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Abstract
The phenomenon of sex dimorphism prevails among many ﬁsh species. It has attracted the
general research interest due to its close relationship to ﬁsh growth and thus aquaculture productivity. In
Chinese tongue sole (Cynoglossus semilaevis), 17β-estradiol (E2) can be used reportedly to induce the
feminization of ﬁsh, although the detailed regulatory network remained elusive. We treated the tongue
sole fry before sex diﬀerentiation with E2 (10 and 30 μg/L) to identify potential targets of E2 in Chinese
tongue sole. The E2 treatment indeed induced genetic male ﬁsh sex-reversal to phenotypic female. Using an
iTRAQ-based comparative proteomic analysis, 409 proteins that diﬀerentially expressed after E2 induction
were identiﬁed, including 259 up-regulated and 150 down-regulated proteins. Furthermore, 19 diﬀerentially
expressed proteins identiﬁed in the comparative proteomic analysis were selected to assess their transcription
and eight of them exhibited the same tendency. Functions of the eight proteins included mainly nucleotide
and protein binding. Interestingly, a far upstream element-binding protein 3-like isoform exhibited the
signiﬁcant upregulation both at transcription and translation levels after E2 treatment. This work identiﬁed
a set of candidate proteins for E2 response and deepened our understanding of E2 regulatory mechanism.
Keyword: Cynoglossus semilaevis; 17β-estradiol; sex reversal; proteome; iTRAQ analysis

1 INTRODUCTION
Sexual dimorphism is particularly interesting in
ﬁsh aquaculture because of its close association with
ﬁsh growth and productivity. A number of ﬁsh species
display sexual dimorphism, such as bigger males in
Nile tilapia Oreochromis niloticus (Beardmore et al.,
2001) and yellow catﬁsh Pelteobagrus fulvidraco
(Wang et al., 2009), and bigger females in ﬂatﬁsh like
Bastard halibut Paralichthys olivaceus (Yoneda et al.,
2007) and Chinese tongue sole Cynoglossus
semilaevis (Chen et al., 2007). Thus, the productivity
can be signiﬁcantly enhanced by increasing the ratio
of favored sex in speciﬁc ﬁsh species.
In North China, tongue sole is particularly favored
for its taste and high meat quality. The female tongue
sole is usually 2–4 times bigger than the male, so the

increasing female ratio would beneﬁt its aquatic yield.
However, under existing aquaculture practices, male
tongue sole is present in a higher proportion due to
several reasons, e.g. genetic female sex-reversed to
phenotypic male, which greatly limits the expansion
of this industry. Improved understanding of sex
determination and diﬀerentiation may facilitate biased
production towards females.
Hormonal induction is widely used in producing
monosex or sterile populations in aquaculture. As
hormones operate on the developmental process via
* Supported by the Natural Science Foundation of Shandong Province
(No. ZR2014CQ053), the National Natural Science Foundation of China
(No. 31402293), and the Taishan Scholar Climbing Program of Shandong
Province, China
** Corresponding author: xuwt@ysfri.ac.cn

1660

J. OCEANOL. LIMNOL., 37(5), 2019

multiple regulatory pathways, unraveling the
mechanism underpinning hormone induced sex
changes could provide new perspectives for sex
control. 17β-Estradiol (E2) is one of the most
commonly used hormone to induce feminization and
is eﬀective in many ﬁsh species, including medaka
Oryzias latipes (Kobayashi and Iwamatsu, 2005),
Chinese tongue sole C. semilaevis (Zhang and Liu,
2009), bluegill sunﬁsh Lepomis macrochirus (Chen et
al., 2012), South American cichlid ﬁsh Cichlasoma
dimerus (Zhang et al., 2011), Nile tilapia O. niloticus
(Sun et al., 2015). In ﬁsh, E2 could exert its eﬀect
through several mechanisms: (I) E2 activates estradiol
receptors (ERs), which directly binds to estrogen
response element (ERE) localized upstream of the
target genes, resulting in transcriptional regulation
(Nagler et al., 2010); (II) ER interacts with other
transcription factors (TFs), such as the luteinizing
hormone β gene (Melamed et al., 2002), which then
plays a role in gene regulation; (III) E2 directly
interacts with enzymes and activates the enzymatic
functions, leading to rapid cascade reaction. For
example, G protein-coupled receptors could involve
in ﬁsh oocyte maturation in this way (Thomas, 2012).
Although E2 receptors in ﬁsh have been well
characterized (Hawkins et al., 2000; Ma et al., 2000;
Choi and Habibi, 2003; Nagler et al., 2007), the
thorough information of E2 regulatory circuit is still
not clear. The OMIC analysis is especially
advantageous in elucidating complex regulatory
pathways. Recently, the proteomic approach was
widely applied in ﬁsh to illustrate E2 regulatory
network. Ibarz et al. (2013) used 2-D dimension
electrophoresis to investigate the role of E2 on the
skin and scale formation and regeneration in gilthead
sea bream (Sparus aurata). Subsequently, DIGE was
employed for screening proteins related to sexdimorphic behavior in brown ghost knifeﬁsh
(Apteronotus leptorhynchus) after E2 treatment
(Zupanc et al., 2014). Schilling et al. (2015) analyzed
the protein expression patterns after E2 induction in
white perch Morone americana using nanoLC-MS/
MS method.
OMIC studies was initiated in tongue sole since the
deciphering of its genome in 2014 (Chen et al., 2014).
These eﬀorts lead to the understanding of
transcriptomic changes across early developmental
stages (Shao et al., 2017), epigenetic regulation of
sex-reversal (Shao et al., 2014), and the
characterization of sex determination/diﬀerentiation
related genes (Li et al., 2016; Xu et al., 2016; Cui et
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al., 2017; Zhu et al., 2017). The progress has improved
our knowledge of sex determination/diﬀerentiation
process at genomic and transcriptomic levels.
However, post-transcriptional regulation and
modiﬁcation may also play an important role in the
biological process, thus a proteomic study will
provide additional information by taking posttranscriptional and translational regulation into
consideration and thoroughly illustrating the
regulatory pathways.
In this study, we used the iTRAQ method to
compare the E2 induced and uninduced proteomics
aiming to (I) obtain the proteomic overview of tongue
sole and (II) identify the key proteins in response to
E2 induction, by which we try to enrich our knowledge
of E2 regulatory network and shed light on sex control
practice.

2 MATERIAL AND METHOD
2.1 Material
17β-estradiol (E2) was purchased from a company
(Solarbio, Beijing, China) and solubilized in ethanol
to prepare the stock solution (300 mg/L). Tongue sole
was obtained from Huanghai Base (Haiyang,
Shandong, China). Immersion method was used and
there are four experimental groups: control group,
ethanol control group (1:10 000 dilution into water
tank), E2 treated groups (concentrations were 10 and
30 μg/L, respectively). Each experimental group
contained ~200 ﬁsh and was separately kept in 60 L
water tank with an open circuit under 22–24°C. The
treatment started at 30 days post hatching (dph) and
ended at 90 dph. Fish were kept in the corresponding
solution for 2 hours (8–10 a.m.) by switching oﬀ the
water circuit and the remainder of the time in open
circulating water.
2.2 Method
2.2.1 Ethics statement
All experiments were approved by the Animal
Care and Use Committee, the Yellow Sea Fisheries
Research Institute, China. Anesthetic was applied to
reduce ﬁsh suﬀering during the experimental process.
2.2.2 Identiﬁcation of genotypic and phenotypic sex
Forty ﬁsh were picked up from each group for
sampling at 90 dph. Fins were cut and stored in
ethanol for DNA isolation. As precise gonad cannot
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be obtained in tongue sole fry, the samples have
mixed gonad, muscle, intestine and kidney, termed
gonadal mixture in the following text. The samples
were stored at -80°C for isolation of RNA and protein,
or ﬁxed in Bouins solution for paraﬃn slice
preparation and HE staining. Five ﬁsh were selected
from each group (90 dph) for weight and length
measurement. The genetic and phenotypic sex was
determined according to the established methods
(Chen et al., 2007, 2012).
2.2.3 Protein preparation, iTRAQ labeling, and LCMS/MS (liquid chromatography/tandem mass
spectrometry) analysis
After genotype identiﬁcation by sex-speciﬁc
primers, three males and three females from the
control group and 30 μg/L estradiol group at 90 dph
were picked. Protein was extracted by using a Minute
TM Detergent-Free protein extraction kit separately
(Invent Biotechnologies, MN, USA) and the
concentration of protein was determined as previously
described (Bradford, 1976). One milligram protein
was picked up from each individual and mixed for
further iTRAQ analysis, designated Ethanol Control
(EC) and Estradiol 30 μg/L (E30). iTRAQ labeling
and SCX fractionation were performed by Lianchuan
Company (Lianchuan, Hanzhou, China).
2.2.4 Diﬀerential protein
bioinformatics analysis

identiﬁcation

and

The quantitative protein ratios were weighted and
normalized by the median ratio in Mascot. Proteins
with P<0.05 and fold change over 1.2 were considered
as signiﬁcantly expressed. Gene Ontology (GO) was
performed to classify the corresponding genes (http://
www.geneontology.org) and there were three
ontologies that can represent the molecular function,
cellular component, and biological process,
respectively. The protein structure was predicted
using the SMART website (http://smart.emblheidelberg.de/).
2.2.5 qPCR and statistical analysis
Diﬀerentially expressed proteins (DEPs) identiﬁed
by iTRAQ were selected for transcription evaluation
by qPCR. Three males and three females were
included in ethanol control and 30 μg/L E2 treated
groups (90 dph). β-actin and rpl13α were used as
internal references for normalization (Supplementary
Table S1, Tang et al., 2007; Li et al., 2010). For each
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individual, the transcription level was evaluated using
the comparative CT method and the experiments were
performed in triplicates. A t-test was performed and
the signiﬁcant diﬀerence was only accepted when
P<0.05.

3 RESULT
3.1 Sex reversal of E2 induction
Among the individuals whose phenotypic sex could
be conﬁrmed, all the genetic male individuals after E2
treatment showed sex-reversal (one from 10 μg/L and
four from 30 μg/L) (Fig.1), which supported the
previous observation that E2 treatment led to an
increased ratio of phenotypic female (Zhang and Liu,
2009). The E2 treatment had no consistent or
signiﬁcant eﬀect on growth, when body length and
weight were compared between E2 treated and control
ﬁsh at 90 dph, and this is true for all experimental
groups (control: average length 4.84±0.46 cm; average
weight 0.50±0.14 g; ethanol control: average length
4.14±0.34 cm; average weight 0.40±0.07 g; 10 μg/L
E2 treated: average length 4.84±0.39 cm; average
weight 0.44±0.05 g; 30 μg/L E2 treated: average
length 4.60±0.45 cm; average weight 0.52±0.11 g).
3.2 iTRAQ-based identiﬁcation of tongue sole
proteins
The protein extract from three males and three
females was subjected to SDS-PAGE. As shown in
Supplementary Fig.S1a, no signiﬁcant diﬀerence was
observed between the EC and E30 groups. After
iTRAQ analysis, 2 168 proteins were identiﬁed using
the tongue sole genome data as a reference
(Supplementary Fig.S1b, Supplementary Table S2).
Based on the molecular weight, the proteins
distributed between 20–60 kDa accounted for ~50%
of the total protein. It was also worth noting that
protein over 100 kDa accounted for about 20% of the
total protein (Supplementary Fig.S1c). Using diﬀerent
GO annotation strategies, the proteins were clustered
according to three categories: molecular function,
cellular component or biological process, and the top
10 subcategories were listed (Fig.2).
3.3 Diﬀerentially expressed proteins (DEPs) after
E2 treatment
Among the total 2 168 identiﬁed proteins, 409
proteins were identiﬁed as diﬀerentially expressed
proteins (DEPs) after E2 treatment, including 259
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Fig.1 Gonadal slides of genetic male (a–e) and female (f) tongue sole at 90 days post hatching (dph)
a. genetic male from control group; b. genetic male from 10 μg/L estradiol treated group; c–e. genetic male from 30 μg/L estradiol treated group; f. genetic
female form control group. SG: spermatogonium; OG: oogonium; OC: oocyte; OCA: ovarian cavity.

upregulated and 150 downregulated ones. In the
upregulated group, the relative proteins abundance of
the E2-treated sample ranged from 1.20 to 6.31 fold
of the control sample; In the down-regulated group,
proteins abundance in the E2-treated sample were
from 0.28 to 0.83 fold of the control sample
(Supplementary Table S3).

3.4 Transcriptional analysis of DEPs
Nineteen DEPs were further selected for
transcriptional analysis after exclusion of the muscle
related proteins. Eleven of the 19 genes were excluded
from the study due to the low transcriptional abundance
or large individual ﬂuctuation. As shown in Table 1
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Fig.2 GO annotation of the total protein obtained from the gonads of control and estradiol treated tongue sole
Table 1 The eight diﬀerentially expressed proteins (DEPs) conﬁrmed by qPCR.
iTRAQ
Group ID

Accession
number

Protein name

Protein fold mRNA fold
change* change/P-Value

Molecular function

531

XP_008329426.1

Nucleolin

2.40

1.40/0.07

Nucleotide binding; RNA binding

1480

XP_008328707.1

U1 small nuclear ribonucleoprotein 70 kDa

1.75

1.10/0/34

Nucleotide binding; RNA binding

1199

XP_008326410.1

Histone H1-like

1.70

1.61/0.21

DNA binding

863

XP_008334659.1

Far upstream element-binding
protein 3-like isoform X1

1.57

2.41/0.0003

DNA binding; RNA binding

982

XP_008332547.1

Ubiquitin-conjugating enzyme E2 variant 2

0.77

0.40/0.07

Acid-amino acid ligase activity

1070

XP_008329114.1

Ectonucleotide pyrophosphatase/
phosphodiesterase family member 2-like

0.73

0.71/0.18

Nucleic acid binding; calcium ion
binding; polysaccharide binding;

1417

XP_008322192.1

Hormone-sensitive lipase

0.70

0.53/0.05

Hormone-sensitive lipase
activity; protein binding

609

XP_008311419.1

High mobility group nucleosome-binding
domain-containing protein 3

0.61

0.65/0.08

DNA binding

*: for protein fold change, P<0.05.

and Fig.3a, the other eight DEPs exhibited the same
variation tendency in protein level. However, a
signiﬁcant diﬀerence was observed only in the far
upstream element-binding protein 3-like isoform X1
(iTRAQ group ID, 863). To check whether the large
ﬂuctuation arises from a mixture of male and female
samples, the transcription levels were further compared
by separating male and female samples (Fig.3b). We
found some targets displayed the sex-biased
transcription, such as female-biased expression of
histone H1-like (1199). In general, the variation trends
in male and female individuals after E2 induction are
consistent in most targets except for nucleolin (531)

and U1 small nuclear ribonucleoprotein (1480) that
displayed increased expression in the female but vice
versa in the male. When these targets were checked
separately in male or female individuals displayed less
individual variations (signiﬁcant diﬀerence in targets
531, and 863) than the male ones (signiﬁcant diﬀerence
in target 863 only).

4 DISCUSSION
The genome decoding and gene editing
breakthrough promoted the study of sex determination
and diﬀerentiation mechanism in tongue sole (Chen
et al., 2014; Cui et al., 2017). However, most studies
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a. Transcription patterns of DEPs
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Fig.3 Transcription analyses of eight DEPs in mixed samples (a) and diﬀerent sex (b)
Asterisk indicates signiﬁcant diﬀerence (P<0.05).

focused on genomic and transcription levels, the
proteomic study was rare. In this work, 2 168 proteins
were identiﬁed by iTRAQ analysis, accounting for
~10% of the total 21 516 annotated genes (Chen et al.,
2014), and 409 were diﬀerentially expressed after E2
induction
(Supplementary
Table
S2
and
Supplementary Table S3, sheet 1). According to the
typical motif 5′-GGTCAnnnTGACC-3′ of Estrogen
Response Element (ERE) (Hall et al., 2001; Yaşar et
al., 2016), seven candidates were found after screening
the 409 DEPs (Supplementary Table S3, sheet 2).
Despite all these motifs were located inside the coding
sequences, the four and a half LIM domains proteins
still attracted our interest because its motif was
localized in the ﬁrst exon, but whether this protein
could act as an ERE protein requires further study.
A large part of the identiﬁed proteins was related to
muscle composition. This may attribute to sampling
process because the gonad of fry is not fully developed
and the isolated samples were indeed a mixture of
gonad and muscle. Therefore, we have re-selected the

DEPs for further qPCR conﬁrmation according to the
following criteria: (1) exclusion of the muscle related
proteins, such as actin, keratin. Although they might
also respond to E2 induction, we focused on
unraveling the gonadal proteomics in this study, so
these muscle related proteins were not considered; (2)
inclusion of more chromosomes. As in tongue sole,
we have observed that gene related to sex
determination and diﬀerentiation may accumulate in
the same chromosome, for example, male-beneﬁcial
genes are enriched in the Z chromosome (Chen et al.,
2014; Shao et al., 2014), and we propose these genes
might exhibit the same tendency upon E2 treatment.
Because of this, the inclusion of genes from diﬀerent
chromosomes would be better to avoid the probable
‘chromosome-biased’ eﬀect and provide an all-sided
overview to judge the eﬀect of E2 treatment. Based
on these rules, 19 DEPs were picked for transcription
analysis (Supplementary Table S4).
Additional to the sampling limitation as indicated
in the Materials and Methods section, the large
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standard deviation may be caused by sex-biased
transcription. When the male and female samples
were separated for analysis, the results were improved,
e.g. 531 (Fig.3). It is worth noting that the responses
among female individuals seem to be more consistent
than in the male. Indeed, a similar phenomenon exists
during the vaccination process in human, where sexbiased responses were observed (Klein et al., 2015).
However, this phenomenon needs to be conﬁrmed in
further study, and we might perform androgen
treatment and compare the responses between
diﬀerent sexes.
Zhang and Liu (2009) proposed that E2 treatment
could lead to sex-reversal of tongue sole by comparing
phenotypic sex ratio among diﬀerent groups, while
the genetic sex was not determined due to lack of
molecular marker. Using the same experimental
procedure and combining genetic sex identiﬁcation
method, we have conﬁrmed that E2 treatment can per
se induce the feminization of tongue sole in this study.
Among the DEPs with top change fold, we found the
proteins that were previously reported to involve in
E2 induction process (Nagler et al., 2010), e.g.
vitellogenin and vitellogenin-2 with 6.3 and 3.6 times
boost after E2 treatment, although their mRNA levels
exhibited large individual deviation (Supplementary
Table S4). This individual deviation of VTG is also
observed in other ﬁsh, such as fathead minnows,
European ﬂounder, and zebra ﬁnch, either under a
natural condition or upon E2 treatment (George,
2004; Han et al., 2009; Feswick et al., 2017).
In order to identify new partners during E2
induction network, the function of the eight DEPs
was analyzed from bioinformatics level. These DEPs
include two enzymes, amino acid ligase, and hormonesensitive lipase, and six proteins involved either in
DNA binding or RNA binding (Table 1). Regarding
the versatile regulatory strategy of E2 in teleost
(reviewed in Pinto et al., 2014), it is not surprising
that these proteins were identiﬁed. Based on the
previous reports, we classiﬁed the DEPs into three
groups, e.g. E2 responsive, a speciﬁc function
(development, sex diﬀerentiation, immunity and so
on), and general function.
For E2 responsive elements, it is reported that
hormone-sensitive lipase can respond to multiple
hormones in human and ﬁsh, including E2, insulin,
and growth hormone (Palin et al., 2003;
Khieokhajonkhet et al., 2016; Sun et al., 2017).
Another interesting ﬁnding is that the histone H1-like
protein could be up-regulated by E2 treatment in
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tongue sole. In fact, a similar study was conducted in
fathead minnows (Pimephales promelas), where the
treatment of 17α-ethinylestradiol resulted in downregulation of four histone proteins. The E2 inﬂuence
on histone level suggests a possible link between
hormone and epigenetic regulation (Martyniuk et al.,
2010).
Ubiquitin-conjugating enzyme E2 variant 2 is a
key enzyme in ubiquitination pathway and its
involvement in spermatogenesis was reported in
shrimp, ﬁsh, and mouse (Baarends et al., 1999;
Leelatanawit et al., 2009; Hu and Chen, 2013). In this
study, the downregulation of this enzyme after E2
treatment seemed to further support that it was a
‘male-beneﬁcial element’. For ectonucleotide
pyrophosphatase/phosphodiesterase, it functions
during embryonic and neural development and widely
reported to various human disease (reviewed by
Cholia et al., 2015), and a recent study in zebraﬁsh
also supported its important role in early
embryogenesis (Frisca et al., 2016). It is worthy of
further investigation why E2 treatment could aﬀect
this ‘early stage’ protein, which might provide clues
for its new functional exploitation. For U1 small
nuclear ribonucleoprotein 70 kDa (snRNP70), it is a
component of the nuclear ribonucleoprotein complex,
which acts on splicing of precursor mRNA. The
cleavage of snRNP70 was proposed to facilitate the
apoptosis process (Casciola et al., 1994; Tewari et al.,
1995). As gonadal cell after E2 treatment did exhibit
some apoptosis-like patterns (data not shown), we
postulate that snRNP70 might be a promising
candidate to link E2 and apoptosis.
Other DEPs seemed to function at a more general
or basic level, including nucleolin, high mobility
group
nucleosome-binding
domain-containing
protein 3 (HMGN3), and far upstream elementbinding protein. Nucleolin is a multifunctional protein
participating in ribosome biogenesis, chromatin
organization, DNA/RNA RNA metabolism (Jia et al.,
2017). HMG proteins represent a superfamily that
could bind to DNA and nucleosomes. They play
important roles in chromatin conﬁrmation, DNA
repair, transcription and loss of function is closely
associated with numerous disease (West et al., 2001;
Hock et al., 2007). As the only candidate signiﬁcantly
up-regulated (1.57 fold) by E2, far upstream elementbinding protein also increased to 1.79 fold after E2
treatment in human microvascular endothelium
(TIME) cell line (Felty, 2010). However, this protein
also participates in many biological processes,
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including transcription, mRNA stability, and
translation (Zhang and Chen, 2012). Thus, the detailed
roles of these three proteins during E2 induction is to
be determined by further investigation.

5 CONCLUSION
In this study, we found E2 treatment could induce
sex-reversal of genetic male tongue sole to phenotypic
female. The iTRAQ-based analysis was performed
and 409 diﬀerentially expressed proteins (DEPs) were
identiﬁed after E2 induction, including 259 upregulated and 150 down-regulated proteins.
Furthermore, among 19 randomly selected DEPs,
eight of them exhibited a similar transcript tendency
and the functions of the eight proteins included mainly
the nucleotide binding. Interestingly, a far upstream
element-binding protein 3-like isoform displayed
signiﬁcant upregulation at both transcription and
translation levels upon E2 induction. This work would
facilitate our understanding of E2 regulatory
mechanism from protein level.
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