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Abstract 
Background   The iono- and osmoregulatory capacities of marine teleosts, such as European 
sea bass (Dicentrarchus labrax) are expected to be challenged by high carbon dioxide 
exposure, and the adverse effects of elevated CO2 could be amplified when such fish migrate 
into less buffered hypo-osmotic estuarine environments. Therefore, the effects of increased 
CO2 on the physiological responses of European sea bass (Dicentrarchus labrax) acclimated 
to 32 ppt, 10 ppt and 2.5 ppt were investigated. 
Methods  Following acclimation to different salinities for two weeks, fish were exposed to 
present-day (400 μatm) and future (1000 μatm) atmospheric CO2 for 1, 3, 7 and 21 days. Blood 
pH, plasma ions (Na+, K+, Cl-), branchial mRNA expression of ion transporters such as 
Na+/K+–ATPase (NKA), Na+/K+/2Cl– co-transporters (NKCC) and ammonia transporters (e.g. 
Rhesus glycoproteins Rhbg, Rhcg1 and Rhcg2) were examined to understand the iono- and 
osmoregulatory consequences of elevated CO2.  
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Results  A transient but significant increase in the blood pH of exposed fish acclimated at 10 
ppt (day 1) and 2.5 ppt (day 21) was observed possibly due to an overshoot of the blood HCO3- 
accumulation while a significant reduction of blood pH was observed after 21 days at 2.5ppt. 
However, no change was seen at 32 ppt. Generally, Na+ concentration of control fish was 
relatively higher at 10 ppt and lower at 2.5 ppt compared to 32 ppt control group at all sampling 
periods. Additionally, NKA was upregulated in gill of juvenile sea bass when acclimated to 
lower salinities compared to 32 ppt control group. CO2 exposure generally downregulated 
NKA mRNA expression at 32ppt (day 1), 10 ppt (days 3, 7 and 21) and 2.5ppt (days 1 and 7) 
and also a significant reduction of NKCC mRNA level of the exposed fish acclimated at 32 ppt 
(1-3 days) and 10 ppt (7-21 days) was observed. Furthermore, Rhesus glycoproteins were 
generally upregulated in the fish acclimated at lower salinities indicating a higher dependance 
on gill ammonia excretion. Increased CO2 led to a reduced expression of Rhbg and may 
therefore reduce ammonia excretion rate. 
Conclusion  Juvenile sea bass were relatively successful in keeping acid base balance under 
an ocean acidification scenario. However, this came at a cost for ionoregulation with reduced 
NKA, NKCC and Rhbg expression rates as a consequence.  
 
 
Keywords: CO2, salinity gradient, Na+/K+/ATPase, Na+/K+/2Cl− co-transporter, Rhesus 
glycoproteins, Dicentrarchus labrax 
 

1. Introduction 
Globally, the intensified, sustained and accelerating anthropogenic carbon dioxide (CO2) 

emissions have resulted to the increased accumulation of CO2 into the atmosphere which later 
dissolved in the oceans [1, 2, 3, 4, 5, 6]. This phenomenon, termed as ocean acidification, 
occurs when CO2 dissolves in seawater generating carbonic acid (H2CO3) which dissociates 
into bicarbonate (HCO3

–), carbonate (CO3
2–) and hydrogen ions (H+) [7, 8, 9]. The rise of 

atmospheric CO2 partial pressures (PCO2) has quantifiable effects on the ocean’s carbonate 
chemistry. Carbon dioxide acts as an acid in water, therefore, ocean pH declines as PCO2 
increases, which gave rise to the term of this phenomenon as a descriptor for ocean CO2-related 
perturbation in the context of climate change [10]. By 2100, the PCO2 levels are predicted to 
increase and may range from 420 to 940 µatm which is consistent with the average decrease of 
pH by 0.13 – 0.42 units in the surface waters of the ocean [11, 12, 13].  
 

Along with ocean acidification, there is also an emerging and alarming concern about the 
future changes in seawater salinity levels due to global warming (causes the melting and 
disappearance of glaciers and ice caps) and frequent heavy rainfall events [14]. This has 
resulted to the gradual reduction of salinity gradient in some marine ecosystems, e.g. inshore 
waters, sheltered bays, estuaries and coastal lagoons. These aquatic systems also experience 
salinity fluctuations due to tidal and seasonal changes [15, 16]. These changes in salinity affect 
the species composition of the aquatic environments. These aquatic systems of unstable salinity 
are usually inhabited by euryhaline teleosts which have the ability to regulate dynamic changes 
in its osmoregulatory approach from active salt absorption to salt secretion and from water 
excretion to water retention [17, 27, 70]. Salinity adaptation of these species is largely an 
intricate process involving a cascade of responses, both in physiology and ion-regulation. For 
euryhaline teleosts (marine and freshwater), the mechanisms of ion-osmoregulation are 
reasonably well-understood which are coordinated by ion channels, co-transporters [e.g. 
Na+/K+/2Cl– (NKCC)], energy-dependent ATP-ases [e.g. Na+/K+–ATPase (NKA)] and 
ammonia transporters (e.g. Rhesus glycoproteins – Rhbg, Rhcg1 and Rhcg2) [17].  
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Several studies have demonstrated that the physiological and ion-regulatory responses of 

some euryhaline teleosts are directly and indirectly affected by the future CO2 concentrations 
[5, 18, 19, 20, 21, 22, 23] and reduced seawater salinities [16]. High CO2 showed significant 
effects on the physiological functions of the fish, such as acid-base regulation, respiration, 
circulation and metabolism affecting the growth rate, organ development, survival and 
behavior of the larvae [4, 11, 19, 21, 24, 25, 26]. Moreover, it is known that euryhaline teleosts, 
(e.g. diadromous and non-diadromous species) migrate between fresh and marine waters as 
part of their life cycle for spawning and foraging purposes, and thus, they can be 
physiologically affected and/ or osmotically challenged by salinity fluctuations [16]. However, 
these species have mechanisms of dynamic control of osmoregulation which include the ability 
to discern environmental salinity changes that perturb water body and salt homeostasis (osmo-
sensing), signaling networks that encode information about the direction and magnitude of 
salinity change, and epithelial transport and permeability effectors [27]. The shift in the 
ambient salinity and elevation of CO2 levels can affect the survival and alter overall fitness of 
the teleosts with severe challenges to physiology and ion-regulation. 

 
Gills play an important role in maintaining intracellular homeostasis during osmotic 

challenges as they serve as the major osmoregulatory organs modulating the movement of ions 
between the internal and external environment and acid-base regulation in fish [16, 28, 29, 30, 
31]. Since gills are directly exposed to changes in the external environment, it is evident that 
the effects of the individual stressors may differ from those induced by a combination of 
multiple stressors [31]. The transfer of marine teleosts to lower salinities allows the transport 
of Na+ and Cl− ions across the gill epithelia to switch from excretion to uptake [32]. Its 
branchial epithelium contains several transporters and systematic mechanisms which are 
involved in ion-regulation maintenance. NKA, present in the basolateral membrane of gill 
epithelium, is thought to provide the major energy source leading to the influx of Na+. It 
produces a low intracellular Na+ gradient; thus induce the transport of Na+, K+ and Cl– ions 
into the cell through the presence of a basolateral NKCC co-transporter, apical Na+/Cl– 
cotransporter (NCC) [33, 34] and an apically located Cl– channel similar to the human cystic 
fibrosis transmembrane conductance regulator (CFTR) [33, 34, 35, 36]. A high plasticity of the 
ion-transporting ability is therefore essential to deal with a wide range of salinity and varying 
CO2 levels.  

 
European sea bass (Dicentrarchus labrax L.) is an ecologically and commercially 

important marine teleost widely distributed in the temperate European coastal areas of the 
northeast Atlantic Ocean and Mediterranean Sea [16, 37, 38, 39]. Being euryhaline, sea bass 
can tolerate salinities ranging from freshwater to hypersaline conditions, credit to the efficiency 
of chloride cells (or mitochondria rich cells) in their gills [40, 76]. The biochemical and 
physiological adaptations of chloride rich cells including a substantial count of mitochondria 
and a well-developed endoplasmic canalicular system, complemented by a basolaterally 
positioned sodium pump. Such a distinctive ultrastructure makes gill chloride cells a conducive 
site for salt regulation. This structural similarity is observed in the distal tubular cells of the 
kidney, as well as in the salt glands of birds and the rectal glands of sharks [28]. 

 
However, despite their natural adaptations migrate seasonally between the open sea and 

hyposaline environments such as lagoons and estuaries, they are often challenged with hypo-
osmotic stress [41, 42]. Additionally, this species is extensively used for aquaculture [16, 38] 
and most of the mariculture systems operate in relatively shallow coastal areas which are 
subjected to salinity changes [15]. Unlike wild individuals, captive fish have no means of 
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avoiding the potential environmental stressors and a deeper knowledge on how these species 
are physiologically challenged in fluctuating physico-chemical environments may benefit 
future aquaculture practices [15]. Hence, in the present study, European sea bass juveniles were 
used as a model species to determine its physiological responses when confronted 
simultaneously with different environmental stressors, e.g. high CO2 (low pH) and low ambient 
salinity. Generally, it was hypothesized that the sea bass would be adversely affected by high 
CO2 exposure, and the adverse effects of carbon dioxide would be amplified when fish are 
subjected to hypo-osmotic environments. 

 
The aim of this study was to investigate the effects of high CO2 during acclimation to 

experimental salinities (32, 10 and 2.5 ppt) on the physiological and ion-osmoregulatory 
processes that occur as compensatory mechanisms to maintain homeostasis. The research 
findings of the present work will help to identify the key environmental cues in which 
fluctuation of single and combined stressors might threaten the performance of marine teleost. 
The study will thereby assist in formulating guidelines for the regulation of certain 
environmental factors for the sustainability of ecological system as well as in aquaculture 
systems. 

 
2. Materials and Methods 
2.1. Chemicals 

Unless otherwise indicated, all chemicals and enzymes were purchased from Sigma Aldrich 
(St Louis, MO, USA), Roche (Indianapolis, IN, USA) or Fisher Scientific (Pittsburg, PA, USA) 
and were of analytical grade or higher. 

 
2.2. Test species 

European sea bass (Dicentrarchus labrax) juveniles (10-14 g; <1-year-old) were used as 
test species to perform this experiment. They were obtained from Ecloserie Marine de 
Gravelines (Gravelines, France) and transported to the University of Antwerp (Antwerp, 
Belgium). 
 
2.3. Acclimatization 

Initially, 600 fish were kept and maintained in three 600-L holding tanks (200 fish per tank) 
of 32-ppt artificial seawater (hw-Marinemix® Professional, Wiegandt Germany) for four 
weeks prior to salinity reduction. These tanks were equipped with a recirculating water supply 
in a laboratory where the temperature was adjusted at 17±1oC and photoperiod was 12-h 
light/12 h-dark cycle. Proper aeration was provided with air stones and three-layer biofiltration 
systems were installed on top of each tank, composed of synthetic wadding in the upper layer 
and activated lava stones in the two bottom layers. The former retained the crude waste while 
the latter were activated with ammonia-oxidizing bacteria (Sera Bio Nitrivec, Germany) on 
these substrates to keep the ammonia level minimal. Daily monitoring of ammonia level was 
done using an ammonia test kit (Tetra Test NH3/NH4

+) and 40-60% of the water was changed 
twice a week to remove uneaten foods and to minimize the build-up of nitrates and nitrites. 
When the total ammonia level was greater than 0.25 mg/L, water was changed immediately. 

 
Fish were fed with commercial pellets (1.5 mm, Coppens Germany) at a rate of 2% of their 

body weight per day. Subsequently, the fish in one tank were continuously reared at a normal 
seawater salinity of 32 ppt. On the other hand, the fish in the other two tanks were progressively 
acclimated to two experimental salinities, i.e. 10ppt (~249 mOsm/Kg, pH 8.10) and 2.5ppt (~69 
mOsm/Kg, pH 7.87). The experimental salinities in two tanks were adjusted by diluting the 
artificial seawater with deionized water and was measured using a hand-held refractometer. 
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Changes in salinity were progressed by reducing the salinity by 5% every three days until 10 
ppt was reached in both tanks. Salinity reduction by 2% was continued in one of the tanks every 
three days until the desired salinity of 2.5 ppt was achieved. Fish were then transferred and 
acclimatized again in the climate chamber (Weiss Technik, Belgium) with the same conditions 
previously mentioned to three experimental salinities, i.e. 32, 10 and 2.5 ppt for four weeks. 

 
Water quality parameters were maintained within the favorable range for sea bass i.e.  

dissolved oxygen was kept above 80% saturation or more by providing proper aeration, 
whereas pH values were set at 8.16, 7.89 and 7.47 for 32 ppt, 10 ppt and 2.5 ppt, respectively. 

 
2.4. Experimental set-up and CO2 treatment 

Six experimental tanks were divided into two experimental groups: the exposed and control 
groups. Each group consists of three tanks at different salinities: 32 ppt, 10 ppt and 2.5 ppt. 
Thirty-five juveniles from each salinity treatment were randomly selected, weighed and equally 
distributed to each 200-L experimental tank. A total of 210 individuals were assigned to six 
experimental tanks in the climate chamber. 

  
The control groups were subjected to the present-day atmospheric CO2 concentration (PCO2 

= 400 μatm, pH total = 8.2 for 32 ppt, pH = 7.8 for 10ppt and pH =7.4 for 2.5 ppt depending 
on their dissolved inorganic carbon measurement and total alkalinity). On the other hand, the 
exposed group was supplied with high CO2 [PCO2 = 1000 μatm, pH total = 7.7 for 32 ppt, 7.4 
ppt for 10 ppt and pH= 7.0 for 2.5 ppt based on ocean acidification calculator (Macro Version 
2.2: CO2 sys_v2.2xls)]. These conditions were established based on the projected PCO2 
scenarios for 2100 (IPCC 2014).  

 
Seawater PCO2 was maintained via a computerized feedback system which monitored 

seawater pH total scale (the total hydrogen concentration scale; the sum of free H+ 
concentration plus the concentration of all complexes with the background ionic medium; H2O, 
Na+, Mg2+, K+, Ca2+, Cl- and SO4

2-) which regulated the addition of CO2 gas. Water’s PCO2  was 
increased by bubbling the CO2 gas in the exposed tanks from an external CO2 cylinder (Praxair 
NV, Schoten Belgium) with the aid of an automatic system (CapCTRL software) and a 
feedback controller/trigger box (DAQs, Loligo Systems) that monitored and controlled the pH 
setpoints in three different salinities to simulate the predicted end of the century ocean 
acidification scenario (1000 µatm). Three salinities were maintained at varying pH levels (total 
scale) corresponding to the dissolved inorganic carbon (DIC) and total alkalinity (TA) 
measurements (Table 1). Both DIC and TA were measured only once at the start of the 
experiment from triplicate samples collected from the three salinities. Daily monitoring of 
water salinity and pH was also done. The pH electrodes (WTW 3310, Germany) were 
calibrated with tris (tris hydroxymethyl aminomethane) buffers (GE Healthcare Bio-Sciences 
AB, Uppsala Sweden), with the same salinity and ionic strength as the experimental tanks. The 
Tris buffers thus served as the pH standard for calibration and daily maintenance of appropriate 
pH setpoints. Carbon dioxide dissolves rapidly in seawater, carbonate chemistry equilibrates 
less quickly (as a function of temperature, αCO2) and thus an overshoot (hysteresis) of pH is 
created, thus in the present experiment, the pH set values were maintained within hysteresis ± 
0.07 units. 
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Table 1 Water chemistry of experimental conditions 
Parameter Exposure 

Salinity 2.5 ppt 10 ppt 32 ppt 
Pco2 (µatm) 400 1000 400 1000 400 1000 
pH 7.4 7.0 7.8 7.4 8.2 7.7 
T(°C) 17 ± 1 17 ± 1 17 ± 1 17 ± 1 17 ± 1 17 ± 1 
TA (µmol kg-1 
SW) 

362.6±37.4 334.6 ± 37 1132.3±13.4 1081.8±12.9 3094.6±63.2 2874 ±57.6 

HCO3-(µmol kg-
1 SW) 

356.5±36.3 332.6±36.6 1060.9±11.9 1055.5±12.3 2472.7±43.2 2603.2±48.2 

CO32-(µmol kg-1 
SW) 

3.2 ±0.6 1.1 ± 0.2 31.9 ± 0.7 12.6 ± 0.3 270.4 ± 9.4 119.8 ± 4.4 

[CO2] (µmolkg-1 
SW) 

16.2 ± 0.1 41.8 ± 0.1 14.1 ± 0.01 38.3 ± 0.03 11.9 ± 0.01 30.8 ± 0.04 

Note: Salinity and temperature were determined in samples from experimental tanks at the beginning, middle and 
end of experimental exposure whereas other parameters were calculated using the Ocean acidification calculator 
at the beginning of the experiment (Macro Version 2.2: CO2 sys_v2.2xls).  Pco2 represents the partial pressure of 
CO2, T (°C) the water temperature, TA the total alkalinity, CO32- carbonates, HCO3- bicarbonate and [CO2] the 
sum of dissolved carbon dioxide [CO2 (aq)] and carbonic acid [H2CO3]. SW: seawater. 
 
2.5. Sampling preparation and procedures 

Two experimental groups were alternately sampled after 1, 3, 7 and 21 days of exposure.  
At each exposure time, eight fish per tank were sampled. Prior to sampling, a lethal dose of the 
sedative MS222 (Acros Organics, Geel, Belgium) was prepared by adding 1 g of ethyl 3-
aminobenzoate methane-sulfonic acid to 1-L stock artificial seawater of the different salinity 
treatments. Potassium hydroxide (KOH) was added to adjust the pH back to the initial pH of 
the seawater. Syringe and labeled Eppendorf tubes were rinsed with heparin (2,500U/mL, 
Sigma, USA) to prevent blood clotting. A micro-centrifuge (Centrifuge 5415 R, Eppendorf) 
was fast-cooled to 4oC to avoid changes of blood sample during the separation of plasma and 
red blood cells, and a pH probe (744 pH Meter, Metrohm) was calibrated for blood pH analysis. 

 
During sampling, fish were individually removed from tanks and anaesthetized using the 

lethal dose of neutralized MS222, blotted dry and weighed. Subsequently, a blood sample was 
drawn from the caudal vein with the use of a heparin-washed syringe. Blood pH was measured 
using the calibrated pH meter and immediately centrifuged for 1 min at a speed of 16,000 rpm 
and a temperature of 4°C. Plasma aliquots were collected, frozen in liquid nitrogen and stored 
at -80°C for later physiological analysis. Fish were also dissected on ice and gills were 
removed, washed with physiological solution (0.9%), blotted dry, wrapped with labeled 
aluminum foil, frozen in liquid nitrogen and stored at -80°C for further molecular analysis. 
 
2.6. Analytical techniques  

 
2.6.1. Plasma ions 

Plasma ions (Na+, Cl– and K+) were analyzed using an AVL 9180 Electrolyte Analyzer 
(AVL, Roche Diagnostics, Belgium) which uses measurement by ion-selective electrodes. This 
instrument was calibrated using its internal standards before analyzing the samples. Then, 100-
µL plasma sample aliquots were introduced, and ion concentrations were determined. 

 
2.6.2. Molecular analyses 
2.6.2.1. RNA extraction using TRIzol method 

The gill filaments were dissected from the gill samples and put in the Biopur® bullet tube 
that was initially filled with 400µL TRIzol® Reagent (Invitrogen, Merelbeke, Belgium). This 
reagent facilitates the isolation of a variety of RNA species and maintains the RNA integrity 
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during tissue homogenization while disrupting and breaking down the cells and cell 
components at the same time. The bullet tubes were then loaded with sufficient amount of glass 
beads that permits optimal crushing of samples. Samples were homogenized using the 
TissueLyser LT (Qiagen, Germany) set at an oscillation of 50 Hz for 2 minutes. 600µL 
TRIzol® Reagent was added to the partially-homogenized samples and samples were subjected 
again to the procedure again until homogenization was completed and incubated. Subsequently, 
they were kept for 5 minutes at 15-30oC (at room temperature) to permit complete dissociation 
of nucleoprotein complexes. 200-µL chloroform was then added and sample were shaken 
vigorously for 15 seconds. Samples were incubated again for 2-3 minutes at 15-30oC (at room 
temperature) and centrifuged for 15 minutes at a speed of 12,000rpm at 4oC to allow phase 
separation. The aqueous upper phase that contains RNA was transferred to the labeled 
Eppendorf tubes and 500µL 2-propanol was added. Samples were then mixed properly and 
incubated in the freezer at -20oC overnight. 
 

After overnight incubation, samples were centrifuged for 10 minutes at a speed of 12,000 
rpm at 4oC. The RNA formed a pellet at the bottom of the tube and the supernatants were 
removed from the tube. The RNA pellets were washed with 1mL 75% ethanol and centrifuged 
for 5 minutes at a speed of 7,600 rpm and a temperature of 4oC. The ethanol was removed, and 
the remaining fluids were centrifuged and taken out. The samples were later dried through 
vacuum drying to allow evaporation of the remaining ethanol. The pellets were then dissolved 
in 30µL RNase-free water. RNA concentration was checked using NanoDrop 
spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA) to initially determine if 
sufficient RNA was extracted from the samples. 
 
2.6.2.2. DNase treatment 

After RNA extraction, DNase treatment was done using a DNase kit (Thermo Scientific, 
USA). A 30-µL RNA sample was mixed with 4µL 10x Reaction Buffer complexed 
with MgCl2, 1µL RNase-free DNase and 1µL Riboblock ribonuclease (RNase) inhibitor. 
RNase-free DNase is an endonuclease that specifically cleaves the DNA strands in the sample 
by breaking the phosphodiester bonds. On the other hand, the RNase inhibitor added prevents 
RNase from degrading the RNA in the samples. 

 
Afterwards, the samples were incubated in the thermomixer (Thermomixer Comfort, 

Eppendorf) for 30 minutes at 37oC. Then, 164µL of RNase-free water and 200µL phenol-
chloroform were added, and samples were mixed using a vortex and centrifuged at 14,000 rpm 
and 4oC for 5 minutes for further purification of RNA. The clear, upper phase that contains the 
RNA was transferred to a new Eppendorf tube and 20µL sodium acetate was added and 400µL 
100% ethanol, followed by overnight incubation in the freezer at –20oC. 

 
After the overnight incubation, samples were centrifuged at 13,200 rpm and 4oC for 20 

minutes, the supernatant was discarded, and the samples were briefly spun down using a 
microcentrifuge at 7,600 rpm and 4oC. Residual fluids were continuously removed using a 
pipette and evaporated using a vacuum centrifuge for 30 seconds at 30oC. Then, the RNA pellet 
was again resuspended in 30µL RNase-free water and mixed gently using a vortex. RNA 
concentration was checked again using NanoDrop spectrophotometry. Nucleic acids have 
optimal absorption at 260 nm and the 260/280 ratios should be between 1.8-2.0 and 260/230 
ratios between 2.0-2.2. If they have lower values, it indicates the presence of contaminants such 
as proteins. If the values are not in these ranges, more purification steps should be taken as 
previously seen. 
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Based on the results, calculations were done to attain a 200 ng/µL RNA concentration 
which was used as working RNA for cDNA synthesis. 

 
2.6.2.3. cDNA synthesis 

The RevertAid H minus first-strand cDNA synthesis kit (Fermentas, Cambridge, UK) was 
used to transcribe 1µg RNA into the first-strand cDNA suitable for PCR amplification. The kit 
used for cDNA synthesis contains Random primer, RNase-free water, RevertAid H Minus 
reverse transcriptase, 5x Reaction buffer, Ribolock Ribonuclease inhibitor (20 U/μL) and 10 
mM dNTP mix (which provides deoxyribonucleotides for making cDNA). 

 
Prior to cDNA synthesis, a 12-μL reaction mixture composed of template RNA (1µg), 

Random primer and RNase-free water was prepared. It was gently vortexed and spun down in 
a microcentrifuge for 3 minutes at 7,600 rpm and 4°C. It was then incubated in a thermomixer 
at 37°C, cooled on ice and centrifuged for 2 minutes at the same speed and temperature.  

 
During synthesis, 4μL 5x Reaction buffer, 1μL Ribolock Ribonuclease inhibitor and 2μL 

10mM dNTP mix were added to the mixture, gently vortexed and centrifuged for few seconds 
at 4°C. The whole mixture was then incubated for 5 minutes at 37°C in a thermomixer and 
added with 1μL of RevertAid H minus reverse transcriptase. The reverse transcriptase is an 
enzyme that generates the first strand complementary DNA (cDNA) from a RNA template. 
After vortexing, the whole mixture was incubated at 25°C and then at 42°C for 10 minutes and 
60 minutes, respectively, in a thermomixer. The reaction was stopped by heating the mixture 
at 70°C for 10 minutes in a thermomixer, chilled on ice and diluted with 80μL of RNase-free 
water. 

Afterwards, DNA concentration was checked using NanoDrop spectrophotometry. Based 
on the results, working cDNA stock of 10 ng/μL was prepared for qPCR analysis by diluting 
it with RNase-free water.  
 
2.6.2.4. qPCR 

The qPCR analysis on the mRNA expression of Na+/K+-ATPase α-subunit 1 (NKA), 
Na+/K+/2Cl- cotransporter (NKCC) and Rhesus family glycoproteins (Rhbg, Rhcg1 and Rhcg2) 
in the gills was quantified by Mx3000P QPCR System (Agilent Technologies, Belgium) using 
the primers listed in Table 2. 

 
The samples were initially vortexed gently and spun down in a microcentrifuge at 7,600 

rpm and 4oC for few seconds. The qPCR reaction per well includes 5μL of 5x diluted cDNA 
plus 15μL Master mixture prepared from the PCR kit (Agilent Technologies, USA). The 
Master mixture contains 10μL of each 10pmol forward and reverse primers, 0.3μL ROX dye 
(1:500 dilution) and 10μL Brilliant II SYBR Green qPCR. The well plates with the reaction 
mixture were then centrifuged using Centrifuge 5415 R (Eppendorf) for 1 minute at 2400 rpm 
and 4°C.  

 
The qPCR analyses were performed in a four-step experimental run protocol: denaturation 

program (3 min at 95 °C), amplification and quantification program (15 s at 95°C and 20 s at 
60°C, respectively) repeated 40 times, melting curve program (60 s at 95 °C, 30 s at 60°C, 30 
s at 95°C) and finally a cooling step. Melt curve analyses of the target genes and reference 
genes resulted in single products with specific melting temperatures. In addition, ‘no-template' 
controls (i.e. with water sample) for each set of genes were also run to ensure no contamination 
of reagents, no primer–dimer formation, etc. 
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Comparison of two reference genes (elongation factor-1α and 18s rRNA) showed that 
elongation factor-1α (EF-1α) was the most stable gene across the samples (20 random samples 
were tested) and was used as endogenous standard to calculate relative mRNA expression by 
the standard curve method. Standard curves were generated by serial dilution of a random 
mixture of control samples. 

 
Table 2 qPCR primer list and accession numbers of target and reference genes, and efficiencies 
of the PCR reactions. 

Gene Sequence of Primer (5’ → 3’) Efficiency 
(%) References Accession 

No. 

Na+/K+-ATPase F: CTG-GAG-TGG-AAG-AAG-GTC 
R: GAT-GAA-GAG-GAG-GAA-GG 109.8 [43] AY532637 

Na-K-Cl 
cotransporter  

F: TCA-TCA-CTG-CTG-GAA-TCT-T 
R: AGA-GAA-ACC-CAC-ATG-TTG-TA 113.4 [44] AY954108 

Rhbg F: CCT-CAT-GGT-GAC-CCG-AAT-CC 
R: TAT-GTG-GAC-AGA-GTG-CAG-GC 101.7 [45]  

Rhcg1 F: TCA-GGG-AAT-TGT-GTG-ACC-GC 
R: CCC-AGC-GTG-GAC-TTG-ATT-CT 97.0 [45]  

Rhcg2 F: TGG-CTA-CCT-GTT-TGT-CAC-GC 
R: TAT-AAA-GCC-GCC-GAG-CAT-CC 105.1 [45]  

18S rRNA F: CGC-TAG-AGG-TGA-AAT-TCT-TGG-A 
R: GAT-CAG-ATA-CCG-TCG-TAG-TTC-C 107.8 [46] AM419038 

EF 1α F: GCT-TCG-AGG-AAA-TCA-CCA-G 
R: CAA-CCT-TCC-ATC-CCT-TGA-AC 97.5 [47] AJ866727 

 
2.7. Statistical analysis 

All data have been presented as mean values ± standard error (SE). For comparisons 
between different experimental groups, a one-way analysis of variance (ANOVA) was 
performed followed by the Tukey’s test. Student's two-tailed t-test was used for single 
comparisons. Main effects of salinity and CO2 exposure and their interactions were analyzed 
by three-way ANOVA. The data were analyzed using Statistical Package for the Social 
Sciences (SPSS) version 21.0.  
 
3. Results 
 
3.1. Blood pH 

The blood pH measurements of European sea bass (Dicentrarchus labrax) from the two 
CO2 levels, control (400µatm) and exposed groups (1000µatm), acclimated at seawater (32 
ppt), brackish water (10 ppt) and hyposaline water (2.5 ppt), are presented in Figure 1 and 
Table 3. It shows that there was no significant decrease (p>0.05) of blood pH on fish reared at 
32 ppt. On the other hand, when fish were acclimated at 10 ppt, a transient but significant 
increase (p<0.05) was observed after 1-day exposure with high CO2. Interestingly, a significant 
decrease (p<0.001) was observed after 21 days of CO2 exposure of fish reared at 2.5 ppt. 

 
No general pattern for blood pH to differ between salinities was noted, however, minor 

differences have existed between few sampling points. Blood pH was relatively higher in the 
control fish reared at normal seawater (32 ppt) at all sampling days, brackish water (10 ppt) 
only on the 3rd day and hyposaline water (2.5 ppt) on the 7th and 21st sampling days compared 
to high CO2 exposed fish. A significant difference between 2.5 ppt and 32 ppt control groups 
was observed on the 1st and 7th day of exposure. On the contrary, no significant differences 
were noted in all salinity treatments following the 3rd and 21st day of exposure. Meanwhile, a 
significant difference was seen in 2.5 ppt compared to 32 ppt after the 7th and 21st day of 
exposure to high CO2, however, no significant difference was observed in the exposed groups 
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on the 1st and 3rd day of exposure. Overall, a significant interaction was observed between 
salinity, elevated CO2 and exposure time on blood pH (Table 4).  
 
3.2. Plasma ion concentration 

A significant reduction of sodium concentration was only noted in the elevated CO2-
exposed fish acclimated at brackish water (10 ppt) compared to control fish after 1 day of 
exposure (Fig. 2 and Table 3). Like blood pH, no clear patterns on the changes of sodium 
concentration were noted, especially in the exposed group. Control fish showed a relatively 
higher plasma [Na+] concentration at 10 ppt and relatively lower at 2.5 ppt compared to 32 ppt 
throughout the exposure period. Increase in plasma [Na+] ions at 10 ppt was observed in most 
sampling periods, except on the 7th day while a reduction at 2.5 ppt was noted after 1-7 days. 
Significant differences were only observed on the control fish reared at 10 ppt after one-day 
exposure. In the exposed group of fish acclimated at 10 ppt, Na+ concentration was significantly 
higher on the 3rd day, but relatively lower on the 7th day of high CO2 exposure compared to 
the 32 ppt control group. Generally, a significant interaction was completely seen between 
salinity and length of exposure (Table 4).  

 
Chloride (Cl-) and potassium (K+) ions were also measured. However, due to the dilutions 

used to obtain sufficient volume (100 µL), results showed that the concentrations of these ions 
fell out of the detection range. 
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Fig. 1 Blood pH of European seabass acclimated to different salinities (32 ppt, 10 ppt and 2.5 
ppt) and exposure to high PCO2 (1000 µatm). Values are mean ± S.E.  Asterisk (*) indicates a 
significant difference between high PCO2 exposed fish and its respective control (400 µatm) at 
each salinity (*p < 0.05; **p < 0.01; ***p < 0.001; by t-test) for each sampling point. Different 
letters (A-B; by ANOVA) indicates a significant difference (p < 0.05) between the fish 
acclimated to different experimental salinities (32 ppt, 10 ppt and 2.5 ppt) at the same sampling 
period under control or high PCO2 conditions.  
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Fig. 2 Sodium (Na+) ion concentration in the plasma of European seabass acclimated to 
different salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 µatm). Values 
are mean ± S.E.  Asterisk (*) indicates a significant difference between high PCO2 exposed fish 
and its respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; ***p < 0.001; by t-
test) for each sampling point. Different letters (A-B; by ANOVA) indicates a significant 
difference (p < 0.05) between the fish acclimated to different experimental salinities (32 ppt, 
10 ppt and 2.5 ppt) at the same sampling period under control or high PCO2 conditions. 
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3.3. Gene expression of NKA 
In the present study, the level of NKA mRNA in the gill tissue of D. labrax exposed to 

elevated CO2 level and reared at 32 ppt was significantly lower on the 1st (p<0.001) and 3rd 
(p<0.05) than those fish exposed to present-day CO2 concentration (Fig. 3 and Table 3). 
Furthermore, no significant difference between control and exposed fish was noted on the 7th 
and 21st day of exposure. Control fish acclimated at 32 ppt showed an increase on the 1st and 
3rd day, however, a decreasing trend was observed from 7th day until the end of the 
experiment. At 10 ppt, it showed that the transcript level of NKA of control fish increased on 
the 1st to 7th day of exposure but decreased towards the last day of exposure. Significant 
reduction of NKA mRNA level in the gill tissues of exposed fish was observed on the 3rd 
(p<0.001), 7th (p<0.01) and 21st (p<0.001) day of exposure.  In the hyposaline water (2.5 ppt), 
an increasing transcript level was observed on the control groups from the 1st day towards the 
end of exposure period. However, NKA mRNA level of exposed fish was significantly lower 
on the 1st and 7th (p<0.05) day of exposure compared to the control fish and showed an 
alternating increase-decrease pattern of transcript levels on the whole duration of exposure 
period. 

 
The results showed that the NKA mRNA level was relatively higher in control fish 

acclimated at lower salinities (10 ppt and 2.5 ppt) than those reared at 32 ppt in all sampling 
periods. A significant difference was observed on the control fish at 2.5 ppt throughout the 
experiment but only on 7th and 21st day of exposure for control fish at 10 ppt. Generally, 
upregulation of NKA as evidenced by increasing level of NKA mRNA was noted when the fish 
were acclimated at a decreasing salinity level. Unlike in the control groups, both upregulation 
and downregulation of NKA mRNA level were observed in the CO2-exposed fish acclimated 
at 10 ppt and 2.5 ppt. Exposed fish acclimated at 2.5 ppt have significantly higher transcript 
levels of NKA, except on the 7th day of exposure. On the contrary, exposed fish acclimated at 
10 ppt showed a numerically lower transcript level than those fish reared at 32 ppt. Overall, a 
significant interaction was observed between salinity, CO2 exposure and length of exposure 
(Table 4).  

 
3.4. Gene expression of NKCC 

A significant reduction of the transcript levels of NKCC mRNA was noted in the gills of 
exposed fish acclimated at 32 ppt, specifically on the 1st and 3rd (p<0.001) day of exposure 
(Fig. 4 and Table 3). Exposed fish acclimated at 10 ppt showed also a significant decrease but 
on the 7th (p<0.01) and 21st (p<0.05) day of high CO2 exposure. 

 
NKCC mRNA level in the gills of control fish reared at 10 ppt and 2.5 ppt was relatively 

lower than those acclimated at 32 ppt in all sampling periods. A significant difference was 
observed in control fish reared at 10 ppt on the 1st day. Control fish from all salinity treatments 
also showed a significant difference on the 3rd day, however, no significant difference was 
noted on the 7th and 21st day of exposure. Meanwhile, NKCC in the gill tissue of exposed D. 
labrax was significantly upregulated at 10 ppt and 2.5 ppt on the first day, however, on the 
third day, it was only upregulated at 2.5 ppt. No significant difference was observed in all 
salinities on the later days of exposure. Overall, a significant interaction was observed between 
salinity, CO2 exposure and length of exposure (Table 4). 
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Fig. 3 Relative gene expression of Na+/K+-ATPase in the gills of European seabass acclimated 
to different salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 µatm). 
Values are mean ± S.E.  Asterisk (*) indicates a significant difference between high PCO2 
exposed fish and its respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; ***p < 
0.001; by t-test) for each sampling point. Different letters (A-C; by ANOVA) indicates a 
significant difference (p < 0.05) between the fish acclimated to different experimental salinities 
(32 ppt, 10 ppt and 2.5 ppt) at the same sampling period under control or high PCO2 conditions. 
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Fig. 4 Relative gene expression of Na-K-Cl cotransporter in the gills of European seabass 
acclimated to different salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 
µatm). Values are mean ± S.E.  Asterisk (*) indicates a significant difference between high 
PCO2 exposed fish and its respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; 
***p < 0.001; by t-test) for each sampling point. Different letters (A-C; by ANOVA) indicates a 
significant difference (p < 0.05) between the fish acclimated to different experimental salinities 
(32 ppt, 10 ppt and 2.5 ppt) at the same sampling period under control or high PCO2 conditions. 
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3.5. Gene expression of Rhbg 
At 32 ppt, the transcript level of Rhbg in the gills of fish exposed to elevated CO2 was 

significantly reduced on the 1st (p<0.01), 3rd (p<0.01) and 7th (p<0.01) day relative to the 
control fish (Fig. 5 and Table 3). However, no significant difference was observed on the last 
day of exposure. Exposed fish acclimated at 10 ppt showed a significant decrease of Rhbg 
mRNA only on the 7th (p<0.05) and 21st (p<0.01) day of exposure. Meanwhile, at 2.5 ppt, the 
transcript level of Rhbg in the exposed fish was significantly lower on the 1st (p<0.001) and 
21st (p<0.05) day of exposure. 

 
Upregulation and downregulation of Rhbg mRNA level in the gills of European sea bass were 
both observed in all salinity treatments at all sampling periods. In the control group, a 
significant difference in the transcript level of Rhbg of D. labrax acclimated at three salinity 
treatments was only observed on the 1st day of exposure. Reduced expression of Rhbg was 
noted at 10 ppt and 2.5 ppt on the 1st to 3rd day and 7th day, respectively relative to the 32 ppt 
control group. Meanwhile, in the exposed groups, the fish acclimated at 10 ppt showed a 
significant difference in transcript levels compared to 32 ppt on the 1st day. Rhbg was 
significantly upregulated at 10 ppt on the last day and 2.5 ppt on the 3rd day and the last day 
of exposure. No significant difference was noted on the 7th day. Generally, a significant 
interaction was observed between salinity, CO2 exposure and length of exposure (Table 4). 
 
3.6. Gene expression of Rhcg1 

The transcript level of Rhcg1 in the gill tissue of high CO2-exposed D. labrax acclimated 
at 32 ppt and 2.5 ppt showed an increasing trend but decreasing at 10 ppt (Fig. 6 and Table 3). 
Meanwhile, the control fish at 32 ppt exhibited an alternating transcript level of Rhcg1 but after 
the first day an increasing trend was seen at 10 ppt. At 32 ppt, exposed fish have significantly 
lower Rhcg1 mRNA after one (p<0.001), three (p<0.05) and seven (p<0.05) days of exposure 
than those control fish. Interestingly, the exposed fish acclimated at 10 ppt have significantly 
higher (p<0.001) transcript level of Rhcg1 on the first day of exposure.  

 
Both control and exposed fish showed that Rhcg1 was upregulated at reduced salinities (2.5 

ppt and 10 ppt) in all sampling periods, except in control fish acclimated at 10 ppt which were 
relatively lower than 32 ppt on the 1st day. A significant difference on transcript levels of 
Rhcg1 was observed in the control fish and the exposed fish acclimated at 10 ppt after 7-21 and 
1-7 days, respectively. Similarly, transcript levels of Rhcg1 in the gill tissues of both exposed 
and control fish acclimated at 2.5 ppt showed a significant difference on the whole duration of 
exposure. Overall, a significant interaction was observed between salinity, CO2 exposure and 
length of exposure (Table 4). 

 
3.7. Gene expression of Rhcg2 
Rhcg2 mRNA level showed no significant difference between control and exposed groups at 
any salinity treatment, 32 ppt, 10 ppt and 2.5 ppt (Fig. 7 and Table 3). Between salinities, 
control fish acclimated at 10 ppt exhibited a significant increase in Rhcg2 mRNA level only 
on the last day of exposure and, in the exposed fish, on the 3rd to 7th day of exposure. At 2.5 
ppt, a significant difference in mRNA level was also observed on the 1st and 7th day of 
exposure of those control fish while only on the 7th day for the exposed fish. Overall, 
augmentation of Rhcg1 mRNA expression was observed in most sampling periods, except in 
exposed fish reared at 2.5 ppt on the last day of exposure. Generally, a significant interaction 
was observed between salinity, CO2 exposure and length of exposure (Table 4). 
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Fig. 5 Relative gene expression of Rhbg in the gills of European seabass acclimated to different 
salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 µatm). Values are mean 
± S.E.  Asterisk (*) indicates a significant difference between high PCO2 exposed fish and its 
respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; ***p < 0.001; by t-test) for 
each sampling point. Different letters (A-C; by ANOVA) indicates a significant difference (p < 
0.05) between the fish acclimated to different experimental salinities (32 ppt, 10 ppt and 2.5 
ppt) at the same sampling period under control or high PCO2 conditions. 
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Fig. 6 Relative gene expression of Rhcg1 in the gills of European seabass acclimated to 
different salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 µatm). Values 
are mean ± S.E.  Asterisk (*) indicates a significant difference between high PCO2 exposed fish 
and its respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; ***p < 0.001; by t-
test) for each sampling point. Different letters (A-C; by ANOVA) indicates a significant 
difference (p < 0.05) between the fish acclimated to different experimental salinities (32 ppt, 
10 ppt and 2.5 ppt) at the same sampling period under control or high PCO2 conditions. 
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Fig. 7 Relative gene expression of Rhcg2 in the gills of European seabass acclimated to 
different salinities (32 ppt, 10 ppt and 2.5 ppt) and exposure to high PCO2 (1000 µatm). Values 
are mean ± S.E.  Asterisk (*) indicates a significant difference between high PCO2 exposed fish 
and its respective control (400 µatm) at each salinity (*p < 0.05; **p < 0.01; ***p < 0.001; by t-
test) for each sampling point. Different letters (A-B; by ANOVA) indicates a significant 
difference (p < 0.05) between the fish acclimated to different experimental salinities (32 ppt, 
10 ppt and 2.5 ppt) at the same sampling period under control or high PCO2 conditions.
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Table 3 Blood pH, Na+ concentrations (mmol/L) in plasma, and gene expressions of branchial ion and ammonia transporters of European sea bass 1 
under different treatments 2 

Treatments Blood pH Na+ NKA NKCC Rhbg Rhcg1 Rhcg2 
32 ppt 1d Control 7.47±0.03 143.32±13.98 1.27±0.05 1.22±0.15 4.09±0.42 0.53±0.07 1.82±0.18 
  Exposed 7.44±0.02 108.15±12.98 0.20±0.01 0.12±0.03 2.09±0.40 0.06±0.01 1.37±0.19 
 3d Control 7.38±0.06 146.22±16.34 1.62±0.12 1.77±0.18 5.13±0.80 0.71±0.14 1.75±0.23 
  Exposed 7.37±0.02 114.24±13.40 1.09±0.13 0.48±0.10 2.42±0.36 0.33±0.07 1.63±0.26 
 7d Control 7.48±0.02 138.14±13.35 1.31±0.30 1.23±0.40 3.74±0.39 0.14±0.06 1.69±0.26 
  Exposed 7.43±0.02 173.01±12.46 1.85±0.17 0.48±0.17 2.06±0.34 0.34±0.03 1.65±0.15 
 21d Control 7.39±0.02 143.35±21.70 1.12±0.05 0.92±0.08 4.26±0.45 0.43±0.04 1.58±0.16 
  Exposed 7.37±0.04 159.99±16.92 1.18±0.18 0.58±0.14 4.46±0.77 0.35±0.04 1.78±0.35 
10 ppt 1d Control 7.41±0.01 199.21±18.07 1.69±0.23 0.56±0.15 2.76±0.48 0.20±0.06 1.99±0.29 
  Exposed 7.47±0.02 136.69±15.04 0.86±0.34 0.79±0.15 4.20±0.68 2.43±0.26 2.74±0.36 
 3d Control 7.36±0.06 148.65±17.56 2.51±0.37 0.48±0.05 3.85±0.74 1.69±0.53 1.98±0.67 
  Exposed 7.28±0.09 171.19±18.66 0.38±0.09 0.43±0.06 3.35±0.47 2.29±0.31 3.37±0.50 
 7d Control 7.44±0.01 106.21±6.37 3.76±0.48 0.69±0.09 4.30±0.71 1.95±0.50 2.05±0.47 
  Exposed 7.47±0.02 95.06±6.92 1.12±0.47 0.31±0.06 2.55±0.37 2.02±0.29 3.28±0.37 
 21d Control 7.35±0.03 158.39±14.98 3.43±0.47 0.73±0.11 5.67±0.91 2.23±0.31 4.43±0.71 
  Exposed 7.39±0.02 123.31±9.03 1.15±0.19 0.32±0.10 1.95±0.47 1.56±0.40 2.89±0.57 
2.5 ppt 1d Control 7.36±0.03 135.04±16.80 2.94±0.25 1.08±0.13 5.50±0.32 3.95±0.48 3.22±0.46 
  Exposed 7.41±0.02 137.74±9.40 2.03±0.24 0.91±0.31 1.77±0.30 2.70±0.53 3.62±1.30 
 3d Control 7.31±0.03 133.31±16.41 3.23±0.34 1.06±0.13 5.39±0.73 3.94±0.82 2.99±0.59 
  Exposed 7.34±0.07 110.75±8.86 2.57±0.23 0.77±0.10 3.74±0.37 2.86±0.37 2.16±0.28 
 7d Control 7.39±0.02 136.27±16.41 3.31±0.56 0.61±0.12 3.41±0.44 4.18±0.75 4.08±0.64 
  Exposed 7.32±0.04 150.30±14.93 1.43±0.63 0.61±0.12 3.17±0.67 4.44±0.33 2.95±0.45 
 21d Control 7.31±0.03 145.68±18.84 3.96±0.42 1.08±0.20 4.28±0.56 3.67±0.53 1.66±0.18 
  Exposed 7.09±0.02 146.39±12.51 3.37±0.45 0.67±0.16 2.48±0.36 4.51±0.80 1.75±0.36 

 3 

4 
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Table 4 The effects of salinity, CO2 exposure, time and their interactions on physiological and ion-regulatory parameters in European sea bass. 5 

Treatment 
Salinity CO2 Time Salinity x CO2 Salinity x Time CO2 x Time Salinity x CO2 x 

Time 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value F value P value 

Non-invasive measurements 
Blood pH 17.295 0.000 2.252 0.135 14.795 0.000 1.669 0.192 2.356 0.033 1.746 0.160 2.804 0.013 
Na+ ions 0.301 0.741 2.278 0.133 1.001 0.394 1.131 0.325 5.552 0.000 2.502 0.061 1.925 0.080 
               
Branchial ion transporters 
NKA expression 47.210 0.000 57.958 0.000 6.596 0.000 11.744 0.000 3.404 0.004 0.408 0.748 2.696 0.017 
NKCC expression 11.434 0.000 44.804 0.000 1.546 0.205 13.386 0.000 2.606 0.020 0.522 0.668 2.950 0.009 
               
Ammonia transporters 
Rhbg expression 0.260 0.771 45.800 0.000 2.832 0.040 0.873 0.420 1.406 0.216 0.299 0.826 6.396 0.000 
Rhcg1 expression 140.90 0.000 0.020 0.887 1.965 0.122 2.603 0.077 1.106 0.361 0.426 0.734 3.629 0.002 
Rhcg2 expression 13.882 0.000 0.000 0.987 0.456 0.713 1.444 0.239 4.017 0.001 0.478 0.698 2.204 0.046 

 6 
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 9 

 10 

 11 
 12 

 13 

 14 
 15 

 16 
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4. Discussion 
 

In order to gain a deeper understanding of how fish adapt to stress caused by a combination 
of salinity challenges and increased carbon dioxide levels, this study aimed to examine the 
temporal effects of individual and combined exposures to these waterborne variables on a range 
of adaptive responses in European sea bass. The investigation focused on different levels of 
biological organizations to unravel the intricate mode of interaction between these stressors. 

 
4.1. Blood acidosis 

Fish are known to its ability to respond effectively and restore blood pH when exposed to 
high CO2 causing acid-base balance disturbance [48]. This characteristic might explain why 
there were no significant changes of blood pH of both control and CO2-exposed European sea 
bass acclimated at 32 ppt. Esbaugh et al. (2012) found that gulf toadfish have been able to 
defend blood pH after exposure to high CO2 (1900 μatm) by sustaining increased levels of 
HCO3

−
 in the face of higher pCO2 in the blood [49]. This could be similar to D. labrax 

experiencing increased CO2 in a normal seawater environment. The compensatory response of 
fish during exposure to elevated CO2 levels to correct blood pH may lead to negative 
downstream consequences or induce tradeoffs [23, 50, 51]. Furthermore, the compensatory 
responses of teleosts to pH are linked to a sustained increase of extra and intracellular 
concentration of HCO3− in response to the elevated PCO2 [29, 49, 52, 53, 54].  

 
Nilsson et al. (2012) revealed that these chronic alterations in intra- and extracellular 

HCO3
− and Cl− affect the gamma-aminobutyric acid type A (GABAA) receptor functionality, 

leading to behavioral disturbances of many aquatic organisms [51]. Several acute behavioral 
modifications include olfactory disturbance and olfaction preference reversal in larval 
clownfish [55]; effects on boldness and exploratory behavior, in the three-spined stickleback 
(Gasterosteus aculeatus) [22]; visual impairment in juvenile damselfish (Pomacentrus 
amboinensis) [56]; reduced auditory response in clownfish (Amphiprion percula) [57]; reduced 
olfactory prey detection, reduced feeding, and increased activity in brown dottyback 
(Pseudochromis fuscus) [58]; reduced lateralization and prey detection in a larval 
Neopomacentrus azysron [51, 59]; and effects on learning clownfish (Amphiprion percula) 
[57] and three-spined stickleback (Gasterosteus aculeatus) [22]. 

 
However, a sudden but transient increase of blood pH of fish acclimated in the brackish 

water could be due to an overshoot of the accumulation of blood HCO3
− followed by Cl− loss 

[60], which was compensated following prolonged exposure. The increased blood pH might 
indicate hyperventilation which also coincides with the reduced Na+. Loss of Na+ could be a 
consequence of hyperventilation as well. Both increased plasma CO2 or reduced plasma pH 
could lead to hyperventilation which then could affect ion regulation. Hyperventilation would 
lead to an increased plasma/blood pH which was observed at 10 ppt after 1st day of exposure. 
On the contrary, the significant blood pH reduction of fish reared at hyposaline environment 
on the last days of high CO2 exposure could be attenuated and attributed to the chemical 
buffering of low-molecular weight substances, such as proteins [61]. Consequently, the gill 
transfer of acid-base ions with the ambient water recuperated such transient depression [61].  
 
4.2. Ion-regulatory adjustments 
 

The study conducted by Lin et al. (2003) revealed that there was an increase in branchial 
NKA activity in milkfish (Chanos chanos) exposed in freshwater environment (FW; 0‰), 
which in turn enhanced the driving force for ion transport [74]. This suggests that there was a 
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higher demand for ion uptake or secretion in the gills. In vitro activity assays conducted on 
euryhaline teleosts such as Mozambique tilapia [75], European seabass [40], milkfish and 
spotted green pufferfish [75] demonstrated that the branchial NKA of these species was 
influenced by the ionic strength of the assay medium. In this study, lower salinities (10 ppt and 
2.5 ppt) stimulated the mRNA expression of Na+/K+ ATPase (NKA) significantly which could 
be a compensatory mechanism to counteract ion loss in control fish [16]. Elevated expression 
of NKA is usually observed in marine teleosts during high CO2 exposure [23, 62]. This could 
be attributed to the requirement for increased activity of acid-base transporters such as Na+/H+ 
exchanger, anion exchangers and co-transporters, aided by the Na+/K+ ATPase enzyme [10, 
23]. The enhanced activity of NKA in both control and exposed fish aided to regulate their ion 
status and was reflected by the Na+ retention even in a hypo-osmotic environment [16]. It 
indicates the regulatory capacity of fish in maintaining acid-base balance when exposed to 
environmental stressors.  

 
In contrast, the elevated CO2 level has induced the downregulation of NKA in the exposed 

fish at 10 ppt which could be a physiological response of fish to lower the Na+ gradient by 
increasing the intracellular Na+. This reduces the back movement of protons to the plasma via 
Na+/H+ exchanger 1 aided by the gradient for HCO3- transport via HCO3

- cotransporter (NBC). 
Similarly, Esbaugh et al. (2012) also revealed that there was downregulation of NKA mRNA 
expression in the Gulf toadfish (Opsamus beta) [49]. The reduced NKA expression suggests 
that estuarine teleost could be mostly affected by ocean acidification. 

 
Like NKA, the NKCC mRNA expression considerably links to salinity the upregulation at 

normal seawater salinity and downregulation under low salinities as demonstrated by 
euryhaline teleosts [25]. Sinha et al. (2015) reported a downregulation of NKCC expression as 
adaptive response to foster ion retention under hyposaline environment in seabass exposure to 
low salinity and high environmental ammonia [16, 38].  

 
Aside from NKA and NKCC, Na+/H+ exchanger 1 (NHE-1), a transmembrane protein, 

also enables the transfer of a sodium ion (Na+) in exchange for a hydrogen ion (H+) across the 
cellular membrane. Additionally, these proteins possess the ability to detect and respond to 
changes in the intracellular pH levels. During acute hypercapnia, there was a decrease in NHE-
1 mRNA levels observed in both the gill and kidney, whereas an increase in NHE-1 mRNA 
levels was noted in the kidney during chronic hypercapnia exposure [71].   

 
4.3. Roles of Rhesus (Rh) glycoproteins in ammonia transport of fish exposed to high CO2 

acclimated at lower salinities 
 

The excretion of ammonia from the gill in teleost fish is vital for nitrogen elimination [63]. 
Recent studies revealed that the transport of ammonia may be mediated in part via ammonia 
gas (NH3) channels called Rhesus (Rh) glycoproteins [62, 64, 65]. Rhbg appears to be localized 
in the basolateral membranes while Rhcg in the apical membranes of the branchial epithelium 
[66]. In the present study, upregulation of Rhbg, Rhcg1 and Rhcg2 was generally observed at 
reduced salinities in most sampling periods. It suggests that the presence of environmental 
stressor, such as increased CO2, may increase ammonia excretion rate at lower salinities. A 
dual NH3 / CO2 transport function of Rhesus glycoproteins is attributed to their upregulation 
following high CO2 exposure. This could be linked to acid-base regulation and probably a sign 
of changes in conditions caused by elevated CO2 and/or a sign of change in conditions for 
ammonia excretion dictated by elevated PCO2 [23, 66, 67]. In the branchial epithelium, Rhbg 
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was found to be highly upregulated and play a significant role in ammonia excretion in 
freshwater teleosts, such as zebrafish larvae [68] and goldfish (Carassius auratus) [69].  

 
The upregulation of Rhesus glycoproteins may indicate high efficiency of the juvenile 

European sea bass when exposed to hypercapnic environment at reduced salinities. Such 
elevated expression of the putative Rh glycoproteins is the ideal pattern in enhancing ammonia 
excretion rates in marine fish [62, 64, 66, 72, 73].  

 
5. Conclusion 
 

The effects of high CO2 on European sea bass acclimated to experimental salinities from 
full strength seawater (32 ppt) to hyposaline water (2.5 ppt) were determined. The results 
showed that the physiological and ion-osmoregulatory performance of euryhaline teleost were 
strongly affected when acclimated at reduced salinities and exposed in a hypercapnic 
environment. Fish reared at normal seawater showed no significant difference of blood pH 
between control and CO2-exposed fish which could be attributed to the compensatory 
responses of fish to pH linked to the sustained increase of extra and intracellular concentration 
of HCO3- as a response to the increased PCO2 levels. High CO2 had caused the transient but 
significant increase in the blood pH of juvenile sea bass acclimated at 10 ppt but a significant 
decrease of blood pH was observed after 21 days of exposure at 2.5ppt. This sudden but 
transient increase of blood pH might be due to an overshoot of the blood HCO3- accumulation 
followed by Cl- loss. Furthermore, a significant reduction of plasma [Na+] concentration was 
only observed in the elevated CO2- exposed fish reared at 10 ppt on the 1st day of exposure 
compared to control fish. Nevertheless, control fish acclimated at 10 ppt have higher plasma 
[Na+] and lower plasma [Na+] at 2.5 ppt relative their 32 ppt control group throughout the 
experiment. Upregulation of NKA was observed in some gill tissues of the fish. NKA mRNA 
level was generally higher in the gill tissue of control fish at lower salinities (10 ppt and 2.5 
ppt) relative to normal seawater-acclimated control fish at all sampling periods. The elevated 
expression could be attributed to the increased activity of acid-base transporters, aided by NKA 
enzyme and may indicate the ability of the fish to regulate their ion status. Significant reduction 
of NKA mRNA level was noted in the exposed fish reared at 32 ppt (1 day), 10 ppt (3-21 days) 
and 2.5 ppt (1 and 7 days) relative to the control fish at same salinities. This downregulation 
pattern of basolateral NKA might be a physiological response of the fish to lower the Na+ 
gradient by increasing the intracellular Na+, which reduces the backflow of protons into the 
plasma via Na+/H+ exchanger (NHE), aided by the gradient for HCO3-

 transport via NBC. 
Moreover, NKCC mRNA level was significantly reduced in the exposed fish than control fish 
at 32 ppt (1 and 3 days) and 10 ppt (7 and 21 days). Control fish at lower salinities (10 ppt and 
2.5 ppt) also had relatively lower NKCC mRNA level compared to 32 ppt control group. The 
reduced expression of NKCC could be an adaptive response to foster ion retention during 
hypercapnia in sea bass acclimated at lower salinities. A significant difference of NKCC in the 
gills of D. labrax acclimated at different salinities was noted on the 3rd day of exposure. Rhesus 
(Rh) glycoproteins (e.g. Rhbg, Rhcg1 and Rhcg2) were generally upregulated in marine teleosts 
acclimated at reduced salinities. It suggests that environmental stressors, such as increased 
CO2, may enhance ammonia excretion rate. Long-term exposure may be necessary to better 
understand the effects of elevated CO2 level on the physiological responses of European sea 
bass.  
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