured in North Sea European
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flounder (Platichthys flesus) compared to Baltic Sea flounders that experience lower salinities in
their natural habitats (Larsen et al., 2008). Intraspecific differences in the effect of salinity were
also observed in European perch (Perca fluviatilis) regarding swimming performance and
metabolism (Christensen et al., 2019). In European sea bass, intraspecific differences in salinity
tolerance have previously been investigated within the West Mediterranean lineage for fresh
water (Lorin-Nebel et al., 2006; Giffard-Mena et al., 2008; Guinand et al., 2017; L’Honor¢ et al.,
2019, 2020) and more recently between Atlantic and Mediterranc.n sea bass for hypersalinity
(Cao et al., 2021). PCA analysis on individuals showed a clea Y 7z;ence between Mediterranean
and Atlantic sea bass using physiological parameters analy.>d In this study in posterior intestines
which shows a different handling of solute-coupled wate. ‘ransport in this organ. We observed a
striking difference in posterior intestine NKA activity and nka ala expression between
Mediterranean and Atlantic D. labrax wi* siynificantly higher levels in the Mediterranean sea
bass, notably in the seawater condition (."ound 2.5 times higher NKA activity in MSW vs ASW).
Interestingly, we also found a sim*lar trend for NKA activity at the kidney level (Cao et al.,
2021). This raises the questior, on e underlying metabolic costs and if they differ between
genetic lineages, as NKA i~ a "ighly energy consuming pump. Regarding aquaporin expression
levels, Mediterranean sca pass had significantly higher agpla, agp8b, agplb and aqplOb
expression than Atlantic sea bass in SW which might be linked to an overall higher water
transport in SW conditions in the saltier Mediterranean Sea at around 38 %o (Yilmaz et al., 2020),
than in the Atlantic Ocean, at around 36 %o (Qu et al., 2013). Mediterranean D. labrax seem
therefore to more actively reabsorb ions at the kidney and intestinal level than Atlantic sea bass
in order to efficiently take up water and to maintain constant blood osmolalities (Cao et al.,

2021). A stronger expression of agpla and agplb was observed in Mediterranean sea bass in SW
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in comparison to Atlantic sea bass which could be linked to their different habitats. Giffard-
Mena et al. (2007) have shown that posterior intestine and rectum of Mediterranean sea bass
highly express AQP1 in SW compared to fresh water (FW), which indicates an inverted U-
shaped relationship to salinity with strong expression in SW and low expression in FW and HSW.
Studies in the silver sea bream Sparus sabra have shown that cortisol administration increased
agpla expression in SW (33 %o) (Deane et al., 2011) and we also know from previous studies
that cortisol triggers fluid reuptake rate in fish across the posterior a.*estine (Cornell et al., 1994).
Blood basal cortisol levels of Mediterranean sea bass are hizh .~y the stress response is very
intense compared to other teleost species which could cuntribute to trigger water reuptake in
these fish (Fanouraki et al., 2011). Cortisol levels alsc differ among individuals with some
showing a consistent low or high response to sress (Samaras et al., 2016). Comparisons of
cortisol levels between Atlantic and Medit -rra’.ean sea bass could be very informative in order to
better understand physiological stress recnonses and their link to the data obtained in our study.
The exact role of each aquaporin p~raloo is not yet clear in D. labrax, but besides transepithelial
water uptake, aquaporins invest, ateu in this study could also be involved in intracellular volume
regulation (Chauvigné et ' »27.1; Sundell and Sundh., 2012) and acid-base regulation (Horng et
al., 2015) which coula ~ontribute to explain their differential expression between sea bass
lineages. The differences observed in gene expression patterns and NKA activity point to a
different handling of ion transport and water homeostasis between genetic sea bass lineages and
intraspecific variability in physiological responses need to be further investigated in future

studies.

4.2 Enterocyte size is influenced by hypersalinity
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A variety of factors including phylogeny (Davis et al., 2013), diet (Buddington et al., 1997),
health (Banerjee and Ray 2017), chemicals (Yuan et al., 2010), developmental stage (Giffard-
Mena et al., 2006) and physico-chemical parameters such as temperature (Savic et al., 2012) and
salinity can considerably influence the diversity in the morphology and structure of teleost
intestine. Salinity influences numerous physiological traits linked to digestive physiology such as
nitrogen excretion and metabolic processes (Gracia-Lépez et al., 2006). In common snook
Centroponus undecimalis challenged to different salinities, Gracia ' Opez et al. (2006) showed
changes in the absorption of energetic substances by analyzinr, 07! (atios.

The current study showed that the height of D. labrax 1 testinal enterocytes was significantly
higher in the hypersaline conditions compared to sea. ‘ater levels. This could be linked to
increasing membrane surface area and increased <vn.hesis of transport proteins (as shown for
NKA) in order to cope with dehydration. ./« ch.nge in enterocyte size has previously been shown
in this species under starvation followe™ by postfeeding (Alix et al., 2017) indicating a high
plasticity of intestinal cells to envir~nn =r.tal factors. All fish were fed in our study until two days
prior to sampling so the chang. in structure of enterocytes at 55 %o, compared to 36 %o is not
linked to food deprivatior ‘Gicbert and Doroshov 2003; Rios et al., 2004; Ostaszewska et al.,
2005). In our research, w ™ aiso observed more visible nuclei in the enterocytes in the hypersaline
conditions which could also be linked to increased protein synthesis by enterocytes in the
hypersaline environment. Elevated salinity may change nutrient digestion capacity through the
induced morphological changes in the intestine. Nutrient digestibility in most fish species have
been studied in relation to nutritional/dietary factors (Kopriicti and Ozdemir 2005; Tram et al.,
2011; Zhou and Yue 2012). Tran-Ngoc et al. (2017) showed that salinity changes can modify

intestinal morphology and digestibility of nutrients, notably in the distal region. We have
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observed morphological differences in both regions of the intestine, but other parameters than
cell height could be investigated in the future such as goblet cell density, length of the intestine
and abundance of intestinal folds. It cannot be excluded that the increase in enterocyte size also
affects protein, lipid and carbohydrate uptake mechanisms, as nutrient uptake by different

transporters is tightly linked to electrochemical gradients generated by the NKA.

4.3 Intestinal ion transport upon high salinity transfer

NKA is known to be the primary driving force for water #r>n.-ort through the generation of
ionic and osmotic gradients between the lumen and the blo. (Larsen and Mgbjerg 2006) leading
to ion absorption via ion channels, co-transporters and in. -ardly directed water flow (Sundell and
Sundh 2012). In HW, a higher NKA activity was . .peted to optimize water uptake mechanisms
(Laverty and Skadhauge 2012). PCA anal: sis ~howed a strong correlation between NKA activity
and nka ala expression in the posterior 1. testine, probably linked to the increase in NKA activity
and nka ola expression at high se'inii In anterior intestine, no increase was observed which
clearly shows different response. bewween intestinal sections to hypersalinity. A response to high
salinity at the posterior int~su 7 level has been observed also in Plotosus lineatus, with higher
NKA activity levels av 90 %o compared to 34 %o following 14 days acclimation, and no
difference in the anterior intestine (Malakpour et al., 2018).

Studies in marine fish have shown that NKA is not the only pump involved in intestinal ion
uptake in hypersaline water, V-type H" ATPase (VHA) seems also be highly expressed and
apically located in enterocytes (Grosell et al., 2010; Guffey et al., 2011). Guffey et al. (2011)
have shown in gulf toadfish (Opsanus beta) that VHA was strongly expressed in the posterior

intestine at 60 %o, as a response to high luminal HCOj' levels generated by enhanced HCO3/CI
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exchange (Guffey et al., 2011). Also, in this latter study, NKA activity showed differential
responses only in anterior intestine which differs from our study in D. labrax. It would be worth
analyzing VHA as well as HCO3/CI" exchanger in D. labrax to compare their expression in both
intestinal sections.

In the posterior intestine of California Mozambique tilapia, NKA activity was higher in 60 %o
acclimated fish relative to those acclimated to 30 %o for 14 days (Sardella et al., 2008) as shown
in D. labrax.

High activity of the NKA in hypersaline conditions mav “n.Z to increased ion absorption
through Na*-CI" cotransport, Na*-K*-2CI cotransporters ai.¥ CI /HCO3 exchanger (Grosell 2006;
Ronkin et al., 2015). Nkcc2 was significantly higher = HW compared to SW whatever the
considered lineage in the posterior intestine, ard v.ot in the anterior intestine. Considering that
NCC/NKCC is apically localized in enter «cyt:s (Lorin-Nebel et al., 2006) as previously shown
in Japanese eel (Watanabe et al., 20.2) and Mozambique tilapia (Li et al., 2014), this is
consistent with our hypothesis on the ivolvement of the posterior intestine in ion uptake in
hypersaline medium and not the anterior intestine. Japanese eels acclimated to seawater showed
higher nkcc2b mRNA exr+es_i2n in both anterior and posterior intestine when compared with
freshwater acclimated ec:~ (Watanabe et al., 2011), but hypersalinity was not investigated in this
species. A significant up-regulation of nkcc2 was also observed in Mozambique tilapia in the
posterior intestine at 70 %o, compared to seawater (30 %o) (Li et al., 2014). Different results were
found in the Gulf toadfish and the sea bream, where an increased expression of the nkcc2 was

found in the anterior intestine during hypersalinity exposure (Grosell 2011; Gregorio et al., 2013).

4.4 Intestinal water reabsorption upon high salinity transfer
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Agpla and aqp8 are considered as true water pores, and agpl0 presumably has additional
permeability to glycerol (Cerda and Finn 2010). Contrary to other species where intestinal
agpl0b expression was low in the middle intestine when environmental salinity increased as
European silver eels (Martinez et al., 2005), Atlantic salmon (Tipsmark et al., 2010) and
Japanese eels (Kim et al., 2010), no change in the expression of this paralog has been measured
in D. labrax.

AQP8ab is the main AQP8 paralog participating in water reabsc.ntion across the intestine of
the SW-acclimated salmon (Madsen et al., 2015) and this is 2!~ e case in D. labrax intestine,
according to gene expression levels (Fig. S2). Our da.r supported a physiological role of
AQP8ab in the transcellular water reuptake across inwscinal enterocytes upon hypersalinity
exposure. Relative AQP8ab protein levels were 'n “act higher in HW than in SW for both
European sea bass lineages which was cc 'sis’ent with the increased transcript levels of agqp8ab
during acclimation from SW to HW, evc if not significant for the Atlantic D. labrax. Agpl and
agp8ab expressions have been sh~wi *o be higher in intestine when environmental salinity
increased in Atlantic salmon (T, smark et al., 2010; Engelund et al., 2013), Japanese eel (Kim et
al., 2010) and sockeye sal™ai. hoi et al., 2013), which is linked to the increased drinking rate
and assumes an increase™ water transport capacity. In European sea bass however, agp la and
agp 1b (the latter only for Mediterranean sea bass) were less expressed in posterior intestine in
HW-acclimated fish compared to SW as previously shown at kidney level (Cao et al., 2021)
indicating that AQPla and AQP1b, contrary to AQP8ab, are not increasing water uptake
capacity in this species following hypersalinity transfer neither in the intestine nor in the kidney.
Similarly, agpla mRNA levels were reported to be lower when environmental salinity increased

in the intestine of black porgy (An et al., 2008) and Japanese medaka (Madsen et al., 2014).
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AQP8ab subcellular immunostaining was not identical in different sections of the intestine
suggesting a different involvement of enterocyte types in water and ion transport. AQP8ab was
localized in the subapical area of enterocytes underneath the brush border stained by
NKCC/NCC in the anterior intestine, which clearly supports the hypothesis of a functional link
between AQP8ab and NKCC/NCC in those enterocytes and a solute-linked water reuptake. In
the posterior intestine, a more diffuse staining was observed, but no colocalization with NKA,
which could be interpreted as a vesicular staining. In mammals, A P8 is in fact considered as a
vesicular water channel that can redistribute to plasma memk:=n.c2 upon need (Gradilone et al.,
2003). A similar mechanism could be suggested in D. 1 hrax posterior intestine with a high
AQP8ab expression in intracellular vesicles and an insc7uon into the apical membrane when
water uptake mechanisms are activated. Inteve>’inrly, in the posterior intestine, subapical
AQP8ab immunostaining was also observ»d i 1 some enterocytes expressing NKCC2/NCC. We
have not immunolocalized other AQP pa.alogs, however the possibility of other AQP paralogs in
NKCC2/NCC-rich enterocytes is r~ss.2 as shown in salmonid species (Madsen et al., 2011).
Also, water transport throuah oaracellular pathways (Madsen et al., 2014) has not been
investigated in our study ~na crould be investigated to have a full comprehension of intestinal

water transport in hyperscline environments.

5. Conclusion

This study shows that European sea bass possess powerful mechanisms at the posterior
intestinal level to cope with hypersalinity, contributing to their euryhalinity. Morphological
changes of the intestinal epithelium (size of enterocytes) suggest more active cells in hypersaline

compared to seawater. At the molecular level, responses to hypersalinity were observed with

25



overall higher ion transporter expression (NKA, NKCC2) and higher water transport capacity
(AQP8ab and 8aa) enabling increased solute-coupled water transport. These physiological traits
were close in PCA analysis compared to the other parameters analyzed that show an opposite
expression pattern (agpla, aqplb and agp8b) or no response to hypersalinity (agpl0).
Subcellular localization of AQP8ab and NKCC2/NCC is consistent with the suggested role of
these proteins in solute-coupled water transport. Our results demonstrated intra-specific
differences in the expression of important osmoregulatory pro.rins most likely reflecting
adaptive differences in ion-driven water uptake mez-aiizins  within European sea
bass (Dicentrarchus labrax) Mediterranean and Atla tic lineages. Having a different
evolutionary history, these genetic lineages could furthe: -irverge in their physiological capacity
due to the constantly increasing salinities in the "Meviterranean area in the context of climate

change.
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Figure legends :

Fig. 1. Posterior intestine (A, B, C, D) sections of Mediterrar can (A, B) and Atlantic (C, D)
European sea bass maintained in seawater (SW) (A, C) and Fyp.orsaline water (HW) (B, D). Cell
perimeter and area of enterocytes in posterior intestine are ‘ep."ecented in three fish per condition
(E-F). Measurements from a same animal are indicated h\/ «. same color. Data are represented as
the mean +/-SD. Different letters denote significar.: dii‘erences between groups (two-way
ANOVA followed by Tukey's multiple comparisons tec¢, + < 0.05, N=8). Scale bars: 50 pm.

Fig. 2. NKA activity (A) in the anterior (Al) anc pe-tcrior intestine (PI) and relative nka ala (B)
and nkcc2 (C) mRNA expression were mersu, 20 1 the posterior intestine of Mediterranean (M)
and Atlantic (A) European sea bass mainwir:d in seawater (SW) and hypersaline water (HW).
Different letters denote significant difference. between groups (two-way (B, C) and three-way
(A) ANOVA followed by Tukey’s test + < 0.05, N = 12). Data are represented as the median,
first and third quartile (box), minimuin 4.2 maximum values.

Fig. 3. Immunoblots probed w’th = polyclonal antibody raised against aquaporin 8ab subunit
(AQP8ab). The marker (Ma) is indicated on the left of the immunoblot (kDa) (A). Relative
AQP8ab abundance (A) and rela..ve agp8ab (B), agp8aa (C), agp8b (D) mMRNA expression were
measured in the posterio’ 1 tesune of Mediterranean (M) and Atlantic (A) European sea bass
maintained in seawat.” (CW, and hypersaline water (HW). Different letters denote significant
differences between grou,s (two-way ANOVA followed by Tukey’s test, P < 0.05, N = 9 for
protein expression and 1v=12 for mRNA expression). Data are represented as the median, first
and third quartile (box), minimum and maximum values.

Fig. 4. Relative agp 1a (A), agp 1b (B) and agp 10b (C) mRNA expression in the posterior
intestines of Mediterranean (M) and Atlantic (A) European sea bass maintained in seawater
(SW) and hypersaline water (HW). Different letters denote significant differences between
groups (two-way ANOVA followed by Tukey’s test, P < 0.05, N = 12). Data are represented as
the median, first and third quartile (box), minimum and maximum values.

Fig. 5. Loading plot of principal component analysis (PCA) representing measured variables (A)
and the individuals (B) based on NKA activity, nkaala, agp8ab, aqp8aa, nkcc2, agpl0b, agp8b,
agpl0b, agpla and agplb gene expressions and comparing 4 conditions (Mediterranean (M) and
Atlantic (A) European sea bass maintained in seawater (SW) and hypersaline water (HW) in the

32



(Dim1XDim2) coordination plane. Orange and green colors in A respectively represent strong
and weak cos® values. Ellipses in B group D. labrax from the four conditions (MSW in blue,
MHW in red, ASW in yellow and AHW in green).

Fig. 6. Immunofluorescent staining of AQP8ab (Aquaporin 8ab; green) (A, B, C, D), NKA«
(Na'/K*-ATPase o, red) (A) and T4 (recognizes Na-K-Cl cotransporter 2 and Na'/CI
cotransporter; fuchsia) (C) in anterior intestine of Mediterranean European sea bass maintained
in seawater (MSW, A, B, C, D). A and B are merged images as well as C+D. Scales: 40 um (A,
B), 10 um (C, D).

Fig. 7. Immunofluorescent staining of AQP8ab (Aquaporin 8ab; green) (A, B, C, D, E, F),
NKAo (Na*/K*-ATPase a; red) (D) and T4 (recognizes Na-K-C.I cotransporter 2 and Na'/CI’
cotransporter; fuchsia) (A, B, E) in posterior intestine of Mediterrancn (A, D, E, F) and Atlantic
(B, C) sea bass maintained in seawater. B and C are merged images as well as E+F. Scales: 100
um (A, D), 20 um (B, C, E, F).

Supplementary figures :
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Legends of the tables :

Table 1: Primer sequences used for qPCR in this study. F: forward primer; R: reverse primer.
Sequences ID indicates gene sequences from the European sea bass genome or Genbank
identification numbers when available.

Table 2: Cell perimeter and area of enterocytes are represented in Mediterranean (M) and
Atlantic (A) European sea bass maintained in seawater (SW) and hypersaline water (HW).
Different letters denote significant differences between groups (two-way Anova followed by
Tukey’s test, P < 0.05, means + SD, N = 8).
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Table 1 Primer sequences used for gPCR in this study. F: forward primer; R: reverse primer.
Sequences ID indicates gene sequences from the European sea bass genome or Genbank
identification numbers when available.

Sequences ID  Target Primer Sequence (from 5’ to 3') Amplicon Efficiency
gene name Size

KP400258 nka ala nka ala-F  CCTCAGATGGCAAGGAGAAG 146 2.035
nka ala-R ~ CCCTGCTGAGATCGGTTCC

KP400259 nka alb nka alb-F  AGCAGGGCATGAAGAACAAG 204 2.119
nka alb-R ~ CCTGGGCTGCGTCTGAGG

DLAgn_00006940 agp la agpla-F  CTGCCTGGGACACTTGGCAGC 194 2.183
agpla-R  TCTCAGGGAAGTCATCAAA

DLAgn_00006960 aqp 1b agp 1b-F CGGACCAGCCGTGATACAGG 147 1.936
agp 1b-R  AGCAGGACGTTCCAGCCCG

DLAgn_00099310  aqp 8aa agp8aa-F  TGCTTCCTTTGGCGGTGCC 199 2.110
agp8aa-R  CAACATCCCTCCAGCAAGT

DLAgn_00099320  aqp 8ab agp 8ab-F  AGCCGCCTGTGTCCAAACCTCC 198 1.808
agp 8ab-R  CATAACCGCCACCATCACTG

DLAgn_00189570  agp 8b agp8b-F  TGTCAGTTGGTCGGAGGAGTC ™ 282 2.024
agp8b-R  CAGACAAGTGCCAGATACA, ~T

DLAgn_00202560 aqp 10b agp 10b-F AGCGGCTACGCACTTAAC 150 1.811
agp 10b-R  CAGTGTTCCCAACAGC 3CL

FM004681 fau fau-F GACACCCAAGGTTGAC, \GCAG 150 1.851
fau-R GGCATTGAAGCAC (TA “GAGTTG

AJ866727 efla eflo-F GGCTGGTATCTC1, AGA ACG 239 1.853
efla-R CCTCCAGCATGTTTLTCC

DLAgn_00023060 113 113-F TCTGGAGGA”™TG (CAGGGGCATGC 148 1.873
113-R AGACGCAC A2 CTTGAGAGCAG

42



Table 2 Cell perimeter and area of enterocytes are represented in Mediterranean (M) and Atlantic
(A) European sea bass maintained in seawater (SW) and hypersaline water (HW). Different
letters denote significant differences between groups (two-way Anova followed by Tukey’s test,
P <0.05, means £ SD, N = 8).

Conditions  Cell perimeter (um) Cell area (um®)

Anterior intestine

MSW 49.18+4.28°
MHW 61.52+4.82°
ASW 46.11+6.13°
AHW 64.51+4.98°
Posterior intestine

MSW 53.83+5.30"
MHW 78.60+6.80°
ASW 49.64+4.52°
AHW 74.54+3.95°

63.64+6.97"
114.62+17.24°
57.64+13.42°
128.38+19.59°

57.32+71.c8"

136.65+,.0 412
47 39+ 41°

1.2 99+10.71°
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Highlights

* D. labrax successfully respond to hypersalinity at the posterior intestinal level

e Intestinal aquaporin 8ab and 8aa are overexpressed in response to hypersalinity

* Solute-coupled ion transport is characterized at posterior intestinal level

» Intraspecific differences were measured between Atlantic and Mediterranean D. labrax
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