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The objective of this study is to develop the marine medaka Oryzias melastigma as a potential marine fish
model for innate immune and immunotoxicological studies. Hepcidin plays an important role in innate
immune system. Two hepcidin genes (OM-hep1 and OM-hep2) were identified and characterized in the
O. melastigma, which were highly conserved with other reported hepcidins. During embryogenesis, sig-
nificant elevation of OM-hep1 and OM-hep2 transcripts were coincided with liver development in the
embryos. In adult medaka, differential tissue expressions of both hepcidin transcripts were evident: high
in liver, moderate in spleen and low in non-immune tissues. After bacterial challenge, the two hepcidin
mRNAs were rapidly and remarkably induced in liver and spleen, suggesting the two OM-hepcidins in O.
melastigma play a complementary role in innate defense. Gender difference in time of induction and
extent of the two hepcidin mRNAs elevation in infected O. melastigma should be considered in immuno-
toxicological studies.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The marine medaka Oryzias melastigma has been increasingly
shown a potential marine fish model for ecotoxicological studies
(Kong et al., 2008; Shen et al., 2010; Merwe et al., 2011; Wang
et al., 2011). The marine O. melastigma is phylogenetically closed
to the freshwater counterpart, Japanese medaka Oryzias latipes
(Kong et al., 2008; Au et al., 2009). The whole genome of O. latipes
has been worked out (Kasahara et al., 2007), which offers signifi-
cant advantage for using O. melastigma as a model for assessing
multiple in vivo molecular responses to stresses in the marine
environment.

Most fish diseases are related to poor environmental quality
and many environmental pollutants are potential immunotoxi-
cants (Robertson et al., 2009). Despite the freshwater O. latipes
has been employed for immune-toxicological investigations
(Carlson et al., 2002; Prophete et al., 2006), several studies in tele-
osts have shown that salinity potentiates the toxicity of various
chemicals (Brecken-Folse et al., 1994; El-Alfy, 2002). A faster drink-
ing rate in marine teleosts (hypoosmotic to seawater) may suggest
a more rapid uptake of water soluble toxicants than the freshwater
counterparts (which avoid drinking water due to hyperosmotic to
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the environment) (Evans, 1998). Erroneous conclusions could eas-
ily be drawn by direct extrapolation of freshwater toxicity data to
predict saltwater toxicity in fish (Wheeler et al., 2002). As such, a
marine fish model for assessing stresses induced immunotoxicity
in the marine environment is urgently needed.

In teleosts, the innate immune system is particular important as
the acquired immune system is not well developed. Fish innate
immune system is the first line of host defense in opposing patho-
genic organisms, which is essential to deal with any foreign mate-
rials until the adaptive immune system is ready and potent enough
to take over (Whyte, 2007). Impairments of innate immune re-
sponses are useful to assess immunotoxicity of fish under various
environmental stresses (Reynaud and Deschaux, 2006; Thilagam
et al., 2009).

Hepcidin, also termed LEAP-1 (liver expressed antimicrobial
peptide), is known to be an important antimicrobial peptide
(AMP) in the innate immune system of mammals (Krause et al.,
2000; Park et al., 2001). Hepcidin cDNA and genomic DNA organi-
zation have been determined in a dozen of fish species (Shike et al.,
2002; Douglas et al., 2003; Hirono et al., 2005; Ren et al., 2006;
Cuesta et al., 2008; Wang et al., 2009a). The wide existence of hep-
cidin genes in fishes, their inducible expression in bacteria or lipo-
polysaccharide (LPS) challenged fish and in vitro antimicrobial
activity (Huang et al., 2007) have strongly supported that hepcidin
is an important component in fish innate immune system.

In this study, we cloned and characterized the hepcidin genes
(OM-hep1 and OM-hep2) from O. melastigma. Capitalizing on the
igma – A potential marine fish model for innate immune study. Mar. Pollut.
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short generation time (2–3 months), high fecundity and distinct
sexual dimorphism of this model fish, we investigated age, tissue
and gender specific expressions of hepcidin genes in O. melastigma.
The innate immune function of OM-hep1 and OM-hep2 was as-
sessed by their in vivo expressions in marine medaka under bacte-
rial challenge. The overall objective of this study is to demonstrate
that O. melastigma can serve as a potential marine fish model for
immunotoxicological studies.
2. Materials and methods

2.1. Marine medaka

The marine medaka O. melastigma were purchased from a
commercial hatchery in Taiwan. The State Key Laboratory in
Marine Pollution (City University of Hong Kong) has established
a self-propagating population of O. melastigma for more than 30
generations. Standard operating procedures (SOPs) for large-scale
culturing of O. melastigma were established. Fish were maintained
in the laboratory in aerated 30‰ artificial seawater at 5.8 ± 0.2 mg
O2 L�1, 28 ± 2 �C in a 14-h light:10-h dark cycle.

2.2.1. Preparation of Vibrio parahaemolyticus

Vibrio parahaemolyticus is a curved, rod-shaped, Gram-negative
bacteria found in brackish saltwater, which caused great loss in
aquaculture (Cai et al., 2006). V. parahaemolyticus (purchased from
China General Microbiological Culture Collection Center, CGMCC,
Beijing, China) was cultured in LB broth at 28 �C with shaking at
200 rpm overnight. The bacteria in culture was collected by centri-
fugation (3000g for 10 min at 4 �C) and suspended in sterile saline
solution (0.65% NaCl) at a concentration of 2.85 � 108 colony form-
ing units (cfu)/mL.

2.3. Determination of the cDNA and genomic DNA for OM-hep1 and
OM-hep2

To isolate the full-length OM-hep1 cDNA sequence of O. mel-
astigma, 50-RACE and 30-RACE were performed. Specific primers
for OM-hep1 cDNA were designed according to the partial cDNA se-
quence (Genbank Accession No. AU180044) of O. latipes. The prim-
ers used for RACE were listed in Table 1, and the detailed procedure
was similar to our previously described (Yang et al., 2007). The
complete cDNA sequence of OM-hep2 was obtained from our sup-
pression subtractive hybridization (SSH) library of liver for the
marine medaka O. melastigma challenged with V. parahaemolyticus.

Genomic DNA was isolated using a DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer’s instructions. The primers
Table 1
The primer sequence for OM-hep1 and OM-hep2 used in this study.

Gene
name

Primer sequence (Forward and Reverse)
(50 ? 30)

Purpose

OM-hep1 F: CCTCGTGGAAGACGCTGTATGAC
R: TCTGTGGAAGTAGAAGCTGGTGG q-PCR and ISH
F: CCGACACCTATGAGAGAGAAAACG RACE and
R: GTGGAGAGTAAGGAAAAACAAGCC g-DNA

amplification

OM-hep 2 F: CAAGATGCCAGTGACCTCGTG
R: ACACTCTCCACATCCACTCATCCCAC q-PCR and ISH
F: CAATCTGACTGCGAATCTTCTCCA
R: GCACACTCCACATCCACTCATCCT g-DNA

amplification

18S F: CCTGCGGCTTAATTTGACCC
R: GACAAATCGCTCCACCAACT q-PCR

Please cite this article in press as: Bo, J., et al. The marine medaka Oryzias melast
Bull. (2011), doi:10.1016/j.marpolbul.2011.05.014
used for genomic DNA amplification were listed in Table 1. The PCR
product was purified and its sequence analyzed as described by
Yang et al. (2007).

2.4. Bioinformation analysis

The gene and deduced amino acid sequences were analyzed by
ClustalX 1.83. Homology searches were performed using BLASTn
and BLASTp by the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). The cleavage site for the signal
peptide was predicted by the SignalP (http://www.cbs.dtu.dk/
services/SignalP). The charge for the deduced peptide was calculated
by the ProtParam tool (http://cn.expasy.org/tools/protparam.html).

2.5. In vivo expression of OM-hep1 and OM-hep2 in multiple tissues

2.5.1. Sampling of embryos
Staging of embryonic development in O. melastigma is similar to

that of O. latipes (Iwamatsu, 2004). Three developmental stages of
O. melastigma embryos were studied: (i) at 6 h post fertilization
(hpf, from early morula stage to late blastula stage), (ii) 7 days post
fertilization (dpf, the liver is well developed), and (iii) 10 dpf (just
hatched larva). The pooled samples of 50 embryos (at 6 hph, 7 dph)
or whole larva (10 dph) were frozen immediately in liquid nitro-
gen, and stored at �80 �C (50 embryos or larvae � 6 replicates,
n = 6).

2.5.2. Bacterial challenge and sampling of fish
Sixty each male and female marine medaka at 5-month old

were anesthetized with 0.02% tricaine methanesulfonate (MS-
222, Sigma–Aldrich). Two microliters of stock bacterial suspension
(5.69 � 105 cfu) for the bacterial challenge or equal volume of
0.65% NaCl for the control were administered into the peritoneal
cavity, using 5 lL Hamilton syringe equipped with an ultra-fine
needle under microscope. The selected sublethal dose of bacteria
(5.69 � 105 cfu/fish) was based on the dose response in our preli-
minary experiment (data were not shown).

Six fish were collected at 0, 6, 12, 24 and 48 h post injection
from the bacterial challenged and the vehicle control fish, individ-
ually. The tissues including the liver, spleen, brain, gonad (testis/
ovary), gut and gill were isolated from each fish, then frozen imme-
diately in liquid nitrogen and stored at �80 �C for total RNA extrac-
tion (each replicate were pooled from 2 fish, n = 3).

2.5.3. Quantitative real-time PCR (qPCR) analysis of hepcidin mRNA
expression

Total RNA were extracted using the TRIzol method (Invitrogen),
then reverse transcribed into cDNA using the One-Step TaKaRa
PrimescriptTM RT Reagent Kit (TaKaRa). The qPCR analyses were
carried out as previously described (Wang et al., 2009a). Briefly,
qPCR assays were performed using the fluorescent dye Power SYBR
Green PCR Master Mix and ABI 7500 System. Gene-specific primers
(Table 1) were designed with the Primer Express(r) Software v3.0
(Applied Biosystem). 18S rRNA was used as the reference gene
(Genbank Accession No. DQ105650). The relative expression levels
(fold change) of the tested genes, were calculated using the relative
expression software (ABI), based on the 2�DDCT method (Livak and
Schmittgen, 2001).

2.6. In situ hybridization (ISH) for OM-hep1 mRNA and OM-hep2
mRNA detection

In situ hybridization (ISH) was performed for OM-hep1 and OM-
hep2 and followed the procedures as previously described (Kong
et al., 2008). Briefly, Adult male O. melastigma were fixed, dehy-
drated in graded serie of methanol, embedded in paraffin, serially
igma – A potential marine fish model for innate immune study. Mar. Pollut.
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sectioned (5 lm) on a rotary microtome (Leica RM2125, Germany),
and mounted onto Superfrost� Plus slides (Menzel-Gläser,
Germany). Hybridization was performed overnight with DIG-
labeled probes (Table 1), followed by washing in a graded serie
of SSC, 0.1% Tween 20 and incubated with anti-DIG antibody cou-
pled to alkaline phosphatase (Roche Applied Science, Germany).
Signals were detected using the NBT/BCIP substrate (Zymed,
USA). Sections were counterstained with Nuclear Fast Red and then
examined by light microscopy (Carl Zeiss, Germany).
2.7. Statistical analysis

All results were presented as mean ± standard deviation (SD).
Prior to statistical analyses, data were log-transformed to normal-
ity if the data were not normally distributed. One-way ANOVA
was used to test the null hypotheses there is no significant
difference in expression of each hepcidin gene at different devel-
opmental stages/in different tissues of male or female marine
A B

C

Fig. 1. The nucleotide sequences of cDNA, predicted amino acid sequences (A and B) and
(AATAAA) are underlined. The stop codon is indicated with an asterisk (⁄). Vertical arrow
box indicates the putative motif RX(K/R)R for processing sites of mature peptide.

Table 2
Molecular characteristics of OM-hep1 and OM-hep2 genes.

Gene cDNA 50-UTR 30-UTR PI (aa)

Whole

OM-hep1 643 75 295 7.53 (90)
OM-hep2 609 95 244 7.48 (89)
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medaka. If a significant difference (p < 0.05) was identified, pair-
wise comparison between groups was carried out using Tukey’s
post hoc test. Student’s t-test was used to test if there is any dif-
ference in hepcidin gene expression between gender/before or
after bacterial infection.
3. Results

3.1. Characterization of marine medaka hepcidin genes

Two hepcidin genes (OM-hep1 and OM-hep2) were identified in
O. melastigma. The full length of cDNA sequence of OM-hep1 (Gen-
bank Accession No. HM590747) and OM-hep2 (Genbank Accession
No. HM562669) was composed of 643 and 609 bp, encoding 90 and
89 amino acid residues, respectively (Fig. 1A and B). The open read-
ing frame (ORF) of OM-hep1 and OM-hep2 consisted of three
domains: signal peptide (24 aa), prodomain (40 aa) and mature
peptide (26 aa for OM-hep1 and 25 aa for OM-hep2) (Table 2).
the genomic DNA organization of OM-hep1 and OM-hep2 (C). Polyadenylation signal
s show the predicted cleavage sites for signal peptide and mature peptide, and the

Cysteines

Signal peptide Prodomain Mature peptide

5.75 (24) 5.47 (40) 8.52 (26) 8
5.75 (24) 5.61 (40) 8.25 (25) 8

igma – A potential marine fish model for innate immune study. Mar. Pollut.
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The genomic DNA sequence of OM-hep1 (Genbank Accession No.
HM990657) and OM-hep2 (Genbank Accession No. HM990658)
all consist of two introns and three exons (Fig. 1C). Exon 1 con-
tained 50-UTR, the signal peptide and part of prodomain sequence.
Exon 2 encoded only a part of the prodomain, and its size (76 nt)
was the same in the two hepcidin genes. Exon 3 included the final
part of the prodomain, mature peptide and 30-UTR.

Comparison of amino acid sequence between the two OM-
hepcidins with other hepcidin proteins (piscine and mammals)
was shown in Table 3. The amino acid sequence of OM-hep1 is
highly conserved with the O. latipes hepcidin, with similarity and
identity of amino acid sequence as high as 97% and 91%, respec-
tively. Overall, OM-hep1 exhibited a high similarity (58–88%) and
identity (50–82%) with other piscine, except for the zebrafish
(Table 3). For OM-hep2, the amino acid sequence is less conserved
between the two medaka species and generally exhibited a low
similarity/identity with other piscine. Moreover, the two OM-
hepcidins are generally low in identity and similarity with other
mammals (23–30% for identity, 33–45% for similarity).
3.2. Multiple sequence alignment of marine medaka hepcidins

The multiple sequence alignment of deduced amino acid se-
quences for marine medaka hepcidins and some other known hep-
cidins was shown in Fig. 2. The identity and similarity of amino
acid sequence between OM-hep1 and OM-hep2 was 43% and 63%,
separately (Fig. 2A). Both of the OM hepcidin amino acid sequences
contained 8 cysteines, which were highly conserved in most fish
and mammals (Fig. 2B). The RX(K/R)R motif is highly conserved
as most fish species.
3.3. Phylogenetic analysis of hepcidin

Phylogenetic analysis showed that all chosen hepcidins were
clustered into two clades, mammals and teleost (Fig. 3). The
two hepcidin genes of marine medaka were separately clustered
into separate branches, OM-hep1 was highly homologous with
Japanese flounder 1, and OM-hep2 was homologous with Japanese
flounder 2.
Table 3
Sequence identity and similarity between OM-hep1, OM-hep2 and other hepcidin proteins
Isoelectric points for whole peptide, signal peptide, prodomain and mature peptide as we

Origin Species (GenBank Accession No.) OM-hep1

%Identity

Piscine Japanese medaka (AU180044) 91
Largemouth bass 1 (ACD13027) 82
Smallmouth bass 1 (ACD13025) 82
Turbot (AY994074) 73.3
Japanese flounder 2 (BAE06233) 71
Japan sea bass (AY604195) 59.3
Hybrid striped bass (AF394245) 57.8
Sea bass (DQ131605) 57.8
Black porgy (AAU00798) 57.1
Smallmouth bass 2 (ACD13026) 55
Largemouth bass 2 (ACD13024) 53
Red sea bream (AY994074) 52.7
Japanese flounder 1 (BAE06234) 51
Gilthead seabream (EF625900) 50
Zebrafish 1 (P61516) 37
Zebrafish 2 (Q7T273) 37

Mammals House mouse 2 (NP_899080) 29
Human (AAT74401) 28
House mouse 1 (NP_115930) 28
Pig (AAM77745) 26
Norway rat (NP_445921) 23
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3.4. Hepcidin gene expression in marine medaka

3.4.1. Hepcidin gene expression from early embryogenesis to hatching
OM-hep1 and OM-hep2 mRNA expressions during embryogene-

sis were analyzed using qPCR (Fig. 4A and B). At 6 hpf early blastula
stage, both the expression of OM-hep1 and OM-hep2 were low (0.9-
fold and 1.5-fold, respectively). At 7 dpf before hatching, significant
elevation of OM-hep1 (173-fold) and OM-hep2 (143-fold) expres-
sions were observed in developing embryos (p < 0.05). At 10 dpf
just after hatching, the expression level of OM-hep1 continued to
increase (602-fold) and that for OM-hep2 increased to a lesser ex-
tent (62-fold) (p < 0.05).
3.4.2. Tissue-specific expression of OM-hepcidin in normal and
bacterial challenged O. melastigma

Tissue-specific expression of OM-hep1 and OM-hep2 in normal
fish and bacterial challenged fish was investigated using qPCR. In
normal fish, the expressions of both OM-hepcidins transcripts
were highly abundant in liver, followed by spleen, and relatively
low in non-immune tissues: gonad (testis/ovary), brain, gut and
gill (Fig. 4C and D). No gender difference was found for both OM-
hep1 and OM-hep2 expressions in these tissues, except for OM-
hep2 in gill.

Four tissues (liver > spleen > brain > gill) with different intrinsic
levels of hepcidins transcripts were studied for gender and tissue
specific expressions of OM-hep1 and OM-hep2 in O. melastigma
after bacterial challenge. At 6 h post bacterial treatment, a rapid
induction of OM-hep1 mRNA was detected in liver of females (42-
fold, p < 0.05) and males (21-fold, p < 0.05) (Fig. 5). At 12 h, both
the liver and spleen of females (23.8-fold and 3-fold, respectively)
and males (24.3-fold and 7-fold, respectively) exhibited significant
induction of OM-hep1 mRNA (p < 0.05) (Fig. 5). At 24 h, OM-hep1
mRNA expression was still strongly up-regulated in spleen of fe-
males (p < 0.05) (Fig. 5).

For OM-hep2 mRNA, significant induction was detectable at 12 h
post bacterial treatment in liver and spleen of females (19-fold and
7-fold, respectively) and males (22-fold and 8-fold, respectively)
(p < 0.05) (Fig. 6). At 24 h, OM-hep2 mRNA expression was still
strongly up-regulated in spleen of female (p < 0.05) (Fig. 6).
. Size for cDNA, 50UTR and 30-UTR are indicated in bp. Whole peptide length is in aa.
ll as the number of cysteines are shown.

OM-hep2

%Similarity %Identity %Similarity

97 40 61
88 46 64
87 44 63
83.3 42.2 61.1
80 42 61
64.8 55.1 69.7
66.7 58.2 69.2
66.7 58.2 69.2
63.7 53.9 68.5
65 52 65
64 54 65
60.4 50.5 63.7
58 42 59
60 48.9 64.4
54 35 50
55 35 51

37 28 40
39 30 42
39 27 41
45 27 40
33 29 40
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Fig. 3. Phylogenetic analysis of deduced amino acid sequences from OM-hep1 and 2 cDNA and other hepcidin precursor peptides with ClustalX1.83. Numbers next to the
branches indicate bootstrap value from 1000 replicates.

Fig. 2. Multiple sequence alignment of marine medaka hepcidins. (A) Sequence alignment of amino acid deduced from OM-hep-1 and OM-hep-2 and (B): Sequence
alignment of amino acid deduced from OM-hep-1 and OM-hep-2 with some reported hepcidin sequences. ‘⁄’ Indicates positions which have a single, fully conserved residue;
‘:’ indicates that one of the ‘‘strong’’ groups is fully conserved; ‘.’ indicates that one of the ‘‘weaker’’ groups is fully conserved. The GenBank accession numbers are as follows:
large mouth bass 1 (ACD13024), large mouth bass 2 (ACD13026), small mouth bass 1 (ACD13027), small mouth bass 2 (ACD13025), black porgy 1 (AAU00801), black porgy 2
(AAU00795), black porgy 3 (AAU00796), black porgy 4 (AAU00797), black porgy 5 (AAU00798), black porgy 6 (AAU00799), zebrafish 1 (P61516), zebrafish 2 (Q7T273), human
(AAG23966), pig (AAM77745), house mouse 1 (NP_115930), house mouse 2 (NP_899080), Norway rat (NP_445921), Japanese flounder 1 (BAE06234), Japanese flounder 2
(BAE06233).
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At 48 h post bacterial challenge, no significant induction of the
two hepcidins mRNAs was detected in liver and spleen of O. mel-
astigma (Figs. 5 and 6). In both brain and gill of male and female
fish, no significant change of OM-hep1 and OM-hep2 expressions
was detected at all the time intervals studied (Figs. 5 and 6). Over-
all, both the hepcidin transcripts induction patterns were similar
between the female and the male in all tissues studied, except
for spleens at 24 h.

4. Expression and localization of OM-hep1 and OM-hep2 in
hepatocyte

The relative expression and localization of OM-hep1 and OM-
hep2 in liver of normal male was investigated by ISH. It was
Please cite this article in press as: Bo, J., et al. The marine medaka Oryzias melast
Bull. (2011), doi:10.1016/j.marpolbul.2011.05.014
revealed that OM-hep1 and OM-hep2 expression was localized in
both the nucleus and cytoplasm of hepatocytes (Fig. 7). High signal
intensity of OM-hep1 mRNA was found in nucleus and cytoplasm
(Fig. 7B), and a moderate expression of OM-hep2 was detected in
nucleus and cytoplasm (Fig. 7C). No positive signal was observed
in hepatocytes for the control group (using the sense probe)
(Fig. 7A).

5. Discussion

Two cDNA sequence homologous hepcidin genes, OM-hep1 and
OM-hep2, were identified and characterized in the marine medaka
O. melastigma. The existence of multiple hepcidin genes is not
uncommon in fish, for instances, two hepcidin genes were found
igma – A potential marine fish model for innate immune study. Mar. Pollut.
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in Japanese flounder, large-mouth bass and small-mouth bass
(Hirono et al., 2005; Robertson et al., 2009), three in tilapia and
rockbream (Huang et al., 2007), four in redbanded seabream
(Martin-antonio et al., 2009), and seven in black porgy (Yang
et al., 2007). The two hepcidin isoforms in O. melastigma could be
differentially enhanced in liver and spleen after bacterial challenge
(Figs. 5 and 6), suggesting a more advanced innate immune strat-
egy for fish to survive in the complicated aquatic environment
(such as diverse forms of pathogens and chemical contaminants).

The molecular characteristics of OM-hep1 and OM-hep2 (Table
2, Fig. 1) are typical of the other known vertebrate hepcidins. The
C-terminus sequence for OM-hep1 and OM-hep2 was �CCRF and
�CCRNF, correspondingly (Fig. 2B), and the motif (�CCR/KF) of C-
terminal is conserved among most of the fish hepcidins. The N-ter-
minal of the mature peptides for OM-hep1 and OM-hep2 contain
the typical propeptide RX(K/R)R sequences (Fig. 2B) which are
the characteristic processing site for propeptide convertases in fish
(Shi and Camus, 2006).

In teleosts, the hepcidin amino acid sequence generally have a
highly conserved signal peptide sequence with 24 amino acids in
length, an acidic propiece of approximately 38–40 residues, and a
mature peptide with 19–27 amino acids (Douglas et al., 2003).
The mature peptide OM-hep1 and OM-hep2 contain 26 and 25
amino acids with a MW of 2925.4 and 2608.1 Da, respectively
(Table 2), and such a small MW for mature peptide may offer an
advantage for the host to respond rapidly to infection. Besides,
the mature peptide of OM-hep1 and OM-hep2 also has eight cys-
teine residues, which is similar to the reported hepcidins in other
fish species and mammals.
Please cite this article in press as: Bo, J., et al. The marine medaka Oryzias melast
Bull. (2011), doi:10.1016/j.marpolbul.2011.05.014
Liver is the key organ for the synthesis of defense molecules in-
volved in innate immune function (Bayne et al., 2001). During
embryogenesis, the expression levels of OM-hep1 and OM-hep2 in-
creased dramatically (Fig. 4A), which coincides with the develop-
mental process of liver in O. melastigma. The expression levels of
hepcidin mRNAs in early stage blastula was very low (about 1-
fold), which could be most likely by maternal transfer (Chen
et al., 2007; Martin-Antonio et al., 2009). The embryonic liver
was well developed from 7 dpf embryo to 10 dpf just hatched
fry, and both the hepcidin transcripts were dramatically induced
in the maturing embryos at 7 dpf (Fig. 4A). Despite a decline of
OM-hep2 mRNA was observed in the just hatched fry, the expres-
sion level remained very high. The results imply that the two OM
hepcidins may play an important role in innate defense at early life
stages of O. melastigma.

Similar to other fish, the two hepcidins in adult O. melastigma
were predominantly expressed in liver. The expression levels of
hepcidins in spleen were significantly lower than that of the liver,
but the levels were generally higher than the other non-immune
organs (brain, testis, ovary, gut and gill). The results of ISH further
showed that OM-hep1 and OM-hep2 transcripts were localized in
nucleus and cytoplasm of hepatocytes, with the level of OM-hep1
higher than that of OM-hep2 (Fig. 7). The findings suggest that tran-
scription and transport of hepcidins, in particular the OM-hep1,
were active in hepatocytes under normal condition.

After bacterial challenge, the expression levels of OM-hep1 and
OM-hep2 were rapidly induced in liver and spleen (p < 0.05), but
no significant upregulation was detected in other non-immune
organs (brain and gill) (Figs. 5 and 6). The induction of
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Fig. 5. Quantitative real time PCR analysis of the OM-hep1 expression in different tissues of bacteria challenged female and male fish. The gene expression folds change were
normalized to 18s rRNA. Data are expressed as mean ± SD (n = 3). Asterisks indicate significant difference between the saline group and the bacteria group at each time point
(p < 0.05).
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OM-hep1 mRNA was most rapid (within 6 h) and remarkable in
livers of female and male fish, which was synchronized with a
significant up-regulation of OM-hep2 mRNA at 12 h. The rapidity
and remarkable amplitude of hepatic OM-hepcidins induction
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patterns are in consistent with the acute phase response to infec-
tions observed in human and tilapia Oreochromis mossambicus
(Lauth et al., 2005; Huang et al., 2007). In spleen, despite a rela-
tively slower response time (at 12 h) and a lower induction level
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Fig. 6. Quantitative real time PCR analysis of the OM-hep2 expression in different tissues of bacteria challenged female and male fish. The gene expression folds change were
normalized to 18s rRNA. Data are expressed as mean ± SD (n = 3). Asterisks indicate significant difference between the saline group and the bacteria group at each time point
(p < 0.05).

8 J. Bo et al. / Marine Pollution Bulletin xxx (2011) xxx–xxx
of OM-hep1 mRNA and OM-hep2 mRNA were observed, the induc-
tion responses were last till 24 h when that were already sub-
sided in liver. This could be an important strategy for O.
melastigma to sustain the innate immune response for protection
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of infected individuals. The time response of hepcidins in O. mel-
astigma to bacterial challenge is in agreement with an earlier re-
port of Kushner (1993) that hepcidin levels in plasma of humans
may change markedly within 24 h.
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Fig. 7. Expression and localization of OM-hep1 and OM-hep2 mRNA in liver detected by in situ hybridation. Purple colour indicates positive signal of OM-hep1 and OM-hep2
mRNA expression. Negative control (the sense probe) (A), antisense probe for OM-hep2 (B) and antisense probe for OM-hep1 (C). Scale bar: 20 lm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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No gender difference in endogenous expression of OM-hepcidins
was found in all tissues of O. melastigma studied, except for OM-
hep2 expression in gill (females > males). The significance of such
discrepancy remains to be elucidated. However, gender difference
in transcriptional induction of hepcidins was detectable in bacte-
rial challenged O. melastigma (Figs. 5 and 6). The induction re-
sponse of OM-hep1 in liver of females (42-fold) was much higher
than that of the male fish (21-fold) at 6 h after bacterial challenge
(Fig. 5). Moreover, upregulation of OM-hep1 mRNA and OM-hep2
mRNA in spleen could last longer in females (24 h) than in males
(12 h). The findings imply gender difference in innate immune
competence in O. melastigma (females > males).

Recent studies in fish have showed that TCDD (Volz et al., 2005),
PCBs (Falciani et al., 2008), BaP (Wang et al., 2009b) and polluted
sediments (Leaver et al., 2010) induced hepcidin gene expression
in liver. Induction of hepcidin expression in non-microbial chal-
lenged fish may be useful to indicate exposure of fish to environ-
mental contaminants that are potential immune-modulators.
Gender difference should also be considered in future immunotox-
icological studies when using hepcidin expressions as the endpoint
parameter.

In summary, two hepcidin genes were cloned, identified and
characterized for the marine medaka O. melastigma. The construct
and function of OM-hep1 and OM-hep2 in O. melastigma showed high
similarity with other known hepcidins in fish and mammals. A rapid
induction of OM-hepcidins transcripts in liver and spleen of bacterial
challenged O. melastigma suggest that the two hepcidins are
involved in innate immunity and likely as an important effective
component in response to invading microorganisms. Age-, tissue-
and gender difference in expressions of OM-hep1 and OM-hep2 in
normal and bacterial challenged O. melastigma were demonstrated.
Overall, the present findings suggest that the small size marine
medaka O. melastigma is of potential to serve as a marine fish model
for innate immune and immunotoxicological studies.
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