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Abstract: Gonadal development in medaka (Oryzias latipes) is dependent on the synergy between estrogens and androgens.
Disruption of steroid hormone levels can lead to ovo‐testis. To determine the sensitive windows for hormonally induced sex
reversal in medaka, we developed a novel 42sp50‐GFP_ChgH‐GFP transgenic medaka line, allowing the identification of
female gonadal tissue by fluorescence present in developing oocytes. Germinal transgenesis resulted in a stable line
exhibiting a strong green fluorescent protein signal constitutively in the ovaries and in the liver in response to estrogens. The
sensitivity of this line to disruption of sex determination following 16‐d chronic exposures was in the nanograms per liter
range. To identify the developmental period sensitive to exogenous agents, fry were exposed to 24‐h pulses of high
concentrations of 17β‐estradiol (E2) or 5α‐dihydrotestosterone (DHT) at various time points between days postfertilization
(dpf) 0 and 12. Evaluation of phenotype followed by genotyping at 16 dpf revealed sensitivity to E2 between 1 and 8 dpf as
well as 2 periods of susceptibility to DHT between 0 and 1 dpf and 4 and 8 dpf. No phenotypic sex reversal was detected
after exposure to DHT or E2 on 11 or 12 dpf. The observed effects persisted to at least 24 dpf. The identified sensitive
embryonic time periods for disruption of sex determination will aid future research on sex determination and the devel-
opment of screening assays using early embryonic life stages. Environ Toxicol Chem 2020;39:842–851. © 2020 SETAC
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INTRODUCTION
Numerous studies have reported the presence of abnormal

gonadal morphology in wild fish (Kavanagh et al. 2004; Hinck
et al. 2009; Tetreault et al. 2011). The most commonly ob-
served change in gonad structure is the formation of ovo‐testis,
defined as a gonad containing both testicular and ovarian
tissue (O'Toole 2003). Both laboratory and field studies have
demonstrated that this condition can be induced by exposure
to endocrine‐disrupting chemicals (EDCs; Kavanagh et al.
2004). Interestingly, the elucidation of genetic sex determi-
nants for several fish species (Oryzias latipes [Matsuda et al.
2002], Odontesthes hatcheri [Hattori et al. 2012], Takifugu
rubripes [Kamiya et al. 2012], Oryzias luzonensis [Myosho et al.
2012], Oncorhynchus mykiss [Yano et al. 2012]) has revealed
that ovo‐testis can be induced in fish possessing male or

female genotypes (Urushitani et al. 2007; Kobayashi et al.
2011). A challenge remains in linking ovo‐testis to genetic sex
for zebrafish (Danio rerio) because, although the genetic sex
determinant has been identified, it has been lost in laboratory
strains (Wilson et al. 2014).

Several case studies on wild teleost fish document the
presence of oocytes within the testes of genetic males in ad-
dition to feminization of the reproductive tract, elevated levels
of hormones characteristic for females, and abnormal levels of
plasma vitellogenin (Pollock et al. 2010; Sanchez et al. 2011;
Bahamonde et al. 2015). Analogous studies of masculinized
female fish, very often exposed to pulp and paper mill effluents,
show equivalent effects. The genetically female fish exhibited
ovo‐testis, male secondary sex characteristics such as elon-
gated dorsal fins, and increased concentrations of hormones
typical of males (Bortone and Cody 1999; Parks et al. 2001).

In addition to the clear links with EDCs, environmental
factors such as high temperature and hypoxia have been
linked to the intersex condition (Uchida et al. 2004; Sato
et al. 2005; Cheung et al. 2014). These environmental
stressors have also been demonstrated to act through
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alterations in sex steroid signaling (Kitano et al. 2012;
Thomas and Rahman 2012).

Under the current definitions of an EDC given by the
European Union, the Environment Agency, and the World
Health Organization's International Programme on Chemical
Safety, it is required that the substance provokes an adverse
physiological effect secondary to a modification of endocrine
signaling (Zoeller et al. 2014). It is the confirmation of an ad-
verse physiological effect, such as histological aberrations of
the gonads, which increases the time required for the exposure
period of most assays and therefore their cost. Despite the
identification of a number of biomarkers capable of rapidly
identifying changes in endocrine signaling, confirmation of
adverse physiological effects often requires raising the animals
to adult life stages and even breeding them to obtain the next
generation. Several fish models have been developed that
allow the detection of phenotypic sex during embryonic
development by the measure of fluorescence in the gonads
(Kinoshita et al. 2009; Zhao et al. 2014), potentially facilitating
the screening of substances provoking intersex formation. With
this in mind, our aim was to develop a model capable of
screening potential endocrine disruptors in a reduced time
frame, confirming or denying the ability of the given chemical
to alter endocrine signaling and to induce physiological
changes.

The first objective of the present study was to perform
germinal transgenesis to develop a double transgenic
42sp50‐GFP_ChgH‐GFP medaka line harboring biomarkers for
both estrogen axis signaling (choriogenin H–green fluorescent
protein [ChgH‐GFP]; Kurauchi et al. 2005; Scholz et al. 2005; Yu
et al. 2006) and the presence of developing oocytes (42sp50‐
GFP; Kinoshita et al. 2009). To validate this newly developed
model, the next objective was to determine the sensitivity of this
line to a chronic exposure with a range of concentrations of a
model estrogen and a model androgen, focusing solely on ex-
pression of the 42sp50‐gfp transgene in the ovaries, leaving the
validation of the sensitivity of the chgh‐gfp transgene for future
studies. The final objective was to investigate sensitive periods
for hormonally induced sex reversal in early medaka embryonic
development by acute 24‐h exposure to high doses of a model
estrogen and a model androgen. We believe that the discovery
of the most sensitive windows for hormonally induced sex re-
versal in medaka will help shorten the exposure time and thus
greatly facilitate the protocol necessary for screening endocrine‐
active chemicals acting on the reproductive axes.

MATERIALS AND METHODS
Reagents

Medaka medium contained 4.02mMKCl, 1.62mM
MgSO4·7H2O, 1.36mMCaCl2·2H2O, 0.17MNaCl, and 62.5 µM
methylene blue. The pH was adjusted to between 7.2 and 8.0.
Ethyl 3‐aminobenzoate methanesulfonate salt (MS222) was
prepared at 1 g/L, the pH was adjusted to between 7.5 and 8.0,
and it was diluted as necessary in medaka medium. All test
substances were purchased from Sigma‐Aldrich: 17β‐estradiol
(E2; Chemical Abstracts Service [CAS] no. 50‐28‐2, ≥98% purity)

and 5α‐androstan‐17β‐ol‐3‐one (5α‐dihydrotestosterone [DHT];
CAS no. 521‐18‐6, ≥97.5% purity), and dimethyl sulfoxide
(DMSO; CAS no. 67‐68‐5). Romeiod (iodophor solution 0.5%
active iodine) was purchased from Cofa and diluted in medaka
medium to a final concentration of 2%. SYBR® Safe DNA
Gel Stain (Invitrogen), Pure Link Genomic DNA Mini Kits
(Invitrogen), Taq polymerase (Thermofisher), and Tris–borate–
ethylenediaminetetraacetic acid (TBE) buffer (Thermo Scientific)
were used for genotyping.

Genetic construct
A genetic construct was synthesized (GeneCust) comprising

1283 bp of the medaka 42sp50 gene immediately upstream
from the translation start site, followed by the coding sequence
of gfp and terminated by 1641 bp of the medaka 42sp50 gene
immediately downstream from the stop codon. This construct
was described by Kinoshita et al. (2009). In addition, XhoI sites
were synthesized on both sides of the construct and used to
insert it into a plasmid containing an additional, previously
described cassette comprising a portion of the medaka chgh
gene driving expression of the gfp coding sequence. A single
plasmidic clone was selected containing both genetic cassettes
facing in opposite directions to limit interactions between the
2 cassettes (Figure 1A).

Germ line transgenesis
Germ line transgenesis was carried out according to a pre-

viously described protocol in the absence of meganuclease by
injecting a linearized construct into fertilized one‐cell stage
Carbio red‐orange strain medaka eggs (Kinoshita et al. 1996).

Exposure studies
All stocks were prepared in DMSO. For each developmental

time point to be studied, 42sp50‐GFP_ChgH‐GFP medaka
eggs were collected within 2 h of fertilization, disinfected with
2% romeiod for 10min, and divided into Petri dishes con-
taining 100mL of medaka medium, with one Petri dish per
exposure group. The groups of eggs were then randomly as-
signed exposure conditions. Medium was changed 3 times per
week, and dead eggs were removed every 24 h.

All exposure studies were carried out by adding E2 or DHT
stock solutions in DMSO to medaka medium. Final concen-
trations of DMSO were either 0.05 or 0.1%, and in all cases the
solvent control group was exposed to the same concentration
of DMSO as the test groups. All fry were of the F3 to F5 gen-
erations and were exposed in 100‐mL Petri dishes. After hatch,
transgenic fry were identified by a basal GFP signal in the gills
and retained. Nontransgenic fry were excluded from the ex-
periment. Hatched fry were fed with TetraMin baby (Tetra).
Exposure studies were repeated, and the results were pooled
as necessary to obtain a minimum of 50 transgenic fry per
group.
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For the 16‐d chronic studies, fry were exposed to E2, DHT,
or solvent alone from fertilization until day postfertilization (dpf)
16. Exposure solutions were renewed 3 times per week.

For the 24‐h acute studies to determine developmental
windows of sensitivity, fry were exposed to E2, DHT, or solvent
alone at the developmental day of interest. Precisely 24 h
postexposure the fry were rinsed 3 times with fresh medaka
medium and placed into clean medium. The clean medium was
renewed 3 times per week. All procedures and animal use were
evaluated and validated by the local ethics committee (no. 51)
and the institutional review board of Laboratoire WatchFrog.

Image capture
Six days after hatching, fry were anesthetized with 200mg/L

MS222 and manually positioned to expose the ventral region.
A Leica MZ10F stereomicroscope (Leica Microsystems)
equipped with ET‐GFP long‐pass filters (excitation 480/40,
emission 510LP; Leica Microsystems) and a 200‐W fluorescence
source (Prior Scientific) was used to image the fry. Images
of the genital region of the fry were taken with an exposure
time of 0.75 s at ×8 magnification using an Infinity 1‐3C
camera (Lumenera). Each fry was then euthanized with MS222,
rinsed with fresh medaka medium, and placed separately into
1.5‐mL tubes. After the removal of all liquid, the tubes were
immediately frozen at –80 °C for subsequent genotyping.

Genotyping
A subset of fry from each exposure group was genotyped

for the presence of dmy, indicating the presence of a
Y chromosome. Extraction and purification of genomic DNA
were carried out using the Pure Link Genomic DNA Mini Kit
(Invitrogen) according to the provided protocol. Amplification
by polymerse chain reaction (PCR) of a region of both the
dmrt1 and dmy genes was carried out using a single primer

pair, as described (Patil and Hinze 2008). The PCR amplification
was carried out using a BioRad MyCycler with a program con-
sisting of one cycle of 94 °C for 9min, followed by 42 cycles of
94 °C for 30 s, 60 °C for 30 s, and 72 °C for 2min and termi-
nating with one cycle of 72 °C for 5min. The DNA bands
were then visualized by gel electrophoresis using 0.5 × TBE
and 1% agarose stained with SYBR Safe DNA Gel Stain
(Invitrogen).

Statistical analysis
The percentage of fry in each group displaying gonadal

fluorescence was compared to the percentage observed in the
corresponding control group. The comparison was carried out
using the binomial ratio (phenotypic sex), with the probability
of success set to the ratio observed in the control group. All
data were Bonferroni‐corrected to increase the threshold for
statistical significance based on the number of statistical tests
carried out. Results which were significantly different from the
null hypothesis are indicated: ***p< 0.001, **p< 0.01, and
*p< 0.05.

RESULTS AND DISCUSSION
The 42sp50‐GFP_ChgH‐GFP transgenic line

Germ line transgenesis generated one stable line. As with
the previously described 42sp50‐GFP line, fluorescence was
first visible in the gonadal region of certain fry 1 or 2 d post-
hatch (dph). Developing oocytes became highly fluorescent at
approximately 5 or 6 dph (Figure 1B). Phenotypically male fry
display a complete absence of green fluorescence in the go-
nads (Kinoshita et al. 2009; Kanamori and Toyama 2013). Be-
cause of the extremely strong fluorescence in the vitellus of the
eggs of this line (Figure 1C), eleuthero‐embryos from crosses
with transgenic females also present strong fluorescence in
their maternal reserves of vitellus. As this passes through their

FIGURE 1: (A) The ChgH‐GFP_42sp50‐GFP bicistronic plasmid. (B) A phenotypically female fry of the 42sp50‐GFP_ChgH‐GFP line expressing
fluorescence in the ovary (*) and liver (arrowhead) following exposure to 17α‐ethinyl‐estradiol. The yellow color indicates autofluorescence of the
embryo attributable to the use of long‐pass green fluorescent protein (GFP) filters. (C) Newly fertilized eggs from a transgenic female expressing
GFP. ChgH= choriogenin H; eGFP= enhanced GFP; SV40 = simian virus 40; UTR= untranslated region.
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gastrointestinal tract, it continues to fluoresce, confounding
correct identification of fluorescence in the gonads. Therefore,
all experiments were carried out by crossing heterozygotic
transgenic males with wild‐type (orange‐red strain) females.

Ectopic fluorescence, possibly attributable to the genomic
integration site of the transgenes as observed by Kurauchi et al.
(2008), was observable in the gills of males and females. This
faint fluorescence allowed transgenic and nontransgenic fry to
be discriminated shortly after hatching.

As reported in a number of publications (Kurauchi et al.
2008; Spirhanzlova et al. 2015), the ChgH‐GFP transgene was
expressed in the liver in response to E2 and 17α‐ethinyl‐
estradiol (EE2). During an embryonic chronic exposure to E2,
GFP was first visible in the liver of unhatched embryos at 6 dpf
(data not shown).

Sensitivity of sex determination to exogenous
hormones

To determine the sensitivity of this transgenic model to
disruption of sex determination by a model estrogen, embryos
were exposed from fertilization to 16 dpf to a range of con-
centrations of E2. The sex ratio was skewed toward female
when embryos were treated with 500 ng/L or higher of E2
(Figure 2A). The lowest observed effect concentration for E2
fits well with previous, longer studies. It has previously
been demonstrated in a 21‐d Organisation for Economic
Co‐operation and Development (OECD) guideline 229 ex-
posure of medaka that fecundity was reduced at 488 but not at
261 ng/L EE2, equivalent in terms of potency to approximately
976 and 522 ng/L of E2, respectively (Seki et al. 2002). Testis‐
ova and vitellogenin induction were observed at 63.9 ng/L EE2
(equivalent to approximately 128 ng/L E2) but did not affect
fecundity. This suggests that this model may be capable of
predicting the results of longer studies such as OECD test
guidelines 229 or 230.

This experiment was repeated with a model androgen.
Embryos were exposed from fertilization to 16 dpf to a range of
concentrations of DHT. All concentrations tested from 500 ng/L
to 1 µg/L were effective at skewing the phenotypic sex ratio

toward male (Figure 2B). To our knowledge, this is the first
study to address the effects of DHT on medaka, although a
number of studies have investigated the effects of the synthetic
analogue mDHT on medaka sex determination (Iwamatsu et al.
2006; Kobayashi et al. 2011).

Developmental sensitivity to disruption of sex
determination

A previous study in medaka tested a number of devel-
opmental time points for sensitivity to E2‐ and testosterone‐
induced intersex (Koger et al. 2000). Koger et al. (2000) tested
6‐d exposures commencing at 0 dpf and 0, 7, or 21 dph, with
histological examination of the gonads at 5mo of age, and
found that the highest sensitivity was at 0 dph. In our study,
0 dph, defined as the day that >50% of the fry had hatched,
corresponded to 9 dpf for all 3 of the replicate experiments
which were pooled to give the unexposed control group
(Table 1). We therefore decided to carry out a systematic
screening of developmental sensitivity to waterborne agents
activating the estrogen receptor and androgen receptor from
0 to 12 dpf (or 3 dph). Our rationale was that a 1‐d, rather than
a 6‐d, protocol and a greater number of developmental time
points would allow the developmental dynamics of suscepti-
bility to hormonally induced disruption of sex determination to
be determined with greater precision.

Effects of medaka medium and DMSO
A preliminary verification of the sex ratio in untreated em-

bryos raised in the same manner as the treated fry demon-
strated that 53% of the fry developed as phenotypic females
and 47% as phenotypic males (dotted line Figure 2). No
disagreement between phenotypic and genotypic sex was
observed (Table 1).

To aid the solubility and dispersion of test compounds, DMSO
was chosen as the solvent to be used in all exposure groups.
Low concentrations of DMSO have been shown not to interfere
with the sexual differentiation of fish (Hutchinson et al. 2006).

FIGURE 2: Sensitivity of the model to perturbation of sex differentiation by estradiol (A) or dihydrotestosterone (B) in 16‐d exposures. Exposures
were carried out from fertilization to 16 d postfertilization. n≥ 50 per exposure condition. DHT= dihydrotestosterone; E2= estradiol.
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All exposures were carried out in the presence of either 0.05 or
0.1% DMSO, with solvent control groups exposed to the same
concentration of DMSO as the steroid‐exposed groups. A 24‐h
acute exposure to the higher concentration of DMSO (0.1%) did
not induce a significant difference in the phenotypic sex ratio
compared to nonexposed medaka at any developmental time
point (Figure 3); therefore, genotyping of fry from this experiment
was not carried out.

Effects of E2
To determine the relative sensitivity of different periods of

embryonic development to E2, acute (24‐h) exposures were
carried out at different developmental time points (Figure 4).
The concentration of E2 selected for the acute exposures was
that determined by Kobayashi et al. (2011) as the minimum
dose inducing a maximum effect.

In the present study, we confirmed that treatment with this
concentration of E2 caused a statistically significant increase in
oocyte‐bearing fry at 16 dpf compared to the solvent control
group when the 24‐h treatment was carried out at 0 to 8 dpf
but not at 11 or 12 dpf (Figure 4). The greatest percentage of
phenotypic females was obtained when the treatment was
carried out at 1, 2, 4, or 5 dpf (3 dpf was not tested). Following

5 dpf, the effect diminished in an age‐dependent manner until
12 dpf. We therefore confirm that a 24‐h treatment of medaka
eggs with 500 µg/L of E2 immediately after fertilization results
in a high incidence of XY females and a skewed phenotypic sex
ratio toward female.

Genotyping of a random set of fry from some of the ex-
posure time points indicated that a large number (80%) of XY
embryos treated at 0 dpf developed oocytes (Table 2). This
developmental period matches the period of somatic re-
programming in medaka with not yet determined cell fate; it is
thus possible that this effect is caused by prolonged retention
of E2 in the yolk (Wang and Bhandari 2019a). This peaked at
94% at 5 dpf and then dropped to 79% at 6 dpf, falling to 6% at
12 dpf. Paradoxical effects on sexual development were ob-
served for most of the E2‐exposed groups, with 6 to 22% of XX
embryos failing to exhibit oocytes. This may be attributable to
stress‐induced inhibition of aromatase expression as a result of
the experimental conditions, as reported (Hayashi et al. 2010).

Effects of DHT
To determine the relative sensitivity of different devel-

opmental time points to a model androgen, a high concen-
tration of DHT was used to perform 24‐h acute exposures of
developing medaka embryos. The concentration of DHT
chosen for the first series of experiments (2.5 µg/L) was the
same as the concentration of methyl‐DHT previously identified
as the minimum concentration producing maximum effect on
sex ratio (Kobayashi et al. 2011).

Our decision to use the natural hormone DHT rather than its
synthetic analogue methyl‐DHT allows the effects of DHT at 0 dpf
(present study) to be compared with those published for methyl‐
DHT (Kobayashi et al. 2011). However, the percentage of fry
treated with this concentration of DHT at 0 dpf and exhibiting

TABLE 1: Genotyping results of a subset of fry from the water control
groupa

XY XX

Male phenotype 16 0
100%b 0%

Female phenotype 0 15
0% 100%

n 31

aPhenotype was determined by the presence or absence of fluorescence in the
gonads.
bPercentages indicate relative numbers of fry developing with a normal con-
cordance between phenotypic and genotypic sex.

FIGURE 3: Percentage of fry exhibiting gonadal fluorescence at day
postfertilization (dpf) 16. The fry were treated with a 24‐h pulse
of dimethyl sulfoxide (0.1%) at different developmental time points
(x‐axis). Following this treatment, they were returned to clean media.
The percentage of untreated control fry displaying green fluorescent
protein–positive cells in their gonads at 16 dpf is shown by the yellow
dotted line. n ≥ 50 per exposure condition. None of the exposure
conditions were statistically different from the water control.
DMSO = dimethyl sulfoxide.

FIGURE 4: Percentage of fry exhibiting gonadal fluorescence at day
postfertilization (dpf) 16. The fry were treated with a 24‐h pulse of
estradiol (500 µg/L) at different developmental time points (x‐axis).
Following this treatment, they were returned to clean media. The
percentage of fry displaying green fluorescent protein–positive cells in
their gonads at 16 dpf following 24‐h treatment with a solvent control
solution at matching developmental time points is shown in yellow.
n≥ 50 per exposure condition. E2= estradiol.
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oocytes at 16dpf was not statistically different from that of the
solvent control group (Figure 5). Genotyping showed that de-
spite the near identical sex ratio to the control group, 30% of XX
fish exposed to DHT at 0 dpf failed to display oocytes (Table 3).
This effect was masked in the phenotypic ratio because
an equivalent number of fish (39%) displayed oocytes despite
possessing a Y chromosome. Kobayashi et al. (2011) described

this as paradoxical sex reversal, which they did not observe
with 2.5 µg/L of methyl‐DHT but they did observe with higher
concentrations of the same molecule.

Statistically significant decreases in the number of fry dis-
playing oocytes were, however, observed following treatment
with DHT at 5 or 8 dpf (Figure 5). Genotyping of a subset of fry
confirmed an increased number of XX males over solvent
control values at 0, 4, and 5 dpf (24, 11, and 11% increases,
respectively) but not at 6 or 12 dpf (Table 3).

A higher concentration of DHT was used in the second set of
exposures. This concentration, 500 µg/L, was chosen based on
a range‐finder experiment (Supplemental Data, Figure S1) with
a 24‐h acute exposure to the hormone. The aim of this second
set of exposures with DHT was to induce a higher level of
disruption of the sexual axes than that observed with the lower
DHT concentration used in the first series of experiments. It was
hoped that this would facilitate identification of the devel-
opmental time points most sensitive to disruption of sex de-
termination by a model androgen.

This higher concentration of DHT caused a significant re-
duction in the number of fry displaying ovaries at 16 dpf for all
developmental time points tested from 0 to 8 dpf except 2 dpf
(Figure 6). Interestingly, as with the E2 treatment, fry were in-
sensitive to disruption of sexual phenotype when exposed at
11 to 12 dpf. There appear to be 2 windows showing the
greatest sensitivity to this molecule, from 0 to 1 dpf and from
6 to 8 dpf. Intriguingly, the period of relative insensitivity
between 2 and 4 dpf may coincide with the cessation of ma-
ternal expression of the androgen receptor and the beginning
of zygotic expression. Interestingly, these 2 developmental

TABLE 2: Genotyping results of a subset of fry exposed to estradiol 500 µg/La

Exposure day postfertilization

0 4 5 6 12

XY XX XY XX XY XX XY XX XY XX

Male phenotype 4 4 1 3 1 1 4 0 16 2
20%b 22% 9% 14% 6% 6% 21% 0% 94% 11%

Female phenotype 16 14 10 19 15 15 15 13 1 16
80% 78% 91% 86% 94% 94% 79% 100% 6% 89%

n 38 33 32 32 35

aPhenotype was determined by the presence or absence of fluorescence in the gonads.
bPercentages indicate relative numbers of fry developing with a normal concordance between phenotypic and genotypic sex.

FIGURE 5: Percentage of fry exhibiting gonadal fluorescence at day
postfertilization (dpf) 16. The fry were treated with a 24‐h pulse of
dihydrotestosterone (2.5 µg/L) at different developmental time points
(x‐axis). Following this treatment, they were returned to clean media.
The percentage of fry displaying green fluorescent protein–positive
cells in their gonads at 16 dpf following 24‐h treatment with a solvent
control solution at matching developmental time points is shown in
yellow. n≥ 50 per exposure condition. DHT= dihydrotestosterone.

TABLE 3: Genotyping results of a subset of fry exposed to dihydrotestosterone 2.5 µg/La

Exposure day postfertilization

0 4 5 6 12

XY XX XY XX XY XX XY XX XY XX

Male phenotype 11 6 20 1 21 2 18 1 18 0
61%b 30% 87% 11% 100% 17% 82% 10% 90% 0%

Female phenotype 7 14 3 8 0 10 4 9 2 14
39% 70% 13% 89% 0% 83% 18% 90% 10% 100%

n 38 32 33 32 34

aPhenotype was determined by the presence or absence of fluorescence in the gonads.
bPercentages indicate relative numbers of fry developing with a normal concordance between phenotypic and genotypic sex.
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windows match the window of epigenetic reprogramming in
medaka somatic cells, which might also suggest an explanation
for why these 2 windows are sensitive to environmental factors
(Wang and Bhandari 2019b).

Koger et al. (2000) found the greatest sensitivity to DHT to be
with a 6‐d exposure from 0 to 6 dph (corresponding approx-
imately to 9–15 dpf). Because we observed no effect at 11 or
12 dpf, this suggests that, in addition to the 2 periods of
heightened sensitivity to DHT observed between 0 to 1 and 5 to
8 dpf, it is possible that a third period of sensitivity lies between
12 and 15 dpf (corresponding to 3–6 dph). It remains to be
shown whether the 42sp50‐GFP_ChgH‐GFP model is sensitive
to disruption of sex determination when short‐term exposures
are carried out at developmental stages beyond 12 dpf.
Performing exposures after hatch (9 dpf) would allow molecules
to be tested without consideration for their ability to pass the
chorion and would allow the model to be used for screening of
pure chemicals at high concentrations in a short‐term assay.

Genotyping confirmed the observed result with high num-
bers of XX males from 0 to 6 dpf (76–86%) dropping to 0% at

12 dpf (Table 4). At 2 time points XY females were observed,
which may have been attributable to the paradoxical effects of
this molecule that have been observed (Kobayashi et al. 2011).
However, the numbers of XY females (15% at 4 dpf and 5%
at 6 dpf) were relatively low compared to the numbers of
XX males.

Timing and persistence of the observed
response

We were intrigued by the lack of effect observed when fry
were exposed to either E2 (500 µg/L) or DHT (2.5 or 500 µg/L) at
11 or 12 dpf. In particular, we were interested in confirming
whether the lack of effect was attributable to a resistance to
disruption of sex determination at this period of development
or whether the delay between the treatment at 11 or 12 dpf
and the readout of the experiment at 16 dpf was insufficient.

To test these 2 possibilities, acute (24‐h) exposures were
repeated at 6 and 12 dpf with 500 µg/L of either DHT or E2 or
solvent alone—6 dpf was chosen because a strong effect on
sex determination was observed with both molecules at this
period of development, and 12 dpf was selected because no
effect was observed with either molecule. In both experiments
readout of the same group of fry was carried out at 16 dpf as in
previous experiments as well as at 20, 22, and 24 dpf (Figure 7).

The results show that there is no difference in effect when
the readout is carried out at 16, 20, 22, or 24 dpf (Figure 7). This
very clearly demonstrates that the lack of effect when fry are
exposed at 12 dpf is attributable to insensitivity to these
2 molecules at this period of development and not to an in-
sufficient time between the exposure and the readout. The
present study also indicates that, at least up to 24 dpf, the
observed disruption of sex determination is stable.

CONCLUSIONS
The perfect concordance between genotypic sex and phe-

notypic sex for the unexposed control group demonstrates the
ability of this 42sp50‐GFP_ChgH‐GFP line to accurately identify
the phenotypic sex of fry at 16 dpf (Table 1).

When fry were exposed from fertilization to 16 dpf, the
lowest‐observed‐effect concentration for disruption of sex

FIGURE 6: Percentage of fry exhibiting gonadal fluorescence at day
postfertilization (dpf) 16. The fry were treated with a 24‐h pulse of
dihydrotestosterone (500 µg/L) at different developmental time points
(x‐axis). Following this treatment, they were returned to clean media.
The percentage of fry displaying green fluorescent protein–positive
cells in their gonads at 16 dpf following 24‐h treatment with a solvent
control solution at matching developmental time points is shown in
yellow. n≥ 50 per exposure condition. DHT= dihydrotestosterone.

TABLE 4: Genotyping results of a subset of fry exposed to dihydrotestosterone 500 µg/La

Exposure day postfertilization

0 4 6 12

XY XX XY XX XY XX XY XX

Male
phenotype

15 16 11 13 19 12 17 0
100%b 84% 85% 76% 95% 86% 100% 0%

Female
phenotype

0 3 2 4 1 2 0 14
0% 16% 15% 24% 5% 14% 0% 100%

n 34 30 34 31

aPhenotype was determined by the presence or absence of fluorescence in the gonads.
bPercentages indicate relative numbers of fry developing with a normal concordance between phenotypic and genotypic sex.
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determination was 500 ng/L for both E2 and DHT (Figure 2).
Sensitivity to E2 was greatest between 1 and 5 dpf (Figure 4).
Exposure studies with DHT showed 2 periods of increased
sensitivity between 0 to 1 dpf and 5 to 8 dpf (Figure 6). No
effect on phenotypic sex ratio was observed with DHT or E2 at
11 or 12 dpf. We demonstrated that this lack of effect was
attributable to the fact that sex determination was stabile to the
tested molecules and not to a period of latency longer than the
washout period between exposure and readout (Figure 7).

Further development of this model will involve crossing of
this line with another line harboring a fluorescent reporter
cassette on the Y chromosome to allow fluorescent detection
of genetic males, increasing throughput and reducing costs
related to genotyping. We then plan to use the ChgH‐GFP
transgene carried by this line to investigate links between the
level of ChgH transcription induced by environmentally rele-
vant chemicals (e.g., environmental estrogens such as bi-
sphenol A or EE2) and disorders of sexual differentiation in fish.
The investigation of these links is a timely and important sub-
ject in terms of the development of adverse outcome pathways
for the identification of endocrine disruptors and the evaluation
of their predictability.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.4674.
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FIGURE 7: Percentage of fry exhibiting gonadal fluorescence at days postfertilization (dpf) 16, 20, 22, and 24 (x‐axis). The fry were treated with a
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gonads at 16, 20, 22, and 24 dpf following 24‐h treatment with a solvent control solution at matching developmental time points is shown in yellow.
n≥ 50 per exposure condition.

Transgenic medaka for studying disrupted sex determination—Environmental Toxicology and Chemistry, 2020;39:842–851 849

wileyonlinelibrary.com/ETC © 2020 SETAC

 15528618, 2020, 4, D
ow

nloaded from
 https://setac.onlinelibrary.w

iley.com
/doi/10.1002/etc.4674 by B

ibliothecaire E
n C

hef, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/etc.4674


Disclaimer—The authors declare the following competing
financial interests. G.F. Lemkine has financial interests in
Laboratoire WatchFrog, which plans to commercialize the
test described. A.J. Tindall and G.F. Lemkine are currently
employed by Laboratoire WatchFrog. P. Spirhanzlova,
P. Trébulle, J. Lallement, and A. Sébillot were employed by
Laboratoire WatchFrog while they were involved in the
present study. A. Kanamori declares no competing interests.

Data Availability Statement—Data are available upon request
from the corresponding author (tindall@watchfrog.fr).

REFERENCES
Bahamonde PA, Fuzzen ML, Bennett CJ, Tetreault GR, McMaster ME,

Servos MR, Martyniuk CJ, Munkittrick KR. 2015. Whole organism re-
sponses and intersex severity in rainbow darter (Etheostoma caeruleum)
following exposures to municipal wastewater in the Grand River basin,
ON, Canada. Part A. Aquat Toxicol 159:290–301.

Bortone SA, Cody RP. 1999. Morphological masculinization in poeciliid fe-
males from a paper mill effluent receiving tributary of the St. Johns River,
Florida, USA. Bull Environ Contam Toxicol 63:150–156.

Cheung CHY, Chiu JMY, Wu RSS. 2014. Hypoxia turns genotypic female
medaka fish into phenotypic males. Ecotoxicology 23:1260–1269.

Hattori RS, Murai Y, Oura M, Masuda S, Majhi SK, Sakamoto T, Fernandino
JI, Somoza GM, Yokota M, Strüssmann CA. 2012. A Y‐linked anti‐
Müllerian hormone duplication takes over a critical role in sex determi-
nation. Proc Natl Acad Sci USA 109:2955–2959.

Hayashi Y, Kobira H, Yamaguchi T, Shiraishi E, Yazawa T, Hirai T,
Kamei Y, Kitano T. 2010. High temperature causes masculinization of
genetically female medaka by elevation of cortisol. Mol Reprod Dev
77:679–686.

Hinck JE, Blazer VS, Schmitt CJ, Papoulias DM, Tillitt DE. 2009. Widespread
occurrence of intersex in black basses (Micropterus spp.) from U.S.
rivers, 1995–2004. Aquat Toxicol 95:60–70.

Hutchinson TH, Shillabeer N, Winter MJ, Pickford DB. 2006. Acute and
chronic effects of carrier solvents in aquatic organisms: A critical review.
Aquat Toxicol 76:69–92.

Iwamatsu T, Kobayashi H, Yamashita M. 2006. Sex reversal in medaka
treated in vitro with 17alpha‐methyldihydrotestosterone during oocyte
maturation. Dev Growth Differ 48:59–64.

Kamiya T, Kai W, Tasumi S, Oka A, Matsunaga T, Mizuno N, Fujita M,
Suetake H, Suzuki S, Hosoya S, Tohari S, Brenner S, Miyadai T,
Venkatesh B, Suzuki Y, Kikuchi K. 2012. A trans‐species missense SNP in
Amhr2 is associated with sex determination in the tiger pufferfish,
Takifugu rubripes (fugu). PLoS Genet 8:e1002798.

Kanamori A, Toyama K. 2013. A transgenic medaka line with visible markers
for genotypic and phenotypic sex. Environ Sci Technol 47:6640–6645.

Kavanagh RJ, Balch GC, Kiparissis Y, Niimi AJ, Sherry J, Tinson C, Metcalfe
CD. 2004. Endocrine disruption and altered gonadal development in
white perch (Morone americana) from the lower Great Lakes region.
Environ Health Perspect 112:898–902.

Kinoshita M, Okamoto G, Hirata T, Shinomiya A, Kobayashi T, Kubo Y,
Hori H, Kanamori A. 2009. Transgenic medaka enables easy oocytes
detection in live fish. Mol Reprod Dev 76:202–207.

Kinoshita M, Toyohara H, Sakaguchi M, Inoue K, Yamashita S, Satake M,
Wakamatsu Y, Ozato K. 1996. A stable line of transgenic medaka
(Oryzias latipes) carrying the CAT gene. Aquaculture 143:267–276.

Kitano T, Hayashi Y, Shiraishi E, Kamei Y. 2012. Estrogen rescues mascu-
linization of genetically female medaka by exposure to cortisol or high
temperature. Mol Reprod Dev 79:719–726.

Kobayashi H, Iwamatsu T, Shibata Y, Ishihara M, Kobayashi Y. 2011. Effects
of co‐administration of estrogen and androgen on induction of sex re-
versal in the medaka Oryzias latipes. Zoolog Sci 28:355–359.

Koger CS, Teh SJ, Hinton DE. 2000. Determining the sensitive devel-
opmental stages of intersex induction in medaka (Oryzias latipes)
exposed to 17 beta‐estradiol or testosterone. Mar Environ Res 50:
201–206.

Kurauchi K, Hirata T, Kinoshita M. 2008. Characteristics of ChgH‐GFP
transgenic medaka lines, an in vivo estrogenic compound detection
system. Mar Pollut Bull 57:441–444.

Kurauchi K, Nakaguchi Y, Tsutsumi M, Hori H, Kurihara R, Hashimoto S,
Ohnuma R, Yamamoto Y, Matsuoka S, Kawai S, Hirata T, Kinoshita M.
2005. In vivo visual reporter system for detection of estrogen‐like sub-
stances by transgenic medaka. Environ Sci Technol 39:2762–2768.

Matsuda M, Nagahama Y, Shinomiya A, Sato T, Matsuda C, Kobayashi T,
Morrey CE, Shibata N, Asakawa S, Shimizu N, Hori H, Hamaguchi S,
Sakaizumi M. 2002. DMY is a Y‐specific DM‐domain gene required for
male development in the medaka fish. Nature 417:559–563.

Myosho T, Otake H, Masuyama H, Matsuda M, Kuroki Y, Fujiyama A, Naruse
K, Hamaguchi S, Sakaizumi M. 2012. Tracing the emergence of a novel
sex‐determining gene in medaka, Oryzias luzonensis. Genetics 191:
163–170.

O'Toole MT. 2003. Miller‐Keane Encyclopedia & Dictionary of Medicine,
Nursing, & Allied Health, 7th ed. Saunders, Philadelphia, PA, USA.

Parks LG, Lambright CS, Orlando EF, Guillette LJ, Ankley GT, Gray LE. 2001.
Masculinization of female mosquitofish in kraft mill effluent‐
contaminated Fenholloway River water is associated with androgen re-
ceptor agonist activity. Toxicol Sci 62:257–267.

Patil JG, Hinze SJ. 2008. Simplex PCR assay for positive identification of
genetic sex in the Japanese medaka, Oryzias latipes. Mar Biotechnol
10:641–644.

Pollock MS, Dubé MG, Schryer R. 2010. Investigating the link between pulp
mill effluent and endocrine disruption: Attempts to explain the presence
of intersex fish in the Wabigoon River, Ontario, Canada. Environ Toxicol
Chem 29:952–965.

Sanchez W, Sremski W, Piccini B, Palluel O, Maillot‐Maréchal E, Betoulle S,
Jaffal A, Aït‐Aïssa S, Brion F, Thybaud E, Hinfray N, Porcher JM. 2011.
Adverse effects in wild fish living downstream from pharmaceutical
manufacture discharges. Environ Int 37:1342–1348.

Sato T, Endo T, Yamahira K, Hamaguchi S, Sakaizumi M. 2005. Induction of
female‐to‐male sex reversal by high temperature treatment in medaka,
Oryzias latipes. Zoolog Sci 22:985–988.

Scholz S, Kurauchi K, Kinoshita M, Oshima Y, Ozato K, Schirmer K,
Wakamatsu Y. 2005. Analysis of estrogenic effects by quantification of
green fluorescent protein in juvenile fish of a transgenic medaka.
Environ Toxicol Chem 24:2553–2561.

Seki M, Yokota H, Matsubara H, Tsuruda Y, Maeda M, Tadokoro H,
Kobayashi K. 2002. Effect of ethinylestradiol on the reproduction and
induction of vitellogenin and testis‐ova in medaka (Oryzias latipes).
Environ Toxicol Chem 21:1692–1698.

Spirhanzlova P, Leleu M, Sébillot A, Lemkine GF, Iguchi T, Demeneix BA,
Tindall AJ. 2015. Oestrogen reporter transgenic medaka for non‐
invasive evaluation of aromatase activity. Comp Biochem Physiol C
Toxicol Pharmacol 179:64–71.

Tetreault GR, Bennett CJ, Shires K, Knight B, Servos MR, McMaster ME.
2011. Intersex and reproductive impairment of wild fish exposed to
multiple municipal wastewater discharges. Aquat Toxicol 104:278–290.

Thomas P, Rahman MS. 2012. Extensive reproductive disruption, ovarian
masculinization and aromatase suppression in Atlantic croaker in the
northern Gulf of Mexico hypoxic zone. Proc Biol Sci 279:28–38.

Uchida D, Yamashita M, Kitano T, Iguchi T. 2004. An aromatase inhibitor
or high water temperature induce oocyte apoptosis and depletion of
P450 aromatase activity in the gonads of genetic female zebrafish
during sex‐reversal. Comp Biochem Physiol A Mol Integr Physiol
137:11–20.

Urushitani H, Katsu Y, Kato Y, Tooi O, Santo N, Kawashima Y, Ohta Y, Kisaka
Y, Lange A, Tyler CR, Johnson RD, Iguchi T. 2007. Medaka (Oryzias
latipes) for use in evaluating developmental effects of endocrine active
chemicals with special reference to gonadal intersex (testis‐ova). Environ
Sci 14:211–233.

Wang X, Bhandari RK. 2019a. DNA methylation dynamics during epigenetic
reprogramming of medaka embryo. Epigenetics 14:611–622.

Wang X, Bhandari RK. 2019b. The dynamics of DNA methylation during
epigenetic reprogramming of primordial germ cells in medaka (Oryzias
latipes). Epigenetics, in press. https://doi.org/10.1080/15592294.2019.
1695341

Wilson CA, High SK, McCluskey BM, Amores A, Yan Y, Titus TA, Anderson
JL, Batzel P, Carvan MJ, Schartl M, Postlethwait JH. 2014. Wild sex in
zebrafish: Loss of the natural sex determinant in domesticated strains.
Genetics 198:1291–1308.

850 Environmental Toxicology and Chemistry, 2020;39:842–851—P. Spirhanzlova et al.

© 2020 SETAC wileyonlinelibrary.com/ETC

 15528618, 2020, 4, D
ow

nloaded from
 https://setac.onlinelibrary.w

iley.com
/doi/10.1002/etc.4674 by B

ibliothecaire E
n C

hef, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

mailto:tindall@watchfrog.fr
https://doi.org/10.1080/15592294.2019.1695341
https://doi.org/10.1080/15592294.2019.1695341


Yano A, Guyomard R, Nicol B, Jouanno E, Quillet E, Klopp C, Cabau C,
Bouchez O, Fostier A, Guiguen Y. 2012. An immune‐related gene
evolved into the master sex‐determining gene in rainbow trout, Onco-
rhynchus mykiss. Curr Biol 22:1423–1428.

Yu RMK, WongMML, Kong RYC, Wu RSS, Cheng SH. 2006. Induction of hepatic
choriogenin mRNA expression in male marine medaka: A highly sensitive
biomarker for environmental estrogens. Aquat Toxicol 77:348–358.

Zhao Y, Wang C, Xia S, Jiang J, Hu R, Yuan G, Hu J. 2014. Biosensor
medaka for monitoring intersex caused by estrogenic chemicals. Environ
Sci Technol 48:2413–2420.

Zoeller RT, Bergman Å, Becher G, Bjerregaard P, Bornman R, Brandt I,
Iguchi T, Jobling S, Kidd KA, Kortenkamp A, Skakkebaek NE, Toppari J,
Vandenberg LN. 2014. A path forward in the debate over health impacts
of endocrine disrupting chemicals. Environ Health 13:118.

Transgenic medaka for studying disrupted sex determination—Environmental Toxicology and Chemistry, 2020;39:842–851 851

wileyonlinelibrary.com/ETC © 2020 SETAC

 15528618, 2020, 4, D
ow

nloaded from
 https://setac.onlinelibrary.w

iley.com
/doi/10.1002/etc.4674 by B

ibliothecaire E
n C

hef, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense




