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ABSTRACT

Estrogenic chemicals can induce intersex in fish species leading to disturbance of
spermatogenesis and impairment of reproductive success. To overcome the shortcomings of
conventional histopathological observation on intersex (low sensitivity, relatively poor
accuracy, long experimental periods, as well as laborious and time-consuming), we generated
a pMOSPI-EGFP transgenic medaka fish model. In this transgenic fish, the green
fluorescence protein (GFP) reporter gene was derived by the regulatory elements of the OSP1
gene, which is a specific and sensitive molecular biomarker for indicating intersex occurrence
in male medaka fish exposed to estrogenic chemicals. The transgenic GFP was faithfully
expressed in ovaries and in testes with intersex, perfectly mimicking the expression pattern of
endogenous OSP1. In intersex testis, the diameters of primary oocytes which could be
distinguished by GFP fluorescence observation were as small as 10 um, lower than that (more
than 20 pm) which is observable by histopathology. Using the novel transgenic medaka fish,
intersex was observed after 90-day exposure to 0.75 ng/L 17a-ethinyloestradiol (EE,) (0-90
dph), but only at concentrations of at least 1.38 ng/L EE, by histopathology. An effectiveness
of a short-term in vivo assay for screening estrogenic chemicals that can monitor intersex
appearance at early sex developmental stage (about 30 dph) in male medaka fish was also
demonstrated by assessing the intersex induction of EE,, 17B-estradiol and 4-nonylphenol.
This newly developed assay provides an enhanced ability for screening and testing estrogenic
chemicals with the potential to induce intersex and studying their biological impacts.
KEYWORDS: Estrogenic chemicals; Molecular biomarker; Transgenic medaka; Short term

in vivo assay
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INTRODUCTION
Natural and synthetic estrogenic compounds derived from industrial wastes, pesticides,
and sewage, pollute the aquatic environment and cause endocrine and reproductive

impairments in wildlife and humans.'”

Exposure to environmental estrogens alters
reproductive physiology and morphology, especially in freshwater and marine fish species,
resulting in gonadal growth retardation, testicular degeneration, female-specific protein
induction, and intersex occurrence in males.”>® To avoid the potential human and
environmental health risk associated with exposure to estrogenic chemicals, international
organizations and countries have validated battery screening and testing assays of estrogenic
chemicals for mammals, amphibians, and fish.”®

Several in vitro and in vivo screening and testing assays for estrogenic chemicals are
currently available. In vitro assays are usually based on specific mechanisms of action, e.g.
estrogen receptor (ER)-ligand binding assays and ER-activated cell lines. These assays are
rapid and simple, but are difficult to extrapolate to complex signaling and regulation of intact
endocrine systems in vivo ° and are less valid than in vivo assays due to their uncertainties and
limited understanding of the differences in xenobiotic metabolism, bioavailability, and

toxicokinetics.'®!!

Currently, several important in vivo screening assays for estrogenic
chemicals have been developed based on observation endpoints such as morphological
observations, vitellogenin induction, and gonadal histology. Especially, recently published
assays in zebrafish which are based on the estrogen receptor (ER) or marker genes involved in

gonadal differentiation and development regulated transgenic GFP expressions exhibit

application perspectives for assessing estrogenic activity of a chemical due to their sensitive,
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12-16

fast and convenient advantages. In these in vivo assays, intersex is a specific endpoint

related to disturbance of spermatogenesis and impairment of reproductive success caused by
estrogenic chemicals, such as the reduction of milt volume, sperm density, and fertility, 1719
and its incidence has been considered as a direct evidence of feminization of wild fish
exposed to estrogenic chemicals.>***' While conventional histopathological observation on
intersex has been well established as described in the OECD Histopathology Guidance
Document,” intersex can be easily overlooked due to limited observation area of the testes,
which may also be deformed, atrophied, or lost, and the skilled labor, special techniques,
equipment, and chemicals required for the procedure, leading to excessive costs. In addition,
the diameters of observable primary oocytes using histopathological observation usually need

to be greater than 20 um in fish,”*’

and therefore oogonia and early primary oocytes cannot
be distinguished from spermatozoids and other somatic cells with diameters of approximately
5t0 10 pm.24 Further, it is well accepted that fish in the early developmental stage tend to be

more sensitive to intersex induction than at the adult stage,**°

and therefore exposure usually
starts from just hatching and continues to sexual maturity for histopathological observation.
Such assays require a relatively long time period, usually 3 to 6 months for medaka.””** Thus,
to overcome the shortcomings of conventional histopathological observation and enhance
estrogen chemical screening capability, there is a need to develop an assay capable of more
quickly and accurately detecting intersex with high sensitivity.

Japanese medaka (Oryzias latipes), currently included in OECD chronic test guidelines,

are one of the most popular model fish species used for endocrine disruption studies™ ™" due

to their definite sex specific markers (chromatophores and sex determination locus) and
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secondary sex characters (shape of the anal and dorsal fin).® Transgenic medaka, with

3132 and have

considerable potentials, have been widely used for screening and testing EDCs,
greatly enhanced the understanding on their mechanisms of effects and the assessment on
their potential ecological impacts. Our previous paper has proved that OSP1 gene is a
sensitive molecular biomarker to indicate intersex occurrence in male medaka fish exposed to
estrogenic chemicals.”* Based on the Ensembl and NCBI database, this OSP1 gene has six
additional copies of OSP ¢cDNAs and identified only in the medaka genome. These proteins
contain signal peptides and may form a specific family of secreted proteins in medaka fish
which would play important roles in female oogenesis. In the present study, we established an
intersex-specific biomarker-responsive transgenic medaka strain to assess the estrogenic
activity of chemicals. This in vivo visual reporter system harbored the green fluorescence
protein (GFP) gene which was driven by the promoter region of medaka endogenous OSPI.
We demonstrated much higher sensitivity for evaluating the incidence and severity index of
intersex using this visual reporter system compared with histopathological approaches, and
we further established a short-term in vivo assay for screening estrogenic chemicals since this
system can monitor intersex appearance at early sex developmental stages of male medaka
fish.

MATERIALS AND METHODS

Fish. Japanese medaka, orange red strain, were cultured in flow-through tanks under
conditions that facilitated breeding (16:8 light/dark cycle) and were fed live brine shrimp

(Artemia nauplii) twice daily. Water used in the experiment was filtered through activated

carbon and had a hardness of 8.1+0.1 mg/LL CaCOs, pH 7.7+0.2, dissolved oxygen 7.8+0.3
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mg/L, and temperature 25+1°C.
Generation of pMOSPI1-EGFP transgenic fish. Two specific primers (5-CGGGG
TACCTTCAACTTGTGTGGGGTAGATGT-3" and 5'-TCCCCCCGGGTCTGCTGGTTGCT
ATTGACTGAT-3") for the flanking regions of the OSP1 gene were designed based on
medaka genome information (http://www.ensembl.org/Oryzias_latipes/Info/Index, transcript
ID of OSP1: ENSORLT00000017571). A 5’ flanking region 2067 bp fragment of the
proximal promoter region was amplified by PCR, sequenced completely, and then inserted
into Kpn I/Xma I restriction enzyme sites of the pEGFP-1 vector (BD Biosciences Clontech,
U.S.A.) to construct the chimeric plasmid, pMOSP1-EGFP. The main sequence of
pMOSP1-EGFP plasmid is shown in Figure S1, SI. The pMOSP1-EGFP plasmid was then
linearized with the restriction enzyme Sac I and microinjected into fertilized eggs of d-rR
strain before the first cleavage at a final concentration of 100 ng/ul. Injected embryos were
incubated at 26°C in embryo-rearing medium and reared to adulthood. Sexually mature
founder fish were individually mated with wild-type fish. The PCR with primers
(5"-TAGTCTTGGGCATCAGTCAATAGCA-3" and 5'-CAACACTCAACCCTATCTCGGTC
TATT-3") was adopted to examine the existence of the GFP transgene from pooled embryos.
Of the 151 founders screened, three germ-line transmitted transgenic founders were identified.
These transgenic FO individuals were mated with nontransgenic d-rR to establish F4
homozygous transgenic fish. One strain, which showed a relatively strong fluorescence
compared to the others, was selected for subsequent analyses.

Exposure design. For comparison with histopathological observation, medaka larvae

collected on the first day after hatching were used in each of the 0.5, 1, 2, 4, 8, 16, and 32
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ng/L EE, exposure groups and the vehicle control (0.005% DMSO) (two tanks per treatment).
The EE, concentrations used were designed to induce different intersex severity indexes
based on precious reports on medaka fish.***" The exposure was performed in 5-L tanks filled
with 4 L of carbon-filtered water. Half of the water in each tank was replaced daily with fresh
carbon-filtered water. After 30-d post-hatching (dph), larvae were transferred into 12-L tanks
with a continuous supply of water containing EE, or the vehicle control. A flow-through
system with a two-fold volume of water flowing through every 24 h was used. After 90-day
exposure, fish were anesthetized with tricaine methanesulfonate (MS-222), and the gonads of
male fish in each treatment group were isolated for intersex observation by GFP fluorescence,
and were then used for tissue section for histopathological observation. Fish samples with
unidentified genders were determined for genotypic sex using gene specific primers
(5’-GGCCGGGTCCCCGGGTG-3" and 5-CTGGTACTGCTGGTAGTTGTG-3") against the
sex determination gene DMY (also termed as Dmrt1Y).*** For the short-term bioassay
experiment, medaka larvae collected on the first day after hatching were exposed to EE2,
17B-estradiol (17B-E;) or 4-nonylphenol (4-NP) for 30 days at different concentrations, and
then intersex occurrence was assessed. Exposure conditions were the same as mentioned
above.

Chemical analysis. Actual water concentrations of EE2 and 17B-E, for each exposure
group were determined using solid-phase extraction (SPE) concentrations combined with
UPLC-ESI-MS/MS according to our previous paper,”’ and the details were provided in
Supporting Information. Actual concentrations of chemicals were consistent across the range

tested. Correspondingly to the nominal EE, exposure concentrations of 0.5, 1, 2, 4, 8, 16, and

ACS Paragon Plus Environment



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

Environmental Science & Technology

32 ng/L, the measured levels were 0.42, 0.75, 1.38, 2.09, 5.80, 8.72, and 21.47 ng/L for the
90-day exposure experiment and 0.33, 0.55, 1.35, 2.14, 4.62, 9.04, and 19.64 ng/L for the
30-day exposure experiment. The measured levels in 17B-E, exposure group were 2.97, 6.77,
13.57, 25.61, and 44.80 ng/L corresponding to the nominal 178-E, exposure concentrations of
5, 10, 20, 40 and 80 ng/L. And the measured levels were 2.12, 6.96, 22.51 and 76.74pg/L
corresponding to nominal 4-NP exposure concentrations of 1.56, 6.25, 25 and 100 pg/L.
Concentrations of chemicals were below the detection limit for all vehicle control aquaria (<
0.1 ng/L for EE; and 17B-E,, < 1.0 pg/L for 4-NP).

Measurement of Intersex. For intersex observation using GFP fluorescence, male fish
were anesthetized with MS-222, and the testes were then isolated, placed in a Petri dish, and
quickly observed by a fluorescence stercoscopic microscope (Leika M165 FC, Germany),
with a 10 X objective lens and GFP filter sets. Fluorescent images were recorded by a color
digital cooled charge-coupled device (CCD) camera (Leica DFC310 FX, Germany). The
intersex incidence was calculated as the number of male individuals with all kind of severities
relative to that of males in the exposure group. The measurement of intersex severity index by
GFP fluorescence was performed by manually counting the number of primary oocytes in the
whole testis of medaka fish. The testis from each fish was then stored in 10% formaldehyde
solution until histological intersex determination.

For paraffin tissue section, fixed gonad samples were dehydrated in a graded alcohol
series and embedded in paraffin blocks. Tissue sections (5 um) were taken from each sample
in a step-section manner (6-8 sections per fish), mounted on microscope slides, stained with

hematoxylin and eosin (H&E) using standard staining techniques, and then examined by light
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microscopy for routine histological analyses. For frozen section, fixed gonad samples were
embedded in Tissue-Tek OCT compound (Sakura Finetek, USA). After GFP fluorescence
observation by the fluorescence stereoscopic microscope (Leika M165 FC, Germany), the
frozen section was stained with H&E as described above.

Gene Expression Analysis. For gene expression analysis, gonads from medaka fish at
different developmental stages were isolated and frozen in liquid nitrogen until use. Total
RNA was extracted from the samples using TRIzol reagent (Invitrogen) according to
manufacturer’s protocols. To prevent genomic DNA contamination, total RNA was digested
by DNase I (TaKaRa Biotechnology) and purified. The RNA concentrations were adjusted to
100 ng/ul for first-strand cDNA synthesis. First-strand cDNA synthesis and quantitative
real-time RT-PCR were performed according to methods described previously. Primers for
quantification of mRNA abundance were designed using Premier Primer 5.0 (Premier Biosoft
International, USA), and the forward primer for OSP1 gene was designed as intron-spanning
primer to minimize the DNA contamination. Primers for OSP1  were
5'-CCCAAGGAAGTGTCCCAAAT-3" and 5'-ATAACCACCATACTGTCCAGAAGG-3’,
and the amplicon size  was 116  bp. Primers  for  GFP  were
5-TGAACCGCATCGAGCTGAAGGG-3" and 5'-ATGTTGTGGCGGATCTTGAAG-3’, and
the amplicon size was 154 bp.. Ribosomal protein L7 (RPL-7), an appropriate endogenous
control for gene expression profiling in EDCs studies,” was used as the internal control.
Relative expression was evaluated by comparative cycle threshold (Ct) as described by
Applied Biosystems (Foster City, USA).

RESULTS AND DISCUSSION
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Development of Transgenic Medaka Fish. A sequence of 2067 bp NTS upstream of
the translation initiation site (ATG) of the OSP1 gene was isolated and characterized
(Supplemental Material, Figure 1). Of this sequence, 467 bp was not identified in the medaka
genome database (http://www.ensembl.org/Oryzias latipes/Info/Index). This promoter
sequence was then inserted into the pEGFP-1 vector to construct the chimeric plasmid,
pMOSPI1-EGFP. The linearized pMOSP1-EGFP plasmid was injected into medaka eggs and
the embryos were raised to adult stage. Of the 171 founder fish screened, one female and two
males were identified as capable of germ-line transmission of the transgenes. The
transmission rate was less than 2%. Among 57 F1 larvae collected from the founders used in
this study, 15 expressed GFP gene. The germ-line transmission rate from founder to F1 was
about 26.3%. From F1 to subsequent generations, standard Mendelian ratios of transgene
inheritance were observed, suggesting a single integration of the transgene. The transgenic
medaka line was maintained for over three generations, and the pattern of GFP response did
not change, indicating that the transgene was stable and the response was consistent over
successive generations without a silencing effect.

Through the body surface of the pMOSP1-EGFP transgenic fish, GFP expression was
observed only in the post-abdomen of female fish (Figure 1Bii), and was not observed in
males at all (Figure 1Bi). Since the pigmentation was observed in adult medaka, we dissected
female and male medaka fish and found that GFP was expressed specifically in the ovary but
not in the testis (Figure 1Ci, Cii). Tissue distribution studies of GFP transcripts using RT-PCR
and agarose gel electrophoresis further confirmed that GFP was expressed exclusively in the
ovary (Figure 1D), but not in the brain, eye, gill, heart, liver, spleen, muscle, intestine, or

10
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testis of adult medaka fish. GFP fluorescence on the body surface of female medaka fish was
observed as early as about one week post hatching, and continued to increase during ovarian
development, even with overlaying pigmentation in the abdominal cavity. No more apparent
changes in GFP fluorescence were observed in females after sexual maturity. The relative
expression levels of OSP1 and GFP mRNAs in females at different developmental stages
were quantified using real-time RT-PCR. The GFP mRNA expressed in female fish during the
early sexual differentiation stage was about 13.1 folds at 15 days post hatching (dph)
compared with that at 0 dph, and the expression level showed a 1093.6-fold increase at sexual
maturity (about 60 dph) (Figure 1E). While the absolute expression level of GFP was
generally about 10-fold lower than OSP1 mRNA expression, the trend of GFP gene
expression with developmental stage almost mimicked the variation in endogenous OSP1
gene expression.

Comparison of Intersex Observation by Transgenic Medaka with Histology. Intersex
with different severity indexes in the transgenic medaka fish were induced by EE,, an
environmental estrogen widely detected in water bodies. Since the testis size of medaka fish
was small enough for the fluorescence signal emission, the whole testis can be used for the
fluorescence observation in the present study, and the primary oocyte with GFP fluorescence
could be identified clearly even though these oocytes located deep within the testis. The
primary oocytes in the testes, with diameters as small as 10 um, were accurately distinguished
from spermatozoids and other somatic cells by GFP fluorescence observation (Figure 2B);
however, these primary oocytes could not be observed by optical microscopy (Figure 2C). A
similar phenomenon was also observed in previous results where OSP1 gene expression in

11
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some testis samples was induced at low EE, exposure concentrations, but primary oocytes
could not be detected using light microscopy.>* This may be due to the fact that the diameters
of the observable oocytes as seen by an optical microscope system are usually greater than 20
um?** or may be due to the limited observation area of testis under an optical microscope
system. In addition, frozen-section studies were performed to demonstrate the specificity of
GFP expression. As shown in Figure 2B and 2Bi, GFP was expressed exclusively in the
primary oocytes, but not in spermatozoids and other somatic cells in the testis of medaka fish
under EE2 exposure, which was quite consisted with the transcript locations of OSP1 2 These
results demonstrated that GFP expression restricted to OSP1-expressing cells in the transgenic
medaka and can specifically indicate intersex incidence, while the co-localizations of OSP1
and GFP transcripts using methods like double label in sifu hybridization should be more
direct to confirm this. The transgenic fish used in this study also allowed comprehensive
evaluation of primary oocyte distribution in the whole testis. Examination of 52 intersex
gonads from fish exposed to 1-8 ng/l EE, revealed that while the incidence of primary oocytes
was relatively high around the central axis of the testes from a horizontal perspective, the
primary oocytes were generally scattered randomly throughout the testicular tissue, and thus
the incidence of primary oocytes in testes by optical microscope system would be overlooked.

The intersex incidences of male medaka fish exposed to EE, at different concentrations
from hatching to 90 dph were 0.0% (0/44), 0.0% (0/57), 5.3% (2/38), 20.5% (9/44), 53.1%
(17/32), 75.8% (25/33), 100% (35/35), and 100% (43/43) in the control, 0.5, 1, 2, 4, 8, 16, and
32 ng/LL EE; exposure groups, respectively (Figure 2A). The lowest EE, concentration to
induce intersex with an incidence of 5.3% was 1 ng/L (measured as 0.75 ng/L), which was

12
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much lower than that in the previous report where the lowest observable effective
concentration (LOEC) for EE, on the intersex incidence was closer to 2 ng/L.*® To accurately
characterize the intersex severity indexes of male medaka fish in each EE, exposure group,
the index in individual fish was arbitrarily graded into five levels: 0, no detectable primary
oocytes with GFP expression in the testis (Ai); 1, 1-10 primary oocytes observed in the testis
(Aii); 2, 11-100 primary oocytes observed in the testis (Aiii); 3, more than 100 primary
oocytes observed in the testis (Aiv); 4, sex reversal (Av) (Figure 3A). The intersex severity
index was evaluated completely and showed a dose-dependent increase with increasing EE,
concentrations. The intersex severity indexes in the 1 and 2 ng/L. EE, exposure groups were
all level 1, with intersex incidences of 5.3% (2/38) and 20.5% (9/44) (Figure 3D, 3E),
respectively, and the diameters of most oocytes were about 10 pum. In the 4 ng/LL EE,
exposure group, the intersex severity index ranged from level 1 to 3, with an intersex
incidence of 21.9% (7/32), 15.6% (5/32), and 15.6% (5/32), respectively (Figure 3F). In the 8
and 16 ng/L EE; exposure groups, the intersex severity indexes ranged widely from level 1 to
4. In the 8 ng/L EE, exposure group, the intersex incidences were 33.3% (11/33) for level 1,
24.2% (8/33) for level 2, 12.1% (4/33) for level 3, and 6.1% (2/33) for level 4; and 2.9% (1/35)
for level 1, 5.7% (2/35) for level 2, 22.9% (8/35) for level 3, and 68.6% (24/35) for level 4 in
the 16 ng/L EE, exposure group (Figure 3G, 3H). In the 32 ng/L EE, exposure group, all
testis samples showed sex reversal (level 4) (Figure 3I). These findings suggested an accurate
and sensitive transgenic fish model for assessing both the incidence and severity index of
intersex.

Short-Term Reporter Assay. Exposure to estrogenic chemicals from hatching to sexual
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maturity in model fish species has been widely used for histopathological observation of
intersex. Such exposure usually lasts a relatively long time, such as 3 to 6 months for medaka
(Oryzias latzpes).27’28 The considerable amount of time, labor, and chemicals required for
these studies has limited the number of chemicals that can be screened for estrogenic activity
using intersex as an endpoint. It is accepted that early developmental stages tend to be more

22 However, it was difficult to

sensitive to intersex induction than fish in the adult stage.
determine intersex via histological methods in fish at early developmental stages due to the
challenge of isolating tissue in small immature testes for sectioning. The transgenic medaka
fish developed in the present study provide a tool to characterize intersex appearance in
different sex periods in males without complex process for tissue section (one month). Using
this short-term assay, we assessed the estrogenic activity of EE; in relation to intersex
induction. For male medaka fish exposed to different concentrations of EE; from hatching to
30 dph, the intersex incidences were 0.0% (0/33), 0.0% (0/28), 0.0% (0/25), 0.0% (0/29),
7.7% (2/26), 15.8 % (6/38), 57.0% (18/30), and 100% (24/24) in the control, 0.5, 1, 2, 4, 8, 16,
and 32 ng/L EE, exposure groups, respectively (Figure 4A), showing a dose-dependent
increase. The lowest EE, concentration to induce intersex occurrence (7.7%, 2/26) was 4 ng/l
(measured as 2.14 ng/l), which was higher than that (1 ng/L) (measured as 0.75 ng/l) in the
3-month exposure assay (Figure 2A). The average diameter of primary oocytes induced by
EE, was approximately 26.6+5.9 pm, which was also smaller than that (37.3£17.1 um) in the
3-month exposure assay. This was consistent with earlier research on roach exposure to
wastewater effluent,”® where intersex severity was related to age and possibly to growth stage
of primary oocytes over time. In the present study, intersex severity index was determined for
14
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each exposure group. Only intersex at level 1 was observed in the 4 and 8 ng/L groups,
although intersex incidence was higher in the 8 ng/L group (15.8%) than that in 4 ng/l group
(7.7%). For medaka fish exposed to 16 ng/L EE,, the intersex severity index ranged widely
from level 1 to 4, and the corresponding incidences were 6.7%, 20.0%, 26.7%, and 6.7%,
respectively, with the distribution of the intersex severity index similar to that in the 8 ng /I
group in the 3-month assay. When the concentration of EE, increased to 32 ng/L, most testis
samples (90.9%) showed sex reversal, similar to that observed in the 3-month assay (Figure
4C).

To further demonstrate the applications of the pMOSP1-EGFP transgenic fish line in the
screening of environmental estrogens, we also assessed the estrogenic activities of 17B-E; and
4-NP using intersex as the endpoint. As shown in Figure 5A, the intersex incidences for male
medaka fish exposed to 17B-E, (0-30dph) were 0.0% (0/24), 0.0% (0/22), 0.0% (0/26), 4.2%
(1/24), 46.2% (12/26) and 100% (24/24) in the control, 5, 10, 20, 40 and 80 ng/L, respectively,
showing a dose-dependent increase. The lowest 17B-E, concentration to induce intersex with
an incidence of 4.2% was 20 ng/L (measured as 13.57 ng/L), which was slightly higher than
that in a 100-day 17B-E; exposure experiment where the LOEC for 17B-E; on the intersex
incidence (10.0%) of medaka fish was closer to 10 ng/L.*° The intersex incidences were 0.0%
(0/23), 0.0% (0/25), 0.0% (0/25), 7.1% (2/28) and 58.3% (14/24) in the control, 1.56, 6.25, 25
and 100 pg/L 4-NP exposure groups, respectively (Figure 5Ai). The lowest 4-NP
concentration to induce intersex with an incidence of 7.1% was 25 ng/L (measured as 22.51
ug/L), which was similar with the previous results where the LOEC for intersex incidence
(4.6%) of medaka fish exposed to 4-NP for more than 3 month (0-100dph) was about 30
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ng/L.>" Intersex severity index was also determined for each exposure group. For medaka fish
exposed to 17B-E; at 20 ng/L, only intersex at level 1 was observed with 4.2% incidents, and
intersex at level 1 to 4 in the 40 ng/L group were observed with incidences of 19.2%, 11.5%,
7.7% and 7.7%, respectively. When the concentration of 178-E, increased to 80 ng/L, most
testis samples (91.7%) showed sex reversal (Figure 5B-G). For medaka fish exposed to 4-NP,
intersex at level 1 was observed in 25 pg/L group (7.1%), and intersex at levels 1 to 4, with
the corresponding incidences 25.0%, 12.5%, 12.5% and 4.2%, respectively, was observed in
100 pg/L group (Figure 5Bi-Gi). These findings further demonstrated that the newly
developed transgenic medaka fish has the potential to detect the incidence of intersex with
shorter exposure time and more rapid and sensitive identification of intersex than current
assays. OECD has established some criterions of intersex for assessing estrogenic chemicals
in fish based on the histopathological observation by optical microscope, and the exposure
period always needs 3 to 6 months for this histopathological observation of intersex in
medaka (OECD Histopathology Guidance Document, 2009). Therefore, it can be expected
that the newly developed transgenic medaka fish enhanced capability for the screening of
chemicals with potential reproduction toxicity due to intersex incidences. In addition, since
natural and man-made estrogens have been well detected in river basin and the discharged
effluents of municipal sewage treatment plant at comparable level inducing intersex observed

38-41

in the present study, the newly developed transgenic medaka fish will be useful to in situ

detect intersex incidence by mixture chemicals in environmental water.
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491  FIGURE 1. GFP expression in pMOSP1-EGFP transgenic adult medaka. (A-B) Live fish
492 observation of GFP expression in pMOSP1-EGFP transgenic male fish (left) and female fish
493  (right). (C) Gonad observation of GFP expression in abdomen-opened pMOSPI1-EGFP
494  transgenic male (left) and female (right). (D) Tissue distribution of GFP expression (brain (B),
495  eye (E), gill (G), heart (H), liver (L), spleen (S), muscle (M), intestine (I), testis (T), and ovary
496  (0)). (E) Variation of OSP1 and GFP mRNA expression levels with developmental stages.

497  Scale bar = 2 mm in (Ai), (Aii), (Ci), (Cii); 1 mm in (Bi), (Bii).
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FIGURE 2. Intersex incidence in transgenic male medaka fish exposed to EE, for 3 months
(0-90 dph). (A) GFP expression in primary oocytes in testis with intersex; (Ai) Light
micrograph of testis in Figure (A) by paraffin slice and H&E staining. (B) GFP expression in

primary oocytes (po) but not in spermatozoids (sp) and interstitial somatic cells (ic) in testis

with intersex by frozen-section; (Bi) Light micrograph of testis in Figure (B) by H&E staining.

Scale bar = 50 um in (A) and (Ai); 25 pm in (B) and (Bi). (C) Comparison of intersex
incidence in male medaka fish measured by the transgenic fish model with traditional

histological observation (n = 32-57 for each exposure group).
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FIGURE 3. Intersex severity index in transgenic male medaka exposed to EE, for 3 months
(0-90 dph). (A) Testis with intersex at different severity index in transgenic male medaka.
Incidence of intersex with different severity index in control group (B) and each EE; exposure

group. The number was 44, 57, 38, 44, 32, 33, 35 and 43 for control, 0.42, 0.75, 1.38, 2.09,

5.80, 8.72 and 21.47 ng/l EE, exposure groups, respectively.
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FIGURE 4. Intersex occurrence in transgenic male medaka fish exposed to EE, for 30 days
(0-30dph). (A) Incidence of intersex measured by transgenic fish exposed to 0.33-19.64 ng/l

(B) Gonad observation of GFP expression in abdomen-opened pMOSPI1-EGFP
transgenic male (top) and female (bottom). (C) Testis at different intersex severity index in
transgenic male medaka. Incidence of intersex with different severity index in control group

(D) and each EE; exposure group.
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FIGURE 5. Intersex occurrence in transgenic male medaka fish exposed to 173-E2 or 4-NP
for 30 days (0-30dph). (A) Incidence of intersex measured by transgenic fish exposed to
2.97-44.80 ng/l 17B-E2. (B-G) Incidence of intersex with different severity index in control
group (B) and each 17B-E2 exposure group (C: 2.97 ng/l; D: 6.77 ng/l; E: 13.57 ng/l; F: 25.61
ng/l; G: 44.80 ng/l). (Ai) Incidence of intersex measured by transgenic fish exposed to
2.12-76.74 pg/l 4-NP. (Bi-Fi) Incidence of intersex with different severity index in control
group (Bi) and each 4-NP exposure group (Ci: 2.12 pg/l; Di: 6.96 ug/l; Ei: 22.51 ug/l; Fi:

76.74 pg/l).
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