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FXYD proteins are crucial regulators of Na+/K+-ATPase (NKA), which plays an important role in ion exchange
by providing the driving force for other ion-transporting systems in the osmoregulatory organs, including the
gills. In milkﬁsh (Chanos chanos), gill NKA has been widely investigated and found to alter its expression (both
mRNA and protein) and activity in response to environmental salinity changes. However, the expression and
roles of the regulatory proteins of NKA, the FXYD proteins, in milkﬁsh gills upon salinity challenge is not yet
clear. Hence, this study illustrated the potential roles of milkﬁsh branchial FXYD proteins in modulating NKA
expression via identiﬁcation and tissue distributions of FXYD proteins, as well as the eﬀects of salinity on expression of gill fxyd and nka mRNA. Six milkﬁsh FXYD proteins (CcFXYD) were identiﬁed. In milkﬁsh gill, gillspeciﬁc Ccfxyd11 was the predominant member, followed by Ccfxyd9 and Ccfxyd8. Upon hypoosmotic challenges, increases in gill Ccfxyd11, Ccfxyd8, Ccnka α1, and Ccnka β1 mRNA as well as signiﬁcantly positive
correlations were observed. Moreover, after acute salinity changes, expression of gill Ccfxyd11 and Ccnka was
found to change with ambient salinity, and signiﬁcant positive correlations were also exhibited between
Ccfxyd11 and Ccnka α1. Overall, these results revealed close relationships between CcFXYD11 and CcNKA α1 in
milkﬁsh gills, highlighting the potential roles of CcFXYD11 in osmoregulation.

1. Introduction
Na+/K+-ATPase (NKA), a member of the P-type ATPase family,
plays a crucial role in ion transport (Toyoshima et al., 2011; Clausen
et al., 2017). NKA is well known to actively maintain the Na+ and K+
gradient between the extra- and intracellular milieu of animal cells.
NKA promotes many ion-transporting systems for maintaining homeostasis (Vagin et al., 2012; Clausen et al., 2017). In ﬁsh osmoregulatory
organs (including the gill, kidney, and gut), NKA provides the primary
driving force by producing electrochemical gradients for other ion
transporters (Hwang et al., 2011; Whittamore, 2012). NKA is a ubiquitous membrane-bound protein complex consisting of catalytic α-

subunits and smaller glycosylated β-subunits. Four α (α1–α4) and β
(β1–β4) isoforms of NKA with tissue-speciﬁc distribution are reported
in vertebrates, including mammals and ﬁsh (Pestov et al., 2011;
Armesto et al., 2015; Clausen et al., 2017). In mammals, the NKA α1-β1
complex is expressed ubiquitously in most cell types (Blanco and
Mercer, 1998; Tokhtaeva et al., 2012; Vagin et al., 2012). In the NKA
complex, the catalytic α-subunit contains the binding sites of Na+, K+,
and ATP and thus plays a crucial role in NKA function (Evans and
Claiborne, 2009; Tang et al., 2009). Many euryhaline teleosts change in
the NKA expression of osmoregulatory organs (speciﬁcally gill NKA
activity) upon salinity challenge (Evans et al., 2005; Takei et al., 2014).
Hence, modulation of NKA expression is essential for the performance

Abbreviations: BW, brackish water; CcFXYD, Chanos chanos FXYD; EF-1α, elongation factor-1α; FW, freshwater/fresh water; NKA, Na+/K+-ATPase; QPCR,
quantitative real-time polymerase chain reaction; SE, standard error; SW, seawater
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modulators of NKA activity were unknown until now.
Upon salinity challenge, teleosts maintain internal homeostasis via
the osmoregulatory organs (Whittamore, 2012; Takei et al., 2014). For
compensation, ﬁsh absorb/reabsorb ions and excrete excess water in
FW, whereas they secrete ions and ingest water in SW. In teleosts, the
gill is considered the dominant organ for osmo/ionoregulation, and gill
NKA plays a crucial role in these processes (Evans et al., 2005; Hwang
et al., 2011; Takei et al., 2014). Therefore, it is important to explore the
modulatory mechanisms of NKA for ﬁsh osmoregulation. This study
thus focused on the potential modulatory mechanisms of FXYD proteins
with respect to NKA expression in milkﬁsh gills in response to hypoosmotic challenge. The goals of the present study were to (1) identify
members of the milkﬁsh FXYD protein family, and (2) investigate the
relationship between the expression of NKA α1-subunit and FXYD
proteins in milkﬁsh gills following salinity changes.

of cellular physiological functions (Hwang and Lee, 2007; Whittamore,
2012). Several modulatory mechanisms of NKA expression/activity are
reported thus far, including the FXYD proteins (Crambert and Geering,
2003; Clausen et al., 2017).
The FXYD proteins are novel regulators of NKA (Crambert and
Geering, 2003; Geering, 2008). These members are small membrane
proteins and share similar characteristic features, including an extracellular FXYD motif and a conserved transmembrane domain (Garty
and Karlish, 2006; Pirkmajer et al., 2017). To date, at least 12 members
of the FXYD protein family are reported in vertebrates, including
mammals and ﬁsh. Among them, most FXYD proteins show tissuespeciﬁc distribution (Geering, 2008; Hwang et al., 2011). In mammals,
all FXYD proteins (i.e., FXYD1–7) are known to interact with NKA and
aﬀect NKA expression/activity in speciﬁc ways (Garty and Karlish,
2006; Geering, 2008; Clausen et al., 2017). In ﬁsh, elasmobranch
FXYD10 is the ﬁrst identiﬁed member of the FXYD protein family
(Garty and Karlish, 2006). The expression and function of FXYD proteins of mammals and sharks have been more widely studied than those
of teleosts (Yang et al., 2018).
In teleosts, multiple FXYD proteins, including FXYD2, FXYD5–9,
FXYD11, and FXYD12, are reported in several species (Tipsmark, 2008;
Wang et al., 2008, 2017; Saito et al., 2010; Tang et al., 2012; Yang
et al., 2013; Hu et al., 2014; Liang et al., 2017). Salinity-dependent
expression (mRNA and/or protein) of certain FXYD proteins has been
investigated in teleostean osmoregulatory organs, suggesting their
physiological signiﬁcance in modulating NKA expression/activity for
osmoregulatory acclimation (Wang et al., 2008; Tipsmark et al., 2010;
Yang et al., 2013). The interactions between FXYD proteins and NKA
have also been established in certain teleosts through diﬀerent approaches including co-immunoprecipitation, in situ proximity ligation
assay, and in situ hybridization (Wang et al., 2008, 2017; Saito et al.,
2010; Tipsmark et al., 2010; Yang et al., 2013, 2016b, 2018; Chang
et al., 2016). Recently, potential functions of some FXYD proteins upon
osmotic challenge have been demonstrated in the zebraﬁsh (Danio rerio;
Saito et al., 2010), Indian medaka (Oryzias dancena; Yang et al., 2016b),
and puﬀerﬁsh (Tetraodon nigroviridis; Wang et al., 2017). However, the
modulatory mechanisms of most FXYD proteins as well as the relationship between FXYD proteins and NKA in teleosts upon salinity
challenge are not yet clear. Recently, FXYD proteins are identiﬁed and
studied in some teleosts including the anadromous salmon (Tipsmark,
2008), catadromous eels (Tang et al., 2012; Liang et al., 2017), freshwater (FW) ﬁsh (Saito et al., 2010; Yang et al., 2013), and estuarineresident (i.e., brackish-water [BW] environments) teleosts (Wang et al.,
2008, 2017; Yang et al., 2013; Hu et al., 2014). However, their potential roles in marine ﬁsh are not fully elucidated to date (Liang et al.,
2017).
Milkﬁsh (Chanos chanos) is an economically important aquaculture
species in Southeast Asia, including Taiwan (Martinez et al., 2006).
Being a euryhaline marine teleost, it can survive in hypoosmotic (i.e.,
FW) or hyperosmotic (e.g., seawater [SW] and hypersaline water
[60‰]) environments (Bagarinao, 1994; Tang et al., 2009). Milkﬁsh is
an excellent experimental species for studies on osmo/ionoregulation
because it is extremely euryhaline (Bagarinao, 1994; Martinez et al.,
2006; Tang et al., 2010). The milkﬁsh can be transferred directly from
SW to FW and vice versa, maintaining internal homeostasis within
narrow physiological ranges upon salinity challenge (Lin et al., 2003,
2006; Tang et al., 2009, 2010; Kang et al., 2015). In the milkﬁsh, the
eﬀects of salinity on branchial NKA expression (such as mRNA, protein,
activity, and localization) have been widely investigated (Lin et al.,
2003, 2006; Tang et al., 2009; Kang et al., 2015; Hu et al., 2017). According to protein expression analysis, the NKA α1 is the major subunit
in osmoregulatory organs of milkﬁsh including the gill (Tang et al.,
2009; Yang et al., 2016a; Hu et al., 2017). The association of α1- and
β1-subunits in milkﬁsh gills for functional performance of NKA has also
been reported (Hu et al., 2017). However, in milkﬁsh gills, the expression of FXYD proteins as well as their potential roles of the

2. Materials and methods
2.1. Experimental animals and environments
Juvenile milkﬁsh (C. chanos) of 9–11 cm in standard length were
purchased from the Da-Shun milkﬁsh aquafarm in Tainan, Taiwan.
Subsequently, the ﬁsh were transported to the laboratory and then
acclimated to SW (35‰) or FW (aerated dechlorinated local tap water)
at 28 ± 1 °C with a daily 12-h photoperiod. SW was prepared by
adding synthetic sea salt (Blue Treasure Synthetic Sea Salt; Blue
Treasure, Surry Hills, Australia) to FW ([Na+] 0.22 mM; [K+] 0.04 mM;
[Ca2+] 0.68 mM; [Mg2+] 0.28 mM; [Cl−] 0.14 mM). Other details of
the water parameters were reported in our previous studies (Yang et al.,
2011, 2017). Water was continuously circulated through fabric-ﬂoss
ﬁlters and partially refreshed every week. Fish were fed twice a day
with a diet of commercial pellets. The animal care and use protocols
were approved by the Institutional Animal Care and Use Committee of
the National Chung Hsing University (approval no. 105–130), and all
procedures undertaken complied with the approved guidelines.

2.2. Acclimation and transfer experiments
For long-term acclimation, milkﬁsh were reared in either SW or FW
for at least 4 weeks. In the time-course experiments, after long-term
acclimation, milkﬁsh in the study group were directly transferred from
SW to FW and vice versa. Meanwhile, ﬁsh in the control group were
sham-transferred from SW to SW or from FW to FW for the respective
experiments. Milkﬁsh were sampled at 1/2, 1, 2, 4, and 7 days posttransfer, based on previous studies (Tang et al., 2009; Hu et al., 2017).
Before sampling, ﬁsh were not fed for one day and then anesthetized
using MS-222 (100–200 mg/L). After sacriﬁce by cutting their spinal
cord over crushed ice, the organs/tissues were dissected and rapidly
frozen in liquid nitrogen and then stored immediately at −80 °C for the
following analyses.

2.3. Total RNA extraction and reverse transcription
The methods used herein were modiﬁed from our previous study
(Hu et al., 2017). Brieﬂy, RNA from various milkﬁsh tissues/organs was
extracted with TriPure Isolation Reagent (#11667165001; Roche,
Mannheim, Germany) in accordance with the manufacturer's instructions. The integrity and concentration of extracted RNA was veriﬁed
and measured by 1% agarose gel electrophoresis and a NanoDrop 2000
(Thermo, Wilmington, DE, USA), respectively. For reverse transcription, cDNAs were synthesized with the iScript™ Reverse Transcriptase
Kit (170–8891; Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. The RNA and cDNA were stored at −80 °C
and − 20 °C, respectively.
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Fig. 1. Alignment of putative amino acid sequences
of the FXYD proteins in milkﬁsh. Red text indicates
the FXYD motif; the conserved residues in the conserved region (from the FXYD motif to the end of the
transmembrane domain) are shown in blue; the
predicted phosphorylation sites are shown in pink;
the putative signal peptides are shown by gray underlines; and the predicted transmembrane domains
are shown with green underlines. (For interpretation
of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

further analysis, the normality and homogeneity of variance of all data
were evaluated using Shapiro-Wilk test and Levene's test, respectively.
Some of the data in the tissue distribution were not normally distributed, and thus diﬀerences between groups were analyzed using
Kruskal-Wallis test with Dunn-Bonferroni test. Furthermore, diﬀerences
in mRNA levels between groups in the long-term or time-course experiments were analyzed via Student's t-test or one-way analysis of
variance with Dunnett's test, respectively. Correlation between mRNA
abundance of branchial Ccnka α1 and other target genes from long-term
acclimation and all time-points of the study groups in the transfer experiments were evaluated using the two-tailed Pearson correlation
coeﬃcient. All analyses were performed using SPSS 20 software (SPSS,
Chicago, IL, USA), and P-values of < 0.05 were considered to be signiﬁcant.

2.4. Sequencing and identiﬁcation of milkﬁsh FXYD proteins
The fxyd genes were derived from the milkﬁsh transcriptome database (Hu et al., 2015, 2017). Subsequently, they were conﬁrmed by
reverse transcription-polymerase chain reaction (RT-PCR) and sequenced. To characterize these FXYD proteins, the amino acid sequences were deduced from sequenced fxyd genes using the Open
Reading Frame Finder of National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/orﬃnder/), and then their
characteristic features were predicted according to previous studies
(Yang et al., 2013; Wang et al., 2017). The signal peptide and transmembrane domain were predicted using SignalP 4.1 (http://www.cbs.
dtu.dk/services/SignalP/) (Petersen et al., 2011) and SOSUI engine
1.11 (http://harrier.nagahama-i-bio.ac.jp/sosui/) (Mitaku et al., 2002),
respectively. Meanwhile, the phosphorylation sites were predicted via
NetPhos 3.1 (http://www.cbs.dtu.dk/services/NetPhos/) (Blom et al.,
2004).
The sequences of FXYD proteins were identiﬁed based on both
protein identity and phylogenetic analysis. Published sequences of
FXYD proteins were obtained from NCBI, and all accession numbers are
listed in Tables S1 and S2. Amino acid sequences for FXYD proteins
from teleosts and mammals were aligned by ClustalW using BioEdit
7.2.5 (Hall, 1999), and these aligned sequences were used to analyze
their similarity and phylogeny. Amino acid identity was assessed using
BioEdit with Sequence Identity Matrix as previously described (Yang
et al., 2013). Moreover, the phylogenetic tree was constructed via the
maximum likelihood method with 1000 bootstraps using MEGA X
(Kumar et al., 2018).

3. Results
3.1. Characterization of milkﬁsh FXYD (CcFXYD) proteins
Six members of the FXYD family, including CcFXYD2, CcFXYD7a,
CcFXYD7b, CcFXYD8, CcFXYD9, and CcFXYD11, were identiﬁed from
the milkﬁsh transcriptome database (Fig. 1; Table S2). Among them,
three members (CcFXYD8, CcFXYD9, and CcFXYD11) contained the
predicted signal peptides (gray underlines). All CcFXYD proteins had
one or more predicted phosphorylation sites (pink text). Meanwhile, the
sequences from the FXYD motif to the transmembrane domain were
similar among all CcFXYD proteins (blue text). In the phylogenetic
analysis, 33 members of the FXYD proteins from teleosts and mammals
were aligned and compared to construct the phylogenetic tree (Fig. 2).
These FXYD proteins were divided into ﬁve groups (FXYD2, FXYD7,
FXYD8, FXYD9, and FXYD11), and all CcFXYD proteins of milkﬁsh were
categorized into their respective group. In addition, lower identities of
both whole sequences (11.5–41.9%) and conserved regions
(26.8–52.5%) were found among all CcFXYD proteins, but not between
CcFXYD7a and CcFXYD7b (Table 1). Compared with these FXYD
homologues between milkﬁsh and other teleosts or mammals, higher
identities of conserved regions were observed (Table 2). Among them,
teleostean FXYD9 proteins showed the highest similarity of sequences
(85.0–87.5%).

2.5. Quantitative real-time PCR (QPCR)
The methods, including QPCR protocol and data calculation, were
as previously described (Wang et al., 2017; Yang et al., 2018). Expression levels of the target genes were quantiﬁed using 2× KAPA
SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington, MA, USA)
with the MiniOpticon real-time PCR system (Bio-Rad). Subsequently,
mRNA values for the target genes were normalized using the expression
of ef1α (elongation factor-1α) mRNA from the same cDNA sample (Hu
et al., 2015, 2017). Primer information is listed in Table S2. The ampliﬁcation eﬃciency was similar for all primer pairs (range: 0.96–1.05).
To conﬁrm the speciﬁcity of these ampliﬁcations from each test sample,
sequencing, melting curve analysis, and electrophoresis were carried
out. For each unknown sample, relative fxyd gene expression was obtained using the formula 2^−[(Cttarget genes, n − Ctef1α, n) − (Cttarget genes,
c − Ctef1α, c)], where Ct corresponded to the threshold cycle number.
The letter “n” indicates each cDNA sample used in these experiments
and “c” indicates the control mixed with cDNAs from many organs.

3.2. Tissue distribution of milkﬁsh Ccfxyd genes
The QPCR results showed that all Ccfxyd genes had tissue-speciﬁc
expression (Fig. 3). Ccfxyd2, Ccfxyd8, and Ccfxyd9 were expressed in
almost all detected organs and observed predominantly in the kidney,
muscle, and heart, respectively. Ccfxyd7a and Ccfxyd7b were mainly
expressed in the brain, while Ccfxyd11 was primarily found in the gills.
In milkﬁsh gills (Fig. 4), on the other hand, Ccfxyd11 mRNA abundance
was the highest, followed by Ccfxyd9 and Ccfxyd8. Meanwhile, low
mRNA levels of Ccfxyd2, Ccfxyd7a, and Ccfxyd7b were observed in
milkﬁsh gills. Thus, Ccfxyd8, Ccfxyd9, and Ccfxyd11 were selected for

2.6. Statistical analysis
All values are shown as the mean ± standard error (SE). Before
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Fig. 2. Phylogenetic tree of FXYD proteins using the maximum likelihood method. The numbers at the forks indicate the bootstrap values (%). Accession numbers are
listed in Tables S1 and S2. Aj, Japanese eel; Am, marbled eel; Cc, milkﬁsh; Dr, zebraﬁsh; Hs, human; Mm, mouse; Od, Indian medaka; Ol, Japanese medaka; Sa,
spotted scat; Ss, Atlantic salmon; Tn, puﬀerﬁsh.

experiments, most genes, including Ccfxyd11, Ccfxyd8, Ccnka α1, and
Ccnka β1, showed signiﬁcant increases in FW-acclimated milkﬁsh
(Fig. 5). Meanwhile, no signiﬁcant diﬀerence in branchial Ccfxyd9
mRNA between the SW and FW groups was observed (Fig. 5b).
In the transfer experiments, similar results were found. In both
control groups (transfer from SW to SW and from FW to FW), no

subsequent analyses.
3.3. Salinity eﬀects on Ccfxyd and Ccnka genes in milkﬁsh gills
Upon salinity challenge, many branchial target genes exhibited
signiﬁcant changes (Figs. 5–7). In the long-term acclimation
Table 1
Identities (%) of amino acid sequences of milkﬁsh CcFXYD proteins.

CcFXYD2
CcFXYD7a
CcFXYD7b
CcFXYD8
CcFXYD9
CcFXYD11

CcFXYD2

CcFXYD7a

CcFXYD7b

CcFXYD8

CcFXYD9

CcFXYD11

–
36.5%
42.5%
52.5%
40.0%
32.5%

16.9%
–
78.0%
36.5%
34.1%
26.8%

30.1%
41.9%
–
45.0%
40.0%
30.0%

31.0%
17.9%
24.1%
–
50.0%
40.0%

19.7%
15.2%
21.9%
31.9%
–
47.5%

21.6%
11.5%
20.2%
24.1%
27.4%
–

Homologies were evaluated using ClustalW alignment for all amino acids (above diagonal) and 40 amino acids of the conserved region (from 3 amino acids before the
FXYD motif to the rear of the transmembrane domain) (below diagonal). Accession numbers are listed in Table S1. –, not applicable.
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Table 2
Amino acid sequence identities (%) of the conserved region of milkﬁsh CcFXYD proteins compared with homologues from other teleosts and mammals.
Species
Teleosts
Aj
Am
Dr
Od
Ol
Sa
Ss
Tn
Mammals
Hs
Mm

CcFXYD2

CcFXYD7a

CcFXYD7b

CcFXYD8

CcFXYD9

CcFXYD11

–
–
80.0
–
–
–
80.0
–

–
–
67.5
60.0
55.0
–
55.0
–

–
–
85.0
65.0
62.5
–
70.0
–

–
–
75.0
75.0
75.0
–
70.0
70.0

–
–
85.0
87.5
85.0
–
85.0
85.0

67.5
70.0
62.5
45.0
55.0
67.5
67.5
–

47.5
50.0

35.0
40.0

50.0
55.0

–
–

–
–

–
–

Homologies were evaluated for the 40 amino acids of the conserved region (from 3 amino acids before the FXYD motif to the rear of the transmembrane domain) after
ClustalW alignment. Accession numbers are listed in Table S1. Aj, Japanese eel; Am, marbled eel; Dr, zebraﬁsh; Od, Indian medaka; Ol, Japanese medaka; Sa, spotted
scat; Ss, Atlantic salmon; Tn, puﬀerﬁsh; Hs, human; Mm, mouse; −, not applicable.

Fig. 3. Tissue distribution of Ccfxyd genes in the milkﬁsh. The values are means ± SE (total N = 6; N = 3 in the freshwater and seawater groups, respectively).
Diﬀerent letters indicate signiﬁcant diﬀerences among tissues and organs, excluding the tissue/organ with the highest amount of Ccfxyd gene (P < .05). B, brain; G,
gill; H, heart; I, intestine; K, kidney; L, liver; M, muscle.
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groups. After transfer from SW to FW, mRNA expression of the three
genes signiﬁcantly increased as compared to the initial time-point
(Fig. 6a, d, e). Levels of branchial Ccfxyd11 and Ccnka β1 mRNA both
clearly increased by the second day post-transfer, while abundance of
Ccnka α1 mRNA was quickly and signiﬁcantly increased since 1/2 day
(12h) post-transfer except at 1 day post-transfer. In contrast, mRNA
expression of Ccfxyd11, Ccnka α1, and Ccnka β1 was clearly downregulated as compared to the initial time-point after transfer from FW to
SW (Fig. 7a, d, e). Signiﬁcantly reduced mRNA levels were found in the
three genes by 1/2 day (12 h) post-transfer, except in Ccfxyd11 and
Ccnka β1 at 1 day post-transfer.
Fig. 4. Comparisons of branchial Ccfxyd mRNA abundance in the milkﬁsh. The
values are means ± SE (total N = 6; N = 3 in the freshwater and seawater
groups, respectively). Diﬀerent letters indicate signiﬁcant diﬀerences among
fxyd genes, excluding fxyd11 (P < .05).

3.4. Correlation between Ccfxyd and Ccnka genes in milkﬁsh gills upon
salinity challenge
The relationships between mRNA abundance of Ccnka α1 and those
of other target genes were investigated using correlation analyses
(Table 3). In the long-term acclimation groups, mRNA abundance of
Ccnka α1 showed signiﬁcantly positive correlation with those of Ccnka
β1, Ccfxyd11, and Ccfxyd8. The Ccnka α1 mRNA level also showed a
positive correlation with that of Ccfxyd9, but not signiﬁcantly. On the
other hand, in all study groups in the two transfer groups, signiﬁcant

diﬀerence was found between the initial time-point (day 0) and others
after transfer (Figs. 6, 7). Likewise, in the study groups (transfer from
SW to FW and vice versa), there was no diﬀerence in mRNA levels of
branchial Ccfxyd8 and Ccfxyd9 between the initial and other timepoints after transfer. Meanwhile, signiﬁcant changes were observed in
mRNA expression of Ccfxyd11, Ccnka α1, and Ccnka β1 in the transfer

Fig. 5. Salinity eﬀects on mRNA abundance of branchial Ccfxyd and Ccnka genes in milkﬁsh. The values are means ± SE (N = 6 in all groups). The asterisk indicates
a signiﬁcant diﬀerence (P < .05). SW, seawater; FW, fresh water.
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Fig. 6. The time-course changes in mRNA expression of branchial Ccfxyd and Ccnka genes in milkﬁsh after transfer from seawater (SW) to fresh water (FW) or SW.
The values are means ± SE (N = 6 or 4 in the initial time-point or others, respectively). The asterisks indicate signiﬁcant diﬀerences as compared to the initial timepoint in the study group (P < .05). No diﬀerence was found between the initial time-point and tested time-points in the control group.

(Saito et al., 2010). Among these FXYD proteins, moreover, FXYD11 has
been identiﬁed in the gills of most studied teleosts including the
Atlantic salmon (Tipsmark, 2008), zebraﬁsh (Saito et al., 2010), Japanese eel (Anguilla japonica; Tang et al., 2012), Indian medaka, Japanese
medaka (O. latipes) (Yang et al., 2013), spotted scat (Scatophagus argus;
Hu et al., 2014), and marbled eel (A. marmorata; Liang et al., 2017).
According to the results of multiple sequence alignment, protein identity, and structural predictions, all CcFXYD proteins have a highly
conserved sequence from the FXYD motif to the transmembrane domain
and some predicted phosphorylation sites. These characteristic features
are similar to those of other teleostean FXYD proteins (Tipsmark, 2008;
Yang et al., 2013; Wang et al., 2017). In mammals and sharks, phosphorylation is an important element for functions of FXYD proteins
(Garty and Karlish, 2006; Toyoshima et al., 2011). Furthermore, this
conserved region from the FXYD motif to the transmembrane domain is
essential for the structural interaction between FXYD and NKA
(Geering, 2006; Toyoshima et al., 2011). Thus, compared to the other
parts of sequences, this important region is highly similar among different members of the FXYD family as well as among various ﬁsh
species. Accordingly, the sequence characteristics indicated that
CcFXYD proteins might play roles in the modulation of NKA expression

positive correlations were observed between mRNA abundance of
Ccnka α1 and Ccnka β1 or Ccfxyd11 (Table 3). In contrast, there was no
signiﬁcant relationship between mRNA levels of Ccnka α1 and Ccfxyd9
or Ccfxyd8 after transfer. Ccnka α1 mRNA levels exhibited weak positive correlations with those of Ccfxyd8 and Ccfxyd9 after transfer from
SW to FW and with those of Ccfxyd8 after transfer from FW to SW.
However, Ccnka α1 mRNA abundance correlated negatively with that of
Ccfxyd9 after transfer from FW to SW (Table 3).

4. Discussion
As modulators of NKA activity, FXYD proteins also play important
roles in maintaining osmotic homeostasis. Similar to previously studied
mammals and teleost ﬁsh, multiple FXYD proteins of milkﬁsh have been
identiﬁed. Based on nomenclature from previous studies (Tipsmark,
2008; Yang et al., 2013) and the results of protein identity and phylogenetic analyses, the CcFXYD proteins were named CcFXYD2,
CcFXYD7a, CcFXYD7b, CcFXYD8, CcFXYD9, and CcFXYD11. Although
the members and number of the FXYD protein family vary among teleostean species, all members of milkﬁsh FXYD proteins are also found
in the Atlantic salmon (Salmo salar; Tipsmark, 2008) and zebraﬁsh
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Fig. 7. The time-course changes in mRNA expression of branchial Ccfxyd and Ccnka genes in milkﬁsh after transfer from fresh water (FW) to seawater (SW) or FW.
The values are means ± SE (N = 6 or 4 in the initial time-point or others, respectively). The asterisks indicate signiﬁcant diﬀerences as compared to the initial timepoint in the study group (P < .05). No diﬀerence was found between the initial time-point and tested time-points in the control group.

in milkﬁsh similar to those of other known FXYD proteins.
Distinct tissue distribution of FXYD proteins has been commonly
reported in mammals and ﬁsh (Garty and Karlish, 2006; Geering, 2008;
Yang et al., 2013), but their distribution varies with animal species. In
the milkﬁsh, all Ccfxyd genes also exhibited tissue-speciﬁc distribution.
Among these CcFXYD proteins, Ccfxyd7a and Ccfxyd7b were primarily
expressed in the brain, similar to fxyd7 in the rat (Béguin et al., 2002),
Atlantic salmon (Tipsmark, 2008), Indian medaka, and Japanese medaka (Yang et al., 2013). Nevertheless, zebraﬁsh fxyd7 is widely present
in various tissues (Saito et al., 2010). On the other hand, broad distribution of fxyd8 and fxyd9 has been reported in the puﬀerﬁsh (Wang
et al., 2008, 2017), zebraﬁsh (Saito et al., 2010), Indian medaka, and
Japanese medaka (Yang et al., 2013). In the milkﬁsh (this study) and
Atlantic salmon (Tipsmark, 2008), however, fxyd8 is expressed predominantly in the muscle, and fxyd9 is found mainly in the heart. In
addition, the distributions of Ccfxyd2 and Ccfxyd11 found in this study
were similar to those of previous studies. Ccfxyd2 is expressed predominantly in the milkﬁsh kidney, similar to fxyd2 in the rat (Béguin
et al., 1997) and Atlantic salmon (Tipsmark, 2008). The kidney is an
important organ for osmotic homeostasis in FW-acclimated ﬁsh
(Marshall and Grosell, 2006; Whittamore, 2012), implying the

Table 3
The correlation coeﬃcient (R) of mRNA abundance for Ccnka and Ccfxyd genes
in milkﬁsh gills.
Group

mRNA levels

Long-term acclimation
Ccnka α1

Transfer from SW to FW
Ccnka α1

Transfer from FW to SW
Ccnka α1

⁎

N

R

P value

0.927
0.872
0.427
0.859

< 0.001⁎
< 0.001⁎
0.167
< 0.001⁎

0.751
0.824
0.198
0.145

< 0.001⁎
< 0.001⁎
0.333
0.479

0.506
0.490
−0.307
0.033

0.008⁎
0.011⁎
0.127
0.872

12
Ccnka β1
Ccfxyd11
Ccfxyd9
Ccfxyd8
26
Ccnka β1
Ccfxyd11
Ccfxyd9
Ccfxyd8
26
Ccnka β1
Ccfxyd11
Ccfxyd9
Ccfxyd8

P < .05.
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Alterations in gill NKA responses of euryhaline teleosts are usually
found when they are acclimated to diﬀerent environmental salinities
(Evans et al., 2005; Hwang et al., 2011). A previous study showed that
the modulatory mechanisms of gill NKA expression in milkﬁsh after
transfer to FW included two phases: the adjustive phase (within 12 h
after transfer) and regulatory phase (after 2 days post-transfer) (Lin
et al., 2006). In the processes, gill NKA activity might be modulated via
post-translational modiﬁcation in the ﬁrst phase and by transcriptional
and translational processes in the second phase (Lin et al., 2006). Similar ﬁndings were also observed in this study. Upon acute salinity
challenges, in both the groups transferred from SW to FW and vice
versa, expression of branchial Ccfxyd11, Ccnka α1, and β1 changed
quickly with or without signiﬁcant diﬀerences within 1/2 day after
transfer, and they were signiﬁcantly diﬀerent by 2 days post-transfer.
FXYD proteins modulate NKA activity by interacting with NKA (Garty
and Karlish, 2006; Geering, 2008). Moreover, in Indian medaka gills,
Chang et al. (2016) reported that the interaction levels between
FXYD11 and NKA increased at 12 h after transfer from BW to FW. Thus,
in milkﬁsh gills, NKA activity might be modulated by changing interaction levels with FXYD11 during the adjustive phase after transfer and
subsequently by increasing the transcription and translation of NKA and
FXYD11.
Ccfxyd8 and Ccfxyd9 were also expressed in gills, but their mRNA
abundance was low and not salinity-dependent post-transfer.
Interestingly, after long-term acclimation, gill Ccfxyd8 mRNA increased
in the FW group and had a signiﬁcantly positive correlation with Ccnka
α1 mRNA. The eﬀects of salinity on gill fxyd8 mRNA have been investigated in the Atlantic salmon (Tipsmark, 2008), Indian medaka, and
Japanese medaka (Yang et al., 2013). The expression proﬁles of gill
fxyd8 mRNA are salinity-dependent in the two medaka species (Yang
et al., 2013), whereas no salinity-dependent change in fxyd8 mRNA was
observed in gills of the Atlantic salmon (Tipsmark, 2008). Recently, the
FXYD8 in puﬀerﬁsh kidneys was found to negatively modulate NKA
expression/activity, which was demonstrated via the Xenopus oocyte
overexpression system (Wang et al., 2017). Although the function of
ﬁsh FXYD8 has been demonstrated, its expression in ﬁsh gills has not
been investigated in depth to date. Expression of teleostean FXYD8
proteins after chronic salinity acclimation (at least 2 weeks) are reported in previous studies (Tipsmark, 2008; Yang et al., 2013; Wang
et al., 2017), but no study focuses on its responses to acute salinity
changes. This study is the ﬁrst to ﬁnd a positive relationship between
CcFXYD8 and CcNKA α1 after long-term acclimation and to illustrate
non-salinity-dependent expression of branchial CcFXYD8 during acute
salinity changes, implying that CcFXYD8 may be involved diﬀerently in
osmoregulatory processes of milkﬁsh gills between chronic and acute
salinity challenges via modulating NKA expression.
Our results of milkﬁsh conﬁrmed that no change in FXYD9 expression was observed in gills of Atlantic salmon, Indian medaka, and
Japanese medaka after salinity changes (Tipsmark, 2008; Tipsmark
et al., 2010; Bystriansky and Schulte, 2011; Yang et al., 2013). However, in the puﬀerﬁsh (Wang et al., 2008) and Mozambique tilapia
(Oreochromis mossambicus; Tipsmark et al., 2011), expression of branchial FXYD9 (mRNA and/or protein) is salinity-dependent, revealing
that it may also be involved in the modulation of NKA activity. Moreover, puﬀerﬁsh FXYD9 might be able to exhibit an inhibitory eﬀect on
NKA activity because of its high similarity to shark FXYD10 and
mammalian FXYD3 as well as its negative correlation with NKA upon
salinity challenge (Wang et al., 2008). CcFXYD8 and CcFXYD9 might
have similar function with homologues from other teleosts because of
their highly conserved sequences (Yang et al., 2013; Wang et al., 2017).
These results show that the modulation of NKA activity might diﬀer
between FXYD11 and FXYD8 or FXYD9 in teleosts, including the
milkﬁsh, similar to FXYD protein functions in mammals (Garty and
Karlish, 2006; Geering, 2008). Based on low mRNA abundance and
their lack of salinity-dependent change post-transfer in gills, CcFXYD8
and CcFXYD9 might not play major role in milkﬁsh osmoregulation,

important roles of CcFXYD2 in milkﬁsh kidneys. Likewise, the tissue
distribution of milkﬁsh Ccfxyd11 exhibited a gill-speciﬁc type, similar
to that of other teleosts reported in previous studies (Tipsmark, 2008;
Saito et al., 2010; Tang et al., 2012; Yang et al., 2013; Hu et al., 2014;
Liang et al., 2017). These results revealed that the roles of these
CcFXYD proteins might be distinct due to their tissue-speciﬁc distribution (Wang et al., 2017). Moreover, the kidney-predominant
CcFXYD2 and gill-speciﬁc CcFXYD11 might play major roles in osmoregulation of milkﬁsh.
As a member of the FXYD protein family, FXYD11 is a teleost-speciﬁc member identiﬁed in most studied teleosts (Tipsmark, 2008; Saito
et al., 2010; Tang et al., 2012; Yang et al., 2013; Hu et al., 2014; Liang
et al., 2017). In milkﬁsh gills, Ccfxyd11 was not only speciﬁcally distributed in gills but was also the most predominant member compared
to other Ccfxyd genes. Similar results were also observed in all branchial fxyd11 of studied teleosts (Hwang et al., 2011; Yang et al., 2013;
Liang et al., 2017). Thus, FXYD11 is considered the predominant participator and playing a crucial role in modulating NKA expression in
teleostean gills (Hwang et al., 2011). In this study, after long-term acclimation, mRNA expression proﬁles of Ccfxyd11 and Ccnka (both α1
and β1) were parallel, showing increases in the gills of FW milkﬁsh.
Higher abundance of gill FXYD11 protein in the FW group is also found
in the Indian medaka (an estuarine teleost) as compared to BW and SW
ﬁsh (Yang et al., 2013). Nevertheless, in several teleosts (including FW
habitants, estuarine residents, and migratory species), increased expression of branchial FXYD11 (mRNA/protein) is found in SW individuals rather than in FW and/or BW groups (Tipsmark et al., 2010;
Tang et al., 2012; Yang et al., 2013; Hu et al., 2014; Liang et al., 2017).
These diﬀerences in salinity responses may arise from diﬀerent natural
histories, phylogenetic histories, or developmental stages (Inoue and
Takei, 2003; Hwang and Lee, 2007; Takei et al., 2014). Moreover,
previous studies have reported that branchial NKA levels (mRNA,
protein, and activity) of milkﬁsh are increased in the FW group as
compared to SW ﬁsh (Lin et al., 2003; Kang et al., 2015; Hu et al.,
2017), and the present results conﬁrm the previous ﬁndings. Therefore,
being a marine ﬁsh, milkﬁsh might resist FW-induced osmotic stress
(hypoosmotic challenge) by increasing expression of FXYD11 and NKA
in the gills.
Parallel/similar expression of branchial FXYD11 and NKA (mRNA/
protein/activity) has also been reported in other teleosts, including the
Atlantic salmon (Tipsmark et al., 2010), zebraﬁsh (Saito et al., 2010),
Japanese eel (Tang et al., 2012), marbled eel (Liang et al., 2017), Indian
medaka (Yang et al., 2013; Chang et al., 2016), and Japanese medaka
(Yang et al., 2013), in response to salinity changes. This study is the
ﬁrst to investigate the eﬀects of salinity on correlation between NKA αsubunits and FXYD proteins in gills of euryhaline teleosts via correlation analyses. The positive correlations between mRNA levels of Ccnka
α1 and Ccnka β1 in all experiments were expected, because NKA α1-β1
is the main functional complex in milkﬁsh gills (Hu et al., 2017).
Likewise, in both long-term acclimation and transfer experiments, signiﬁcantly positive correlations between mRNA levels of Ccnka α1 and
Ccfxyd11 were observed. These results demonstrate a close correlation
between Ccnka α1 and Ccfxyd11 in milkﬁsh gills. In FXYD11-knockdown zebraﬁsh, an increased number of NKA-immunoreactive cells
have been found, and are considered to compensate for NKA dysfunction (Saito et al., 2010). Based on these similar expression proﬁles and
knockdown treatments, previous studies considered that teleostean
FXYD11 might be able to increase NKA activity in gills (Tipsmark,
2008; Saito et al., 2010; Yang et al., 2013). The positive correlations
found in this study provide further evidence to support this point of
view. Notably, these correlation coeﬃcients were higher in the longterm acclimation group than in the two transfer groups. Compared to
the results of long-term acclimation, these weaker relationships in the
transfer experiments might be due to diﬀerent responses during the
transient period as compared to the responses of fully acclimated ﬁsh
(Hu et al., 2014).
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especially upon acute salinity challenge. In gills of the medaka, FXYD9
is considered to be a housekeeping gene or an assistant (for FXYD11)
because of its second highest abundance and constant expression
without salinity eﬀects (Yang et al., 2013). Therefore, CcFXYD9 and
CcFXYD8, the second and third most highly expressed Ccfxyd genes,
might play some roles in co-modulating NKA activity with CcFXYD11
(the major member) in milkﬁsh gills.
The present study establishes a tight correlation between FXYD11
and NKA in milkﬁsh gills suggestive of a function in FW ion regulation.
In future studies it would be intriguing to clarify the expression and
correlations of tissue-speciﬁc FXYD proteins and the multiple isoforms
of NKA to establish whether there are specialized functions of FXYD
proteins based on FXYD-NKA pairing in other tissues.
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