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ABSTRACT. We explored the molecular mechanism of the regulation 
of vacuolar-type-H+-ATPase B1 (VHAB1) in elvers in the response 
to salinity. The full-length cDNA of VHAB1 in Anguilla marmorata 
(designated as AmVHAB1), which was 1741 base pairs (bp) in length, 
was found to encompass a 1512-bp open reading frame encoding a 
polypeptide with 503 amino acids (55.9 kDa), an 83-bp 5'-untranslated 
region, and a 146-bp 3'-untranslated region. The mRNA and protein 
expression levels of AmVHAB1 in the gill were evaluated at different 
time points (0, 1, 3, 6, 12, 24, 48, 72, and 96 h, and 15 days) during 
the exposure to various salinity levels (0, 10, and 25‰). The results 
indicated that the expression levels of AmVHAB1 mRNA in the gill 
significantly increased and reached the highest level at 1 h exposure 
in the brackish water (BW, 10‰) group and at 6 h exposure in the 
seawater (SW, 25‰) group. The salinity level affected the relative 
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expression level of AmVHAB1 mRNA in the gill, which was increased 
by approximately 44-fold in the SW group when compared with that 
in fresh water. Immunoblotting analysis showed that VHA expression 
was significantly higher in the BW and SW groups, with the highest 
expression level was detected at 96 h exposure. We found that the 
AmVHAB1 gene in elvers from A. marmorata plays an important role 
in the adaptation to seawater.

Key words: Anguilla marmorata; Gill; mRNA and protein expression; 
Salinity; Vacuolar-type-H+-ATPase

INTRODUCTION

Vacuolar-type-H+-ATPases (V-H+-ATPases) are membrane-bound multi-subunit en-
zymes that drive the unidirectional flow of protons across the plasma and organelle mem-
branes (Wieczorek et al., 1999; Forgac, 2007). In recent years, V-H+-ATPases have also been 
identified in lysosomes, endosomes, clathrin-coated vesicles, Golgi-derived vesicles, secre-
tory vesicles, and the central vacuoles of yeast, neurospora, and plants (Bowman et al., 1992; 
Futai et al., 2000; Moriyama et al., 2000; Jefferies et al., 2008). V-H+-ATPase, with a remark-
ably conserved molecular structure, is a heteromultimeric protein consisting of a catalytic V1 
domain involved in ATP hydrolysis, a 640-kDa complex containing 8 different subunits (A, 
B, C, D, E, F, G, and H), and a proton-conducting V0 domain, which is a 250-kDa integral 
domain composed of 6 different subunits (a, d, e, c, c', and c'') (Boesch et al., 2003a; Nelson, 
2003; Forgac, 2007; Jefferies and Forgac, 2008). Hydrolysis of ATP can cause conformational 
changes in the catalytic A subunit that drive the rotation of subunits D and F of V1. The subunit 
H can inhibit ATP hydrolysis in V1 by bridging the rotor and stator stalks (Jefferies and Forgac, 
2008). V- H+-ATPase shares considerable structural similarity with ATP synthase.

The V-H+-ATPase B1 gene (VHAB1) has been isolated from various teleostean fish, 
including European eel (Boesch et al., 2003b), zebrafish (Boesch et al., 2003a), and the rain-
bow trout Oncorhynchus mykiss (Perry et al., 2000), among others. A study of the European 
eel Anguilla anguilla showed that VHAB1 in the bladder tissue shares structural features with 
the isoforms in the kidney of mammals, which are responsible for the extrusion of protons 
across the plasma membrane in several cell types (Niederstatter and Pelster, 2000; Cutler and 
Cramb, 2001). Immunocytochemical data showed that both isoforms of the B subunit from 
the European eel, based on significant staining, are observed in vesicles located near the apical 
membrane (Boesch et al., 2003b). A study in zebrafish indicated that 2 isoforms, vatB1 and 
vatB2, share the greatest similarity to amino acid sequences of B subunits from the European 
eel A. anguilla and rainbow trout O. mykiss (Boesch et al., 2003a). In addition, a study in 
Salmo salar showed that the expression of the V-H+-ATPase B subunit in the gill is upregu-
lated during the early phase of smoltification, suggesting that V-H+-ATPase is an important 
ion transporter that ensures ion uptake and is associated with changes in acid-base regulation 
during smoltification (Seidelin et al., 2001).

Anguilla marmorata (marbled eel; Osteichthyes, Anguilliformes, Anguillidae) is a 
typical catadromous migration fish and has a wide distribution throughout the tropical and 
subtropical western-central Pacific region (Shiao et al., 2003). Marbled eel can survive in 
both fresh water (FW) and seawater (SW) environments, with little change in the osmolality 
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of its body fluids, while elvers of A. marmorata must migrate from SW to FW for growth and 
development. Although the morphological development and growth environment of marbled 
eels have been well-studied, the molecular mechanisms of osmoregulation in eels are poorly 
understood. In this study, we cloned the full-length cDNA of VHAB1 from juvenile A. marmo-
rata (AmVHAB1). The biochemical and molecular changes associated with the adaptation to 
SW under controlled conditions were also investigated. This is the first report of the salinity 
adaptation of juvenile A. marmorata. Our results may be useful for exploring the molecular 
mechanism of osmoregulation in eels.

MATERIAL AND METHODS

Sampling

A. marmorata juveniles with a body mass of 1.99 ± 0.78 g and total body length of 
10.95 ± 0.94 cm were obtained from the Hainan Island of South Sea, China. For the experi-
ment, brackish water (BW, 10‰) and SW (25‰) were prepared from local tap water supple-
mented with the appropriate amount of synthetic sea salt (Aquarium Systems, Mentor, OH, 
USA). Eels were reared in FW (0‰) at 25°C with a daily 12-h photoperiod for more than 1 
month before the experiments. The elvers were transferred to FW with a gradual increase in 
salinity of 2 each day until reaching BW and SW conditions. Eels were randomly anesthetized 
in an ice bath, and then the gill tissue was sampled from each salinity level (BW and SW) at 
1, 3, 6, 12, 24, 48, 72, and 96 h, and 15 days after transfer for experiments (RNA isolation, 
immunoblotting). The control fish (FW, 0 h) were sampled before transfer. Throughout the 
experimental period, salinity and pH (range 6.5-7.5) were subjected to daily evaluation. The 
water was continuously circulated through fabric-floss filters, and fish were subjected to daily 
feeding with commercial pellets.

Cloning and sequence analysis of VHAB1

Total RNA from the gills of A. marmorata were prepared using Unizol reagent (Bio-
star, Shanghai, China) according to manufacturer instructions, and stored at -80°C. First-strand 
cDNA synthesis of AmVHAB1 was performed following the manufacturer instructions using 
a gene-specific primer (VHA-GSP) and SuperScriptTM II RT (Invitrogen, Carlsbad, CA, USA) 
as well as the 3'-CDS Primer A (3'-RACE-Ready cDNA). The detailed methods according to 
the manufacturer protocol were performed. All primers are shown in Table 1.

A fragment cDNA sequence from AmVHAB1 of 277 base pairs (bp) was based on the 
known cDNA sequence of the European eel (A. Anguilla; AF179250.1). To amplify this cDNA 
fragment, 2 pairs of gene-specific primers (VHA-F/VHA-Fnest, VHA-R/VHA-Rnest) were 
designed to obtain the full-length cDNA of AmVHAB1 by using 3' and 5' rapid amplification 
of cDNA ends (RACE). The 5' fragments of AmVHAB1 were obtained using the 5'-RACE sys-
tem for RACE Version 2.0 (Invitrogen) with gene-specific primers and the AUAP primer. The 
3' fragment of AmVHAB1 was amplified using the SMARTerTM RACE cDNA Amplification 
Kit (Clontech, Mountain View, CA, USA) using gene-specific primers (VHA-F/VHA-Fnest) 
and UPM. The full-length cDNA of AmVHAB1 was obtained by overlapping the expression 
sequence tag with 5' and 3' fragments. All primers are listed in Table 1.
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Homology analysis was accomplished using the online program BLAST at the 
National Center for Biotechnology Information. The open reading frame of AmVHAB1 was 
determined using Open Reading Frame Finder, while the putative signal peptide was predicted 
using the SignalP 4.1 Server. Translation of AmVHAB1 was performed using the DNAMAN 
software. Motif scanning was determined by a number of motif databases and the domain 
was scanned using the Simple Modular Architecture Research Tool. Potential N-glycosylation 
sites were predicted using the NetNGlyc 1.0 Server according to the Asn-X-Ser/Thr rule. The 
subcellular localization of the potential protein was predicted using the PRORT II server. The 
three-dimensional domain structure of AmVHAB1 was predicted using the SWISS-MODEL 
Server. Additional assessments of domain structures were performed using ProSA-Web and 
Verify3D Structure Evaluation Server. Phylogenetic analysis was also established using 
MEGA5.0 using the neighbor-joining method, and the reliability of branching was tested 
by bootstrap resampling (1000 pseudo-replicates). All analytical procedures and URLs are 
available in Table S1.

mRNA expression of ion transporter

The mRNA expression pattern of the gill AmVHAB1 was analyzed using real-time 
polymerase chain reaction (PCR). The concentration of extracted total RNA was measured 
spectrophotometrically using the NanoDrop 2000 system (NanoDrop, Wilmington, DE, 
USA) and run on a 1% agarose gel to examine the quality and purity of RNA. Purified 
RNA with an A260/A280 ratio between 1.8 and 2.0 was used for all RNA experiments. The 
first-strand cDNA synthesis of different samples for fluorescent real-time quantitative PCR 
(qPCR) analysis using HiScriptTM QRT SuperMix was conducted using qPCR+gDNA wiper 
(Vazyme, Shanghai, China). qPCR was performed on a real-time thermal cycler Rotor-Gene 
Q (QIAGEN, Hilden, Germany). One pair of specific primers (VHA-RT-F, VHA-RT-R) was 
used to amplify the corresponding products of AmVHAB1 from the cDNA template in qPCR 

	 Primer names	 Sequences (5'-3')

5'-RACE		
	 VHA-GSP	 TGCATACCTGGGGAAC
	 VHA-R	 GCCTTGGTTGTGAGATGTAG
	 VHA-Rnest	 TGCAGCTTCAGGTCCGTTGA
	 AUPA	 GGCCACGCGTCGACTAGTAC
3'-RACE		
	 VHA-F	 CTCACAACCAAGGCTGACATACTCCA
	 VHA-Fnest	 GCACCTGACCTTACCCGATGGCACC
	 UPM-long	 CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
	 UPM-short	 CTAATACGACTCACTATAGGGC
	 3'-CDs primer A	 AAGCAGTGGTATCAACGCAGAGTAC(T)30VN
ORF-QC		
	 VHA-R-QC	 CTATCGCTTGGGTGTCTTTGG
	 VHA-F-QC	 GCATTCTGGGAATTCGGCG
qRT-PCR		
	 VHA-RT-F	 GCCCAACGACATTAC
	 VHA-RT-R	 CTCCGACCACAGCCTTCA
	 VHA-actin-F	 GCAGATGTGGATCAGCAAGC
	 VHA-actin-R	 ACATTGCCGTCACCTTCATG

Table 1. Primers used for AmVHAB1 gene cloning and real-time quantitative PCR quantification (F = forward 
primer; R = reverse primer).

http://www.geneticsmr.com/year2015/vol14-3/pdf/gmr5671_supplementary.pdf
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analysis. AmVHAB1 transcript levels were normalized against b-actin (specific primers: VHA-
actin-F and VHA-actin-R). The b-actin was expressed equally in all tissues tested. PCRs were 
conducted according to the manufacturer protocol of Faststart Universal SYBR Green Master 
(ROX) (Roche, Basel, Switzerland). All samples were subjected to PCR in triplicate. Melting 
curve analysis was performed after each reaction to confirm that only 1 fragment was amplified. 
Next, the qPCR data from 3 replicated experiments to ensure the accuracy and validity of 
experimental results were analyzed using the Rotor-Gene® Q Series Software (QIAGEN). The 
relative copy number of the target gene was calculated using the comparative Ct method with 
the following formula: 2-DDCt (Livak and Schmittgen, 2001). The data obtained from real-time 
PCR analysis were subjected to one-way analysis of variance (Wu and Hamada, 2000). P values 
were calculated by the Student t-test, and differences were considered to be significant when 
P < 0.05 and were considered to be highly significant when P < 0.01. Statistical analysis was 
performed using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). All data are reported 
as the mean ± standard deviation in terms of relative mRNA expression.

Western blotting

The preparation procedure of crude membrane fractions from the gill tissues was per-
formed according to the total protein extraction kit instructions (KeyGEN BioTECH, Nanjing, 
China). Protein concentrations were determined using the BCA Protein Assay Kit (KeyGEN 
BioTECH). The crude membrane protein fractions were stored at -80°C until immunoblotting 
experiments. The proteins from the membrane fractions were heated together with 2X sample 
buffer (125 mM Tris pH 6.8, 4% sodium dodecyl sulfate, 10% glycerol, 0.006% bromophenol 
blue, and 1.8% b-mercaptoethanol). All samples were separated by 7.5-12% sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride 
membrane (Millipore, Bedford, MA, USA). After pre-incubation for 1 h in phosphate-buff-
ered saline containing 0.05% Tween-20 (PBS-T) containing 5% non-fat dried milk to mini-
mize nonspecific binding, the samples were then incubated overnight at 4°C with a Atp6v1b2 
polyclonal antibody against the rabbit VHA (GeneTex, Irvine, TX, USA) diluted in 1% bovine 
serum albumin and 0.05% sodium azide in PBS-T buffer (1:5000 dilution). After washing 
with PBS-T buffer, the samples were further incubated with a rabbit anti-mouse horseradish 
peroxidase-conjugated secondary antibody (diluted 1:5000) for 2 h at room temperature. The 
membranes were rinsed with PBS-T buffer again and the signal was detected using electroche-
miluminescence and X-ray film (ECL Hyperfilm, GE Healthcare, Little Chalfont, UK). Im-
munoreactive bands were visualized using Renaissance chemiluminescence reagent (Perkin-
Elmer Life Science, Waltham, MA, USA). In order to examine the amount of loading protein, 
the immunoblots were treated with stripping solution (62.5 mM Tris buffer, pH 6.7, containing 
2% sodium dodecyl sulfate, and 100 mM b-mercaptoethanol) for 30 min at 50°C and incu-
bated with mouse monoclonal anti-b-tubulin antibody (Sigma, St. Louis, MO, USA) followed 
by horseradish peroxidase-coupled goat anti-mouse IgG (Pierce, Rockland, IL, USA).

RESULTS

Identification and characterization of VHAB1

A 1741-bp nucleotide sequence, representing the full-length cDNA sequence of 
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AmVHAB1, was obtained by cluster analysis from the RACE-PCR-amplified fragments and the 
expressed sequence tags. The complete cDNA sequence was deposited in the GenBank database 
under the accession number KF932263. The full-length AmVHAB1 cDNA includes an 83-bp 
5'-untranslated region, a 1512-bp open reading frame encoding a 503-amino acid polypeptide, 
and a 146-bp 3'-untranslated region with a poly(A) tail (Figure 1). AmVHAB1 shared significant 
similarity at the nucleotide level (80-98%) and at the protein level (91-99%) with the VHAB1 
sequences reported in A. anguilla (99%), Danio rerio (97%), Oncorhynchus mykiss (97%), and 
Maylandia zebra (97%, B2 isoform). No signal sequence was identified in the transcript using the 
SignalP software. Protein domain scanning from the SMART diagram indicated that AmVHAB1 
contains 3 domains, including an ATP-synt_ab_N domain (amino acid residues 41-107), an 
ATP-synt_ab domain (amino acid residues 163-390), and an ATP-synt_ab_C domain (amino 
acid residues 407-502) (shadowed areas in Figure 1). There were 3 potential N-glycosylation 
sites predicted for AmVHAB1 (circled amino acid residues in Figure 1). A conserved amino 
acid motif defining the alpha and beta subunits of ATP synthase (ATP-synt_ab) belonged to the 
protein family signature PPINVLPSLS (amino acid residues 381-390 in Figure 1). Protein motif 
scanning results indicated that AmVHAB1 contains a functional region (amino acid residues 
16-503). The predicted protein domain architecture of AmVHAB1 compared with other known 
VHAB1s from A. anguilla, D. rerio, O. mykiss, and M. zebra (subunit B2) was determined 
by SMART analysis. The results revealed that all VHAB1s share a similar domain structural 
pattern, all of which contain 3 domains (ATP-synt_ab_N, ATP-synt_ab, and ATP-synt_ab_C 
domains) (Figure 2). The three-dimensional structure of AmVHAB1 (Figure 3A) compared with 
VHAB1s from A. anguilla (Figure 3B), O. mykiss (Figure 3C), M. zebra (subunit B2) (Figure 
3D), and D. rerio (Figure 3E) was determined using the SWISS-MODEL Server (Figure 3). The 
results indicated that AmVHAB1 and other known VHAb1s share a common structural pattern. 
The three-dimensional structure of AmVHAB1 contains 14 antiparallel helices and 21 stranded 
b-sheets. Among these secondary structures, 9 highly twisted b-sheets are covered by a-helices. 
Some important structural motifs and nests such as Pro381, Val385, Leu386, Pro387, and Ser388 
are located in the loop chain, while Pro382, Ile383, Asn384, Leu389, and Ser390 are located 
in b-sheets, forming the functional sites of the ATP/ATP synthase alpha and beta subunits. The 
Z-score of overall model quality was -10.09, and local model quality values for all residues were 
generally below 0 from ProSA-Web. The average 3D-1D scores from the Verify3D Structure 
Evaluation Server generally ranged from 0.03 to 0.69.

Phylogenic analysis of V-H+-ATPase B1 

Phylogenic analysis was performed using the MEGA 5.0 software. The topology 
showed that A. marmorata and A. anguilla were clustered into one group, but the D. rerio V-
H+-ATPase B1 shared a closer relationship with A. marmorata V-H+-ATPase when compared 
with A. anguilla V-H+-ATPase B2 (Figure 4). The topology of the phylogenic trees from amino 
acid datasets was similar to that of the nucleotide datasets with high bootstrap values and pos-
terior probabilities. The conservative characteristics and high similarity with known VHAB1s 
confirmed that AmVHAB1 belonged to the VHA family.

V-H+-ATPaseB1 mRNA and protein expression in the gill

The expression of AmVHAB1 in the gill tissues of juvenile A. marmorata was tran-
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siently increased to the highest level at 1 h post-transfer to BW and the highest level at 6 h post-
transfer to SW (approximately 21.6- and 44.0-fold when compared to FW, respectively). After 
3-24 h of SW exposure, the expression of AmVHAB1 mRNA quickly reduced to a relatively 
lower level, but was still higher than that in the control fish group (Figure 5). Immunoblotting 
analysis showed that the gill VHA in BW and SW exhibited a single immunoreactive band 
with a molecular mass of approximately 33 kDa (Figure 6), and the protein expression levels 
of gill VHA in the BW and SW groups were significantly higher than that in the FW group. 
Similarly, the time point of the highest protein expression level of gill VHA in BW- and SW-
acclimated eels occurred at 96 h, which was later than their highest mRNA expression time.

Figure 1. Nucleotide and deduced amino acid sequences of VHAB1 from A. marmorata. The ATPase domains of 
VHAB1 are highlighted as shadowed areas. The protein family signature for the alpha and beta subunits of ATP 
synthase is shown in the open box. The potential N-linked glycosylation sites are labeled in the circle. The primers 
are indicated with arrows. The stop codon is labeled as *.
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Figure 3. Structures of VHAB1 from 5 species. a-Helices (H) are labeled in blue, b-sheets (E) are labeled in yellow, 
and loops (C) are labeled in red. A. Anguilla marmorata, including 14 a-helices, 21 b-sheets, and 34 loops. Three-
dimensional structures of the ATP synthase alpha and beta subunits are marked. Three formed N-glycosylation sites 
(Asn242, Asn336, and Asn461) are shown in purple. B. A. anguilla, including 12 H, 23 E, and 34 C. C. Oncorhynchus 
mykiss, 12 H, 23 E, and 35 C. D. Maylandia zebra (subunt B2), including 14 H, 21 E, and 34 C. E. Danio rerio, 
including 12 H, 23 E, and 34 C. 

Figure 2. Predicted domain architecture of VHAB1 protein in Anguilla marmorata compared with Anguilla 
anguilla, Danio rerio, Oncorhynchus mykiss, and Maylandia zebra (subunit B2) was determined using SMART 
analysis. Low-complexity regions are labeled in pink and other domains are labeled accordingly. 



8016L. Li et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (3): 8008-8020 (2015)

Figure 5. Time-course analysis of AmVHAB1 expression pattern in the gill by real-time PCR caused by changes 
in salinity after transfer from brackish water (BW, 10‰) to seawater (SW, 25‰). The mRNA levels of AmVHAB1 
were analyzed and standardized according to b-actin mRNA levels. Error bars present as standard deviation of 3 
independent measurements. Statistical significance was considered at *P < 0.05 and **P < 0.01 when compared 
with that of the control (freshwater: FW, 0 h), (N = 3, df = N - 1).

Figure 4. Unrooted neighbor-joining phylogenetic tree of AmVHAB1 (triangle) and other vertebrates. Full-length 
amino acid sequences of AmVHAB1 showed high similarity with other invertebrate VHAs in BLASTp homology 
searching. Numbers at the branch nodes indicate bootstrap values. The scale bar represents a branch length of 0.02 
for amino acids.
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DISCUSSION

The maintenance of a stable internal environment is crucial for animals to survive in 
a variety of habitats. Ion-transporting epithelia in the gills and kidneys play important roles 
in modulating ion flux in response to changes in environmental salinity. In recent studies, an 
increasing amount of V-H+-ATPase isoforms was identified from teleosts, and shown to be in-
volved in osmotic regulation. The full-length cDNA of VHAB1 (possibly the kidney isoform) 
was cloned from the juvenile A. marmorata in this study. Conserved sequences and character-
istic motifs, such as the protein family signature of alpha and beta subunits in ATP synthase, 
ATP-binding domain, and the major typical structural and functional domains in VHA (Leng 
et al., 1998; Boesch et al., 2003b; Reilly et al., 2011; Wang et al., 2012) were detected in the 
deduced AmVHAB1 amino acid sequences from A. marmorata, suggesting that AmVHAB1 is 
functional. VHAB1 is the partial head region of the protein and is not a transmembrane pro-
tein, which is similar to that in European eels (Boesch et al., 2003b) and zebrafish (Boesch et 
al., 2003a). The formed 3 N-glycosylation sites (Asn242, Asn336, and Asn461) are considered 
to be important for the hydrolysis of ATPase (Figure 1 and 3A). The protein without signal 
peptides is unlikely to be exposed to the N-glycosylation machinery and thus may not be gly-
cosylated in vivo, although they contain potential motifs. An important structural ATP-synt_ab 
domain, nests Pro381, Pro382, Ile383, Asn384, Val385, Leu386, Pro387, Ser388, Leu389, and 
Ser390, are located in the loop chains and b-sheets forming the binding sites and used as the 
ATPase proton channel of ion flux across the membrane to drive ATP synthesis (Figure 3A). 
The ATP-synt_ab (nucleotide-binding) domain is a membrane-binding enzyme complex or an 
ion transporter that drives the transport of protons across the membrane using ATP hydrolysis. 
Some transmembrane ATPases also exert their functions in a reversed manner. The function 
of the ATP-synt_ab has been verified by the extracellular catalytic sector V1, which is essen-
tial for its function of energy transfer to transport substrates across membranes and provide 
specificity for different substrates (Futai et al., 2000). SMART program analysis revealed 3 
typical ATP synthase domains, which are similar to the discovery in A. anguilla, D. rerio, O. 
mykiss, and M. zebra (Figure 2). These results further suggest that AmVHAB1 shares high 
similarity with one other catadromous fish, and revealed a similar function to AmVHAB1 as 
VHAB1s in other species. The three-dimensional model of AmVHAB1 showed a significantly 
similar structure when compared with VHAB1s from A. anguilla, D. rerio, O. mykiss, and M. 
zebra, confirming that AmVHAB1 is related to the process of osmoregulation. The different 

Figure 6. A representative immunoblot of gills from Anguilla marmorata in response to brackish water (BW) 
and seawater (SW) at 1, 3, 6, 12, 24, 48, 72, and 96 h, and 15 days of exposure to the salinity, which were probed 
with a primary antibody against V-H+-ATPase (Atp6v1b2) and confirmed as a single immunoreactive band with a 
molecular weight of approximately 33 kDa.
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a helices, b sheets, and loops in these secondary structures indicate that the specific action 
mechanisms of the VHAB1 from the species are different (Figure 3).

In the present study, we compared the mRNA and protein expression changes of V-
H+-ATPase over time after the marbled eel in FW was transferred to BW and SW. The results 
revealed that mRNA and protein expression levels of the gill VHA were significantly higher 
in the gill tissue of A. marmorata acclimated to BW (or SW) than to FW. This is the first study 
to carefully examine the changes in mRNA and protein expression levels of V-H+-ATPase 
following the transfer from FW to BW and then to a SW environment. After 1 h of exposure 
to BW, a 22-fold increase in the level of AmVHAB1 mRNA was observed. Surprisingly, with 
an apparent transient 44-fold increase in the AmVHAB1 mRNA level after 6 h of adaptation 
to SW, AmVHAB1 in osmoregulation is a significant challenge to SW during the fast transi-
tion. We found that the protein expression level of the gill VHA in the BW-acclimated eel 
was clearly higher than that in the FW group. Similarly, the protein expression level of SW-
acclimated individuals was significantly higher than that in the FW group. Interestingly, the 
immunoblotting results showed that the protein expression of gill VHA in the BW and SW 
groups had pronounced expression after 96 h. The time lag between increased mRNA and pro-
tein expression was likely because of post-translational modifications and mobilization of in-
tracellular stores to the plasma membrane surface, which typically occur over a much shorter 
time scale (hours), and the time difference for the de novo synthesis of V-H+-ATPase protein. 
The molecular biological processes of transcription and translation over time and space may 
have also led to the time inconsistencies between mRNA and protein expression levels of gill 
VHA. The enhanced VHAB1 mRNA expression indicated that the V-H+-ATPase protein was 
expressed highly in gill epithelial cells, suggesting that the gill discharges a large number of 
ions following exposure to salt water. The basal level of this protein in the SW-acclimated A. 
marmorata gill may be sufficient for driving ion excretion following the exposure to SW. This 
supports that AmVHAB1 is involved in the process of osmoregulation in juvenile marbled eel 
during salinity adaption, and the quick transition in the marbled eel suggests that AmVHAB1 
is more sensitive to salinity changes when compared with other euryhaline fish. The V-H+-
ATPase mRNA and protein expression as evaluated by western blotting in Japanese eels also 
showed a clear increase after the environment transfer from SW to FW (Tse and Wong, 2011). 
However, the VHA mRNA and protein in gill of A. marmorata showed a significant increase 
during the transfer from FW to SW, indicating that V-H+-ATPase in Japanese eels may have 
a different molecular mechanism for osmoregulation of AmVHAB1. In zebrafish, as a model 
organism, higher mRNA expression and protein expression levels were also been detected in 
free-living zebrafish embryos and larvae exposed to hypo-osmotic conditions (Schredelseker 
and Pelster, 2004). Based on the results observed in zebrafish and marbled eel, VHAB1 plays 
an important role in salinity adaptation during the larval stage of fish. VHAB1 expression in 
BW and SW showed no obvious difference compared to the control group within 15 days of 
seawater exposure (Figure 5). The VHA protein level in BW and SW was upregulated expres-
sion when compared with that in FW during the adaptation to 15 days, but the protein expres-
sion level after 15 days of exposure to BW and SW were lower than the VHA protein level at 
96 h (Figure 6). In euryhaline fish, the consequent activation of the osmoregulatory system 
contains 2 periods such as the adaptive period and the chronic regulatory period. In the chronic 
regulatory period, the changed osmotic parameters can return to a new steady state as a re-
sult of rest through the osmoregulatory mechanism (Holmes and Donaldson, 1969; Martinez-
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Alvarez et al., 2002). In this study, the AmVHAB1 mRNA and protein expression of juvenile 
marbled eel returned to a new steady state after 15 days of seawater exposure. 

In summary, the analysis of the molecular structure and protein model in A. marmorata 
indicated that it was highly homologous to that of other known vertebrate V-H+-ATPases. In this 
study, we found that the gill V-H+-ATPase B1 isoform plays important roles in the adaptation 
of elvers to seawater and marine environments. In the present study, juvenile gill AmVHAB1 
acclimating to SW showed an identical pattern to the gill Na+/K+-ATPase of Japanese eel during 
SW acclimation (Tang et al., 2012). AmVHAB1 was expressed in juvenile A. marmorata and the 
time-course experiments revealed the transient change in VHAB1 expression in the elvers. The 
22-44% upregulated expression of VHAB1 in the gill indicated that the elvers mainly depend 
on the gill to adapt to salinity changes, and VHA in the gill may play a more important role in 
activating the ion excretion model for juvenile A. marmorata than in adult eels. However, fur-
ther studies examining the adaptation to SW during long-term growth of juvenile A. marmorata 
requires further investigation. The exact role of gill V-H+-ATPase and the mechanisms regulat-
ing its expression in this process remain unclear and further studies are needed.
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