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Abstract Estradiol treatment during early life stages of tiger puﬀer Takifugu rubripes induces feminization
in genetic males. However, the ovaries in genetic males may revert to testes once estradiol treatment is halted.
Therefore studies should investigate molecular mechanisms underlying ovary-to-testis recovery in genetic
males after treatment. In the present study, tiger puﬀer were exposed to 10, and 100 μg/L 17β-estradiol (E2)
from 15 to 100 days post-hatching (dph), then gonad phenotypes and expression proﬁles of six sex-related
genes (cyp19a, foxl2, dmrt1, amh, sox9a, and sox9b) were characterized after the exposure. Results showed
that both 10 and 100 μg/L E2 induced ovarian development in genetic males at 100 dph. However, all ovaries
induced by 10 μg/L E2 ﬁrst developed into intersexual gonads and subsequently reverted to testes after the
exposure. As for treatment of 100 μg/L E2, while the rest of the ovaries maintained morphological stability,
percentages of intersexual gonads reached 38%–57%, and none were reverted to testes. Increased mRNA
levels of cyp19a, foxl2 and sox9b and decreased mRNA levels of dmrt1, amh, and sox9a were observed
during the ovarian development in genetic males. While contrary gene expression proﬁles were detected
during ovary-to-testis transformation. The mRNA levels of all the six genes were increased during the
development of intersexual gonads. These results indicated that up-regulation of dmrt1, amh and sox9a
is associated with initial ovary-to-intersexual transformation, and suppression of foxl2, cyp19a and sox9b
is essential for complete ovary-to-testis recovery in genetic males. This research will help to trace the
molecular processes underlying gonadal transformation in teleosts.
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1 INTRODUCTION
Sex diﬀerentiation of teleost ﬁsh species may be
determined independently by genetic or environmental
factors or a combination of both. For species with
genetic sex determination (GSD) mechanism, sex
diﬀerentiation is also labile to eﬀects of extreme
environmental factors (i.e., exogenous hormones and
temperature), and the turnout phenotypic sex may be
contrary to the genetic one (Strüssmann and Nakamura,
2002). Estrogens, for example, are necessary for
triggering ovarian diﬀerentiation and maintaining
ovarian development in ﬁsh (Guiguen et al., 2010).
Estrogen treatments during early development stages
are able to induce changes in gonadal phenotypes of a
genetic male from testis to the ovary in ﬁsh (Piferrer

and Blázquez, 2005). So far, feminization has been
conducted in a large number of ﬁsh species, including
rainbow trout Oncorhynchus mykiss, Nile tilapia
Oreochromis niloticus L and yellow catﬁsh
Pelteobagrus fulvidraco (Richardson) (Mair et al.,
1997; Guiguen et al., 1999; Liu et al., 2013). In these
species, treatment of exogenous estrogens within sex
diﬀerentiation could not only induce primitive gonads
in genetic males to diﬀerentiate into ovaries but also
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maintain development and maturation of ovaries.
However, for species such as tiger puﬀer Takifugu
rubripes and zebraﬁsh Danio rerio, similar treatment
resulted in reversion of ovaries to testes after treatment
withdrawal (Baumann et al., 2014; Hu et al., 2017).
Still, molecular regulatory mechanisms underlying gonadal
sex reversal after estrogen treatments remain unclear.
In natural condition, the fate of gonadal
diﬀerentiation in vertebrates with GSD is usually
deﬁned by the sex-determining gene. Current studies
in mammals have indicated that the male-determining
gene sry is just expressed within a critical window to
initiate its downstream sex-related genes, and then it
is lowly or barely expressed in the testes (She and
Yang, 2017). Similar results are observed in rainbow
trout and Nile tilapia. The male-determining genes in
the two species are highly expressed during testicular
diﬀerentiation but are lowly expressed in the
diﬀerentiated testes (Yano et al., 2012; Li et al., 2015).
Those studies imply that the sex-determining gene
just acts as a switch to trigger gonadal diﬀerentiation
and does not involve in gonadal development after
diﬀerentiation. This is supported by the study in
medaka Oryzias latipes that the male-determining
gene dmy did not trigger testicular development once
gonadal diﬀerentiation was completed, according to
the results that the adult pseudo-females maintained
ovarian morphology though dmy was expressed in the
ovary (Suzuki et al., 2005). Based on the
aforementioned conclusion, the sex-determining gene
does not participate in morphological changes in
gonads of sex-reversed ﬁsh after the treatments.
To date, a large number of sex-related genes in the
sex determination pathway have been proved to play
important roles in gonadal diﬀerentiation and
maintenance. For instance, foxl2 and cyp19a are
central transcription factors for triggering ovarian
diﬀerentiation and maintaining ovarian development.
Foxl2 can up-regulate expression of cyp19a by
directly binding to its promoter in humans or by
interacting with sf-1 in Nile tilapia (Wang et al., 2007;
Fleming et al., 2010). Cyp19a codes aromatase, which
is responsible for the conversion of androgens to
estrogens in nearly all vertebrates (Uno et al., 2012).
Deﬁciency in foxl2 or cyp19a in female Nile tilapia
results in oocyte degeneration and complete sex
reversal (Li et al., 2013). Dmrt1, amh, and sox9 act as
important transcription factors implicated in testicular
diﬀerentiation and development. Dmrt1 has been
proven to be involved in spermatogonia proliferation
in medaka and tiger puﬀer (Kobayashi et al., 2004;
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Yamaguchi et al., 2006). Amh can decrease germ cell
number, which subsequently triggers testicular
development in medaka and zebraﬁsh (Shiraishi et
al., 2008; Skaar et al., 2011; Pfennig et al., 2015). In
medaka, lack of dmrt1 or amh results in male-tofemale sex reversal (Masuyama et al., 2012; Nakamura
et al., 2012). Sox9 is the key target gene of sry, and
loss of its function lead to sex reversal of male gonads
in mammals (Sekido and Lovell-Badge, 2009). In
tiger puﬀer, two subtypes of sox9, sox9a, and sox9b,
have been identiﬁed, and both are considered to
involve in gonadal diﬀerentiation and development
(Shen et al., 2007).
Tiger puﬀer is a diﬀerentiated gonochoristic ﬁsh
with an XX/XY sex determination. It has the most
compact genome among vertebrates and is a model
species to research gene function related to sex
determination and diﬀerentiation (Aparicio et al.,
2002). The gonadal diﬀerentiation of tiger puﬀer
occurred within 42 days post-hatching (dph,
Yamaguchi et al., 2006). However, juveniles fed with
100 μg/g 17β-estradiol (E2) developed into intersexual
gonads from 21 to 80 dph (Lee et al., 2009). Similar
results were observed in the juveniles fed with 100,
150 and 200 μg/g E2 from 30 to 80 dph in our previous
study. Then we immersed tiger puﬀer with 1, 10 and
100 μg/L E2 from 15 to 100 dph (Hu et al., 2017).
Results showed that E2 immersion caused conversion
of genetic males (XY males) into phenotypic females
(XY females). However, recovery from the feminizing
eﬀect was observed in part of juveniles once treatment
was stopped. In this study, we further analyzed the
expression proﬁles of six important sex-related genes
(cyp19a, foxl2, dmrt1, amh, sox9a, and sox9b) in the
gonads of XY tiger puﬀer after E2 treatment. The aim
of this study is to gain insights into molecular
regulatory mechanisms underlying sex reversal in ﬁsh.

2 MATERIAL AND METHOD
2.1 Larvae and juveniles rearing
Newly hatched tiger puﬀer larvae were obtained
from a commercial hatchery in Weihai, China, and
then reared in a seawater aquaria at the Tianyuan
Fisheries Company, Yantai City, China. At 15 dph,
about 3 000 larvae were randomly assigned to three
500-L aquaria containing ~1 000 larvae each. The
larvae were fed with live rotifers from 16 to 25 dph,
and Artemia nauplius from 26 to 40 dph. After 40 dph,
metamorphosed juveniles were weaned onto
commercial pellets (Marine Yu Bao, Hayashikane
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Sangyo Co. Ltd., Japan). Water temperature was
maintained at 18–21°C during the rearing period.
2.2 17β-estradiol immersion
From 15 to 100 dph, larvae were exposed to E2 at
diﬀerent concentrations of 0 (control), 10 and
100 μg/L for 2 h once every two days. Stock solutions
were prepared by dissolving 0.5 and 5 mg E2 in 1 000mL absolute ethanol to give a concentration of 0.5
and 5 mg/mL E2, respectively. Prior to the 2-h
immersion, the ﬂowing water was halted, and then
10 mL of the respective E2 stock solutions were added
to each aquarium to give ﬁnal concentrations of 10
and 100 μg/L E2. After the ﬁnal exposure to E2 at
100 dph, juveniles from each group were respectively
transferred to three 5-m3 aquaria and reared in a ﬂowthrough seawater system.
2.3 Sample collection
A total of 40 juveniles were collected from each
group at 100 dph. The gonads of 30 juveniles were
ﬁxed in Davidson’s for at least 24 h, washed in 50%
ethanol, and then stored in 70% ethanol at 4°C until
histological processing. The gonads from the
remaining 10 juveniles were stored at -80°C for DNA
and RNA extraction. Subsequently, 30 juveniles were
sampled from each group at 160, 270 and 400 dph.
For each juvenile, one of the two gonads was ﬁxed in
Davidson’s (as above) and the other gonad was stored
at -80°C.
2.4 Genetic sex identiﬁcation
Total DNA was extracted from gonads using a
Marine Animals DNA kit (TLANamp, Beijing,
China) following the manufacturer’s instructions.
DNA quality and quantity were assessed by 1%
agarose gel electrophoresis and by UV
spectrophotometry (1.8<OD260/280<2.0), respectively.
A single-nucleotide polymorphism (G/C) in amhr2
is associated with sex determination in tiger puﬀer
(Kamiya et al., 2012), and can be used to identify the
genetic sex of juveniles. The sense (F) 5′TAGACACGATGCACACAAACCAC-3′
and
antisense
(R)
5′-CGCAAAATGAGGCTCTC
TATGGAG-3′ primers for the SNP marker were
designed with Primer Premier 5.0 software (Premier
Biosoft, Palo Alto, CA, USA). The reaction conditions
of PCR were 5 min at 95 C, followed by 35 cycles of
1 min at 94°C, 40 s at 58°C and 50 s at 72°C, with a
ﬁnal extension at 72°C for 5 min. The products
(625 bp) of PCR were sequenced by Sangon Biotech
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Co., Ltd. (Shanghai, China). In the resulted sequence
traces, the genetic male (XY) juveniles and genetic
female (XX) juveniles were heterozygous (G/C) and
homozygous (C/C) in the SNP position (334 bp),
respectively.
2.5 Gonadal phenotype identiﬁcation
The gonadal phenotypes of juveniles were
identiﬁed using histological analysis. Gonads were
dehydrated in a series of alcohol, clariﬁed in
dimethylbenzene, and then embedded in paraﬃn.
Cross-sections were cut at 5–7 μm with a microtome
(Leica RM2235, Nussloch, Germany), stained with
hematoxylin and eosin, and observed and
photographed using a light microscope (Olympus
DP72, Tokyo, Japan).
2.6 Gene expression analysis
Total RNA from gonads was extracted using
MiniBEST Universal RNA Extraction kit (Takara,
Dalian, China). RNA quality and quantity were
assessed by 1% agarose gel electrophoresis
(28S:18S>1)
and
UV
spectrophotometry
(1.8<OD260/280<2.0), respectively. To avoid
contamination of genomic DNA, total RNA was
treated with DNase I (Qiagen) for 30 min at 37°C.
The ﬁrst-stranded cDNA was synthesized using
PrimeScriptTM RT reagent kit (TaKaRa, Dalian,
China) with 1 μg total RNA according to the manufacturer’s instruction. The cDNA was stored at -20°C.
Relative expression of cyp19a, foxl2, dmrt1, sox9a,
sox9b and amh genes were determined by quantitative
real-time PCR (qRT-PCR) in the gonads of XY ﬁsh
and XX ﬁsh in the control group and the gonads of
XY ﬁsh in the treatment groups. The qRT-PCR was
performed on an ABI StepOnePluse Sequence
Detection System (Applied Biosystems, USA) in
accordance with the manufacturer’s instructions.
SYBR Premix Ex TaqTM kit (TaKaRa, China) was
used for ampliﬁcation, and the reaction mixture
contained 10 μL of SYBR® Premix Ex Taq™, 0.8 μL
of each primer (10 μmol/L), 0.4 μL of ROX Dye
(50×), 2 μL of cDNA sample (25 ng/μL), and 6 μL of
sterile distilled water. Initial denaturation was
conducted at 95°C for 10 s, followed by 40 cycles at
95°C for 5 s and at 60°C for 30 s. A dissociation
protocol was carried out after thermocycling to
determine the target speciﬁcity. The stability of six
commonly used reference genes [18S ribosomal RNA
(18s), beta-actin (actb), elongation factor 1-alpha
(ef1a), Cathepsin D (ctsd), glyceraldehyde-3-
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Table 1 Primers and related information for targeted sex-related genes of T. rubripes
Gene

Sense primer (5′→3′)

Antisense primer (5′→3′)

cyp19a

GGTGCTGGTCTCTGTGTCC

CTTTTTTTCTCCGTGTGGCTCC

126

AB330136

foxl2

TTTGAGAAGGGCAACTACAGGA

CCGTCTCCGCCAAACAA

101

XM_003968745

dmrt1

GACCAAGGAGAAGCAGAGCAA

CCCTTCAGAGGAGATACGAAACC

138

NM_001037949

sox9a

AACTCTGGGCAAACTCTGGA

GCCTCGGCTGGTACTTGTAG

122

AY277964

sox9b

GACACTGGGGAAACTCTGGA

GCCTCGGCTGGTACTTGTAG

122

AY277965

amh

AGACCGTCACTCACATCACG

ACTCTGTCCTGTTGCCAGGT

122

XM_011614744

actb

CAGGGAGAAGATGACCCAGA

CATCACCAGAGTCCATGACG

128

XM_003964421

phosphate-dehydrogenase (gapdh), and ribosomal
protein 17 (rpl17)] was evaluated using Normﬁnder
(v 0.953). The evaluation revealed that actb is the
most stable reference gene in this study (data not
shown). Hence, we selected actb as the internal
control, and the relative abundance of the target
mRNA was normalized to actb by using the 2-∆∆Ct
method. The primers for qRT-PCR are listed in
Table 1. All samples were ampliﬁed in triplicates.
2.7 Statistical analysis
All data were expressed as a mean±standard error
of the mean (SEM). Isolated and interactive eﬀects of
sex and development time in normal condition were
analyzed using Two-way ANOVA. Isolated and
interactive eﬀects of E2 concentration and development
time in XY individuals were analyzed using Two-way
ANOVA. If signiﬁcant diﬀerences were found in
factors, Tukey’s multiple range tests were used to
determine the diﬀerences between means. P was
taken as statistically signiﬁcant. Statistical analysis
was conducted using SPSS 16.0 software (SPSS Inc.,
USA).

3 RESULT
3.1 Gonadal phenotypes
At 100 dph, gonadal phenotypes of juveniles were
investigated by histological method. The ovary/testis
ratio was 16:14 in the control group, whereas all
gonads (n=30) were presented as ovaries in 10 and
100 μg/L E2 groups, no testis or intersexual gonad
was observed. Ovaries in the two E2 treatment groups
indicated that all gonads of XY juveniles were induced
into ovaries (XY ovaries) by 10 and 100 μg/L E2.
At 160, 270, and 400 dph, genetic sex of juveniles
was identiﬁed by detecting sex-associated SNP. Then,
the gonadal phenotype of each ﬁsh was examined
correspondingly. In the control group, the gonads of
XY and XX juveniles developed correspondingly into

Size (bp)

GenBank ID

testes (XY testis) and ovaries (XX ovaries) (Fig.2a–f).
In treatment groups, the gonads of XX juveniles were
also ovaries, whereas those of XY juveniles exhibited
diﬀerent phenotypes. All gonads of XY juveniles in
the 10 μg/L E2 group were presented as intersexual
gonads (XY intersexual gonads) at 160 dph (Fig.2g).
But all those intersexual gonads developed into XY
testes at 270 and 400 dph (Fig.2h, i). In the 100 μg/L
E2 group, 38% of gonads of XY juveniles remained
XY ovaries at 160 dph (Fig.2j), whereas the rest were
observed as XY intersexual gonads (Fig.2m).
Percentages of XY intersexual gonads and XY ovaries
in the 100 μg/L E2 group reached 57% and 43% at
270 dph (Fig.2k, n) and 44% and 56% at 400 dph
(Fig.2l, o), respectively. The intersexual gonads at 160
and 270 dph were identiﬁed by few oocytes in the
gonad and high expressed levels of cyp19a and dmrt1,
which were primarily detected in the ovaries and
testes, respectively (Lee et al., 2009). And the
intersexual gonads at 400 dph were identiﬁed by the
simultaneous presence of oocytes and spermatocytes.
Figure 1 showed the number of gonadal phenotypes in
the control and E2 treatment groups after E2 immersion.
3.2 Expression proﬁles of foxl2 and cyp19a genes
Similar expression proﬁles were observed between
foxl2 and cyp19a in gonads of control and E2 treatment
groups (Fig.3). In the control group, foxl2 and cyp19a
constantly presented higher mRNA levels in XX
ovaries than in XY testes (Fig.3a, c). After the
exposure, the mRNA levels of both the two genes
were signiﬁcantly diﬀerent in the XY gonads among
groups (Fig.3b, d). In the 10 μg/L E2 group, mRNA
levels of the two genes were signiﬁcantly higher in
XY ovaries than in XY testes at 100 dph. Along with
XY ovary-to-XY testis transformation in the 10 μg/L
E2 group, mRNA levels of foxl2 and cyp19a increased
in XY intersexual gonads at 160 dph but subsequently
decreased in XY testes at 270 and 400 dph. In the
100 μg/L E2 group, mRNA levels of foxl2 and cyp19a
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Fig.1 The gonadal phenotypes of tiger puﬀer in the control and E2 treatment groups after E2 immersion
XY ovary, ovary in genetic male; XY intersexual gonad, intersexual gonad in genetic male; XY testis, testis in the genetic male.

in XY ovaries also increased in comparison with
those in control XY testes at 100 dph. Though 38%–
57% of XY ovaries developed into XY intersexual
gonads in the 100 μg/L E2 group after 160 dph, mRNA
levels of foxl2 and cyp19a gradually increased in the
two types of XY gonads and yielded values
comparable to those of control XX ovaries.
3.3 Expression proﬁles of dmrt1 and amh genes
Figure 4 displayed expression proﬁles of dmrt1
and amh in gonads of control and E2 treatment groups.
In the control group (0 μg/L E2), dmrt1 and amh were
highly expressed in XY testes, and their mRNA
levels gradually increased from 100 dph to 400 dph
but were low or barely expressed in XX ovaries
(Fig.4a, c). After the exposure, the mRNA levels of
both dmrt1 and amh were signiﬁcantly diﬀerent in
the XY gonads of diﬀerent groups (Fig.4b, d). In the
10 and 100 μg/L E2 group, mRNA levels of dmrt1
and amh signiﬁcantly decreased in XY ovaries
compared with those in control XY testes at 100 dph.
The mRNA levels of these same genes remained
unchanged during development of XY ovaries in the
100 μg/L E2 group until 400 dph. In XY gonads that
reverted to testes in the 10 μg/L E2 group or developed
into intersexual gonads in the 100 μg/L E2 group,
mRNA levels of the two genes gradually increased

and yielded comparable values to those in control
XY testes after 160 dph.
3.4 Expression proﬁles of sox9a and sox9b genes
Sox9a and sox9b showed diﬀerent expression
proﬁles in gonads of control and E2 treatment groups
(Fig.5). In the control group, sox9a was abundant in
XX ovaries and XY testes, with higher mRNA levels
in XY testes (Fig.5a). By contrast, sox9b was highly
expressed in XX ovaries but barely expressed in XY
testes (Fig.5c). After the exposure, the mRNA levels
of both the two genes were signiﬁcantly diﬀerent
during the development of XY gonads (Fig.5b,
d).Treatment with 10 and 100 μg/L E2 did not aﬀect
mRNA levels of sox9a but increased those of sox9b in
XY ovaries compared with control XY testes at
100 dph. In the 10 μg/L E2 group, mRNA levels of
sox9a were unchanged in XY intersexual gonads at
160 dph but increased in XY testes at 270 and 400 dph,
whereas those of sox9b gradually decreased during
XY ovary-to-XY testis transformation. In the 100 μg/L
E2 group, mRNA levels of sox9a remained unchanged,
but those of sox9b increased during the development
of XY ovaries from 100 dph to 400 dph. In the XY
intersexual gonads of the 100 μg/L E2 group, mRNA
levels of sox9a and sox9b exhibited no changes at
160 dph but signiﬁcantly increased to 270 and 400 dph.
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Fig.2 Developmental changes in the gonads of tiger puﬀer at 160, 270, 400 dph
a, b, c. XX ovary in the control (0 μg/L E2) group at 160, 270, 400 dph, respectively; d, e, f. XY testis in the control (0 μg/L E2) group at 160, 270, 400 dph,
respectively; g. XY intersexual gonad in the 10 μg/L E2 group at 160 dph; h, i. XY testis in the 10 μg/L E2 group at 270, 400 dph, respectively; j, k, l. XY
intersexual goand in the 100 μg/L E2 group at 160, 270, 400 dph, respectively; m, n, o. XY ovary in the 100 μg/L E2 group at 160, 270, 400 dph, respectively.
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Fig.3 Expression proﬁles of foxl2 (a, b) and cyp19a (c, d) during the gonadal development of tiger puﬀer after E2 immersion
Values represent mean ±SEM (n=3). The diﬀerent superscripts represent a signiﬁcant diﬀerence of bars within each plot in a graph (P<0.05). Red bars
represent ovaries; blue bars, testes; and pink bars, intersexual gonads.

4 DISCUSSION
For most gonochoristic ﬁsh species, gonadal
diﬀerentiation is usually the results of antagonism
between genetic sex determination (GSD) and
environmental sex determination (ESD). Gonadal
diﬀerentiation is normally deﬁned by GSD, but the
process is easily aﬀected by environmental factors
(Baroiller and D’Cotta, 2001). The best example for
this phenomenon is that administration of exogenous
estrogens at the time of gonadal diﬀerentiation is able
to cover male sex determination and induce lifetime
ovarian development in male ﬁsh (Strüssmann and
Nakamura, 2002; Vizziano-Cantonnet et al., 2008). In
this study, E2 immersion during gonadal diﬀerentiation
caused ovarian development in XY tiger puﬀer as
reported in other ﬁsh species. However, most ovaries
in the XY males recovered into testes or intersexual
gonads after the immersion. The possible reason for
this phenomenon is that the method of E2 immersion
used in our present study is insuﬃcient to induce

complete feminization of genetic male tiger puﬀer.
Our results suggested that male sex determination
still had the ability to redeﬁne the fate of gonads even
through the gonads diﬀerentiated into ovaries in XY
tiger puﬀer.
The morphological recovery in the gonads of XY
tiger puﬀer after the E2 immersion is similar to the
gonadal changes in some natural sex-reversing ﬁsh
species. In those ﬁsh species, all gonads initially
diﬀerentiate into ovaries, then approximately half
ovaries in the undiﬀerentiated gonochoristic ﬁsh
species (i.e., zebraﬁsh and Labeo victorianus) and all
of them in the protogynous hermaphroditic ﬁsh
species (i.e., the genera Epinephelus and red porgy
Pagrus pagrus) transform into testes (Bhandari et al.,
2003; Maack and Segner, 2003; Kokokiris et al.,
2006; Rutaisire et al., 2008). Numerous attempts have
tried to reveal the sex determination mechanism in
zebraﬁsh, but neither sex chromosomes nor a sexdetermining gene has been identiﬁed (Tong et al.,
2010). So it is generally believed that the gonadal
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Fig.4 Expression proﬁles of dmrt1 (a, b) and amh (c, d) during the gonadal development of tiger puﬀer after E2 immersion
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diﬀerentiation in zebraﬁsh is mediated by genetic
signals from sex-related genes on the autosomes.
Correspondingly the sex-related genes in the sex
determination pathways of mammals, birds and
diﬀerentiated gonochoristic ﬁsh species also involve
in the gonad changes in protogynous hermaphroditic
ﬁsh species (Xia et al., 2007; Hu et al., 2015; Nozu et
al., 2015; Wu et al., 2017; Horiguchi et al., 2018).
Until now the sex-determining gene has been
identiﬁed in 11 vertebrate species, including tiger
puﬀer (Pan et al., 2016). But studies in mammals,
rainbow trout, and Nile tilapia have indicated that the
sex-determining gene just acts as a switch to initiate
gonadal diﬀerentiation and does not play roles in the
development of diﬀerentiated gonads (Yano et al.,
2012; Li et al., 2015; She and Yang, 2017). Thereby,
the ovary-to-testis recovery in XY tiger puﬀer after E2
immersion is most possibly controlled by the sexrelated genes in the sex determination pathways, as
studied in undiﬀerentiated gonochoristic ﬁsh species
and protogynous hermaphroditic ﬁsh species.

Dmrt1, amh, and sox9 are known as the essential
transcription factors in male sex determination
pathway in mammals, birds and diﬀerentiated
gonochoristic ﬁsh species. During normal gonadal
diﬀerentiation, they are usually highly expressed in
the male gonads and are lowly or barely in the female
gonads (Vizziano et al., 2007; Ijiri et al., 2008).
However, Studies in mice, chicken, and Nile tilapia
have indicated that overexpression of dmrt1, amh or
sox9 in the female gonads can induce varying degrees
of ovarian degeneration, and even induce complete
sex reversal (Wang et al., 2010; Kim et al., 2011;
Lambeth et al., 2014, 2016; Zhao et al., 2015). High
expression of dmrt1, amh, and sox9 were also proved
to be important for ovary-to-testis sex reversal in
zebraﬁsh and protogynous hermaphroditic ﬁsh species.
In zebraﬁsh, dmrt1 mutant causes abnormal testicular
development and eventually lost germ cell in males,
suggesting that dmrt1 is necessary for testicular
development and male germ cells maintenance in
zebraﬁsh (Webster et al., 2017). Similarly high dmrt1
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expression correlated with the proliferation of
spermatogonia in orange-spotted grouper Epinephelus
coioides and the three-spot wrasse Halichoeres
trimaculatus, as studied in tiger puﬀer (Yamaguchi et
al., 2006; Xia et al., 2007; Nozu et al., 2015). Diﬀerent
from dmrt1, amh is proved to inhibit spermatogonia
proliferation during the ovary-to-testis sex change in
zebraﬁsh, orange-spotted grouper and the black porgy
Acanthopagrus schlegelii (Skaar et al., 2011; Wu et
al., 2015, 2017). The amh-arrested spermatogonia
may suppress ovarian development by hindering
intercellular communication in the gonad (Wu et al.,
2015). As reported in tiger puﬀer, two subtypes of
sox9 (namely sox9a and sox9b) are isolated in zebraﬁsh
(Chiang et al., 2001). Sox9a is restricted to the testis of
zebraﬁsh, and it controls juvenile ovary-to-testis
transformation by enhancing the production of
extracellular matrix required for testis cord formation
and inducing follicle disassembly (Sun et al., 2013).
Sox9b is restricted to the ovary, but its function is still
not clear in zebraﬁsh. In the present, the mRNA levels

of dmrt1, amh, and sox9a were gradually increased
during the ovary-to-testis change as well as in the
development of intersexual gonads after the E2
immersion but were unchanged in the XY ovaries. The
results indicated the potential roles of dmrt1, amh, and
sox9a in the regulation of gonad sex reversal in XY
tiger puﬀer after E2 immersion. Additionally, the
mRNA levels of dmrt1 and amh were quickly increased
during the morphological changes in the gonads of XY
tiger puﬀer, suggesting that the up-regulation of dmrt1
and amh is required to initiate sex change.
Then a new question emerged: why the XY
intersexual gonads did not develop into XY testes
from the 100 μg/L E2 group as observed in the XY
gonads from the 10 μg/L E2 group? By comparing the
gene proﬁles between the two types of gonads, we
further found that the mRNA levels of foxl2, cyp19a,
and sox9b were increased during the development of
XY intersexual gonads but were decreased along with
the morphological change from XY ovary-to-XY
testis. The results imply that up-regulation of foxl2,
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cyp19a, and sox9b are associated with the development
of ovarian tissues in the intersexual gonads. Studies in
mammals indicated that foxl2 is one of the earliest
markers of ovarian determination and its primary
function is the lifetime protection of granulosa cell
from the repression of male-related genes in vertebrates
(Georges et al., 2013). Cyp19a is the most important
gene for the synthesis of estrogen, the critical hormone
for ovarian diﬀerentiation and maintenance in all most
vertebrates (Guiguen et al., 2010). Foxl2 and cyp19a
are always high expressed in the female gonads of
both gonochoristic ﬁsh species and protogynous
hermaphroditic ﬁsh species (Blázquez et al., 2008).
However, knockout of foxl2 or cyp19a are able to
cause complete sex reversal in Nile tilapia and
zebraﬁsh (Lau et al., 2016; Yang et al., 2017; Zhang et
al., 2017). Similarly, decreased expression levels of
foxl2 and cyp19a were observed during sex reversal in
the rice ﬁeld eel and the three-spot wrasse (Liu et al.,
2009; Wu et al., 2010; Hu et al., 2014). All the
researches demonstrated that suppression of foxl2 and
cyp19a expression is necessary for complete ovary-totestis recovery. Though the function of sox9b is not yet
clear in tiger puﬀer, its predominant expression in the
ovaries suggested that sox9b mainly involves in
ovarian development as foxl2 and cyp19a.
Consequently, suppression of sox9b expression is
associated with the ovarian degeneration during ovaryto-testis sex reversal in tiger puﬀer.

5 CONCLUSION
In this study, the gonads in XY tiger puﬀer were
induced to diﬀerentiate into ovaries by E2 immersion,
and ovary-to-testis recovery was initiated when the E2
immersion was halted. Our study provides a potential
way to precisely trace the molecular processes
underlying gonadal transformation from start to
ﬁnish, which is hardly carried out in natural sexreversing ﬁsh species (Tong et al., 2010). We ﬁrst
detected the expression proﬁles of six important sexrelated genes during the gonadal transformation in
XY tiger puﬀer in the present study. And the results
indicated their potential roles in regulating ovary-totestis sex reversal. But in order to further discover a
clue to the puzzle of sex reversal, future researches
should focus on the molecular mechanisms underlying
the initiation of gonadal transformation using
transcriptome sequencing or microarray analysis.
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