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Abstract The euryhaline milkfish (Chanos chanos) is a
popular aquaculture species that can be cultured in fresh
water, brackish water, or seawater in Southeast Asia. In
gills of the milkfish, Na+, K+-ATPase (i.e., NKA; sodium
pump) responds to salinity challenges including changes
in mRNA abundance, protein amount, and activity. The
functional pump is composed of a heterodimeric protein
complex composed of α- and β-subunits. Among the NKA
genes, α1–β1 isozyme comprises the major form of NKA
subunits in mammalian osmoregulatory organs; however,
most studies on fish gills have focused on the α1 subunit and did not verify the α1–β1 isozyme. Based on the
sequenced milkfish transcriptome, an NKA β1 subunit gene
was identified that had the highest amino acid homology
to β233, a NKA β1 subunit paralog originally identified in
the eel. Despite this high level of homology to β233, phylogenetic analysis and the fact that only a single NKA β1
subunit gene exists in the milkfish suggest that the milkfish gene should be referred to as the NKA β1 subunit
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gene. The results of accurate domain prediction of the β1
subunit, co-localization of α1 and β1 subunits in epithelial
ionocytes, and co-immunoprecipitation of α1 and β1 subunits, indicated the formation of a α1–β1 complex in milkfish gills. Moreover, when transferred to hyposmotic media
(fresh water) from seawater, parallel increases in branchial
mRNA and protein expression of NKA α1 and β1 subunits
suggested their roles in hypo-osmoregulation of euryhaline
milkfish. This study molecularly characterized the NKA β1
subunit and provided the first evidence for an NKA α1–β1
association in gill ionocytes of euryhaline teleosts.
Keywords Na+ · K+-ATPase · α1 subunit · β1 subunit ·
Milkfish · Mitochondria-rich cell · Gill

Introduction
The milkfish (Chanos chanos) is a marine teleost widely
distributed throughout the tropical and subtropical IndoPacific (Bagrinao 1994). Marketing of milkfish is widespread in Asia and can even be found in North America.
Milkfish are euryhaline and are found naturally, or cultured
commercially, in fresh water (FW), brackish water (BW),
seawater (SW), and hypersaline water (HSW). The euryhalinity of milkfish demonstrated throughout its life history makes it a good experimental species for studies on
osmoregulation (Crear 1980). Previous studies revealed
that milkfish exhibited adaptive changes in branchial Na+,
K+-ATPase (NKA) responses, such as changes in mRNA,
protein and activity, and the numbers of epithelial NKAimmunoreactive cells during salinity challenges (Lin et al.
2003, 2006).
The NKA plays a role in maintaining intracellular ion
homeostasis by the “NKA pumping process” to generate a
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transmembrane electrochemical gradient (Pressley 1988).
In epithelial cells, NKAs are localized on the basolateral
plasma membrane, and the gradients generated by NKAs
are involved in regulating directions of molecules transported across epithelial cells (Schultz and Curran 1970;
Crane 1985; Hoﬀmann and Simonsen 1989). The functional pump is composed of a catalytic α subunit with a
molecular weight of about 100 kDa, and an accompanying β-subunit, with a molecular weight of approximately
40 kDa (Noguchi et al. 1986; Scheiner-Bobis 2002; Lin
et al. 2006). Four α (α1, α2, α3, and α4) and β (β1, β2, β3,
and β4) isoforms of NKA with highly tissue-dependent
distributions in mammals have been reported (Blanco and
Mercer 1998; Scheiner-Bobis 2002; Pestov et al. 2011;
Armesto et al. 2015). The functional properties of NKA
genes are more clearly characterized in mammals than
fishes. In the rat, Na+ and K+ aﬃnities varied among NKA
gene combinations with rank orders of α2β1 > α1β1 > α3β1,
and α1β1 > α2β1 > α3β1 (Blanco and Mercer 1998). In
addition, crystal structure studies revealed that the NKA
β-subunit is associated with Tyr 39, Phe 42, and Tyr 43 on
the α subunit, and its conserved glycines in the GXXXG
motif are exposed on the transmembrane side of the α subunit (Morth et al. 2007), which is important for the homodimerization of the β subunit for cell–cell adhesion (Ivanov
et al. 2002; Barwe et al. 2007).
Changes in branchial NKA responses of euryhaline fish
are necessary to acclimate to environmental salinity challenges. In addition to the well-known “higher-NKA-inhyperosmotic media” responses in the gills of tilapia and
salmonids, milkfish and other euryhaline species, such as
killifish, exhibited an alternative branchial NKA response:
the “higher-NKA-in-hyposmotic media” response, of
which, NKA expression is up-regulated to a higher extent
after FW transfer (Lin et al. 2003; Scott et al. 2004).
Meanwhile, the elevation of gill NKA activity and protein amounts are related to the increase in the number of
ionocytes on lamellae in FW individuals or in the quantity
of functioning NKA per cell in BW fish (Lin et al. 2003).
The occurrence of lamellar ionocytes was also thought to
meet the physiological requirement of ion uptake in several FW-acclimated euryhaline teleosts (Uchida et al. 1996;
Sasai et al. 1998; Varsamos et al. 2002). Ionocytes are
eﬀective in eliminating ions in hypertonic SW as well as
absorbing ions in hypotonic FW (Evans et al. 1999; Chang
et al. 2001). When exposed to hyposmotic environments,
the milkfish is able to avoid an excessive drop in plasma
ions, indicating that hyper-osmoregulatory mechanisms
are readily activated. The mechanisms include two-phase
modulation of NKA: at the sixth hour after transfer to fresh
water, the “adjustive phase” acts directly on NKA activity
by post-translational modification without mRNA and protein changes; and after 2 days of FW transfer, the second
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“regulatory phase” aﬀects the transcriptional and translational processes in newly developed ionocytes (Lin et al.
2006).
In mammals, the NKA α1–β1 isozyme is ubiquitous
and constitutively expressed in tissues, such as the kidneys
and intestines, to maintain ionic gradients (Lingrel et al.
1988). However, NKA α1–β1 isozyme was not detected in
fish gills before. An antibody (α5, DSHB, Iowa City, IA,
USA) which recognized all α isoforms of NKA was often
used in previously studies on salinity eﬀects on NKA protein abundance of teleosts. Teleostean NKA α1 instead was
used as an indicator of the expression of osmotic pressure
in most studies because of its salinity-induced expression
and important functions for maintaining ionic homeostasis (Therien and Blostein 2000; Chew et al. 2014; Ching
et al. 2015; Madsen et al. 2014). Few studies, however,
addressed fish NKA β1 compared to studies on NKA α1.
Cutler et al. (2000) found a NKA β1-like isoform, NKA
β233, in the European eel (Anguilla anguilla) and identified its expression in the gill and intestine, but was not clear
about its function. In our previous study, the milkfish transcriptome was sequenced using next generation sequencing
(Hu et al. 2015). The BLAST results revealed the existence
of a gene with the highest levels of amino acid homology to
NKA β233 sequence from eels (Cutler et al. 2000). Hence,
to verify the identity of this milkfish NKA β1-like isoform,
its amino acid sequence and prediction of its structure were
analyzed in this study. The association of NKA α1–β1
and the potential function of the β1 subunit involved in
osmoregulation with the α1 subunit were also investigated
in gills of milkfish with the “higher-NKA-in-hyposmotic
media” response.

Materials and methods
Experimental animal processing procedures
Juvenile milkfish were obtained from a local fish farm and
were 10.2 ± 0.2 cm long and weighed 13.7 ± 1.3 g. After
rearing in BW (15‰) prepared from local fresh tap water
with proper amounts of RealOcean™ Synthetic Sea Salt
(Camarillo, CA, USA) for 1 month, the milkfish were transferred to SW (35‰) or FW at 28 ± 1 °C for at least 3 weeks
before sampling. The water was continuously circulated
through fabric-floss filters and partially refreshed every
2 weeks. The photoperiod was 12 h light:12 h dark. The
fish were fed a daily diet of commercial pellets. In salinitytransfer experiments, the fish were transferred to FW from
SW and raised at 28 °C for 1 week. Meanwhile, SW milkfish were transferred to SW at 28 °C for 1 week and formed
the control group. The protocol used for the experimental
milkfish was reviewed and approved by the Institutional
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Animal Care and Use Committee of the National Chung
Hsing University (IACUC approval no. 98-110 to T.H.
Lee).
Sequencing analysis and protein structure prediction
NKA isoform sequences were identified based on BLAST
searches. Amino acid sequences were aligned using
ClustalW and the Gonnet protein weight matrix. Phylogenetic trees were generated using the WAG model with
gamma-distributed among-site rate heterogeneity and
invariant sites by MEGA (version 6.06) (Tamura et al.
2013). Amino acid sequence data from this analysis can be
found in the NCBI database using the accession numbers
in Fig. 2. After electrophoresis on a 10% sodium dodecyl
sulfate (SDS) polyacrylamide gel, pieces of the gel with
diﬀerent sizes (25–35; 35–40; 40–55 kDa) were cut. Mass
spectrometry was done for the purpose to identify the presence of immunoblot signal of NKA β. The SDS gel fragments containing NKA β were then extracted, sequenced
and assembled. Protein matrices were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS;
ABI, QSTAR XL; ABI, QSTAR Elite; Finnigan, LTQ
XL). Determination of transmembrane domain helices
and extramembrane loops was predicted using TMHMM
(Krogh et al. 2001) and SOSUI (Hirokawa et al. 1998). The
3D model was built using the PyMOL Molecular Graphics System (Version 0.99rc6; Schrödinger, LLC, Shanghai, China) with template model prediction using SWISSMODEL
(http://swissmodel.expasy.org/interactive).
Graphics of the 3D model of the NKA β1 protein were
produced with the solved structures for wild boar NKA
β1 (PDB ID: 3wgv), which has the highest Global Model
Quality Estimation score (GMQE: 0.78).
Total RNA extraction and real-time PCR
Total RNA samples from the heart, brain, kidney, gill,
esophagus, liver, and intestine of experimental fish were
extracted using TriPure Isolation Reagent (Roche, Mannheim, Germany) after freezing in liquid nitrogen. The
RNA pellet was treated following the RNA clean-up protocol from an RNAspin Mini RNA Isolation Kit (GE Health
Care, Piscataway, NJ, USA). Integrity of RNA was verified
on a 1% agarose gel. The concentration and quality of RNA
was determined using NanoDrop 2000 (Thermo, Wilmington, DE, USA). First-strand cDNA was synthesized from
2 μg of total RNA using an iScript™ cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions. For PCR amplification, EX Taq polymerase (Takara, Otsu, Shiga, Japan) and 0.25 μM of each
primer was used. The PCR products were verified on 1%
agarose gels. Expression of NKA β1 was quantified using
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SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) in
a MiniOpticon Real-Time PCR System (Bio-Rad). Elongation factor 1 (ef1α) was used as an internal control for the
target gene. Primer sequences used are listed in Table 1. For
other unknown samples, corresponding values of the target gene were calculated using the comparative Ct method
with the following formula: 2^ [(Ct target, n - Ct EF-1α, n)
- (Ct target, c - Ct EF-1α, c)] (Livak and Schmittgen 2001).
“c” indicated the control mixed with cDNAs from many
organs; “n” indicated each cDNA sample used in the tissue
distribution or time-course experiments.
Preparation of the membrane vesicle fraction
Protein samples from the gills of experimental fish were
frozen with liquid nitrogen and steeped in a mixture of
homogenization buﬀer (150 mM sucrose, 1 mM EDTA,
30 mM Tris-base, pH 7.4) and protease inhibitor (Roche,
Mannheim, Germany; v/v: 1/50). Homogenization was
performed with a POLYTRON PT1200E (Kinematica,
Lucerne, Switzerland). Pellets were removed after centrifugation at 5500×g at 4 °C for 20 min (Kang et al. 2015).
Then, the supernatants were centrifuged at 20,800×g at
4 °C for 60 min (Tang and Lee 2011; Tang et al. 2012). The
final pellets were re-suspended with homogenizing buﬀer
and stored at −80 °C. Protein concentrations were measured with reagents from the BCA Protein Assay (Pierce,
Rockford, IL, USA), using Pierce bovine serum albumin as
the standard.
Antibodies
The primary antibodies used in this study included (1)
mouse monoclonal antibody (α5, Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA, USA)
raised against the α subunit of avian NKA; (2) mouse
monoclonal antibody (α6F, DSHB) raised against the
α1 subunit of avian NKA; (3) goat polyclonal antibody
(β1, AVIVA, San Diego, CA, USA) raised against the β1
Table 1 Primer sequences used for cDNA cloning and quantitative
real-time PCR of milkfish genes
Primer name

Primer sequence (5 –3 )

NKA β1-long-F
NKA β1-long-R
qNKA β1-F
qNKA β1-R
qNKA α1-F
qNKA α1-R
ef1α-F
ef1α-R

GACATATTGGCAAGAGGACGA
TGAGGTCATGAGTTGATGGTG
CAGATTCCAAATCCTTCGAATCC
CTCATCCTCCAAGTCTCCAC
AGAGTTCCTCCTGGTCTTACAGA
GTGATTGTACAGTGGGCTGACT
CCATTGTTCAGATGATTCCCG
CTTCTTGATGACACCAACAGC
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subunit of human NKA; (4) rabbit polyclonal antibody
(Actin, sc-1616, Santa Cruz Biotechnology, Paso Robles,
CA, USA) raised against human actin. The secondary
antibody for immunoblots was horseradish peroxidaseconjugated rabbit anti-mouse IgG, goat anti-rabbit IgG,
and rabbit anti-goat IgG (Pierce). For double immunofluorescence staining, the secondary antibodies were:
AlexaFlour 546 conjugated goat anti-mouse IgG and
AlexaFlour 488 conjugated donkey anti-goat IgG (Jackson ImmunoResearch Inc, West Grove, PA, USA).
Immunoblotting
The sample mixture of protein buﬀer dye and total membrane fraction of gill proteins (v/v = 1/5) was heated at
95 °C for 5 min to denature the proteins. All samples
were separated by electrophoresis on a 10% SDS-polyacrylamide gel (20 μg of protein/lane) on a Mini-protein
II electrophoresis cell (Bio-Rad). The separated proteins
were then transferred to PVDF membranes (Millipore,
Bedford, MA, USA). After non-specific binding blocking, the blots were incubated with the primary antibody
and then the secondary antibody. Images were developed
with Immobilon™ Western (Millipore) under a coolingCCD (charge-couple device) camera (ChemiDoc XRS+,
Bio-Rad) and associated software (Quantity One version
4.6.8, Bio-Rad). The bands of blots were converted to
numerical values in ImageLab 3.0 to quantify and compare relative protein abundance of the immunoreactive
bands.

Co-immunoprecipitation (Co-IP)
Total membrane fractions of milkfish gill (samples) or PBS
(negative control) were used in this experiment. For immunoprecipitation (IP), the NKA α1 antibody (α6F) or NKA
β1 (β1) antibody were carried out using the ImmunoCruz™
IP/WB Optima D and E System (sc-45041 and sc-45042,
Santa Crz Biotechnology) according to the manufacturer’s
manual. The matrix of protein beads for goat or mouse primary antibody was incubated with either anti-NKA α1 or
anti-NKA β1 antibody at 4 °C overnight. After clarification by centrifugation, 300 μg of the total membrane fraction protein was immunoprecipitated with the antibody and
then incubated for 6 h at 4 °C. To confirm the interaction
between the NKA α1 subunit with the NKA β1 subunit
in milkfish gills, the above IP solutions were subjected to
NKA immunoblotting and analyzed. The negative control
(N.C.) was performed with the steps described above but
immunoprecipitated without primary antibodies.
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Whole-mount double immunofluorescent staining
and confocal microscopy
Gill filaments were removed from gill arches and fixed in
neutral formalin (pH 7.2) at 4 °C overnight. After washing with 0.2% Triton X-100 in PBS (PBST), the gill filaments were post-fixed and permeated with 70% ethanol
for 10 min at −20 °C. The gill filaments were rinsed with
PBST and then incubated in PBST containing 5% bovine
serum albumin for 1 h at room temperature to reduce nonspecific binding (Sigma, St. Louis, MO, USA). The gill filaments were incubated with NKA β1 antibody (β1) at 4 °C
overnight. After the first staining, the gill filaments were
incubated with NKA α1 antibody (α6F) at room temperature for 2 h followed by labeling secondary antibody (AlexaFlour 488 conjugated donkey anti-goat antibody and AlexaFlour 546 conjugated goat anti-mouse IgG). The samples
were then observed with a laser scanning confocal microscope (FV1000, Olympus, Tokyo, Japan). The background
level of gill auto-fluorescence and secondary antibodies
in the tissue under the same exposure conditions was also
observed by replacing the primary antibody with PBST and
labeling with only the secondary antibody (i.e., AlexaFluor
488 conjugated donkey anti-goat IgG or AlexaFluor 546
conjugated goat anti-mouse IgG). The background images
of gill auto-fluorescence and secondary antibodies were
shown in the supplementary data (Fig. S1).
Statistics
Results were compared by one-way analysis of variance
(ANOVA) with Dunnett’s method or Student’s t test using
Minitab (Minitab® 16.1.0, Minitab Inc., PA, USA), with
P < 0.05 as the significance level. Values were expressed as
mean ± SEM (standard error of the mean).

Results
Sequence annotation and phylogenic analysis
of milkfish NKA β1
The cDNA of NKA β1-like sequence Locus_38947
(903 bp) derived from milkfish transcriptome database
(http://140.120.209.83/CCD/index/C.chanos_home.htm)
was identified. Simultaneously, the encoded protein with
301 amino acid residues was identified by LC/MS/MS
(Fig. 1). The conserved region (YYPYY) of the NKA β1
subunit was observed in this sequence. On the other hand,
the transmembrane region was predicted at amino acid
sequence positions 33 to 55 using the program TMHMM.
In the phylogenetic tree analysis (Fig. 2a), the NKA β proteins were divided into NKA β1, NKA β2, and NKA β3
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Fig. 1 Nucleotide and amino
acid sequences of the milkfish
NKA β1 subunit (Accession
number: KT031799). A dash
above the last three nucleotides
indicates a stop codon. Solid
lines transmembrane region;
double lines a highly conserved
sequence motif among diﬀerent
species

groups, and NKA β1 and NKA β233 were classified into
the NKA β1 group. In the milkfish, the average similarity
of milkfish NKA β1sequence (Locus_38947) to β1/β233
paralogs in the analysis is 66%, compared to the other species. However, β233 paralogs did not group together with
each other nor did β1 sequences; they were interspersed

(Table S1). In prediction of the protein construct (Fig. 2b),
the binding site (YYLF) of α1 was observed in the transmembrane region of milkfish NKA β1, like the eel NKA
β233. However, in the transmembrane region, the glycine
zipper considered to be the binding site of α subunit was
only observed in the NKA β1 of eel and milkfish.
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◂Fig. 2 Protein construct and domain prediction of the NKA β1 and

β233 subunit. a Phylogenetic trees were generated with the WAG
model combined with gamma-distributed rates across sites using
MEGA 6.06. The number represents bootstrap values for the percentage of 1000 replicates. b A predicted ribbon structure of the NKA β
subunit (template PDB ID: 3wgv.2.B). Color changes gradually from
the N-terminal (blue) to the C-terminal (red). White Transmembrane
domain; Pink YYPYY, a highly conserved sequence motif. A wheel
representation of the NKA β transmembrane domain shows two distinct faces that interact with the NKA α subunit (Orange: Heptad
repeat residues) or NKA β subunit (Green: Glycine zipper). Accession numbers: β1 Anguilla anguilla (CAA53715.1), β1 Oncorhynchus
masou (BAJ13364.1), β1 Chanos chanos (KT031799), β1a Cyprinus carpio jian (AFP89958.1), β1a Danio rerio (AAH45376.1), β1a
Solea senegalensis (BAP01376.1), β1b Danio rerio (NP_571746.1),
β1b Solea senegalensis (BAP01377.1), β1 Bufo marinus
(CAA77841.1), β1 Xenopus tropicalis (AAH90812.1), β1 Gallus
gallus (NP_990851.1), β1 Homo sapiens (BAF82870.1), β1 Mus
musculus (NP_033851.1), β2 Chanos chanos (KT031800), β2 Danio
rerio (AAF98362.1), β2 Haplochromis burtoni (XP_005951781.1),
β2 Maylandia zebra (XP_004576377.1), β2 Oreochromis niloticus
(XP_005461521.1), β2 Xiphophorus maculatus (XP_005815447.1),
β3 Chanos chanos (KT031801), β3 Danio rerio (AAH65944.1),
β3 Haplochromis burtoni (XP_005939455.1), β3 Maylandia zebra
(XP_004570580.1), β3 Oreochromis niloticus (XP_003438079.1), β3
Xiphophorus maculatus (XP_005802423.1), β233 Anguilla anguilla
(CAB85586.1), β233 Haplochromis burtoni (XP_005938785.1),
β233 Ictalurus furcatus (ADO28124.1), β233 Maylandia zebra
(XP_004564160.1), β233 Oreochromis niloticus (XP_003454771.1),
β233 Salmo salar (ADM16130.1), β233 Takifugu rubripes
(XP_003973874.1), β233 Xiphophorus maculatus (XP_005804489.1)

Tissue distribution of nka β1 in the milkfish
To reveal the potential roles of nka β1 related to osmoregulation in the milkfish, the gene expressions of nka β1
among various organs were elucidated for further studies. The tissue-specific expression of nka β1 was analyzed
with reverse transcription PCR in FW-acclimated milkfish
(Fig. 3). nka β1 was expressed in the heart, brain, kidney,
gill, esophagus, and intestine, but was not detected in the
liver. Furthermore, the expression of nka β1 mRNA was
more abundant in osmotic organs like the gill, kidney, and
intestine in real-time PCR analysis (Fig. 3b). Among them,
nka β1 expression in the gill was much higher than in the
intestine (4.4-fold) and kidney (3.1-fold).
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gills of milkfish increased significantly after transfer to FW
from SW for 24 h (Fig. 4c).
On the other hand, the polyclonal antibody with the
epitope sequence highly similar to that of the milkfish NKA
β1 sequence of amino acids 84–98 (86.7%) was used for
the immunoblot. The immunoreactive bands of the NKA
β1 subunit were found at 40 kDa. Meanwhile, the single
immunoreactive band of NKA α1 was found at 100 kDa.
In the protein LC/MS/MS database, the NKA β1 sequence
was only found at a molecular mass range of 38–45 kDa,
therefore, the bands at 40 kDa were calculated to represent relative amounts of the NKA β1 subunit (Fig. 5a). The
immunoblot revealed that relative amounts of NKA α and β
subunit proteins increased significantly 24 h post-transfer,
and the highest abundance was found at 48 h post-transfer (Fig. 5b). In addition, changes in the abundance of the
NKA α1 subunit were not significantly diﬀerent from those
of NKA α subunit expression after transfer.
Interaction and localization of NKA proteins in gills
of SW and FW milkfish
The interaction between the NKA α1 and β1 subunits was
then examined by Co-IP (Fig. 6). When NKA β1 was precipitated, an immunoreactive band was detected at 100 kDa
(NKA α1, Elution groups of Fig. 6a), corresponding to the
molecular mass of the NKA α1 subunit protein in the original groups. The wash groups and negative control (N.C.; IP
without antibody) validated the results of immunoprecipitation. Similarly, the result was observed in Co-IP with NKA
α1 (Fig. 6b). These data indicated that the NKA α1 subunit
associates with the NKA β1 subunit in the gills of milkfish.
Localization of the NKA α1 and β1 subunits was observed
by a confocal microscopy in SW- and FW-acclimated milkfish gills using whole-mount double immunofluorescence
staining. The merged images revealed that the NKA β1
subunit was co-localized with the NKA α1 subunit in the
ionocytes of milkfish gills. In SW, immunostaining signals
of the NKA α1 and β1 subunits were mainly observed in
gill filaments. In contrast to SW milkfish, NKA α1 and β1
subunits were found in both filaments and lamellae of FW
milkfish gills (Fig. 7).

Time-course NKA expression in gills of milkfish
transferred from SW to FW

Discussion

The abundance of nka β1 mRNA, as well as nka α1 in gills
of FW-acclimated milkfish, was significantly higher than
that of SW fish (2.5- and 4.0-fold, respectively; Fig. 4a). In
milkfish transferred from SW to FW, real-time PCR analysis revealed that gill nka α1 mRNA abundance increased
within 12 h and elevated significantly 24 h post-transfer
(Fig. 4b). Similarly, the abundance of nka β1 mRNA in

The assembly of the α and β subunits of NKA originates
in the ER. Only those α subunits associated with β subunits were resistant to trypsin digestion. Similarly, assembly with β subunits is necessary for the catalytic α subunit to acquire the pumping function of NKA. The NKA
β subunit is involved in the modulation of K+-activation
of Na+, K+-pump transport activity. Thus, the β subunit
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Fig. 3 Tissues distribution of milkfish nkaβ1. Distribution of the nka
β1 gene in organs of FW-acclimated milkfish detected by RT-PCR
analysis and real-time PCR analysis. B brain, E esophagus, G gill, H
heart, I intestine, K kidney, L liver. Values are mean ± SEM (N = 6)

could be considered a specific molecular chaperone necessary for the correct folding of the newly synthesized α
subunit (Geering 2001). The β subunit is also required
for the transport of the α subunit to the plasma membrane (Geering 1990; McDonough et al. 1990; Chow
and Forte 1995). On the other hand, the independent
role of NKA β1 was found to be the key component in
cell adhesion for maintaining epithelial characteristics.
NKA β subunit levels and enzyme activities were highly
reduced in malignant human renal clear cell carcinoma
(Rajasekaran et al. 1999). Reduced NKA β1 subunit
expression was also reported to be consistent with the
role for loss of NKA activity in the conversion of epithelial cells to mesenchymal cells that occurred during the
epithelial to mesenchymal transition (EMT) (Espineda
et al. 2004). In addition, moloney sarcoma virus transformation of Madin-Darby canine kidney cells (MSVMDCK) resulted in the loss of its epithelial phenotype
with reduction of the level of the β subunit (Rajasekaran
et al. 2001). Accordingly, accurate domain prediction of
the milkfish NKA β1 subunit, including the conservative region (YYPYY), NKA α1 binding site (YYLF) in
the transmembrane region, and the NKA β1 binding site
(glycine zipper), was necessary to reclassify NKA β233
into the β1 clade and realize the potential functions of
the NKA β1 subunit in milkfish. The conserved YYPYY
motif also interacts with the α subunit to modulate cation transport (Geering et al. 1993; Shinoda et al. 2009).
The original nomenclature β233 was a β isoform found
in the eel (Cutler et al. 2000). The β233 in the eel was
thought to be the duplicated form of β1 isoform in the
eel also found by Cutler et al. (1995). Because the β1 and
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Fig. 4 Time-course mRNA expression of gill nka α1 and β1 subunit transferred from SW to FW. a Relative mRNA abundance of the
nka α and β subunits in milkfish gills. The mRNA expression of gill
nka α1 b and β1 c were detected at 0, 12, 24, 48, 96, and 168 h. The
asterisk indicates significant diﬀerences between SW transfer values
(P < 0.05, by Student’s t test a and Dunnett’s method b, c). Values are
mean ± SEM (N = 6)

β233 sequences were not categorized together with the
phylogenetic analysis, it suggests that any diﬀerences in
the sequence/structure/function of β233-like or β1-like
sequences were likely not established prior to the major
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Fig. 6 Co-IP experiments of NKA β1 in milkfish gills. a Immunoprecipitation of NKA β1 was performed using the total membrane
fraction of milkfish gills, wash solution, and then the complexes
were detected by immunoblotting for the NKA α1 antibody (α6F).
b Immunoprecipitation of NKA α1 was performed using total membrane fraction of milkfish gills, wash solution, and then the complexes were detected by immunoblotting for NKA β1 antibody (β1).
N.C., IP without primary antibody
Fig. 5 Protein expression of gill NKA α1 (α6F), NKA α-subunit
(α5), and NKA β1 subunits (β1) in milkfish transferred from SW to
FW. a Representative immunoblots of the NKA α1 and β1 subunits
in gills of milkfish acclimated to SW and FW. The molecular masses
of a single immunoreactive band were found at 100 kDa (NAK α1)
and 40 kDa (NKA β1). b Representative immunoblots of NKA subunits in gills of milkfish sampled at diﬀerent times after transfer from
SW to FW. The asterisk indicates significant diﬀerences between SW
transfer values (P < 0.05, by Student’s t test a and Dunnett’s method
b). Values are mean ± SEM (N = 6)

speciation leading to the various taxonomic groups of
teleosts. Therefore, β1 subunit sequences have diverged
independently across the spectrum of teleostean species.
Consequently, just due to random chance, a single gene
copy or either of 2 duplicates could be a little more or
less similar to either duplicate copy in another teleostean
species, such as the eel. Maintenance of the α-β complex
and epithelial characteristics in the fish gill might rely on
the expression of the β subunit as well. The interaction
between NKA α1 and β1 subunit was also confirmed by
Co-IP. In NKA α1 and β1 precipitation, immunoreactive

bands of β1 and α1were detected, respectively. These
structural and Co-IP data indicate that NKA α1interacts
with NKA β1 in the milkfish gills.
In mammals, four α and four β subunit genes have been
reported. The α1 subunit is ubiquitously expressed (Shyjan and Levenson 1989). The α2 subunit is predominant in
brain, heart, and skeletal muscle, whereas the α3 subunit
is restricted to tissues of neural origin (Shyjan and Levenson 1989; Cameron et al. 1994). The α4 subunit is exclusively in the epididymis and testis (Underhill et al. 1999;
Woo et al. 1999). The β1 and β3 subunits are ubiquitously
expressed, whereas the β2 subunit is predominant in the
brain (Shyjan and Levenson 1989; Malik et al. 1996, 1998).
In the zebrafish, Rajarao et al. (2001) analyzed the expression profiles of β subunits and indicated that each subunit
gene was expressed in a distinct tissue- and cell-specific
fashion. Among the β1-like genes, atp1b1b is ubiquitously expressed, whereas atp1b1a is expressed in all tissues except the brain. Expression of atp1b2 is restricted
to the eye and brain. atp1b3a is expressed predominantly
in the gut, eye, testis, and brain. atp1b3b is expressed in
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Fig. 7 Confocal micrographs
of the whole-mount immunofluorescence of NKA α1 (α6F)
and β1 (β1) subunits in SW
(a–c) or FW (d–f) milkfish
gills. The 3D images of X–Z
plane were separated from the
images of X–Y plane in the
same micrograph by the white
line within each micrograph.
The merged 3D images (c, f)
revealed the co-localization
of NKA α1 and NKA β1. The
green line of each X–Z plane
image represented the Z-axis
corresponding to the yellow line
in the same micrograph of X–Y
plane. F filaments, L lamellae,
white arrowheads ionocytes.
Scale bar = 50 μm. (color figure
online)

all tissues except the heart (Rajarao et al. 2001). Specific
types of ionocytes in gills of the zebrafish were classified
according to the distribution of diﬀerent nka α1 paralogues
along with specific ion transporter localization (Liao et al.
2009). H+-ATPase-rich (HR) cells express anion exchanger
1 (AE1) with NKA (ATP1a1a.5), NKA-rich (NaR) cells
express NKA (ATP1a1a.1) to carry out Ca2+ uptake, and
NCC cells co-express Na+/Cl− cotransporter (NCC) and
NKA (ATP1a1a.2) (Hwang and Lee 2007; Hwang et al.
2011). So far no study has reported NKA α1 subunit
expression in gills of milkfish, although nka α1, α2, α3, β1,
β2, and β3 sequences have been sequenced by RNA-seq
(Hu et al. 2015). Future works will focus on the identification and expression of nka α1 paralogues of milkfish gills
upon salinity challenge.
Like killifish, milkfish exhibit an alternative NKA
response, the “higher-NKA-in-hyposmotic media” response
upon salinity challenge. Milkfish can be transferred directly
to FW from SW and exhibit a much higher expression
level of NKA α protein as well as NKA activity after FWtransfer (Lin et al. 2006). In long-term FW acclimation,
milkfish expressed higher NKA α protein with more ionocytes in FW rather than SW (Lin et al. 2006; Tang et al.
2011). The contribution of such diﬀerent levels of NKA
α protein expression may be similar to other crucial aquaculture species, such as European seabass (Dicentrarchus
labrax), because both milkfish and European seabass are
marine euryhaline teleosts, the adults of which tolerate
salinities ranging from FW to SW (Jensen et al. 1998).
The abundance of nka α1 mRNA was 2.9 fold higher in
FW seabass than in SW fish (Giﬀard-Mena et al. 2008). In
hatching embryos of European seabass, the “higher-NKAin-hyposmotic media” response was also found following
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their transfer to diluted SW (Sucre et al. 2013). When silver
moony (Monodactylus argenteus) were transferred from
SW to FW, a much higher expression level of branchial
NKA α protein and ionocytes were found. Gill NKA α protein and ionocytes increased when SW-acclimated silver
moony were transferred to FW, but decreased when FWacclimated fish were transferred to SW for 7 days (Kang
et al. 2012). This study further illustrated that protein levels
of both α1 and β1 subunit were correlated to the mRNA
levels as well as NKA activity in gills of milkfish with the
“higher-NKA-in-hyposmotic media” response. Contrary to
the results of this study, Tang et al. (2009) reported higher
NKA α1 protein expression in gills of SW milkfish rather
than FW milkfish. Diﬀerent profiles of salinity eﬀects on
NKA α1 protein abundance might be due to diﬀerent methods of isolating homogenates. Following the methods used
in tilapia and eel by Tang and Lee (2011) and Tang et al.
2012), however, the present study revealed parallel expression in mRNA and protein levels of NKA α1 and β1 subunit, corresponding to the “higher-NKA-in-hyposmotic
media” response (Lin et al. 2003, 2006).
Unlike in salmonids, milkfish nka paralogues expressed
a “higher-NKA-in-hyposmotic media” response; however,
this has not been reported before. There were isoforms of
nka α1a and α1b in gills of the salmonids reported for the
respective osmoregulatory functions in FW and SW (Richards et al. 2003; Bystriansky et al. 2006; Nilsen et al. 2007;
Madsen et al. 2009; McCormick et al. 2009). During FW
transfer, mRNA levels of the nka β subunit significantly
increased on the seventh day after FW acclimation in the
Atlantic salmon (Salmo salar), while FW nka α1a paralogues also significantly increased (Bystriansky and Schulte
2011). Simultaneous changes in nka α and β subunits
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during FW transfer were also found in milkfish. nka β1
is just as sensitive as nka α1 to the eﬀects of hyposmotic
media (FW) because nka α1 and β1 mRNA and protein
expression increased in parallel to a significant state 24 h
post-transfer. Since there has been no report of both nka α1
and β1 paralogues or isoforms thus far, the “higher-NKAin-hyposmotic media” response found in FW milkfish gills
was mainly attributed to the increasing levels of both nka
α1 and β1.
Under in vivo conditions, the α-β assembly necessary
for catalyzing ion transport is subunit specific. The α2–β2
complex was selectively immunoprecipitated from extracts
of mouse brain (Tokhtaeva et al. 2012). In MDCK cells coexpressing α1, β1, and β2 genes, preferential association
of α1 with β1 was found. In addition, the α1–β1 complex
isolated from MDCK cells and the α2–β2 complex isolated
from mouse brain were more resistant to detergents (Tokhtaeva et al. 2012). The co-immunoprecipitation assay in
this study demonstrated the association of the NKA α1–β1
subunit in milkfish gills. Further co-localization of the α1
and β1 subunit in gill ionocytes with osmoregulatory functions by whole-mount double immunofluorescence staining
also provided evidence needed to demonstrate the presence
of the α1–β1 complex in milkfish gills.
In conclusion, this study established the nomenclature
of milkfish NKAβ1 through analyses of its molecular characteristics. This study also clarified the salinity-dependent
modulation of NKA activity in gills of euryhaline milkfish,
i.e., the “higher-NKA-in-hyposmotic media” response was
mainly attributed to the association of NKA α1 and β1 subunits to form functional complexes in gill ionocytes.
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