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a b s t r a c t
Milkﬁsh, a species within the primitive teleost lineage Otocephala, can survive in water conditions ranging from
hypo- to hyper-saline. This study explored the effects of environmental salinity on apical morphologies of
ionocytes and the expression of villin homologs in the gills of milkﬁsh acclimated to either seawater (SW) or
fresh water (FW). Scanning electron microscopy revealed that the ionocytes in the gill ﬁlaments of SW and FW
milkﬁsh, respectively, cellular apical morphologies were hole-type and squint-type. The ﬂat-type ionocytes
were observed in the gill lamellae of FW milkﬁsh. Furthermore, apical surfaces of some lamellar ionocytes exhibited microvilli. Villin 1 is a microvilli marker expressed in the epithelial cells of various vertebrates. In the phylogenetic tree of villin 1 homologs, primitive teleosts exhibit villin 1-like (VILL) and villin 1 proteins. Two mRNA
sequences, villin 1 and VILL, were identiﬁed from the milkﬁsh transcriptome by next generation sequencing.
Low but constant expression of villin 1 (gene and protein) was observed in the gills for both SW and FW ﬁsh.
VILL gene and protein expression levels in the gills were higher in FW ﬁsh, compared to SW ﬁsh. Double immunoﬂuorescence staining demonstrated that VILL protein was present in some lamellar ionocytes of FW milkﬁsh,
but not in the ﬁlament ionocytes of either FW or SW milkﬁsh. Taken together, these ﬁndings indicated that the
VILL expression of ionocytes is hypoosmotic-dependent. The VILL might be involved in the formation of microvilli
in the lamellar ionocytes for hyperosmoregulation of the milkﬁsh.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Salinity adaptation by euryhaline teleost ﬁsh is a complex process,
involving physiological responses by osmoregulatory organs, to achieve
ionoregulation in response to environmental challenges (Hwang and
Lee, 2007, Evans, 2008; Kültz, 2015). The gill is one such osmoregulatory
organ; in gill epithelia, ionocytes, also called mitochondrion-rich cells or
chloride cells, are mainly responsible for ion secretion and absorption.
For seawater (SW) ﬁsh, conducted ion secretion by gill ionocytes has
been observed, while the gill ionocytes of freshwater (FW) teleosts
exhibit ion uptake (Dymowska et al., 2012; Edwards and Marshall,
2013; Hiroi and McCormick, 2012; Hwang et al., 2011; Kültz, 2015;
Takei et al., 2014). Immunocytochemical studies demonstrated that
Na+/K+-ATPase (NKA), the primary driving force for the operation of
different ion transporters, was localized mainly in the basolateral
membrane of gill ionocytes (Hwang and Lee, 2007; Evans, 2008). The
anatomic distribution of gill ionocytes is affected by environmental
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salinity. Previous studies have reported that signiﬁcant increases in
the number of lamellar ionocytes, which are the cell type associated
with ion-uptake, are observed in the gills of FW-acclimated ﬁsh (Lin
et al., 2003; Kaneko et al., 2008; Uchida et al., 1996; Sasai et al., 1998;
Hirai et al., 1999; Versamos et al., 2002). The apical morphologies
of ionocytes in gills of euryhaline teleosts were found to undergo transformation or recruit new cells with changes in shape or size to adjust to
different ionoregulatory functions when ﬁsh were exposed to environments with varying salinities or ion concentrations (Kaneko et al.,
2008; Lee et al., 1996; Katoh and Kaneko, 2003; Kang et al., 2013). In
these studies, scanning electron microscopic (SEM) examinations
revealed that in SW ﬁsh, the apical opening of ionocytes was holetype and formed a pit. In FW ﬁsh, however, the apical surface was
ﬂat-type with a larger opening and was equipped with numerous
microvilli (Perry, 1997; Perry et al., 1992). Kang and Lee (2014) further
described the ultrastructure of typical microvilli using transmission
electron microscopy (TEM), and demonstrated that actin ﬁlaments
were organized within the cell cortex of gill ionocytes.
Actin ﬁlament is a cytoskeleton molecule, that maintains cell
surface structure through its association with the plasma membrane,
and which is also responsible for remodeling cellular morphology

60

C.-K. Kang et al. / Comparative Biochemistry and Physiology, Part A 203 (2017) 59–68

(Revenu et al., 2004). Villin 1 is a tissue-speciﬁc actin binding protein in
the gelsolin-family of proteins. As is typical for the gelsolin proteins, the
core domain is comprised of six repeats (1–6) of a common module,
with each repeat containing approximately 150 residues; this is followed by the carboxyl terminal headpiece (HP) domain (Glenney et al.,
1981; Arpin et al., 1988; Bazari et al., 1988). Villin 1 plays important
roles in the initiation, organization, and formation of cell microvilli
(Bretscher et al., 1981; Robine et al., 1985; Hofer and Drenckhahn,
1992; Khurana, 2006; Khurana and George, 2008). Kang and Lee
(2014) identiﬁed a homologous protein of ﬁsh, the villin 1-like protein
(VILL), in brackish medaka (Oryzias dancena). In FW medaka, expression of VILL was observed in the apical regions of ionocytes with microvilli (Kang and Lee, 2014). Based on phylogenetic tree analysis, villin 1
homologous proteins of vertebrates can be divided into two subclasses:
villin 1 and VILL. In medaka expression of VILL protein only has been
observed; however some primitive ﬁshes, such as the zebraﬁsh, exhibit
both villin 1 and VILL expression (Kang and Lee, 2014). Within the
primitive group of ﬁshes it is still unknown if villin 1 protein plays a
role in microvillus formation in gill ionocytes.
Milkﬁsh (Chanos chanos) is a primitive group of the teleosts.
According to the evolutionary tree of Nelson (2006), this species
belongs to the order Gonorynchiformes, of the lineage Otocephala.
Milkﬁsh is widely distributed throughout the ocean in the tropical and
subtropical Indo-Paciﬁc regions (Swanson, 1996) and is a commercially
cultured species in Southeast Asia. It is an extremely efﬁcient euryhaline
species; however, the life history is completed in SW, and milkﬁsh does
not appear to require FW environments for any part of the life cycle
(Bagrinao, 1994). Being an efﬁcient osmoregulator, it is well suited as
a subject for studies of salinity adaptation in ﬁsh (Ferraris et al., 1988).
Previous studies revealed that milkﬁsh maintain constant muscle
water contents as well as plasma osmolality in the fresh water, 10‰,
20‰, and 35‰ seawater (Lin et al., 2003). Gill NKA expression levels
are higher in FW-acclimated milkﬁsh, compared to SW individuals.
Hence, it appears that milkﬁsh improve their hyperosmoregulatory
capacity in hypo-saline environments by elevating NKA expression in
gill ionocytes (Lin et al., 2003, 2006). While ionocytes are primarily
found in the interlamellar epithelia of gill ﬁlaments of milkﬁsh, their distribution is increased within the gill lamellae of FW-acclimated ﬁsh,
compared to SW-acclimated ﬁsh. Although differences in the apical
morphologies of ionocytes have been observed between FW and SW
ﬁsh species, morphologies of ionocytes from milkﬁsh in different
environmental salinities have not been studied.
Based on phylogenetic tree analysis, and functional changes in gill
ionocytes observed for this species, the milkﬁsh would be a good
model in which to clarify different functions between villin 1 and VILL
in teleost ﬁsh. This study surveyed gene sequences of villin 1 and VILL
in the milkﬁsh transcriptome database analyzed by next generation
sequencing (NGS, Hu et al., 2015). Gene and protein expression of two
homologs were detected in various tissues from milkﬁsh, and a dominant homolog of the villin proteins was identiﬁed in the gill. The study
also investigated the correlation between expression of villin protein
and the apical morphology of gill ionocytes in milkﬁsh acclimated to
SW or FW.
2. Materials and Methods
2.1. Experimental conditions and ﬁsh
Juvenile milkﬁsh (Chanos chanos, 10.2 ± 0.23 cm length and
13.69 ± 1.3 g weight) were obtained from a local ﬁsh farm. Seawater
(SW, 35‰ salt in solution) was prepared using local fresh tap water
(FW; [Na+], 0.22 ± 0.01 mM; [K+], 0.04 ± 0.01 mM; [Ca2+], 0.68 ±
0.01 mM; [Mg2 +], 0.28 ± 0.01 mM; [Cl−], 0.14 ± 0.01 mM; pH =
8.2 ± 0.2; alkalinity = 148 ± 12 mg/l) with added RealOcean™
Synthetic Sea Salt (Camarillo, CA, USA). Milkﬁsh were acclimated to
either FW or SW for at least three weeks. For both treatments, water

temperature was maintained at 28 ± 1 °C and water was continuously
circulated through fabric-ﬂoss ﬁlters with partial water changes every
two weeks. Fish were held under a photoperiod cycle of 12 h light:
12 h dark per day, and were fed daily with a commercial pellet diet.
Prior to sampling for collection of gill, ﬁsh were fasted by restriction
of food for 24 h, then anesthetized by immersion in a water bath
containing MS-222 (100–200 mg/l). Gill tissues were collected by ﬁne
scissor dissection then processed for various methods of analyses as
outlined below.
2.2. Scanning electron microscope (SEM)
Gill ﬁlaments were immersed in ﬁxative 5% (v/v) glutaraldehyde
and 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer
(PB; pH 7.2) at 4 °C for 12 h. Fixed samples were rinsed with of 0.1 M
PB three times (each for 15 min at 4 °C) then post-ﬁxed for 1.5 h
using 1% (w/v) osmium tetroxide in 0.1 M PB. Samples were rinsed
in PB and then dehydrated in ascending concentrations of ethanol
(from 30% to absolute). Samples were dried using liquid CO2 in a
critical point drier (HCP-2, Hitachi, Tokyo, Japan), mounted onto
aluminum stubs using silver paint, and then sputter coated with a
gold-palladium complex for 3 min in a Pt Coater (JFC-1600, JEOL,
Tokyo, Japan). Coated gill ﬁlaments were visualized using a SEM
(TM-3000, Hitachi) COMPO model and 15 kV. For each sample,
interlamellar regions near afferent regions were randomly selected for
assessment from three gill ﬁlaments.
2.3. Total RNA extraction and reverse transcription-PCR for tissue
distribution analysis
Total RNA extractions were carried out from the following tissues
of each ﬁsh: gill, intestine, liver, brain, kidney, heart, ﬁn, eye, and
pseudobranch, using the RNA-Bee™ following the manufacturer's
instructions (Tel-Test, Friendwood, TX, USA). RNA pellets were
dissolved in 40 μl DEPC-H2O and RNA clean-ups were performed to
eliminate contaminating genomic DNA, following the manufacturer's
instructions from a RNAspin Mini RNA isolation kit (GE Health Care,
Piscataway, NJ, USA). The RNA integrity of each sample was veriﬁed
by 0.8% agarose gel electrophoresis, following which samples were
stored at −80 °C until further analysis.
For reverse-transcription PCR and cDNA cloning, samples were
thawed to room temperature, and then ﬁrst-strand cDNA was synthesized from 4 μg of total RNA using a 1 μl Oligo (dT) (0.5 μg/μl) primer
and a 1 μl transcriptor reverse transcriptase, as per the manufacturer's
instructions (Roche, Indianapolis, USA). The resulting cDNA was used
for further analysis as outlined in Sections 2.4 and 2.5 below.
2.4. cDNA cloning and sequence analysis of a full length VILL and villin 1
gene from gill
For PCR ampliﬁcation, 2 μl of cDNA (0.032 μg RNA equivalent,
prepared as outlined in Section 2.3) was used as a template in a 50 μl
reaction with 0.25 mM dNTPs, 2.5 U Hot start EX-Taq polymerase
(Takara, Shiga, Japan), and 0.2 μM of each primer. Primers were
designed to speciﬁc regions of the villin 1 and villin 1-like (VILL),
according to de novo transcriptome assembly in the milkﬁsh transcriptome database browser (Hu et al., 2015), and are shown in
Table 1. Puriﬁed PCR products were ligated using the pOSI-T-vector system, and then transfected to DH5α competent cells using a pOSI-T PCR
cloning kit (GeneMark, Taiwan). The treated cells were cultivated on LB
agar plates with Kanamycin for the selection of successfully transfected
cells. When colonies reached optimal size, the colonies were gathered
and sequenced (ABI 3730 DNA sequencer, Tri-I Biotech Inc., Taipei,
Taiwan). Sequence alignments were performed with CLUSTALW. The
gelsolin and HP protein domains were predicted using InterPro (http://
www.Ebi.ac.uk/interpro/), and a phylogenetic tree was constructed
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Table 1
Primer sequences for cDNA cloning and quantitative real-time PCR of vill and
villin 1 genes in milkﬁsh.
Primer name

Primer sequence (5′ to 3′)

vill-F
vill-R
villin 1-F
villin 1-R
vill-QPCR-F
vill-QPCR-R
villin 1-QPCR-F
villin 1-QPCR-R

GGCCAAGTTCCGAAGCTACT
AACCTGTACAACGGACAGGC
CTGGCTGACATCATCTCCAA
TGAACTGCCAACTTCTCAACA
GGCCAAGTTCCGAAGCTACT
CGTGACTGCCACTGAGGTAG
CTGGCTGACATCATCTCCAA
GAGCACCATGACATCACACC

using MEGA 7.0 software by the maximum likelihood analysis with 1000
bootstrap replicates.
2.5. Quantitative real-time PCR
Expression levels of ccvill and ccvillin 1 mRNA were quantiﬁed using
the MiniOpticon real-time PCR system (Bio-Rad Laboratories, Hercules,
CA, USA) and gene speciﬁc primers (Table 1). PCR reactions contained
8 μl cDNA (100 ×); 2 μl of either 5 μM gene speciﬁc primer mixture or
5 μM β-actin primer mixture; and 10 μl of 2 × SYBR Green PCR
MasterMIX (Roche). Each cDNA sample was analyzed using gene specific primer pairs and a β-actin primer mix, and mRNA values for the target
genes were normalized using the expression of β-actin mRNA from the
same cDNA sample. The ampliﬁcation efﬁciency was similar for all
primer pairs used (range: 99–102% for all primer pairs). To conﬁrm
that ampliﬁcation was speciﬁc for each test sample, the presence of secondary products and primer-dimers were assessed by melting curve
analysis and electrophoresis. For each unknown sample, the comparative Ct method with the formula 2^ − (Ct vill, n − Ct β-actin, n) × 1000
was used to obtain corresponding ccvill and ccvillin 1 values, normalized
to β-actin values, where Ct was the threshold cycle number.
2.6. Antibodies
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Sample buffer dye was added to aliquots containing 20 μg of the
gill homogenates (v/v = 1/5) and then heated at 65 °C for 15 min and
fractionated by electrophoresis on SDS-containing 7.5% polyacrylamide
gels. The pre-stained protein molecular weight marker was purchased
from Fermentas (SM0671; Hanover, MD, USA). Separated proteins
were transferred from unstained gels to a PVDF membrane (Millipore,
Bedford, MA, USA) using a tank transfer system (Bio-Rad, Mini Protean
3, Hercules, CA, USA). To minimize non-speciﬁc binding, blots were
pre-incubated for 2 h in 5% (w/v) nonfat dried milk in phosphate buffer
saline with tween (PBST; 137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4,
2 mM KH2PO4, Tween 20 (0.2% (v/v) in PBST); pH 7.4). They were
then incubated at 4 °C with the primary antibody (VILL: 1:15,000
dilution; villin 1: 1:1000 dilution) diluted in PBST overnight, followed
by a 1 h reaction with the horseradish peroxidase-conjugated secondary
antibody (1:10,000 dilution). Blots were developed using the
Immobilon™ Western (Millipore) and observed in a universal hood
with a cooling charge-coupled device camera (ChemiDoc XRS +,
Bio-Rad) and associated software (Quantity One version 4.6.8,
Bio-Rad). Immunoreactive bands of branchial VILL and villin 1 were
analyzed, respectively, at 110 kDa using the Image Lab software version
3.0 (Bio-Rad), and were converted to numerical values to compare
relative protein amounts of gill samples among different groups.
2.8. Double immunoﬂuorescence staining of whole-mount gill samples
At sampling, excised gill ﬁlaments were ﬁxed in neutral formalin
(pH 7.2) at 4 °C overnight. Fixed samples were washed in PBS then
permeated with methanol for 30 min at −20 °C. Samples were stored
in methanol at − 20 °C until further use, at which time they were
thawed to room temperature and rehydrated by rinsing three times
with PBS. Samples were then incubated in 5% bovine serum albumin
(Sigma) at room temperature for 30 min and then incubated with rabbit
polyclonal antibody (VILL antiserum diluted with 1% bovine serum
albumin, 1:1000) at room temperature for 2 h. Samples were washed
three times with PBS, incubated with the secondary antibody
(Dylight-549 goat anti-rabbit IgG) at room temperature for 1 h and
then washed several times with PBS. After the ﬁrst staining, samples
were incubated with mouse monoclonal antibody (α5, 1:100) at 4 °C
overnight, washed several times with PBS, and then incubated with
secondary antibody (Dylight-488 goat anti-mouse IgG) at room temperature for 1 h, followed by several PBS washes. Finally, samples
were mounted in Clearmount™ (Zymed, South San Francisco, CA,
USA) and examined using a laser scanning confocal microscope
(FV1000, Olympus).

Primary antibodies were: (1) rabbit polyclonal antibody against the
C-terminus of medaka VILL protein (Kang and Lee, 2014); (2) mouse
monoclonal antibody (Sc-66022, Santa Cruze, CA, USA) against the
puriﬁed full length native villin 1 (chicken origin); (3) rabbit polyclonal
antibody (Sc-1616, Santa Cruz) against the C-terminus of human actin;
and, (4) mouse monoclonal antibody (α5, DHSB, Iowa City, IA, USA)
against the α-subunit of avian Na+, K+-ATPase (NKA). Secondary antibodies for immunoblotting were horseradish peroxidase-conjugated
goat anti-mouse IgG and anti-rabbit IgG (Pierce, Rockford, IL, USA).
For double immunoﬂuorescence staining, the secondary antibodies
were Dylight-549-conjugated goat anti-rabbit IgG, and Dylight488-conjugated goat anti-mouse IgG (Jackson Immunoresearch,
West Baltimore Pike, PA, USA).

Values were compared using the Student's t-test. The signiﬁcance
level was set as P b 0.05. Values are expressed as the mean ± S.E.M.
(standard error of the mean) unless stated otherwise.

2.7. Western blotting

3. Results

At sampling, the ﬁrst gill pair, kidney, intestine, brain, liver,
and muscle were excised from each individual and blotted dry.
Samples were placed in microcentrifuge tubes containing 500 μl
SEID buffer (150 mM sucrose, 10 mM EDTA, 50 mM imidazole, 0.1%
sodium deoxycholate, pH 7.5) with protease inhibitors (v/v: 25/1;
#11836145001, Roche, Indianapolis, IN, USA). Homogenization was
performed on ice with a Polytron PT1200E (Lucerne, Switzerland)
at the maximal speed, for 25 rotations. Homogenates were
centrifuged at 5500g and 4 °C for 20 min, and protein concentrations
were determined using BCA protein assay reagents (Pierce Chemical
Company, Rockford, IL) with bovine serum albumin (Pierce) as
a standard.

3.1. SEM analysis of ionocytes in the gills of SW- and FW-acclimated milkﬁsh

2.9. Statistical analysis of data

Different apical morphologies were exhibited in gill ionocytes within
the gill ﬁlaments of SW- and FW-acclimated milkﬁsh (Fig. 1). In the gill
ﬁlament of SW milkﬁsh, apical morphologies of SW-type ionocytes
were hole-type (Fig. 1A and B). On the other hand, three types of
ionocytes with different apical morphologies were observed in the
gill of FW milkﬁsh (Fig. 1C). Rather than a SW-type morphology, the
FW-type I ionocytes was found in the gill ﬁlament (Fig. 1D). Both
microvilli-rich ionocytes (FW-type II, Fig. 1E) and microvilli-absent
ionocytes (FW-type III, Fig. 1F) were observed in the gill lamellae of
FW milkﬁsh.
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Fig. 1. Apical morphologies of ionocytes in gill ﬁlaments and lamellae of milkﬁsh acclimated to SW (A, B) and FW (C–F). In the ﬁlaments, the apical morphologies of the SW and FW
ionocytes were hole-type (arrows) and squint-type (I), respectively. In the lamellae, the apical surfaces of FW ionocytes were ﬂat-type with (II) or without microvilli (III). F, ﬁlament;
FW, fresh water; L, lamella; PVC, pavement cell; SW, seawater.

3.2. Molecular characterization of the milkﬁsh villin 1-like protein (VILL)
and villin 1
Based on our milkﬁsh cDNA library of de novo transcriptome assembly with NGS, the gene sequences of ccvill (3537 bp, KP982903)
and ccvillin 1 (3330 bp, KP982904) were cloned and identiﬁed by PCR
using the Sanger sequencing method. The cDNA sequence of ccvill
contained 193 bp of the 5′ UTR and 660 bp of the 3′ UTR encoded
protein, with 878 amino acid residues. The cDNA sequence of ccvillin 1
contained 160 bp of the 5′ UTR and 79 bp of the 3′ UTR encoded protein,
with 830 amino acid residues. There were six gelsolin domains and a HP
domain in the deduced protein sequences of VILL and villin 1 (Fig. 2A).
Amino acid sequences of the milkﬁsh proteins were compared to those
of ﬁve other vertebrate species (human, zebraﬁsh, cave ﬁsh, medaka
and tilapia) and speciﬁc sequences within villin 1, which were different
from the sequence of VILL in our study, were identiﬁed (Fig. S1). The
phylogenetic tree of villin 1 homologous proteins was classiﬁed into

VILL and villin 1 for a range of vertebrates (Fig. 2B). On the basis of
this classiﬁcation, milkﬁsh VILL and villin 1 were closely related to
those of zebraﬁsh and cave ﬁsh. The derived amino acid sequence of
VILL of milkﬁsh showed 71% identity to that of zebraﬁsh, and about
55–60% identity to those of other ﬁshes. Milkﬁsh villin 1 showed 78%
identity to zebraﬁsh villin 1, and about 60–65% to villin 1 of other ﬁshes.
3.3. Tissue distribution of VILL and villin 1 in the milkﬁsh
Tissue-speciﬁc expression patterns of ccvill and ccvillin 1 in the FW
milkﬁsh were characterized by RT-PCR analysis (Fig. 3). Expression of
ccvill was observed to be highest in the gill and kidney. Western blotting
analysis of tissues from gill, intestine, liver, brain, kidney and muscle
revealed that VILL protein was mainly expressed in the gill and kidney.
Using a polyclonal antibody against the synthetic peptide corresponding to part of the C-terminal tail of the medaka VILL, a major immunoreactive band with molecular mass at 110 kDa was identiﬁed in the gill
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Fig. 2. (A) Predicted amino acid domains of villin 1-like (VILL) and villin 1 protein in the milkﬁsh. Six putative gelsolin domains were indicated (yellow). The villin headpiece domains were
represented in brown. (B) Phylogenetic analysis of full-length amino acid sequences of the VILL and villin 1 of different species from the Ensembl Genome Browser. The phylogenetic tree
was created by the maximum parsimony method with 1000 bootstrap replicates. Milkﬁsh VILL and villin 1 proteins are shaded red and gray, respectively. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

and kidney, and a minor band at 70 kDa was recognized mainly in the
kidney (Fig. 4A). The similarity of the antigen sequence was 95% to
that of the milkﬁsh.
Expression of ccvillin 1 was highest in the intestine (Fig. 3) and, correspondingly, villin 1 protein was predominantly expressed in intestine
(Fig. 4B). Using a monoclonal antibody raised against puriﬁed full length
native villin 1 of the chicken, western blotting demonstrated a major immunoreactive band with molecular mass at 110 kDa and a minor band
at 90 kDa in the milkﬁsh intestine. Overall, in the gills of FW milkﬁsh,

expression levels of ccvill mRNA and VILL protein were higher than
those of ccvillin mRNA and villin 1 protein.
3.4. Expression of VILL in the gills of SW and FW milkﬁsh
The level of ccvill mRNA expression in the gills was approximately
25-fold higher for FW milkﬁsh compared to SW milkﬁsh (Fig. 5), a difference that was signiﬁcant. On the other hand, there was no difference
in the mRNA abundance of ccvillin 1 between the FW and SW groups
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Fig. 3. Tissue distributions of the ccvill and ccvillin 1 genes as detected by RT-PCR. β-actin
was used as a loading control. G, gill; K, kidney; I, intestine; B, brain; L, liver; M, muscle;
H, heart; E, eye; P, pseudobranch; F, ﬁn.

(Fig. S2). In addition, the results of real-time PCR revealed that the
relative abundance of ccvill mRNA was about 3-fold higher than the
ccvillin 1 mRNA in the gill of FW milkﬁsh (Fig. 5 and S2). Using the
VILL antibody, a single band at 110 kDa was detected in the milkﬁsh
gill (Fig. 6A). The quantitative levels of gill VILL protein were signiﬁcantly higher (approximately 6-fold) in FW than in SW milkﬁsh (Fig. 6B).
Western blotting revealed that the villin 1 antibody recognized a single
immunoreactive band with a molecular mass of 110 kDa in milkﬁsh gills
(Fig. S3A). Levels of villin 1 protein in the gills did not differ signiﬁcantly
between the FW and SW groups (Fig. S3B).

Fig. 5. Levels of ccvill mRNA in gills of SW and FW milkﬁsh (n = 8 for both groups). The
asterisk indicates a signiﬁcant difference (P b 0.05) using Student's t-test. mRNA levels
in the FW group were signiﬁcantly higher than the SW group. Values are the mean for
each group ± S.E.M. FW, fresh water; SW, seawater.

3.5. Immunolocalization of VILL protein in the gill
The distribution of VILL protein in the afferent sides of gill ﬁlaments
and lamellae in SW- and FW-acclimated milkﬁsh is shown in Fig. 7.

Merged images demonstrated that the gill ﬁlament of FW milkﬁsh
exhibited obvious signals for VILL protein in some NKA immunoreactive
(NKA-IR) cells (yellow) rather than that of the SW individuals. VILL was
localized in lamellar NKA-IR cells but not in NKA-IR cells on gill
ﬁlaments including the afferent and interlamellar regions (green).
Furthermore, a magniﬁed merged confocal 3D image (Fig. 8) of the gill
lamellae of FW milkﬁsh revealed three patterns: (1) VILL protein was
coloclaized to some NKA-IR cells (arrows); (2) some NKA-IR cells
(arrowheads) had no signals of VILL-IR; (3) some lamellar cells were
VILL-IR but not NKA-IR (asterisks).
4. Discussion

Fig. 4. Tissue distributions of VILL (A) and villin 1 (B) proteins were surveyed by
western blotting. β-actin was used as a loading control. G, gill; K, kidney; I, intestine;
B, brain; L, liver; M, muscle.

In euryhaline teleosts, environmental salinity changes result in
location, altered apical morphologies, and ion-transporting functions
of ionocytes. Ionocytes are abundant in the gill ﬁlament epithelium
in both FW and SW teleost ﬁsh, but have also been observed on the
lamellar gill epithelium in stenohaline FW ﬁsh (Lee et al., 1996) and
FW-acclimated euryhaline ﬁsh (Sakamoto et al., 2001). In the euryhaline Japanese sea bass (L. japonicus), European sea bass (D. labrax),
and the milkﬁsh, numerous NKA-immunoreactive (IR) cells are recruited to the lamellar gill epithelium in FW-adapted individuals (Hirai et al.,
1999; Versamos et al., 2002; Lin et al., 2003). Functional ionocytes are
in direct contact with the external environment through the apical
membrane, which is the primary site of transport of ions in and out of
the cell. Previous studies have described two ionocyte morphology
types, depending on environmental salinity (Perry, 1997; Lee et al.,
1996). Patterns of distribution of NKA-IR cells in the gills have also
been observed to differ between different environmental salinities
(Kaneko et al., 2008). For example, FW milkﬁsh had more NKA-IR cells
in gill lamellae than SW individuals, while no differences in NKA-IR
cell numbers was seen in the gill ﬁlaments (Lin et al., 2003). Gill
ionocytes of milkﬁsh appear to be predominantly distributed in the
lamellae or interlamellar epithelia, close to the afferent artery of the
gill ﬁlament (Chen et al., 2004). Based on our observations using
traditional SEM techniques, the lamellae usually shelter the interlamellar regions of the ﬁlaments, and, additionally, mucus covers the surfaces
of the milkﬁsh gill, making observations of the apical openings in gill
ionocytes difﬁcult using traditional SEM (Chen et al., 2004). Kang et al.
(2015) reported that the location and morphology of medaka ionocytes
was easy to visualize using the COMPO model with a high accelerating
voltage (15 kV) in the Hitachi TM-3000 SEM system. Accordingly, we
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Fig. 6. Protein expression of VILL in gills of SW- and FW-acclimated milkﬁsh.
(A) Representative immunoblots of VILL protein in gills, detected with the anti-VILL
polyclonal antibody. The molecular masses of single immunoreactive bands were
110 kDa (arrow). β-actin was used as a loading control. (B) Relative intensities of
immunoreactive bands of VILL protein in the gills from different groups (N = 8) were
compared to show that the level of VILL protein in the FW group was signiﬁcantly
higher than that of the SW ﬁsh. The asterisk indicates a signiﬁcant difference between
means (P b 0.05), using the Student's t-test. Values are the mean for each group ±
S.E.M. SW, seawater; FW, fresh water.

used the Hitachi TM-3000 SEM system in the current study and successfully observed the locations, as well as the apical surfaces, of SW- and
FW-type ionocytes in the gill ﬁlaments and lamellae of milkﬁsh.
Conﬁrming ﬁndings from our previous studies (Lin et al., 2003, 2006),
we have shown in the current study that more ionocytes are located
in gill ﬁlaments and lamellae of FW-acclimated milkﬁsh, compared to
SW milkﬁsh. We observed that apical areas of the ionocytes were also
larger for FW than for SW milkﬁsh, similar to what has been seen
previously for medaka, killiﬁsh, mullet, tilapia, seabass, and seabream
species (Hossler et al., 1979; Lee et al., 1996; Katoh and Kaneko, 2003;
Kang et al., 2013).
The currently applied morphological classiﬁcation of ionocytes was
proposed on the basis of cellular apical structures and distinct ion transporters (Dymowska et al., 2012; Evans et al., 2005; Hwang and Lee,
2007; Hwang et al., 2011; Takei et al., 2014; Perry, 1997). Previous
reports have concluded that the general apical morphologies of gill
ionocytes are ﬂat-type with microvilli in FW-, and hole-type in SWadapted teleosts (Dymowska et al., 2012; Evans et al., 2005; Hwang
and Lee, 2007; Kaneko et al., 2008; Hwang et al., 2011; Perry, 1997).
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Fig. 7. Confocal micrographs of whole-mount gills with double immunoﬂuorescent
staining using anti-VILL protein (Red; A, D) and anti-Na+, K+ − ATPase α-subunit
(NKA; green; B, E) antibodies, on the afferent sides of gill ﬁlaments in SW- and FWacclimated milkﬁsh. The merged images (C, F) revealed that VILL protein is localized in
NKA immunoreactive (NKA-IR) cells on lamellae (L) in FW, but not SW ﬁsh. In ionocytes
on ﬁlaments of FW ﬁsh, weaker signals were found. L, lamella. F, ﬁlament. Scale bar:
40 μm. FW, fresh water; SW, seawater. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

The apical morphologies of ionocytes in SW milkﬁsh in our study
appeared to conform to typical phenotypes in other teleosts, based on
published observations. The hole type-ionocyte was found a deeply
invaginated apical membrane in the gill of SW-acclimated ﬁsh. In the
present study, we observed different-sized apical openings of the
ionocytes in ﬁlament and lamellar epithelia of FW milkﬁsh, compared
to SW milkﬁsh. The FW-type I ionocytes which were squint in apical
morphology were exhibited in the gill ﬁlaments. The lamellar ionocytes
of FW milkﬁsh were observed to display large apical openings with
microvilli (FW-type II). Some lamellar ionocytes which had microvilliabsent surface with large apical openings were FW-type III. Hwang
et al. (2011) suggested that ionocytes with different morphologies
have different functions in hyperosmoregulation in euryhaline teleosts
acclimated to FW. Therefore, these speciﬁc-type ionocytes with different apical morphologies may be indicative of different roles for
ionoregulatory mechanisms of the euryhaline milkﬁsh but this remains
to be determined.
The apical surfaces of microvilli are the major locations of villin 1
protein expression within different epithelial cells of mammals
(Bretscher et al., 1981; Robine et al., 1985; Hofer and Drenckhahn,
1992; Khurana, 2006; Khurana and George, 2008). In mammalian
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Fig. 8. Magniﬁed confocal 3D micrographs of whole-mount double immunoﬂuorescent
staining with anti-VILL protein (Red; A) and anti-NKA α-subunit (green; B) antibodies
on the lamellae. The merged image (C) revealed that VILL protein was colocalized with
NKA in the lamellar ionocytes (arrows). There were some lamellar ionocytes exhibited
NKA but no VILL signals (arrowheads). Some lamellar cells were only VILL-IR (asterisks).
Scale bar: 10 μm. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

enterocytes, villin 1 has a role in the organization of actin ﬁlaments
for the formation of microvilli (Hampton et al., 2008; Brown and
McKnight, 2010). Villin 1 has also been detected in the microvilli of
enterocytes in chickens (Bretscher and Weber, 1979; Heintzelman
and Mooseker, 1990), and in apical microvilli of enterocytes and
taste cells of amphibians (Heusser et al., 1992; Yoshie et al., 2003).
Friederich et al. (1989, 1990) hypothesized that villin 1 overexpression results in the formation of numerous microvilli on the plasma
membrane of ﬁbroblasts. Suppression of villin expression in an intestinal cell line has been shown to result in impairment of microvilli
(Costa de Beauregard et al., 1995). Previous studies in mammals
suggested that villin 1 was a microvillus marker in epithelial cells
(Bretscher et al., 1981; Robine et al., 1985; Hofer and Drenckhahn,

1992; Khurana, 2006; Khurana and George, 2008). Ishikawa et al.
(1997) identiﬁed that villin 1-like (VILL) protein may have a role in
tumor suppression in a human lung carcinoma cell line. Kang and
Lee (2014) identiﬁed the VILL protein in the brackish medaka
(O. dancena) which was the homolog of villin 1. The study demonstrated that the medaka VILL protein was a critical member involved
in the organization of microvillus projections binding to actin in the
cell cortex of FW ionocytes. Compared to the medaka, the present
study identiﬁed the ccvillin 1 and ccvill genes by analysis of the NGS
de novo transcriptome of milkﬁsh. These two sequences were constructed by gene reads of NGS (Hu et al., 2015), and then checked
by the Sanger sequencing with colony PCR. Different to the brackish
medaka, some ﬁsh such as the zebraﬁsh and caveﬁsh exhibited both
villin 1 and VILL. Furthermore, this study presented the speciﬁc
regions of villin 1 rather than the VILL in various vertebrates. The deduced amino acid sequences of villin 1 and VILL of milkﬁsh exhibited
conserved six gelsolin and HP domains, which indicates that these
two protein exhibit actin regulatory function. The gelsolin domain
could retain Ca+-dependent capping, nucleating, and severing activity, whereas the HP domain would be required for actin ﬁlament
bundling and binding to F-actin, independently of Ca + (Glenney
et al., 1981; Janmey and Matsudaira, 1988). Based on the results of
sequence alignments, the villin 1 and VILL protein would have
similar functions of actin regulation in the milkﬁsh.
Kang and Lee (2014) described a phylogenetic tree of villin 1 homologs from numerous ﬁshes, illustrating for the ﬁrst time that primitive
ﬁshes exhibit both VILL and villin 1, while the Euteleostei ﬁshes express
only VILL. The milkﬁsh belongs to the primitive group of teleosts,
Otocephala and according to the evolutionary tree (Nelson, 2006), this
Gonorynchiformes species is closed related to the Cypriniformes and
Characiformes. Our phylogenetic tree of amino acid sequences showed
that milkﬁsh VILL and villin 1 are closely related to those of the zebraﬁsh
and the cave ﬁsh (Astyanax mexicanus; Retaux et al., 2008). A previous
study reported that milkﬁsh stearoyl-CoA desaturase was related closed
to that of zebraﬁsh, grass carp and common carp. Sano et al. (2014) also
reported that the zona pellucida proteins of the milkﬁsh had higher similarities to zebraﬁsh than those of the euteleosts. These results indicate
that the milkﬁsh classiﬁed into the early ray-ﬁnned ﬁsh divergence
belongs to a group of ﬁshes with both villin 1 and VILL expression.
Human villin 1 gene is expressed in the intestine, colon, kidney and
testis, with the ileum exhibiting the highest level of gene abundance
(Zhu and Altmann, 2005). In our study, a similar proﬁle was observed
for ccvillin 1 in milkﬁsh intestine (Fig. 4). Constant expression of villin
1 mRNA is used to measure variation in the mammalian enterocyte content of biopsies (Lown et al., 1997). Wang et al. (2009) also detected the
expression of villin 1 in the intestine of zebraﬁsh. Kang and Lee (2014)
reported that the odvill gene is expressed in the gill, kidney and intestine
of the medaka. In the milkﬁsh, however, the gill exhibited lower level of
ccvillin 1. On the other hand, the ccvill was predominantly expressed
in the gill and kidney. Western blotting analysis of six organs (gill,
intestine, liver, brain, kidney and muscle) of the milkﬁsh was performed
using the anti-medaka VILL antibody and anti-human villin 1 antibody.
The antigen sequences of the VILL antibody was conserved between the
milkﬁsh and medaka. The VILL antibody detected two immunoreactive
bands at 110 kDa and 90 kDa from the medaka gill by immnoblotting
(Kang and Lee, 2014). Based on the predicted weight of 96–98 kDa
from its deduced amino acid sequences, the same antibody detected
the single major band at 110 kDa by immnoblotting of the milkﬁsh
gills. Ongeri et al. (2011) reported that the villin 1 protein (92 kDa) is
degraded to fragments with lower molecular weights of 83 kDa and
53 kDa by meprins in the mouse kidney. In the milkﬁsh kidney, the
minor bands (70 kDa) of VILL immunoblots might be degraded forms.
In addition, the present study applied a monoclonal antibody raised
against puriﬁed full length native villin 1 of the chicken. The antigen sequence was also conservative to that of the milkﬁsh. The monoclonal
villin 1 antibody has been used to detect protein expression of villin 1
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in the intestine of Xenopus (Heusser et al., 1992). Since the predicted
molecular weight of villin 1 was 96–99 kDa, the villin 1 antibody
detected single immunoreactive bands at 110 kDa from the milkﬁsh
gill. Based on alignment of the antigen sequences, this study revealed
that these two antibodies could recognize the speciﬁc regions of VILL
and villin 1, respectively.
This study is the ﬁrst to describe tissue speciﬁc expressions of
VILL and villin 1 from gene to protein levels in an aquatic vertebrate.
Expression levels of villin 1 and VILL proteins correlated to the mRNA
abundance of ccvillin 1 and ccvill, respectively. Among them, three
organs with absorptive functions of ion or nutrients would be rich
in the epithelial cells with microvilli. The milkﬁsh gill and kidney exhibited high levels of expression of VILL, but not villin 1, which was
abundant in intestine. We have demonstrated in the current study
that the ccvill expression is hypoosmotic-dependent in milkﬁsh
gills; this is in accordance with previously published ﬁndings in euryhaline medaka (Kang and Lee, 2014). These results suggest that
these two euryhaline species have conserved DNA sequences on
the vill gene upstream to conduct transcription. Levels of VILL protein in gills of the milkﬁsh increased with decreasing environmental
salinity and therefore, appeared to be hypoosmotic dependent. We
had previously observed that in medaka, the formation of ionocyte
microvilli was correlated to increasing expression levels of VILL protein in the gills of ﬁsh acclimated to decreasing salinities (Kang and
Lee, 2014). In the current study, immunoﬂuorescence staining results conﬁrmed that decreasing environmental salinity can induce
increasing levels of expression of VILL in gill ionocytes. On the
other hand, there was no appreciable effect of salinity on the expression of either ccvillin 1 mRNA of villin 1 protein in milkﬁsh gills, suggesting that hypoosmolality-dependent expression of VILL, but not
villin 1 protein, is involved in microvilli formation in gill ionocytes.
The immunoﬂuorescence staining results conﬁrmed that decreasing
environmental salinity can induce the expression of VILL at both mRNA
and protein levels in gill ionocytes of the euryhaline milkﬁsh. Our previous study reported that the expression level of VILL is associated with
the formation of microvilli in the absorptive ionocytes of brackish
medaka (Kang and Lee, 2014). In SW-acclimated medaka, the apical
membranes of ionocytes without VILL formed an apical pit. On the
other hand, the apical morphologies of FW ionocytes with VILL were
convex surfaces with bigger openings, being equipped with numerous
microvilli. Double immunoﬂuorescence staining revealed that VILL
protein was localized in the apical region of ionocytes of the medaka
(Kang and Lee, 2014; Kang et al., 2015). The magniﬁed merged confocal
3D image of the FW milkﬁsh revealed that the VILL signals were at the
lamellar NKA-IR cells. Different from apical VILL distribution of gill
ionocytes of the brackish medaka, the gill VILL was colocalized to
some ionocytes in the lamellae of milkﬁsh (Kang and Lee, 2014).
The pattern of whole-cell staining was similar to the embryonic
ionocytes in the trunk of FW-incubated medaka embryos at 6 day
post-fertilization. Wong and Chan (1999) reported that the whole gill
ionocytes was positive for anti-actin-FITC immunoﬂuorescence in the
Japanese eel. In the milkﬁsh ionocytes, the VILL protein would play the
role in actin modulations in the cytoplasm and cortex. On the other
hand, the present study suggested that the VILL-IR cells without NKAIR signals would be the pavement cells in gill lamellae of FW milkﬁsh.
The milkﬁsh VILL was thus suggested to be involved in the actin regulatory mechanism in lamellar ionocytes as well as pavement cells. Taken
together with the results of SEM observations, in the gill ﬁlaments of
milkﬁsh, both SW-type ionocytes and FW-type I ionocytes without
microvillus structures had low expression levels of VILL protein, while
in the lamellar ionocytes, two patterns of VILL expression were seen.
VILL was distributed throughout whole ionocytes in the lamellae of
milkﬁsh. This study speculated that the lamellar VILL-positive ionocytes
might exhibit numerous microvillus structures in their apical surfaces,
while some lamellar ionocytes without microvilli might have weaker
VILL protein expression.
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The present study indicate that the FW milkﬁsh exhibit different
types of ionocytes with various VILL expressions in the gill ﬁlaments
and lamellae. On the basis of our ﬁndings, we propose that microvilli
increase the surface area for ion absorption in the apical regions of
lamellar ionocytes. In conclusion, expression of VILL protein in gill
ionocytes of milkﬁsh was hypoosmolality-dependent, and correlated
to the formation of microvilli on the apical cell surfaces. This study
was the ﬁrst to elucidate different patterns of expression between
VILL and villin 1 in a teleost ﬁsh. Across diverse taxa and broad
evolutionary distances, gill ionocytes might express the VILL with
actin regulation for the formation of microvilli. The VILL protein appears
to be a good marker for labeling absorptive ionocytes with microvilli,
within the gill lamellae of the Otocephala teleost acclimated to a
hypoosmotic environment. Furthermore, different apical morphologies
were observed between the lamellar and ﬁlament ionocytes for
hyperosmoregulation in the gills of milkﬁsh. Future work will focus on
comparisons between ionoregulatory functions of the VILL positive
and negative ionocytes in the gills of FW-acclimated milkﬁsh.
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