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Abstract:

An important consideration in transgenic research is
the choice of promoter for regulating the expression
of a foreign gene. In this study several tissue-specific
and inducible promoters derived from Japanese
flounder Paralichthys olivaceus were identified, and
their promoter activity was examined in transgenic
zebrafish. The 5¢ flanking regions of the Japanese
flounder complement component C3, gelatinase B,
keratin, and tumor necrosis factor (TNF) genes were
linked to green fluorescence protein (GFP) as a re-
porter gene. The promoter regulatory constructs
were introduced into fertilized zebrafish eggs. As a
result we obtained several stable transgenic zebra-
fish that displayed green fluorescence in different
tissues. Complement component C3 promoter reg-
ulated GFP expression in liver, and gelatinase B
promoter regulated it in the pectoral fin and gills.
Keratin promoter regulated GFP expression in skin
and liver. TNF gene promoter regulated GFP
expression in the pharynx and heart. TNF promoter
had lipoplysaccharide-inducible activity, such that
when transgenic embryos were immersed lipopoly-
saccharide, GFP expression increased in the epithe-
lial tissues. These 4 promoters regulated the
expression of GFP in different patterns in transgenic
zebrafish.
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promoter — inducible promoter — green fluores-
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Introduction

Transgenic technology is a powerful tool not only for
analyzing molecular biological functions but also for

obtaining commercially important traits for aqua-
culture. In the last decade fish transgenesis has be-
come common and has progressed considerably
(Chen et al., 1996; Hackett and Alvarez, 2000). Var-
ious transgenic fish that possess commercially
important traits, such as growth enhancement
(Zhang et al., 1990) or disease resistance (Sarmasik
et al., 2002), have been generated. One of the most
critical factors in transgenic research is the regula-
tion of foreign gene expression. Early fish transgenic
research was conducted using housekeeping
gene promoters such as b-actin (Liu et al., 1990;
Higashijima et al., 1997; Hwang et al., 2003; Noh et
al., 2003) and elongation factor (EF) (Gao et al., 1997;
Kinoshita et al., 2000). These promoters resulted in
excess expression in various tissues. However, tis-
sue-specific or inducible promoters are needed to
regulate foreign genes in different situations. The
activities of tissue-specific promoters were assessed
in zebrafish using green fluorescence protein (GFP)
as a reporter gene (Udvadia and Linney, 2003). This
technique has provided a powerful tool for analyzing
the regulation of gene expression in living fish. The
pattern of expression of GFP in these transgenic ze-
brafish was the same as that of the gene from which
the promoter was derived. However, promoters de-
rived from most marine aquaculture species have
not been described. To generate transgenic aquacul-
ture fish, tissue-specific and stress-inducible pro-
moters from these species need to be identified.

Japanese flounder Paralichthys olivaceus is
widely cultured and one of the most important food
fish in East Asia. Because this industry is seriously
affected by disease, the development of disease-
resistant strains is a high priority. Previous studies
by our laboratory have used expressed sequence tags
(ESTs) (Aoki et al., 1999, 2000; Nam et al., 2000,
2003) and molecular genetic analyses, especially of
immune-related genes in Japanese flounder (Hirono
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clones that displayed tissue-specific expression or
inducible expression, and 4 Japanese flounder genes
were chosen for this study: complement component
C3, gelatinase B, keratin, and tumor necrosis factor
(TNF) genes. These genes were chosen because they
were revealed to be expressed in specific tissues of
Japanese flounder by EST analysis. We assumed that
the promoter region of these genes would show tis-
sue-specific or inducible activities.

It is possible to generate an effective transgenic
fish using tissue-specific or inducible promoters.
Indeed, such promoters can regulate foreign gene
expression faithfully. In contrast, use of a house-
keeping gene promoter would result in nonspecific
expression (i.e., overexpression) of foreign genes that
may be harmful to the host fish. In this study we
developed several Japanese flounder promoters that
showed tissue-specific or inducible gene expression
with the aim of using these in Japanese flounder.
Although we have succeeded in introducing a foreign
gene into Japanese flounder fertilized eggs and
shown transient expression in Japanese flounder
embryos, it has been difficult to conduct promoter
assays in vivo because the technology has not been
sufficiently developed to produce transgenic Japa-
nese flounder with the necessary efficiency. How-
ever, the transgenic zebrafish model system has the
advantages of shorter generation time, better optical
transparency, and easier treatment schemes when
compared with Japanese flounder. In this study,
promoter regions of the complement component C3,
gelatinase B, keratin and TNF genes were isolated
and their promoter activities were characterized in
transgenic zebrafish.

Materials and Methods

mRNA Expression in Japanese Flounder
Tissues. Total RNA was extracted from spleen, fin,
liver, head kidney, post kidney, skin, blood, heart,
intestine, ovary, gill, leukocyte, and peripheral blood
leukocytes (PBLs) stimulated with lipopolysaccha-
ride (LPS) using TRIzol (Invitrogen). The purified
total RNA (10 lg) was reverse transcribed into cDNA
using an avian myeloblastosis virus (AMV) trans-
criptase First-strand cDNA synthesis kit (Amersham
Bioscience). The reverse-transcribed sample (1 ll)
was used in 50 ll of PCR mixture. The PCR primers
for Japanese flounder complement component C3
mRNA detection were (sense) 5¢-GCTGGAGAAAG

TCGTCTTGG-3¢ and (anti) 5¢-GGATACCTCTCAACTCTG

CC-3¢, gelatinase B mRNA detection, (sense) 5¢-GCA

GGAGCCACCAGTCAAAA-3¢ and (anti) 5¢-GGTCCAGTG

TTCATCATCGT-3¢, keratin mRNA detection, (sense)
5¢-ACTCCGTCGCACAATGCAGA-3¢ and (anti) 5¢-CTGCA

ATTTCCATCTCCAGC-3¢, and TNF mRNA detection,
(sense) 5¢-CCCTATGAACTGTAACAGTTTG-3¢ and (anti)
5¢-GTCAGGTACTTAACCCTCAT-3¢. The ß-actin primer
set for an internal control was (sense) 5¢-TTTCCCT

CCATTGTTGGTCG-3¢ and (anti) 5¢-GCGACTCTCAGCTC

GTTGTA-3¢. The PCR was performed with an initial
denaturation step of 2 minutes at 95�C and then 20
cycles were run as follows: 30 seconds of denatur-
ation at 95�C, 30 seconds of annealing at 55�C, and 1
minute of extension at 72�C. The reaction products
were electrophoresed in a 2.0% agarose gel.

Identification of 5¢ Flanking Region
Sequences. The 5¢ flanking regions of 4 genes were
isolated from a Japanese flounder genomic BAC li-
brary (Katagiri et al., 2000) using cDNA clones of
complement component C3 (AB021653), gelatinase
B (AU091035), keratin (AB079729), and TNF
(AB040448), as probes for gene screening. To deter-
mine the transcription start site, the primer exten-
tion method was performed according to a modified
version of that in Hikima et al. (2001). A 20mer
synthetic oligonucleotide corresponding to the
complementary sequence of the first exon was la-
beled with fluorochrome. The fluorochrome-labeled
primer was hybridized to 10 lg of kidney total RNA
(extracted using Trizol, Invitrogen) and then ex-
tended using an AMV reverse transcriptase first-
strand cDNA synthesis kit (Amersham Bioscience).
Subcloned plasmid DNA, containing the first exon
of each gene, was adopted as a template for the
sequencing using the same fluorochrome-labeled
primer. The sequence products were analyzed with
primer-extended cDNA fragment by the cycle
sequencing method.

Construction of Promoter-EGFP Plasmid. The
reporter gene vector pEGFP-1 (Clontech) was used
for the construct. Four different Japanese flounder
promoters including 5¢ untranslated region (UTR)
were amplified by specific PCR primers and inserted
into the multiple cloning site of pEGFP-1. GFP re-
porter gene was the endogenous initiation codon
directly replaced with that of GFP. To confirm the
sequence and direction of insert, the recombinant
plasmid was sequenced using a Thermo Sequenase II
kit and automated DNA sequencer 373A with a
primer designed for pEGFP-1.

Production of Transgenic Zebrafish. Adult ze-
brafish (Danio rerio) and embryos were maintained
at 28.5�C on a 14-hour light and 10-hour dark cycle.
The recombinant plasmid was propagated in
Escherichia coli JM109 and purified using a GFX
Micro Plasmid prep kit (Amersham Biosciences).
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Purified plasmid DNA was adjusted to 50 ng/ll in
distilled water and microinjected into one-celle-
stage zebrafish embryos. Initially 400 to 500 em-
bryos were injected with plasmid DNA in each
promoter-GFP construct. Living embryos were
examined under an SZX12 fluorescence microscope
(Olympus), and GFP-positive zebrafish embryos
were selected. After maturation the GFP-positive
fish were mated with wild types to select fish for
germline transmission. GFP expression in F1 em-
bryos was also examined under the fluorescence
microscope in each developmental stage.

LPS Treatment of TNF-GFP Transgenic Zebra-
fish Embryo. F2 generations of transgenic zebrafish
injected with TNF-GFP at 30 hours postfertilization
(hpf) were stimulated with LPS (Sigma) at 140 lg/ml
for 30 minutes and then washed in sterilized water.
GFP expression in F2 embryos was examined under
the fluorescence microscope at 48 hpf.

Detection of GFP Gene Expression in Adult
Transgenic Zebrafish by RT-PCR. Total RNA
extraction and PCR was performed as described
above. Total RNA was extracted from fin, skin, liver,
kidney, muscle, and brain of adult transgenic ze-
brafish. The following PCR primers were designed
for the detection of EGFP gene: GFP-F, 5¢-GGTCG

AGCTGGACGGCGACG-3¢, and GFP-R, 5¢-ACGAACTCC

AGCAGGACCAT-3¢. The zebrafish ß-actin primer set
for internal control was zactin-F, 5¢-TTTCCCTCCATT

GTTGGTCG-3¢, and zactin-R, 5¢-GCGACTCTCAGCTCG

TTGTA-3¢.

Results and Discussion

The expression of complement component C3,
gelatinase B, keratin, TNF and b-actin genes in Jap-
anese flounder was detected by reverse transcriptase

polymerase chain reaction (RT-PCR). The comple-
ment component C3 gene was expressed only in the
liver. The gelatinase B gene was expressed in the
kidney, blood, and leukocytes. The keratin gene was
expressed in various tissues. The TNF gene was ex-
pressed only in PBLs when stimulated with LPS. The
b-actin gene used as an internal control was ex-
pressed in all tissues (Figure 1). Thus the expression
patterns of these genes were different in different
Japanese flounder tissues. We assumed that the tis-
sue-specific and inducible expression of these genes
was regulated by their promoter region.

The 5¢ flanking regions of the genes for comple-
ment component C3 (1381 bp), gelatinase B (1420
bp), keratin (1288 bp), and TNF (2351 bp) were iso-
lated, and the respective transcriptional initiation
sites were determined (Figure 2). There were some
predicted transcriptional factor binding sites, such as
TATA box, CAAT box or NF-jB binding site, in the
5¢ flanking region. These sites were highly homolo-
gous with mammalian transcriptional factor binding
sites. It is not certain that these predicted tran-
scriptional factor binding sites can be applied to
Japanese flounder promoters as there are few reports
on fish transcriptional factor binding protein. It
should be interesting to determine if these tran-
scriptional factor binding sites are common to
mammal and fish. These promoter regions were
cloned into pEGFP-1 plasmid vector. These promoter
regulatory constructs were designated C3-GFP,
gelatinase-GFP, keratin-GFP, and TNF-GFP, respec-
tively.

We obtained F1 transgenic individuals using each
promoter regulatory constructs. An F2 strain was
established with the C3-GFP, gelatinase-GFP, and
keratin-GFP construcst, and two F2 strains from two
different founders were established with the TNF-
GFP construct. Similar GFP expression patterns
were shown in F1 individuals and their F2 strains.

Fig. 1. Expression of Japanese flounder tissue-specific genes in different tissues. Messenger RNA expression of comple-
ment component C3, gelatinase B, keratin, and TNF genes in spleen, fin, liver, head kidney, post kidney, skin, blood,
heart, intestine, ovary, gills, leukocyte, and PBLs stimulated with LPS from Japanese flounder were detected by RT-PCR.
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GFP expression controlled by the complement
component C3 promoter was observed in the yolk
sac from the gastrula stage, in F2 transgenic zebrafish
strains. In 10-day embryos strong GFP expression
was observed only in the liver (Figure 3). GFP
expression could not be observed in adults. The RT-
PCR analysis showed that complement component
C3 promoter also induced GFP expression in the
adult liver (see Figure 7). Fish complement compo-
nent C3 gene has the same function as the mam-
malian gene, and is expressed mainly in the liver
(Abelseth et al., 2003). Japanese flounder comple-
ment component C3 was also expressed mainly in
the liver (Figure 1). This was similar to the promoter
activity observed in transgenic zebrafish. This sug-
gests that Japanese flounder complement component
C3 promoter could also induce expression of genes in
the same tissues in zebrafish.

GFP expression regulated by the gelatinase B
promoter was observed after the one-cell stage, and

was expressed strongly in the whole body until 48
hpf. However, GFP expression in the whole body
decreased in the course of development. In 5-day
embryos, strong GFP expression was detected only
in the pectoral fins and gills (Figure 4). In adult
transgenic fish gelatinase B promoter regulated GFP
expression in the fin (see Figure 7). This result agrees
with the GFP expression at embryonic stage. The
GFP expression under the control of the Japanese
flounder gelatinase B gene promoter in the trans-
genic zebrafish was not identical with the expression
of the gelatinase B gene in Japanese flounder, in
which it was expressed mainly in hematopoietic
tissues (Figure 1). This promoter may lack a region
essential for tissue-specific expression.

The keratin promoter regulated strong GFP
expression from the embryo stage to the adult stage.
In the embryo strong GFP expression was observed
in the epithelial tissues and liver. In adult fish GFP
expression was detected in skin, gills, fins, and liver

Fig. 2. Continued.

628 RYOSUKE YAZAWA ET AL.: CHARACTERIZATION OF FOUR JAPANESE FLOUNDER PROMOTERS



(Figure 5). This expression pattern was similar to
that of the Japanese flounder keratin gene (Figure 1).
The zebrafish keratin 8 promoter was found to in-
duce expression only in the skin (Gong et al., 2002).
These results indicate that the promoter of the Jap-
anese flounder keratin gene induces gene expression
in the same tissues in zebrafish as in Japanese
flounder. However, the sequences of the keratin
promoter region of zebrafish and Japanese flounder
are not the same (data not shown). This may be be-
cause some transcription factors that enhance skin-

specific expression in zebrafish can bind and en-
hance the promoter activity of keratin promoter de-
rived from Japanese flounder in transgenic zebrafish
embryo.

The TNF promoter regulated GFP expression
only in the heart and pharynx in 5-day embryos. GFP
expression was strongly induced in the epithelial
tissues in 2-day transgenic embryos after LPS treat-
ment (Figure 6). GFP expression was not detected in
adult transgnic zebrafish by RT-PCR. This result
suggested that TNF promoter controlled GFP

Fig. 2. The 5¢ flanking region sequence of the Japanese flounder gene: complement component C3 (A); gelatinase B (B);
keratin (C); and TNF gene (D). We isolated 1381 bp of the 5¢ flanking regions from transcription initiation codon for
complement component C3; 1420 bp for gelatinase B; 1288 bp for keratin; and 2351 bp for TNF. The first exon is indicated
in capital letters. The coding region and deduced amino acids are indicated in boldface capital letters. The transcription
initiation site is shown by an asterisk. The predictive transcriptional factor binding site is underlined.
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Fig. 5. GFP expression in keratin-GFP F2 transgenic zebrafish under the fluorescence microscope. A: The 4-day embryo.
B: Adult fish. C: Adult fish with operculum removed and abdominal muscle surgically opened. Arrowheads indicate gill
and liver.

Fig. 4. GFP expression of gelatinase B-GFP transgenic zebrafish. GFP expression at one-cell stage (A), 7 hpf (B), 12 hpf (C),
48 hpf (D), and 5-day embryo, lateral view (E) and dorsal view (F).

Fig. 3. GFP expression in C3-GFP transgenic zebrafish embryos. The larval embryos at 24 hpf (A) and liver of the 10-day
embryos (B) of F2 transgenic strain. Arrowheads indicate bladder and eye.
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expression in transgenic zebrafish under normal
conditions (Figure 7). The Japanese flounder TNF
promoter has inducible activity in zebrafish similar
to that of Japanese flounder TNF gene expression in
LPS-stimulated PBLs (Hirono et al., 2000). These
results suggest that the Japanese flounder TNF pro-
moter used in this study is sufficient to regulate the
expression of a downstream gene.

In this study we showed that heterologous pro-
moters derived from Japanese flounder worked in
transgenic zebrafish. However, the expression pat-
terns different from endogenous Japanese flounder
expression patterns. Notably, the keratin and TNF
promoters seemed to work faithfully in zebrafish
embryos, but the gelatinase B promoter result dif-
fered from the results predicted from Japanese

Fig. 6. GFP expression in TNF-GFP
transgenic zebrafish under the
fluorescence microscope. A: The
5-day embryo of wild type. B: F2

transgenic strain, 5-day embryo.
Arrowheads indicate heart and
pharynx. C: Nontreated 3-day
transgenic zebrafish embryo. D: LPS-
treated 3-day transgenic zebrafish
embryo.

Fig. 7. Detection of mRNA expression of GFP
gene in fin, skin, liver, kidney, muscle, and brain
from adult transgenic zebrafish by RT-PCR. GFP
expression regulated by TNF promoter was not
detected. N.C. indicates negative control.
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flounder. This may have been due to the short 5¢
flanking region used in this study. Furthermore, we
only observed the GFP expression pattern in a single
transgenic line. Whether this GFP expression pattern
is representative of gelatinase B promoter activity
needs to confirmed in future studies by establishing
multiple transgenic lines. Similarly, the fate of these
promoters in Japanese flounder needs to be deter-
mined by production of transgenic lines of Japanese
flounder.

The Japanese flounder promoters developed in
this study can be adapted for transgenic fish in a
variety of situations. Keratin promoter induced
expression in epithelial tissues, where it acts as a
first line of defense against bacterial infection. It is
possible to generate disease-resistant transgenic fish
expressing an antibacterial or antiviral peptide only
in epithelial tissues. Moreover, using the Japanese
flounder TNF promoter, it is possible to generate
transgenic fish expressing an antibacterial or antiv-
iral peptide only in cases of infection with patho-
gens. Thus these promoters should be useful for
production of disease-resistant transgenic fish. The
overexpression of a foreign gene, especially the gene
for an antimicrobial peptide, may suppress growth or
maturity of the host fish. In addition, these trans-
genic fish are safe for human consumption, as the
foreign gene is not expressed in the muscle. The
Japanese flounder TNF gene promoter can also be
used to monitor bacterial infection in live fish using
GFP as an indicator. Furthermore, these transgenic
zebrafish were suitable for developmental analysis of
specific tissues or organs. It is possible to observe
development of liver, gills, and skin in living em-
bryos using GFP expression.

We also developed a method for introducing a
gene into Japanese flounder fertilized eggs by particle
gun bombardment (Yazawa et al., 2005). The devel-
opment of tissue-specific, inducible promoters in
this study will support the establishment of trans-
genic technology for Japanese flounder and should
contribute to a better understanding of the biology
and culture of this fish species.
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