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Abstract The teleost warm temperature acclimation

related 65 kDa protein (Wap65) is a plasma glycoprotein

with the potential roles in heat adaptation, heme recycling,

immune response and copper metabolism. It is most

homologous to the mammalian hemopexin, which is the

plasma transporter of heme. A full-length cDNA clone of

the Wap65 gene, 1,534 bp in size, was isolated from the

fish ayu (Plecoglossus altivelis). Its deduced amino acid

sequence of 439 residues had 60.4–65.4% and 38.3–47.3%

identical to fish Wap65-2-type and Wap65-1-type sequen-

ces, respectively. In phylogenetic analysis, aWap65

grouped tightly with those fish Wap65-2-type sequences. In

healthy control fish, the highest mRNA signal for aWap65

was from the liver, moderately high in brain and gill, and

but weaker in spleen, kidney, muscle, heart and intestine.

In Listonella anguillarum-infected fish, aWap65 transcripts

were significantly increased in liver, while no obvious

changes in other tissues at 12 hpi. However, aWap65

transcripts were significantly increased in various tissues at

24 hpi when hemolysis developing, suggesting that

aWap65 might be involved in the immune response of ayu.
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Abbreviations

Wap65 Warm-temperature-acclimation-associated

65-kDa protein

LPS Lipopolysaccharides

aWap65 Ayu Wap65

Introduction

Warm-temperature-acclimation-associated 65-kDa protein

(Wap65) is a plasma glycoprotein initially identified in

goldfish (Carassius auratus) [1], and since then in a

number of fish including carp (Cyprinus carpio), medaka

(Oryzias latipes), black porgy (Acanthopagrus schlegelii),

channel catfish (Ictalurus punctatus), swordtail fish

(Xiphophorus hellerii) and fugu (Takifugu rubripes) [2–8].

The teleost Wap65s are most homologous to the mamma-

lian hemopexin, which is a plasma glycoprotein synthe-

sized in the liver [9]. It is clear that hemopexin is not only

the plasma transporter of heme but also acts as a multi-

functional agent in important health-related processes such

as iron homeostasis, antioxidant protection, bacteriostatic

defense, nerve regeneration, and gene expression to pro-

mote cell survival [10]. Many studies of Wap65 have

examined its expression during temperature acclimation

[6, 11–13]. The expression levels of Wap65 markedly

increase for both protein and transcript in concert with

ambient temperature elevation [7, 11]. As iron is one of the

pivotal elements during bacterial infections [14, 15], sev-

eral studies have explored the potential involvement of

Wap65 in immune responses in consideration of its struc-

tural similarity to hemopexin. In goldfish, Wap65 was

reported to respond to bacterial lipopolysaccharides (LPS)

and its expression was induced twofold after exposure of

goldfish to LPS [11]. However, exposure of medaka to LPS

did not induce the expression of Wap65 [4]. Using an

oligo-based microarray, Wap65 of blue catfish (I. furcatus)
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was identified as an up-regulated gene after Edwardsiella

ictaluri infection [16]. Warm temperatures and bacterial

infections appeared to synergistically induce the expression

of Wap65-2 in channel catfish [17]. Wap65-2 was also up-

regulated in swordtail fish that were exposed to copper in a

dose and time dependent manner [2]. The mechanism of

how such very different stimuli caused gene induction is

unknown at present.

The tissue distribution of some fish Wap65s have been

determined. In carp, Wap65 was expressed only in the

hepatopancreas [7]. In goldfish, Wap65 was weakly

expressed in the brain, eyes, gills, and gonads, although the

greatest expression was in the liver [9]. In fugu, two types

of Wap65 were identified, fWap65-1 and fWap65-2. The

dominant expression of fWap65s was in liver followed by

brain [5]. In addition, small quantities of fWap65-1 tran-

scripts were also detected in eyes, gills and gonads,

whereas the transcripts of fWap65-2 could only be

observed in the liver and brain [5]. In channel catfish, two

types of Wap65 were identified, cWap65-1 and cWap65-2.

cWap65-1 was constitutively expressed in a wide range of

tissues, whereas cWap65-2 was only expressed in the liver

[11]. In black porgy, Wap65 was expressed only in liver

[3]. Wap65s are differentially expressed in their spatial

distribution and are differentially regulated with warm

temperature and bacterial infections, suggesting their dif-

ferential functions.

Ayu (Plecoglossus altivelis) is an important cultured

freshwater fish in Asia and infectious diseases have often

occurred [18–21]. Most recently, vibriosis caused by

Listonella anguillarum, was firstly recorded in ayu at

Ninghai city, Zhejiang province, China in 2008. Severely

diseased fish always show hemolysis of viscera, fins and

gills and, considering the analogy to mammalian hemo-

pexin, it seems worthwhile to investigate the possibility

that Wap65 is involved in such a pathological process. In

this paper, we report the molecular cloning of a full-length

cDNA encoding ayu Wap65 (aWap65) and its phylogenetic

relationships. The mRNA expression profiles of aWap65 in

healthy and L. anguillarum infected fish were also deter-

mined by semi-quantitative RT-PCR.

Materials and methods

Fish

About 20 specimens of healthy ayu (P. altivelis), weighing

20–25 g, were obtained from a commercial farm in Hu-

angtan Reservoir, Ningbo city, China. These fish were kept

in freshwater tanks at 20–22�C in a recirculating system

with filtered water, fed with pelleted dry food once a day,

and acclimatized to laboratory conditions for at least

1 month before experiments. All fish used in this study

were apparently healthy without any pathological signs.

Infection of ayu by L. anguillarum

Overnight cultures of L. anguillarum were diluted 1:50 in

nutritient broth, grown at 28�C with shaking, and harvested

in the logarithmic phase of growth. Cells were washed once

in sterile PBS, resuspended and then diluted to the appro-

priate concentration in sterile PBS. The final concentration

of bacteria was confirmed by plating serial dilutions on

solid media. Ten juvenile ayu were infected with L. an-

guillarum (3.8 9 105 CFU) by intraperitoneal injection. At

about 12 h post-injection (hpi), fish have been observed to

exhibit sluggish, erratic swimming and swimming abnor-

mally near the surface of the water with an increased rate

of respiration, appeared to be listless, and may alternately

float and sink. At about 24 hpi, symptoms as haemor-

rhaging in gills and fins, bug-eyed, anus swollen and

congestive splenomegaly were obvious. Groups of control

fish, injected with saline, showed no signs of infection,

even when examined over an extended period (up to

10 days).

RNA isolation and cDNA library construction

Total RNAs were extracted from the liver of a healthy ayu

fish using RNAiso regents (TaKaRa, Kyoto, Japan) and

mRNA was obtained using Oligotex-dT30\super[
(TaKaRa, Kyoto, Japan). The TaKaRa cDNA Library

Construction Kit (TaKaRa, Kyoto, Japan) was used

according to the manufacturer’s protocols for cDNA library

construction amd Oligo(dT)18 Anchor Primer (50-(GA)10

ACTAGTCTCGAG(T)18V-30, V: A or C or G) and EcoRI

Adaptor were used. A random set of 287 clones were

partially auto-sequenced by an ABI 3730 automated

sequencer (Invitrogen, Shanghai, China) and analyzed with

BLASTX search (http://www.ncbi.nlm.nih.gov/).

Sequence analysis

The cleavage site of signal peptides was predicted by the

SignalP 3.0 program (http://www.cbs.dtu.dk/services/Sig

nalP/). Multiple alignment was done using ClustalW (http://

clustalw.ddbj.nig.ac.jp/). Phylogenetic and molecular evo-

lutionary analyses were conducted using MEGA version 4

[22].

RT-PCR detection of the mRNA expression

patterns of ayu Wap65 gene

To examine the mRNA expression changes following

L. anguillarum infection, 50 ng of total RNA from the
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gills, brain, heart, kidney, liver, muscle, intestine and

spleen of the infected fish were collected at 12 and 24 hpi

and purified using RNAiso regents.

A 387 bp fragment of the ayu Wap65 gene was then

amplified by RT-PCR using the RNA PCR Kit (AMV)

Ver.3.0 (TaKaRa, Kyoto, Japan) with primers aWap65(?):

50-AACATGCCTTCCCTATCACC-30 and aWap65(-):

50-TTTCATAGTCGTAGTACTCC-30. As an internal PCR

control, primers pActin2(?): 50-TCGTGCGTGACATCAA

GGAG-30 and pActin2(-): 50-CGCACTTCATGATGC

TGTTG-30 were used to amplify a 231 bp fragment of the

housekeeping b-actin gene. Validation of semi-quantitative

RT-PCR was optimized using the method reported for

black porgy Wap65 [3]. Semi-quantitative RT-PCR con-

ditions were: denaturing for 2 min at 94�C, then cycles (31

for Wap65, 27 for ß-actin) of denaturing for 30 s at 94�C,

annealing for 30 s at the optimized temperature (56.7�C for

Wap65, 60.5�C for ß-actin) and extension for 30 s at 72�C;

the cycles were followed by a final extension step of

10 min at 72�C. The products were electrophoresed on a

1.0% agarose gel and stained with ethidium bromide. After

gel electrophoresis, the band intensities were quantified and

analyzed with the Gel Doc-ItTM Imaging system (UVP,

Upland, CA, USA).

Statistical analysis

Data were expressed as means ± SD and analyzed by one-

way analysis of variance (ANOVA). A Duncan multiple

range test considering P B 0.05 as significant followed the

analysis.

Results

Cloning of the complete ayu Wap65 gene

A random set of 287 clones were partially sequenced. After

BLASTX search using partial sequences, 11 out of 287

clones showed high sequence similarity to those sequences

encoding Wap65 and shared [99% nucleotide identity

amongst themselves. The longest clone was completely

sequenced. The full-length aWap65 cDNA (AM999340)

contains 1,534 bp with an open reading frame of 1,317 bp,

coding for 439 amino acids (Fig. 1). It has an ATG initi-

ating codon at nucleotides (nts) 27–29, followed by a

hydrophobic sequence, characteristic of a typical signal

peptide sequence (Fig. 1). The predicted cleavage site of

aWap65 was most likely between amino acids 19 and 20

(TSA/AP), making the signal peptide similar in length to

those of Wap65s in other teleost fish. The 30-UTR of

aWap65 cDNA was 188 bp long (Fig. 1).

Sequence analysis

Analysis of the crystal structure of the heme–hemopexin

complex from rabbit revealed eight hydrophobic residues

in the heme binding site; these residues help define the

heme pocket and are invariant in hemopexin sequences

[20]. While fish Wap65-1-type molecules contained five of

these eight hydrophobic residues, fish Wap65-2-type mol-

ecules, including aWap65, had seven (Fig. 2). Hemopexins

contain two conserved histidine residues occur in aWap65

at amino acid positions 242 and 286 (Fig. 2). Fugu Wap65-

1 lacked these two residues, which were substituted by

Glutamate and Lysine. Channel catfish Wap65-1 lacked

one of the two residues, which was substituted by Aspartic

acid (Fig. 2). aWap65 had few of the possible glycosyla-

tion sites, which seem to involve heme binding in human

hemopexin. From the amino acid sequence analysis,

aWap65 has a relatively higher similarity to Antarctic

plunderfish (Harpagifer bispensis) Wap65 (65.4%) than to

medaka Wap65-2 (63.0%), swordtail fish Wap65 (61.9%),

fugu Wap65-2 (61.0%) and channel catfish Wap65-2

(60.4%), but only 38.3–47.3% to other fish Wap65 (or

Wap65-1) sequences. Fish Wap65s had 24.0–35.1% iden-

tity to human hemopexin.

Based on complete Wap65 sequences, the phylogenetic

relationship between representatives from different verte-

brate lineages was evaluated and from the constructed

phylogenetic tree, it appears that aWap65 is most closely

related to some fish Wap65-2-type molecules (Fig. 3). Ayu

Wap65, channel catfish Wap65-2, swordtail fish Wap65,

fugu Wap65-2, Antarctic plunderfish Wap65 and medaka

Wap65-2 grouped and formed a fish Wap65-2-type group,

while channel catfish Wap65-1, goldfish Wap65, carp

Wap65, zebrafish Wap65-1, rainbow trout Wap65, spotted

green pufferfish Wap65, fugu Wap65-1, black porgy

Wap65 and European seabass Wap65 grouped and formed

a possible fish Wap65-1 group (Fig. 3). A human hemo-

pexin showed a distant relationship to fish Wap65, sug-

gesting a possible common origin (Fig. 3).

RT-PCR detection of the mRNA expression patterns

of ayu Wap65 gene

In control fish, aWap65 mRNA was found to be present in

all tested tissues including brain, spleen, liver, kidney, gill,

muscle, heart and intestine (Figs. 4, 5). The amplification

was found to be the highest in liver followed by brain and

gill (Fig. 4). At 12 hpi, the expression levels of aWap65

were significantly increased in liver (up to twofold), but no

obvious changes were determined in other tissues com-

paring to that of the control group (Figs. 4, 5). At 24 hpi,

the expression levels of aWap65 were significantly

increased in various tissues. It was interesting that there
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Fig. 1 cDNA nucleotide and

deduced amino acid sequences

of aWap65. The typical signal

peptide sequence was showed in

shadow. Nucleotide number and

amino acid residue number is

shown on the right

Fig. 2 Comparison of partial

amino acid sequences of ayu

Wap65 (aWap65) with zebrafish

Wap65-1 (zWap65-1), fugu

Wap65-1 (fWap65-1) and

Wap65-2 (fWap65-2), channel

catfish Wap65-1 (cWap65-1)

and Wap65-2 (cWap65-2),

medaka Wap65-2 (mWap65-2)

and human hemopexin. Arrows
indicate the conserved histidine

residues. Triangles indicate the

conserved aromatic residues in

the heme-binding pocket.

Accession numbers of

sequences used are listed in

Fig. 3
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were extremely high numbers of transcripts in the spleen

(up to 20-fold) and heart (up to 12-fold) of 24 hpi ayu fish

(Figs. 4, 5). However, there is no doubt that fish liver is the

primary organ that produces Wap65 both in healthy and

pathological conditions.

Discussion

In the present study, the nucleotide sequence of full-length

cDNA clone of ayu Wap65 gene was determined and

shown to be significantly similar to fish Wap65-2-type

molecules. aWap65 contained seven of the eight hydro-

phobic residues which help define the heme pocket and

which are invariant in hemopexin sequences [23]. Mam-

malian hemopexins contain two conserved histidine resi-

dues which are assumed to serve as heme axial ligands in

the binding pockets [23]. aWap65 contained the two

conserved histidine residues. However, medaka Wap65-1

bound to heme despite lacking, whereas Wap65-2, with

the two residues, did not [8]. Thus, structure–function

relationships of the different types of Wap65 remain

unclear [4].

aWap65 had a relatively higher similarity (60.4–65.4%)

to fish Wap65-2-type molecules than to fish Wap65-1-type

molecules (38.3–47.3%). In phylogenetic analysis, aWap65

grouped tightly with those fish Wap65-2-type molecules.

Multiple alignments of the deduced amino acid sequences

of Wap65s showed that aWap65 was similar to Wap65-2s

(Fig. 2). Wap65-2s are more evolutionarily conserved

than Wap65-1s (Fig. 2), which coincide with the previous

report [17].

In the experiment to determine tissue distribution, the

highest mRNA signal for aWap65 in control fish was from

the liver, moderately high in brain and gill, and present but

weaker in spleen, kidney, muscle, heart and intestine. It

seems that mRNA expression profiles of fish Wap65s differ

between species in ways that are not closely related to their

phylogenetic relationships (Fig. 3). For example, within

the fish Wap65-1 group, Wap65-1 from channel catfish was

constitutively expressed in a wide range of tissues [17],

while that of black porgy was found only in the liver [3].

Therefore, Wap65s might express differentially in their

spatial distribution in the different organisms.

Wap65 is known to be important for its classical role as

a warm temperature acclimation protein and more impor-

tantly, as a potential immune response protein. After LPS

administration into goldfish, levels of Wap65 transcripts

were increased, suggesting the involvement of immune

associated factors in the regulation of transcription of
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Fig. 3 Phylogenetic (Neighbor-joining) analysis of complete Wap65

amino acid sequences using the MEGA4.0 program. The values at the

forks indicate the percentage of trees in which this grouping occurred

after bootstrapping (1,000 replicates; shown only when[70%). The scale
bar shows the number of substitutions per base. Accession numbers of

sequences used are ayu (Plecoglossus altivelis) Wap65, AM999340;

European seabass (Dicentrarchus labrax) Wap65, EF136379; black

progy (Acanthopagrus schlegelii) Wap65, EF134717; fugu (Takifugu
rubripes) Wap65-1, NM_001032684; fugu Wap65-2, NM_001032589;

spotted green pufferfish (Tetraodon nigroviridis) Wap65, CAAE

01014125; rainbow trout (Oncorhynchus mykiss) Wap65, Z68112;

zebrafish (Danio rerio) Wap65-1, NM_001111147; carp (Cyprinus
carpio) Wap65, AB052623; goldfish (Carassius auratus) Wap65,

D50437; channel catfish (Ictalurus punctatus) Wap65-1, EU030383;

channel catfish Wap65-2, EU030384; swordtail fish (Xiphophorus
hellerii) Wap65, DQ388969; Antarctic plunderfish (Harpagifer bispen-
sis) Wap65, AM408054; medaka (Oryzias latipes) Wap65-2, AB195241

and human (Homo sapiens) hemopexin, NM_000613
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Wap65 [11]. A fugu glycoprotein that induced the attach-

ment of oncomiracidia of Neobenedenia girellae was

purified from skin mucous of fish and subsequently iden-

tified as Wap65-2 [24]. In channel catfish, cWap65-2 was

highly regulated by both warm temperature and bacterial

infections [10]. Our study of the bacteria-infected ayu, with

(sampled at 24 hpi) or without hemolysis (sampled at

12 hpi), showed that aWap65 mRNA expression is com-

monly up-regulated by bacterial infection. L. anguillarum

infection might firstly stimulate aWap65 transcription in

liver, and subsequently stimulates Wap65 transcription

in various tissues with the development of hemolysis

(Figs. 4, 5), which needs further study.
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