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Abstract 28 

The marble goby, Oxyeleotris marmorata, is a freshwater teleost, but can acclimate 29 

progressively to survive in seawater (salinity 30). As an obligatory air-breather, it can also 30 

survive long periods of emersion. Two isoforms of Na+/K+-ATPase (nka) α-subunit, nkaα1 and 31 

nkaα3, but not nkaα2, had been cloned from the gills of O. marmorata. The cDNA sequence 32 

of nkaα1 consisted of 3069 nucleotides, coding for 1023 amino acids (112.5 kDa), whereas 33 

nkaα3 consisted of 2976 nucleotides, coding for 992 amino acids (109.5 kDa). As only one 34 

form of branchial Nkaα1 was identified using molecular cloning in this study, O. marmorata 35 

lacks specific freshwater- and seawater-type Nkaα isoforms as demonstrated by some other 36 

euryhaline fish species. The nkaα1 transcript level was about 3.3-fold higher than that of nkaα3 37 

in the gills of freshwater O. marmorata. During exposure to seawater, the branchial transcript 38 

level of nkaα1 increased significantly on day 1 (~3.3-fold) and day 6 (~2.6-fold). By contrast, 39 

the branchial transcript level of nkaα3 increased significantly on day 1 (~2.6-fold), but not on 40 

day 6, of seawater exposure. Six days of exposure to seawater also led to significant increases 41 

in protein abundances of Nkaα1 (6.9-fold) and Nkaα3 (2.8-fold) in the gills of O. 42 

marmorata. Hence, the mRNA and protein expressions of both nkaα1/Nkaα1 and nkaα3/Nkaα3 43 

were up-regulated in O. marmorata during seawater acclimation. This could explain why Vmax 44 

increases but Km for Na+ and K+ remain unchanged in Nka extracted from the gills of O. 45 

marmorata acclimated to seawater as reported previously.  46 

 47 

 48 

 49 
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Introduction 53 

The marble goby, Oxyeleotris marmorata, (Bleeker) is a euryhaline freshwater teleost that 54 

inhabits canals, rivers, reservoirs, swamps, and estuaries in South East Asia (Roberts, 1993; 55 

Rainboth, 1996). In its natural habitat, O. marmorata encounters fresh to brackish water 56 

environments and can be exposed to fluctuations in salinity. In the laboratory, O. marmorata 57 

can acclimate progressively from fresh water to seawater (salinity 30; Chew et al., 2009), which 58 

is an uncommon ability among freshwater teleosts.  59 

Fish gills are multi-functional, as they participate in respiration, acid-base balance, 60 

nitrogen waste excretion, as well as osmo- and iono-regulation (Wilkie, 1997, 2002; Weihrauch 61 

et al., 2009). The body fluids of freshwater teleosts are of higher ionic (hyperionic) and higher 62 

osmotic concentrations (hyperosmotic) than the surrounding fresh water. Thus, they gain water 63 

through osmosis and lose ions to the environment. In order to maintain the ionic and osmotic 64 

concentrations of their body fluid far above those in fresh water that is to conduct hyperionic 65 

and hyperosmotic regulations (Hardisty, 1979), these freshwater teleosts would have to refrain 66 

from drinking fresh water and actively absorb Na+ and Cl through their gills (Dymowska et 67 

al., 2012). Branchial uptake of Na+ and Cl occurs in freshwater-type of ionocytes that possess 68 

transporters and exchangers such as Na+/K+-ATPase (Nka), vacuolar H+-ATPase, Na+/H+ 69 

exchanger and Cl/HCO3
 exchanger (Dymowska et al., 2012). By contrast, marine teleosts 70 

have body fluids that are of lower ionic (hypoionic) and lower osmotic concentrations 71 

(hypoosmotic) than the surrounding seawater. Thus, they are confronted with salt gain and 72 

water loss. In order to maintain their ionic and osmotic concentrations much lower than those 73 

in seawater or practice hypoionic and hypoosmotic regulations (Hwang and Lin, 2013), these 74 

marine teleosts would need to imbibe seawater and actively excrete the excess Na+ and Cl 75 

through the gills. The active extrusion of Na+ and Cl occurs in the seawater-type of ionocytes 76 

with transporters that include Nka, Na+:K+:2Cl cotransporter (Nkcc), and cystic fibrosis 77 
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transmembrane conductance regulator Cl channel (Cftr). In short, K+ and Cl are co-78 

transported from the blood into the branchial ionocyte by the basolateral Nkcc driven by the 79 

electrochemical potential gradient of Na+ generated by the basolateral Nka. Then, Cl is 80 

extruded to the ambient seawater through the apical Cftr, which generates a favourable 81 

transepithelial electrical potential to drive the efflux of Na+ through the paracellular route (see 82 

Hwang et al., 2011 for a review).  83 

Upon exposure to high salinity, euryhaline freshwater fishes are confronted with a 84 

simultaneous influx of Na+ and Cl and the efflux of water through the gill epithelium (Evans 85 

et al., 2005). However, steady states of extracellular osmotic and ionic concentrations need to 86 

be conserved in order to maintain constancy of cell volume and electrochemical gradients 87 

across plasma membranes (Hwang and Lee, 2007). Therefore, when a euryhaline freshwater 88 

fish acclimates from fresh water to seawater, it would need to shift from hyperionic and 89 

hyperosmotic regulations to hypoionic and hypoosmostic regulations, which requires a 90 

modification of the branchial ionocytes from the freshwater-type to the seawater-type, with a 91 

change in the types or isoforms of transporters involved.   92 

NKA is a membrane-bound P-type ATPase that actively transports three Na+ out of the 93 

cell and two K+ into the cell with the aid of ATP hydrolysis (Sweader, 1989). This generates 94 

an electrochemical gradient across the plasma membrane which is vital for the maintenance of 95 

osmotic balance, membrane electrical potential, as well as driving the secondary active 96 

transport of certain molecules (Therien and Bolstein, 2000). NKA consists of two major 97 

subunits, α and β, and functions as an αβ heterodimer. The large α-subunit (~112 kDa) contains 98 

all the functional sites, and it includes four isoforms of the α-subunit (α1, α2, α3, α4) in 99 

mammals (Lutsenko and Kaplan, 1993; Blanco and Mercer, 1998), with α1 being found in 100 

nearly all types of tissue (Lingrel, 1992), while the β-subunit modulates the transport activity 101 

of NKA/Nka. Fishes generally have multiple Nka α-subunit isoforms (Nkaα); for example, 102 
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Danio rerio has nine Nkaα genes (seven α1, one α2, and one α3; Liao et al., 2009). Each of 103 

these Nkaα probably confers distinct kinetic properties to Nka, which are needed for 104 

physiological adaptation to different environmental conditions. Multiple Nkaα have been 105 

reported in the gills of euryhaline teleosts, including European eel (Anguilla anguilla; Cutler 106 

et al., 1995), brown trout (Salmo trutta; Madsen et al., 1995), Mozambique tilapia 107 

(Oreochromis mossambicus; Hwang et al., 1998; Feng et al., 2002; Lam et al., 2014), milkfish 108 

(Chanos chanos; Tang et al., 2009), Atlantic salmon (Salmo salar; D’Cotta et al., 2000; 109 

Seidelin et al., 2001), killifish (Fundulus heteroclitus; Semple et al., 2002), Antarctic 110 

nototheniid (Trematomus bernacchii; Guynn et al., 2002; Brauer et al., 2005), climbing perch 111 

(Anabas testudineus; Ip et al., 2012), and the giant mudskipper, (Periophthalmodon schlosseri; 112 

Chew et al., 2014). Furthermore, the transcript level and protein abundance of certain 113 

nka/Nkaα isoforms are upregulated in the gills of several euryhaline teleosts, which include 114 

A. anguilla (Cutler et al., 1995), C. chanos (Tang et al., 2009), O. mossambicus (Feng et al., 115 

2002), S. salar (Bystriansky et al., 2006), A. testudineus (Ip et al., 2012), and P. schlosseri 116 

(Chew et al., 2014) during seawater acclimation. Hence, it has been proposed that these 117 

euryhaline teleosts are able to shift from hyperionic and hyperosmotic regulations to hypoionic 118 

and hypoosmotic regulations with the participation of Nka, Nkcc, and Cftr (see reviews by 119 

Hwang et al., 2011; Edwards and Marshall, 2012; Gonzalez, 2012). With reference to Nkaα, 120 

O. mossambicus and C. chanos upregulate the protein expression of both Nkaα1 and Nkaα3, 121 

albeit to a different extent between these two isoforms, during seawater acclimation (Lee et al., 122 

1996; Feng et al., 2002; Tang et al., 2009). For S. salar, Salvelinus alpinus, and A. testudineus, 123 

their gills express sub-isoforms of Nkaα1 that are specialized for survival in fresh water 124 

(nkaα1a) or seawater (nkaα1b) (Bystriansky et al., 2006, 2007; Ip et al., 2012). On the other 125 

hand, C. chanos and P. schlosseri lack this distinction between freshwater- and seawater-Nkaα 126 

(Tang et al., 2009; Chew et al., 2014).  127 
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When exposed to seawater, O. marmorata conducts hypoionic and hypoosmotic 128 

regulations, with increases in Nka activity and total Nka protein abundance in its gills (Chew 129 

et al., 2009). However, the types of Nkaα involved in the acclimation process remained 130 

unknown. Therefore, this study was undertaken to elucidate the isoforms of Nka involved in 131 

salinity adaptation in O. marmorata. Efforts were made to clone the full coding sequences of 132 

nkaα from the gills of O. marmorata, and to determine the effect of seawater acclimation on 133 

the transcript level and protein abundance of these nka/Nka isoforms. In Asia, O. marmorata 134 

is regarded as a delicacy, and therefore has high demand and commands high prices (Larson 135 

and Murdy, 2001; Luong et al., 2005). The popularity and high commercial value of O. 136 

marmorata has made it an attractive candidate for aquaculture in many Southeast Asian 137 

countries including Cambodia, Indonesia, Malaysia, and Vietnam (Larson and Murdy, 2001; 138 

Luong et al., 2005; Senoo et al., 2008). However, the aquaculture of O. marmorata is still 139 

fraught with problems of low survival rates of fry and slow growth rates of the fingerling (Hoa 140 

and Yi, 2007; Senoo et al., 2008). The mortality of O. marmorata fry reared in fresh water is 141 

high, but their mortality is the lowest when raised in brackish water (salinity 10; Senoo et al., 142 

2008). As such the elucidation of salinity adaptation mechanisms is critical and the results 143 

obtained in this study are expected to provide some insights into the aquaculture of this 144 

economically valuable fish with respect to its environmental conditions. 145 

  146 
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Materials and methods 147 

Animals 148 

Specimens of Oxyeleotris marmorata weighing 30 to 80 g were purchased locally from Qianhu 149 

fish farm and transferred to the Fish Holding Room in the National Institute of Education. 150 

Without separating the sex of the fish, they were maintained individually in plastic tanks 151 

containing dechlorinated tap water (fresh water) at 25⁰C. They were exposed to a 12-h light 152 

and 12-h dark cycle daily to simulate their natural habitat. Fish were acclimated to such 153 

laboratory conditions for at least 48 h before experimentation. No aeration was provided 154 

because O. marmorata is an air-breather. The ammonia level in the water was monitored daily 155 

using the API Ammonia Test Kit (Mars Fishcare Inc., Chalfont, Pennsylvania, USA) and was 156 

found to be less than 0.25 mg/L. Thus, half the water was changed daily during the acclimation 157 

period. Fish were fasted during the experimental period. All procedures performed on the fish 158 

were in accordance with the ethical standards of the institution granted by the Institutional 159 

Animal Care and Use Committee of the Nanyang Technological University (ARF SBS/NIE-160 

A-0032). 161 

Experimental conditions and collection of samples 162 

Control fish (N=5) were placed in 25 vol (v/w) of fresh water. For exposure to seawater, fish 163 

(N=10) were progressively acclimated to a daily increase in salinity [day 1: fresh water, day 2: 164 

salinity 10, day 3: salinity 15, day 4: salinity 20, day 5: salinity 25, day 6: salinity 30 165 

(seawater)]. Thereafter, fish were exposed for another day (1 day; N=5) or 6 days (N=5) to 166 

seawater. The seawater used in this study was prepared from Red Sea salt (Red Sea USA, 167 

Houston, Texas, USA). Fish were sacrificed after each experimental time point with an 168 

overdose of 0.1% phenoxyethanol (Sigma-Aldrich, St. Louis, Missouri, USA) and killed with 169 

a strong blow to the head. The gills were excised, frozen in liquid nitrogen and kept at -80°C 170 

until analysis.  171 
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Total RNA extraction and cDNA synthesis of gill samples 172 

Total RNA was extracted using Tri Reagent™ (Sigma-Aldrich) and purified with the RNeasy 173 

Plus Mini Kit (Qiagen GmbH, Hilden, Germany). Spectrophotometric quantification of 174 

purified RNA was done using the BioSpec-nano (Shimadzu, Kyoto, Japan) and its integrity 175 

was verified by gel electrophoresis. First strand cDNA was synthesized from four micrograms 176 

of purified RNA using the RevertAid™ First Strand cDNA synthesis kit (Thermo Fisher 177 

Scientific Inc., Waltham, Massachusetts, USA).  178 

Polymerase Chain Reaction (PCR), molecular cloning, rapid amplification of cDNA ends 179 

(RACE)-PCR and sequencing of Na+/K+ ATPase (nka) -subunit isoforms 180 

Primer sequences (Supplementary Table 1) designed according to the conserved regions of A. 181 

anguilla nkaα (X76108), F. heteroclitus nkaα1 (AY057072), Oncorhynchus mykiss nkaα1a 182 

(AY319391), O. mossambicus nkaα1 (TMU82549), F. heteroclitus nkaα2 (AY057073), O. 183 

mykiss nkaα2 (NM_001124458), O. mykiss nkaα3 (NM_001124630) and O. mossambicus 184 

nkaα3 (AF109409) were used to obtain partial nkaα-subunit sequences from the gills of O. 185 

marmorata maintained in both fresh water (N=1) and exposed to 6 days seawater (N=1). PCR 186 

was carried out in a 9902 Veriti 96-well thermal cycler (Thermo Fisher Scientific Inc.) using 187 

DreamTaq polymerase (Thermo Fisher Scientific Inc.). The cycling condition consists of 94°C 188 

(3 min), followed by 35 cycles of 94°C (30 s), 55°C (30 s), 72°C (2 min), and 1 cycle of final 189 

extension at 72°C (10 min).  190 

Electrophoresis on a 1% agarose gel was used to separate the resultant PCR products 191 

before bands of the estimated size (~1300 bp) were extracted and purified using FavorPrep gel 192 

purification mini kit (Favorgen Biotech, Ping-Tung, Taiwan). The pGEM-T Easy vector 193 

system (Promega Corporation, Madison, Wisconsin, USA) was used for molecular cloning. 194 

After ligation of the PCR products with the vectors at 4°C overnight, the recombinant vectors 195 

were transformed into JM109 competent cells (Promega Corporation). The cells were then 196 
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plated onto Luria-Bertani (LB) agar with ampicillin, X-gal, and IPTG and cultured overnight 197 

at 37°C. A total of 60 white colonies were picked from fish maintained in fresh water (30 198 

colonies) and those exposed to seawater for 6 days (30 colonies) and screened by PCR to 199 

confirm that they contained the inserts of the estimated size. Thereafter, they were grown 200 

overnight in LB with ampicillin at 37°C with shaking at 240 rpm. Plasmid extraction was done 201 

using the plasmid miniprep kit (Axygen Biosciences, Union City, California, USA). Bi-202 

directional sequencing of all 60 colonies was performed using the BigDye Terminator v3.1 203 

Cycle Sequencing Kit (Thermo Fisher Scientific Inc.) followed by analysis in the 3130XL 204 

Genetic Analyzer (Thermo Fisher Scientific Inc.). The sequences obtained were assembled 205 

using the BioEdit software (version 7.0.5.3.) (Hall, 1999) and blasted against nka sequences 206 

from GenBank database to verify their identities. Analyses of the 60 colonies revealed the 207 

presence of two isoforms which were identified as nka3 fragment (32 identical sequences) 208 

and nka1 fragment (20 identical sequences) from fish.  No sequencing results were obtained 209 

for eight colonies. Subsequently, PCR and RACE-PCR primers (Supplementary Table 1) were 210 

designed to obtain the complete coding sequence of these two partial sequences by using the 211 

5′ and 3′ SMARTer RACE cDNA amplification kit (Clontech Laboratories, Mountain View, 212 

California, USA). The full cDNA sequences obtained were verified to be nkaα1 and nkaα3 and 213 

have been deposited into Genbank with the accession numbers MK226140 and MK226141, 214 

respectively. 215 

Multiple sequences alignment and phenogramic analyses of Nka 216 

The nkaα-subunit cDNA sequences from the gills of O. marmorata were translated to amino 217 

acid sequences using the ExPASY Proteomic server (http://web.expasy.org/translate/) 218 

(Gasteiger et al., 2003). The deduced Nkaα1 and Nkaα3 sequences were then compared against 219 

Nka sequences of other teleosts obtained from Genbank using the BioEdit software to compute 220 

the percentage sequence identity. The transmembrane domains of Nkaα1 and Nkaα3 were 221 
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identified with MEMSATS & MEMSAT-SVA provided by PSIPRED protein structure 222 

prediction server (http://bioinf.cs.ucl.ac.uk/psipred/) (McGuffin et al., 2000). The amino acid 223 

sequences of Nkaα-subunit from various teleosts were obtained from GenBank to construct the 224 

phenogram by the neighbour-joining method with 1000 bootstrap replicates using Phylip 225 

(Felsentein, 1989).   226 

mRNA transcript levels of branchial nka1 and nka3 using real-time PCR (qPCR)  227 

The mRNA transcript levels of nkaα1 and nkaα3 from the gills of O. marmorata were 228 

determined via the absolute quantification method with reference to a standard curve (Gerwick 229 

et al., 2007). The RNA extracted as described above was reverse transcribed using random 230 

hexamer primers with a RevertAid first-strand cDNA synthesis kit. The qPCR was determined 231 

in a StepOnePlusTM Real-Time PCR System (Thermo Fisher Scientific Inc.) using specific 232 

primers (Supplementary Table 1) designed for nkaα1 and nkaα3. Each qPCR reaction (10 µl) 233 

consisted of 5 µl of 2X KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems Inc., 234 

Wilmington, Massachusetts, USA), 0.2 µmol l1 each of forward and reverse primers, and 235 

various amount of standard or 10 ng of cDNA template. The amplification protocol used was 236 

an initial 20 s denaturation and enzyme activation at 95°C followed by 40 cycles of 95°C for 3 237 

s and 60°C for 30 s. The qPCR was carried out in triplicates followed by a melt curve analysis 238 

to verify the existence of a single product only. Simultaneously, the PCR product obtained was 239 

separated by electrophoresis, extracted and sequenced to confirm that it was a single product.  240 

A standard curve was constructed following the method of Ching et al. (2015). The 241 

amplification efficiency of the nkaα1 and nkaα3 primers were 100.7% and 99.2%, respectively. 242 

A linear regression line derived from the standard curved was used to determine the quantity 243 

of nkaα-subunit transcripts and was expressed as copy number per ng of RNA used in the 244 

synthesis of the cDNA. 245 

Antibodies 246 

http://bioinf.cs.ucl.ac.uk/psipred/
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Two isoform-specific anti-Nkaα antibodies were custom-made by GenScript (Piscataway, NJ, 247 

USA) with one against branchial Nkaα1 (85% epitope identity) of O. marmorata and another 248 

against branchial Nkaα3 (100% epitope identity) of O. marmorata. The rabbit anti-Nkaα1 249 

polyclonal antibody (MGLGRGKDEYQLAA) mapped to the amino acid residues present at 250 

position 1-14 (MGLGRGKDDYKLAA) of the branchial Nkaα1 of O. marmorata. This epitope 251 

is absent from the branchial Nkaα3 of O. marmorata. The rabbit anti-Nkaα3 polyclonal 252 

antibody mapped exactly to the amino acid residues at position 644-657 of the branchial Nkaα3 253 

(QDQMDDILRNHTEI) of O. marmorata. This antibody has only 57% epitope identity to the 254 

Nkaα1 of O. marmorata at position 675-688 (SEQLDDVLQHHTEI) thus the chance of cross-255 

reactivity will be extremely low (Prager and Wilson, 1971). The anti-pan actin antibody (MA5-256 

11869) was purchased from Thermo Fisher Scientific Inc.  257 

Sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) and western 258 

blotting  259 

Frozen gill samples were homogenized in five volumes (w/v) of extraction buffer (50 mmol l1 260 

Tris-HCl (pH 7.4), 1% NP-40, 1% sodium deoxycholate, 150 mmol l1 NaCl, 1 mmol l1 261 

EDTA, 250 mmol l1 PMSF) with HALT protease inhibitor cocktail (Thermo Fisher Scientific 262 

Inc.). Homogenization was done using a Precellys homogenizer (Bertin Instruments, 263 

Montigny-le-Bretonneux, France) set at 6000 revolution min1 for 20 s. The homogenates were 264 

centrifuged at 10,000 ×g for 20 min to obtain the supernatant. The protein concentration of the 265 

supernatant was quantified using the method of Bradford (1976). Samples were diluted 266 

appropriately with Laemmli’s buffer (Laemmli, 1970) so that 50 μg of protein sample were 267 

loaded onto SDS-PAGE (8% acrylamide for resolving gel, 4% acrylamide for stacking gel) 268 

apparatus (Bio-Rad Laboratories, Hercules, California, USA) for separation. Subsequently, the 269 

separated proteins were transferred onto PVDF membranes using a mini Transblot Cell (Bio-270 

Rad Laboratories).  271 
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After transfer to PVDF membranes, the proteins were detected using the Pierce Fast 272 

Western Blot kit, SuperSignal® West Pico Substrate (Thermo Fisher Scientific Inc.). Briefly, 273 

the membranes were incubated with anti-Nkaα1 antibody (1:600 dilution) or anti-Nkaα3 274 

antibody (1:1200 dilution) or anti-pan actin antibody (1:15000 dilution) for 1 h at 25°C and 275 

then with anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibody for 276 

15 min at 25°C. The band of interest obtained were visualized by chemiluminescence on X-ray 277 

films (Thermo Fisher Scientific Inc.) developed using a Kodak X-Omat 3000 RA processor 278 

(Kodak, Rochester, New York, USA). The X-ray films were scanned using a CanonScan 4400F 279 

flatbed scanner and captured in TIFF format at 600 dpi resolution. The densitometric 280 

quantification of band intensities were performed using the ImageJ software (version 1.40, 281 

NIH), calibrated with a 37-step reflection scanner scale (1” x 8”; Stouffer #R3705-1C). Results 282 

were presented as relative protein abundance of Nka per 50 µg protein normalized with pan-283 

actin. A peptide competition assay was performed on the anti-Nkaα1 and anti-Nkaα3 antibodies 284 

to confirm the identity of the band of interest for each antibody. The anti-Nkaα1 (7.48 μg) and 285 

anti-Nkaα3 (4.17 μg) antibodies were pre-incubated with their corresponding immunising 286 

peptide (8.33 μg and 4.17 μg, respectively) from Genscript at 25°C for 1 h before performing 287 

the peptide competition assay. 288 

Statistical analysis  289 

Results were analysed using SPSS Version 21 (IBM Corporation, Armonk, New York, USA) 290 

and presented as means + standard errors of the mean (S.E.M.). Homogeneity of variance was 291 

verified with the Levene’s test. For fish acclimated to seawater conditions, differences between 292 

means were evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s 293 

post-hoc test for equal variance or Dunnett’s T3 post-hoc test for unequal variance. Differences 294 

in means were considered statistically significant at P<0.05.  295 
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Results 296 

Nucleotide and amino acid sequences, and phenogramic analysis of branchial nka-297 

subunit /Nka-subunit isoforms 298 

Two nkaα sequences were obtained from the gills of O. marmorata by molecular cloning. They 299 

have been confirmed to be nkaα1 and nkaα3, and no sub-isoform of nkaα1 was identified. In 300 

addition, a transcriptomic sequencing performed on the gills of O. marmorata revealed that 301 

there was indeed only one isoform of nkaα1 (S. F. Chew, unpublished data). The full coding 302 

sequence of nkaα1 comprised 3069 bp, coding for 1023 amino acids with an estimated 303 

molecular mass of 112.5 kDa. For nkaα3, the full coding sequence comprised 2976 bp, coding 304 

for 992 amino acids with an estimated molecular mass of 109.5 kDa. Nkaα1 of O. marmorata 305 

shared the highest sequence similarity with Nkaα1 of F. heteroclitus, as well as various types 306 

of Nkaα1 of other teleosts (94.6-80.7%), followed by Nkaα2 (82.6-81.1%), and Nkaα3 (83.4-307 

80.7%) (Table 1). On the other hand, Nkaα3 from O. marmorata shared the highest sequence 308 

similarity with the Nkaα3 of other teleosts (96.3-85.6%), followed by Nkaα2 (82.3-81.5%) and 309 

Nkaα1 (82.8-73.9%) (Table 2). A phenogramic analysis further confirmed the identities of 310 

Nkaα1 and Nkaα3 of O. marmorata (Fig. 1). The phenogramic analysis also revealed that 311 

Nkaα1 was closely related to Nkaα1c of A. testudineus.  312 

Ten transmembrane domains were predicted to be present in the deduced amino acid 313 

sequences of both Nkaα1 and Nkaα3 of O. marmorata (Figs. 2 and 3). An alignment of Nkaα1 314 

with Nkaα1 isoforms of teleosts (A. testudineus Nkaα1a, A. testudineus Nkaα1b, A. testudineus 315 

Nkaα1c, O. mykiss Nkaα1a, O. mykiss Nkaα1b, O. mykiss Nkaα1c), and amphibian (Xenopus 316 

laevis Nkaα1), and NKAα1 of human (Homo sapiens NKAα1a) revealed that the amino acid 317 

residues used for the coordination of binding and release of Na+ and K+, amino acid residues 318 

that constitute the Na+ or K+ binding site, and regions containing the TGES, DKTGTL, TGD, 319 

and TGDGVND motifs were well conserved. Similar observations were made when Nkaα3 320 
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from O. marmorata was aligned with Nkaα3 of teleosts (P. schlosseri Nkaα3, Monopterus 321 

albus Nkaα3a, M. albus Nkaα3b), and amphibian (X. laevis Nkaα3), and NKAα3 isoforms of 322 

human (H. sapiens NKAα3.1, H. sapiens NKAα3.2, and H. sapiens NKAα3.3). Notably, amino 323 

acid residue substitutions present in Nkaα1b as compared to Nkaα1a of O. mykiss (Asp933 and 324 

Glu961) were absent in the Nkaα1 from O. marmorata (Fig. 2). Two possible protein kinase C 325 

(PKC) phosphorylation sites (Thr15 and Ser16; residues numbered according to Nkaα1 from 326 

O. marmorata) were identified in Nkaα1, but not in Nkaα3. A single protein kinase A (PKA) 327 

phosphorylation site (Ser943) was detected in both Nkaα1 and Nkaα3.  328 

Effect of seawater acclimation on transcript levels of branchial nkaα1 and nkaα3 329 

The transcript level of nkaα1 increased significantly by 3.3-fold and 2.6-fold in the gills of 330 

O. marmorata exposed to seawater for 1 day or 6 days, respectively, as compared with the 331 

freshwater control (Fig. 4a). On the other hand, the transcript level of nkaα3 increased 332 

significantly by 2.6-fold in the gills of fish exposed to seawater for 1 day and then returned 333 

to control levels on day 6 of seawater exposure (Fig. 4b). 334 

Effect of seawater acclimation on the protein abundances of branchial Nkaα1 and Nkaα3 335 

Based on the custom-made anti-Nkaα1 and anti-Nkaα3 antibodies, the bands of interest for 336 

Nkaα1 (Fig. 5a) and Nkaα3 (Fig. 6a) of O. marmorata had apparent molecular masses of ~87 337 

kDa and ~110 kDa, respectively. The lower than expected molecular mass for Nkaα1 could 338 

have occurred due to excess binding of negatively-charged detergent molecules which have 339 

been known to cause lipophilic proteins to run at a lower apparent molecular weight on SDS 340 

gels (Beyreuther et al., 1980; Sauer and Tanner, 1984). Nevertheless, the bands representing 341 

Nkaα1 (Fig. 5a) and Nkaα3 (Fig. 6a) had been confirmed by the peptide competition assay 342 

(Figs. 5b and 6b). The protein abundances of Nkaα1 (Fig. 5c) and Nkaα3 (Fig. 6c) increased 343 

significantly by 6.9-fold and 2.8-fold, respectively, in the gills of O. marmorata exposed to 344 

seawater for 6 days, as compared with the freshwater control.   345 
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Discussion 346 

Molecular characterization of Nkaα-subunit isoforms in the gills of O. marmorata 347 

The gills of euryhaline teleosts are known to express multiple Nkaα isoforms (Cutler et 348 

al., 1995; Madsen et al., 1995; Hwang et al., 1998; D’Cotta et al., 2000; Seidelin et al., 2001; 349 

Feng et al., 2002; Guynn et al., 2002; Semple et al., 2002; Richards et al., 2003; Brauer et al., 350 

2005; Ip et al., 2012; Chew et al., 2014; Lam et al., 2014). Our results indicate the presence of 351 

two Nkaα isoforms in the gills of O. marmorata, and they have been identified as Nkaα1 and 352 

Nkaα3 through sequence similarity and phenogramic analyses. The gills of P. schlosseri (Chew 353 

et al., 2014) also express Nkaα1 and Nkaα3, which play essential roles in osmoregulation 354 

during salinity adaptation. In these two fish species, Nkaα2 could not be detected, but C. chanos 355 

expresses Nkaα1, Nkaα2 and Nkaα3 (Tang et al., 2009). 356 

NKAα consists of three Na+ and two K+ binding sites (Kawakami et al., 1995; Ogawa 357 

and Toyoshima, 2002). The coordinating residues present in the binding sites are arranged 358 

within the transmembrane domains such that the release and binding of Na+ and K+ can be 359 

coordinated. By alignment with human NKAα-subunit (Ogawa and Toyoshima, 2002), the 360 

amino acid residues critical for the binding of Na+ and K+ have been identified in Nkaα1 and 361 

Nkaα3 of O. marmorata, and they are well conserved. Different isoforms of NKAα can have 362 

disparate binding affinities of Na+ and K+, as demonstrated in NKAα isoforms of the rat brain, 363 

kidney (Urayama and Nakao, 1979) and adipocytes (Lytton et al., 1985). Some euryhaline 364 

teleosts depend on different isoforms of Nkaα to survive changes in ambient salinity. The 365 

affinities of Nkaα to Na+ and/or K+ can vary, as defined by certain amino acid residues of Nkaα 366 

sequence. In the gills of rainbow trout and Atlantic salmon, substitution of three amino acids 367 

(Asn783 → Lys; Asp933 → Val; Glu961 → Ser) in Nkaα1b, as compared with Nkaα1a, can 368 

reduce the Na+/ATP ratio of Nkaα1b from 3:1 to 2:1, (Jorgensen, 2008). However, Nka1 and 369 

Nka3 of O. marmorata comprised the normal amino acids at these three residues, indicating 370 
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that any possible difference in affinities to Na+ and/or K+ between them must be defined by 371 

other factors. It has been established that the deletion of the KETYY motif located at the C-372 

terminus of NKAα can result in a severe reduction (96%) in Na+ affinity (Morth et al., 2007). 373 

However, the KETYY motif is conserved in both Nkaα1 and Nkaα3 of O. marmorata. Notably, 374 

in O. marmorata, the lysine residue of the KETYY motif is replaced by leucine in Nkaα1 but 375 

remains unchanged in Nkaα3, indicating a possible difference in the Na+ affinity between 376 

Nkaα1 and Nkaα3. By contrast, both Nkaα1 and Nkaα3 of P. schlosseri display substitution of 377 

one residue in the KETYY motif, with lysine being replaced by glutamine and arginine, 378 

respectively (Chew et al., 2014).  379 

The phosphorylation and dephosphorylation of NKAα can alter the activity of NKA in 380 

mammalian kidneys (Bertorello and Katz, 1993; Aperia et al., 1994). For NKAα/Nkaα of 381 

mammalian (Cornelius and Logvinenko, 1996) and amphibian kidneys (Chibalin et al., 1992), 382 

shark rectal gland (Cornelius and Logvinenko, 1996), as well as duck salt gland (Chibalin et 383 

al., 1993), in vitro phosphorylation by cAMP-dependent PKA can occur at a conserved serine 384 

residue. This serine residue (Ser943) was conserved in both Nkaα1 and Nkaα3 of O. 385 

marmorata. Besides PKA, cAMP-dependent PKC can also phosphorylate NKA/Nka (Beguin 386 

et al., 1994; Borghini et al., 1994). However, the sites of PKC phosphorylation differ among 387 

NKA/Nka of various animal species (Feschenko and Sweadner, 1994). Several sites of 388 

phosphorylation by PKC have been identified through mutational studies (Beguin et al., 1994; 389 

Feschenko and Sweadner, 1994). In O. marmorata, PKC phosphorylation of Nkaα1 could 390 

occur at residues Thr15 and Ser16, but these two PKC phosphorylation sites were absent from 391 

Nkaα3. Hence, Nkaα1, but not Nkaα3, could be regulated through PKC phosphorylation in the 392 

gills of O. marmorata. 393 

The gills of O. marmorata express only one form of Nkaα1 394 
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Many euryhaline fishes including O. mykiss, S. salar, S. alpinus, A. testudineus, and O. 395 

mossambicus express more than one sub-isoform of Nkaα1 in their gills (Richards et al., 2003; 396 

Bystriansky et al., 2006; Ip et al., 2012; Lam et al., 2014). Specifically, Nkaα1a and Nkaα1b 397 

display differential regulation during seawater acclimation, whereby the transcript and protein 398 

expression levels of nkaα1a/NKAα1a are suppressed while those of nkaα1b/NKAα1b are 399 

augmented (Richards et al., 2003; Bystriansky et al., 2006, 2007; McCormick et al., 2009; Ip 400 

et al., 2012; Lam et al., 2014). This leads to the distinction between freshwater-ionocytes, 401 

which express nkaα1a/NKAα1a in gills of fish kept in fresh water, and seawater-ionocytes, 402 

which express nkaα1b/NKAα1b, in gills of these fishes (Richards et al., 2003; Bystriansky et 403 

al., 2006, 2007; McCormick et al., 2009; Ip et al., 2012; Lam et al., 2014). However, the gills 404 

of O. marmorata (this study), P. schlosseri (Chew et al., 2014) and C. chanos (Tang et al., 405 

2009), express only one form of Nkaα1 and therefore lack the distinction between freshwater- 406 

and seawater-Nkaα1. Nonetheless, there could still be two types of ionocytes based on the 407 

presence of other types of transporters needed for survival in fresh water or seawater. Based on 408 

NKAα-immunoreactive alone, only one type of ionocyte has been identified in the primary 409 

filaments of the gills of O. marmorata, and the immunostaining of these ionocytes becomes 410 

stronger after seawater acclimation (Chew et al., 2009). Thus, exposure of O. marmorata to 411 

seawater probably leads to the expression of Nkcc and Cftr, besides higher protein abundance 412 

of NKAα, in these ionocytes; only then, will it be able to survive in seawater. 413 

Notably, the gills of C. chanos express Nkaα1, Nkaα2 and Nkaα3 (Tang et al., 2009), but 414 

those of O. marmorata (this study) and P. schlosseri (Chew et al., 2014) express only Nkaα1 415 

and Nkaα3. The lack of differentiation between freshwater- and seawater-Nkaα could be 416 

advantageous to P. schlosseri, as it lives at estuaries and encounters salinity fluctuations twice 417 

a day due to changes in tides (Chew et al., 2014). Similarly, C. chanos can also tolerate a direct 418 

transfer from seawater to fresh water or from seawater to hypersaline water of salinity 60 (Tang 419 
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et al., 2009). However, unlike P. schlosseri and C. chanos, O. marmorata is unable to withstand 420 

large and abrupt changes in salinity. Why then would O. marmorata express only one form of 421 

Nkaα1? It could be that this is a common trait among gobies (order Gobiiformes; family 422 

Gobiidae), which are mostly euryhaline (Rüber and Agorreta, 2011) and include both P. 423 

schlosseri and O. marmorata, although more studies are needed to confirm this proposition.  424 

Seawater acclimation in O. marmorata leads to increases in gene and protein expression 425 

levels of both nkaα1/Nkaα1 and nkaα3/Nkaα3  426 

Marine teleosts perform hypoionic and hypoosmotic regulations to deal with the challenge of 427 

simultaneous water loss and salt gain in seawater (Hwang and Lin, 2013). The transporters 428 

involved in salt excretion across the gill epithelium include Nka, Nkcc and Cftr, which are 429 

localized in the apical or basolateral membranes of branchial ionocytes (Evans et al., 2005; 430 

Marshall and Grosell, 2006). Like marine teleosts, euryhaline teleosts including O. marmorata 431 

acclimate to and survive in seawater by increasing salt excretion through their gills (Evans et 432 

al., 2005; Chew et al., 2009), and the most fundamental transport mechanism that needs to be 433 

upregulated is Nka. An increase in branchial Nka activity upon seawater acclimation has been 434 

confirmed in O. marmorata (Chew et al., 2009) and many other euryhaline fish species (Ho 435 

and Chan, 1980; Fuentes et al., 1997; Hwang et al., 1998; Jensen et al., 1998; Lee et al., 1996, 436 

2000, 2003; Lin et al., 2004; Chang et al., 2007; Ip et al., 2012). For O. marmorata acclimated 437 

to seawater, the Vmax of branchial Nka increased significantly as compared with the control 438 

kept in fresh water, but the Km for Na+ and K+ remained unchanged (Chew et al., 2009). The 439 

lack of changes in Km for Na+ and K+ could be explained by the presence of only one form of 440 

Nkaα1 in the gills of seawater-acclimated O. marmorata. Furthermore, the increase in Nka 441 

activity in the gills of O. marmorata exposed to seawater could be resulted from an increase in 442 

the comprehensive Nkaα protein abundance (Chew et al., 2009). Because of that, it became 443 

essential to investigate the contribution of Nkaα1 and Nkaα3 to the overall increase in Nkaα 444 
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protein abundance, and to elucidate if only one isoform would respond positively to seawater 445 

acclimation.  446 

Our results reveal that the increase in comprehensive Nkaα protein abundance in the 447 

gills of O. marmorata (Chew et al., 2009) is attributable to significant increases in the protein 448 

abundances of both Nkaα1 and Nkaα3, indicating that both of them are likely to be involved in 449 

seawater acclimation. As seawater acclimation also led to significant increases in the transcript 450 

levels of nkaα1 and nkaα3 in the gills of O. marmorata, branchial Nka activity is regulated at 451 

both the transcriptional and translational levels. By contrast, Nkaα1 and to some extent Nkaα3 452 

are known to be regulated at the post-translational level, probably through phosphorylation, in 453 

the gills of P. schlosseri, as the transcript levels of nkaα1 and the protein abundance of Nkaα-454 

subunit remain unchanged during seawater acclimation (Chew et al., 2014). This could further 455 

explain why P. schlosseri could tolerate abrupt changes in salinity in the estuaries.  456 

Conclusion 457 

Seawater acclimation resulted in significant increases in mRNA transcript levels and protein 458 

abundances of nkaα1/Nkaα1 and nkaα3/Nkaα3 in the gills of O. marmorata. Hence, both Nkaα 459 

isoforms may contribute to the hypoosmotic and hypoionic regulations in seawater. Based on 460 

the current model, the operation of Nka would generate an electrochemical potential gradient 461 

which favors and facilitates the cotransport of one Na+, one K+ and 2Cl from the blood into 462 

the ionocyte through the basolateral Nkcc1. The Cl then exits the apical membrane through 463 

Cftr and is extruded to the ambient seawater. This generates a favourable transepithelial 464 

potential which facilitates the excretion of Na+ through the paracelluar route between the 465 

ionocyte and the accessory cell (Hwang et al., 2011). An upregulation of Nka thus results in 466 

salt excretion from the gills of O. marmorata challenged with seawater exposure. Therefore, 467 

efforts should be made in the future to confirm the involvement of branchial Nkcc1 and Cftr in 468 

hypoosmotic and hypoionic regulation in seawater-acclimated O. marmorata.   469 
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Figure legends 724 

Fig. 1. A phenogram of Na+/K+-ATPase α-subunit (Nkaα) isoforms of Oxyeleotris marmorata 725 

with known Nka1 and Nka3 from other teleosts (Anabas testudineus, Carassius 726 

auratus, Chanos chanos, Danio rerio, Fundulus heteroclitus, Monopterus albus, 727 

Oncorhynchus masou, Oncorhynchus mykiss, Oreochromis mossambicus, 728 

Periophthalmodon schlosseri, Sarotherodon melanotheron, and Trematomus 729 

bernacchii). The Nkaα3a of Ciona intestinalis was used as outgroup. The number 730 

presented at each branch point represents the bootstrap value. 731 

Fig. 2. Molecular characterization of branchial Na+/K+-ATPase α1 (Nkaα1) in Oxyeleotris 732 

marmorata. A multiple sequence alignment of branchial Nkaα1 in O. marmorata with 733 

Nkaα1a (AFK29492.1), Nkaα1b (AFK29493.1), and Nkaα1c (AFK29494.1) of Anabas 734 

testudineus; Nkaα1a (AAQ82790.1), Nkaα1b (AAQ82789.1), and Nkaα1c 735 

(AAQ82788.1) of Oncorhynchus mykiss; Nkaα1 (NP_001084064.1) of Xenopus laevis; 736 

and NKAα1a (NP_000692.2) of Homo sapiens. An asterisk denotes identical amino 737 

acid residues, a colon denotes strongly similar amino acids, and a period denotes weakly 738 

similar amino acids among the sequences. A hashtag is used to denote amino acid 739 

residues needed for coordination of the binding and releasing of Na+ and K+. An open 740 

circle denotes residues that are commonly substituted in Nkaα1a. A shaded arrow 741 

indicates a possible phosphorylation site. Amino acid residues forming the KETYY 742 

motif are double underlined with a dashed line. An open box denotes amino acid 743 

residues involved in Na+ or K+ binding sites. The conserved regions containing the 744 

TGES, DKTGTL, TGD, and TGDGVND sequence motifs are underlined with a solid 745 

line. MEMSATS & MEMSAT-SVA provided by PSIPRED protein structure prediction 746 

server was used to predict the 10 transmembrane domains (TM1-10) of Nkaα1. 747 
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Fig. 3.  Molecular characterization of branchial Na+/K+-ATPase α3 (Nkaα3) in Oxyeleotris 748 

marmorata. A multiple sequence alignment of branchia Nkaα3 in O. marmorata with 749 

Nkaα3 (AGR87394.1) of Periophthalmodon schlosseri; Nkaα3a (AGV06213.1) and 750 

Nkaα3b (AGV06214.1) of Monopterus albus; Nkaα3 (NP_001080440.1) of Xenopus 751 

laevis; and NKAα3.1 (NP_689509.1), NKAα3.2 (NP_001243142.1), and NKAα3.3 752 

(NP_001243143.1) of Homo sapiens. An asterisk denotes identical amino acid residues, 753 

a colon denotes strongly similar amino acids, and a period denotes weakly similar 754 

amino acids among the sequences. A shaded arrow denotes a possible phosphorylation 755 

site. Amino acid residues forming the KETYY motif are double underlined with a 756 

dashed line. An open box denotes amino acid residues involved in Na+ or K+ binding 757 

sites. The conserved regions containing the TGES, DKTGTL, TGD, and TGDGVND 758 

sequence motifs are underlined with a solid line. MEMSATS & MEMSAT-SVA 759 

provided by PSIPRED protein structure prediction server was used to predict the 10 760 

transmembrane domains (TM1-10) of Nkaα3. 761 

Fig. 4. mRNA expression levels of Na+/K+-ATPase α-subunit (nkaα) in the gills of Oxyeleotris 762 

marmorata. Absolute quantification (copies of transcript per ng of total RNA) of (a) 763 

nkaα1 or (b) nkaα3 transcripts in the gills of O. marmorata kept in fresh water (FW; 764 

control) or after 1 day or 6 days (d) of exposure to seawater (SW) following a 5-day 765 

progressive increase in ambient salinity. Results represent means + S.E.M. (N=5). 766 

Means not sharing the same letter are significantly different (P<0.05). 767 

Fig. 5. Western blotting results of Na+/K+-ATPase α1 (Nkaα1) in the gills of Oxyeleotris 768 

marmorata. Protein abundance of Nkaα1 in the gills of O. marmorata kept in fresh 769 

water (FW; control), or after 1 day or 6 days (d) of exposure to seawater (SW) following 770 

a 5-day progressive increase in ambient salinity. (a) An example of an immunoblot of 771 

Nkaα1 and actin. (b) An immunoblot of Nkaα1 pretreated with the immunising peptide 772 
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of the anti-Nkaα1 antibody for the peptide competition assay (PCA). (c) The protein 773 

abundance (expressed as arbitrary densitometric units per 50 µg protein) of Nkaα1 774 

normalized with respect to the reference protein, actin. Results represent mean + S.E.M. 775 

(N=5). Means not sharing the same letter are significantly different (P<0.05).  776 

Fig. 6. Western blotting results of Na+/K+-ATPase α3 (Nkaα3) in the gills of Oxyeleotris 777 

marmorata. Protein abundance of Nkaα3 in the gills of O. marmorata kept in fresh 778 

water (FW; control), or after 1 day or 6 days (d) of exposure to seawater (SW) following 779 

a 5-day progressive increase in ambient salinity. (a) An example of an immunoblot of 780 

Nkaα3 and actin. (b) An immunoblot of Nkaα3 pretreated with the immunising peptide 781 

of the anti-Nkaα3 antibody for the peptide competition assay (PCA). (c) The protein 782 

abundance (expressed as arbitrary densitometric units per 50 µg protein) of Nkaα3 783 

normalized with respect to the reference protein, actin. Results represent mean + S.E.M. 784 

(N=5). Means not sharing the same letter are significantly different (P<0.05).  785 
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Table 1. Percentage similarity, arranged in descending order, between the translated amino 786 

acid sequence of Na+/K+-ATPase α1 (Nkaα1) in the gills of Oxyeleotris marmorata and Nkaα 787 

sequences from other teleosts obtained from GenBank. 788 

Nkaα 

sequences Fish Species (accession number) 

Similarity (%) with 

Nkaα1 from O. 

marmorata 

Nkaα1 Fundulus heteroclitus Nkaα1 (AAL18002.1) 94.6 

 Sarotherodon melanotheron Nkaα1 (ADB03120.1) 94.2 

 Anabas testudineus Nkaα1c (AFK29494.1) 93.7 

 Oreochromis mossambicus Nkaα1 (AAD11455.2) 93.4 

 Danio rerio Nkaα1a4 (NP_571764.1) 92.0 

 Chanos chanos Nkaα1 (ABF58911.1) 91.7 

 Oncorhynchus masou Nkaα1b (BAJ13362.1) 90.9 

 Oncorhynchus mykiss Nkaα1b (NP_001117932.1) 90.4 

 Danio rerio Nkaα1 (NP_571761.1) 90.2 

 Danio rerio Nkaα1b (NP_571765.1) 89.6 

 Oncorhynchus mykiss Nkaα1c (NP_001117931.1) 88.4 

 Anabas testudineus Nkaα1b (JN180941.1) 87.7 

 Danio rerio Nkaα1a3 (NP_571763.1) 84.4 

 Oncorhynchus mykiss Nkaα1a (NP_001117933.1) 84.2 

 Oncorhynchus masou Nkaα1a (BAJ13363.1) 84.2 

 Anabas testudineus Nkaα1a (JN180940.1) 81.7 

 Danio rerio Nkaα1a2 (NP_571762.1) 81.3 

 Danio rerio Nkaα1a5 (NP_835200.1) 80.7 

Nkaα2 Fundulus heteroclitus Nkaα2 (AAL18003.1) 82.6 

 Danio rerio Nkaα2 (NP_571758.1) 81.8 

 Oncorhynchus mykiss Nkaα2 (NP_001117930.1) 81.1 

Nkaα3 Carassius auratus Nkaα3 (BAB60722.1) 83.4 

 Trematomus bernacchii Nkaα3 (AAY30258.1) 83.0 

 Oncorhynchus mykiss Nkaα3 (NP_001118102.1) 80.8 

 Oreochromis mossambicus Nkaα3 (AAF75108.1) 80.7 

  789 
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Table 2. Percentage similarity, arranged in decending order, between the translated amino acid 790 

sequence of Na+/K+-ATPase α3 (Nkaα3) in the gills of Oxyeleotris marmorata and Nkaα 791 

sequences from other teleosts obtained from GenBank. 792 

Nkaα 

sequences Fish Species (accession number) 

Similarity (%) with 

Nkaα3 from O. 

marmorata  

Nkaα3 Periophthalmodon schlosseri Nkaα3 (AGR87394.1) 96.3 

 Oreochromis mossambicus Nkaα3 (AAF75108.1) 93.5 

 Carassius auratus Nkaα3 (BAB60722.1) 92.3 

 Oncorhynchus mykiss Nkaα3 (NP_001118102.1) 91.1 

 Monopterus albus Nkaα3a (AGV06213.1) 90.9 

 Trematomus bernacchii Nkaα3 (AAY30258.1) 90.8 

 Monopterus albus Nkaα3b (AGV06214.1) 85.6 

Nkaα2 Oncorhynchus mykiss Nkaα2 (NP_001117930.1) 82.3 

 Fundulus heteroclitus Nkaα2 (AAL18003.1) 82.2 

 Danio rerio Nkaα2 (NP_571758.1) 81.5 

Nkaα1 Danio rerio Nkaα1b (NP_571765.1) 82.8 

 Sarotherodon melanotheron Nkaα1 (ADB03120.1) 82.6 

 Chanos chanos Nkaα1 (ABF58911.1) 82.5 

 Danio rerio Nkaα1 (NP_571761.1) 82.4 

 Anabas testudineus Nkaα1c (AFK29494.1) 82.3 

 Fundulus heteroclitus Nkaα1 (AAL18002.1) 82.0 

 Oncorhynchus mykiss Nkaα1c (NP_001117931.1) 81.9 

 Danio rerio Nkaα1a4 (NP_571764.1) 81.8 

 Oncorhynchus masou Nkaα1b (BAJ13362.1) 81.3 

 Oreochromis mossambicus Nkaα1 (AAD11455.2) 81.2 

 Oncorhynchus mykiss Nkaα1b (NP_001117932.1) 81.0 

 Anabas testudineus Nkaα1b (JN180941.1) 78.1 

 Danio rerio Nkaα1a3 (NP_571763.1) 77.5 

 Danio rerio Nkaα1a2 (NP_571762.1) 75.3 

 Anabas testudineus Nkaα1a (JN180940.1) 74.9 

 Oncorhynchus mykiss Nkaα1a (NP_001117933.1) 74.6 

 Oncorhynchus masou Nkaα1a (BAJ13363.1) 74.6 

 Danio rerio Nkaα1a5 (NP_835200.1) 73.9 

 793 

  794 
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Supplementary Table 1. Primer sequences designed for PCR and quantitative real-time PCR 817 

to elucidate the Na+/K+-ATPase α-subunit (nkaα) isoforms from the gills of Oxyeleotris 818 

marmorata. 819 

Gene Primer type Primer sequence (5’ to 3’) 

nka PCR Forward (CACTTCATCCACATCATCAC) 

  Reverse (CCCTCCACAATGATSAGYTTCTG) 

nkaα1 PCR Forward (CAGGGGTCTGTCTGGGTC) 

  Reverse (ATGGGTACATTGTTCTGCTCTG) 

 5’ RACE-PCR AAGAATGGGTACATTGTTCTGCTCTG 

 3’ RACE-PCR CGGTGAGCTCAAAGAAATGACCTCTGA 

 qPCR Forward (ACAGAGAACCAGAGCGG) 

  Reverse (CAGAGACAGAACCACAGCA) 

nkaα3 PCR Forward (ATTGTCCAGGGGTTAACCAAC) 

  Reverse (TTCAGGATGGCGATTGACTC) 

 5’ RACE-PCR CGATTGACTCCTGTCCTGCTTTGAACT 

 3’ RACE-PCR GAACAGACCTAAAGGACCTATCACAAGA 

 qPCR  Forward (GACAGGAGTCAATCGCCAT) 

  Reverse (GCAGGTAGCGGTTGTCATTA) 

 820 

 821 
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