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sion is altered remain poorly understood. Here, we aimed to explore the role of DNA methy-
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lation in sex differentiation of zebrafish (Danio rerio) in response to elevated temperature.
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The results showed that high temperature (33°C) exposure of fish from 20 to 30 days post
fertilization (dpf), compared to normal temperature (28°C), resulted in male-biased sex ra-
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tio and decreased expression of female-related genes including cyp19a1a, sox9b and esr1.
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Meanwhile, the expressions of DNA methyltransferases dnmt3a1 and dnmt3a2, and the DNA

Sex ratio

methylation levels in sox9b and esr1 promoter were significantly increased by high tem-

Masculinization

perature, strongly implying that DNA methylation is involved in high temperature-induced

DNA methylation

masculinization of zebrafish. Co-treatment with 5-aza-2 -deoxycytidine (a DNA methylation
inhibitor) attenuated the high temperature-induced masculinizing effect, recovered the expression of esr1 and sox9b, suppressed the transcription of dnmt3a1 and dnmt3a2, and decreased the methylation of esr1 and sox9b promoter, further confirming that DNA methylation plays an important role in high temperature-induced masculinization of zebrafish.
Furthermore, the methylation of sox9b promoter decreased the enrichment of transcription
factor CREB (cAMP-responsive element binding proteins). Overall, these findings suggest
that high temperature induce masculinization of zebrafish by down-regulation of femalerelated genes via DNA methylation, providing a new insight in understanding the epigenetic
mechanism of thermal-mediated sex differentiation in fish.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Water temperature is an important environmental factor that
could affect sex differentiation and sex ratio in a number
of fish species (Adolfi et al., 2019; Luzio et al., 2016; OspinaAlvarez and Piferrer, 2008). The alteration of water temperature influences the expressions of some important sex-related

https://doi.org/10.1016/j.jes.2021.01.032
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

journal of environmental sciences 107 (2021) 160–170

genes during sex differentiation and eventually alters the sex
ratio of some fish species (Shen and Wang, 2014). However,
how these genes are affected by temperature remains unclear.
The zebrafish (Danio rerio) is a well-established teleost
model for developmental and molecular studies (Gore et al.,
2018; Martínez-Sales et al., 2015; Santos et al., 2017). There are
no obvious sex chromosomes in zebrafish and its sex differentiation is regulated by multiple sex-related genes, including
male-related (such as amh, sox9a and ar) and female-related
(such as cyp19a1a, sox9b and esr1) genes. In general, amh (antiMullerian hormone) is expressed in both sertoli and granulosa
cells of zebrafish, where it regulates the gamete proliferation
and maturation (Mullen et al., 2019). Sox9 (sex determining region Y box 9) has two copies (sox9a and sox9b) in zebrafish.
Sox9a is specifically expressed in the developing and mature
testis, whereas sox9b is involved in primordial ovarian follicles
development (Chiang et al., 2001; Rodríguez-Marí et al., 2005).
The teleost has two aromatase genes cytochrome P450 aromatase A (cyp19a1a) and B (cyp19a1b). Cyp19a1a appears to be
specifically expressed in the ovary while cyp19a1b is mainly
expressed in the brain (Yin et al., 2017), converting androgen
into estrogen and resulting in the increase of estrogen level
(Bai et al., 2016; Shaw, 2018). As for the receptors, androgen
receptor (AR) mainly promotes the development of male reproductive organs and spermatogenesis, whereas estrogen receptor 1 (ESR1) is indispensable for gonadal development and
ovarian maintenance in adult zebrafish (Ogino et al., 2018;
Yan et al., 2019). Of note, these genes could be affected by environmental factors including water temperature, ultimately affecting sex ratio (Ogino et al., 2018; Rodriguez-Mari et al., 2005).
However, the role and mechanism of DNA methylation in high
temperature-influenced gene expression are not completely
understood.
DNA methylation is one of the most important epigenetic
mechanisms that controls gene expressions (Moore et al.,
2013). Sex-specific transcription and DNA methylation profiles have revealed negative correlations between gene transcriptions and methylated promotors in zebrafish (Laing et al.,
2018). Recent studies have verified that DNA methylation
plays a vital role in sex differentiation of fish (Liu et al., 2016;
Sun et al., 2016; Yuan et al., 2020). The elevated methylation
level in cyp19a promoter down regulates its expression and
causes male-biased sex ratio under high temperature in European sea bass (Navarro-Martín et al., 2011). In addition, dnmt3a
(DNA methyltransferase 3a) is critical for sex differentiation
and sensitive to water temperature (Firmino et al., 2017).
Therefore, we hypothesized that high temperature could affect the DNA methylation and subsequently result in changes
of the expressions of sex-related genes, eventually control the
sex differentiation of zebrafish.
To test this hypothesis, zebrafish larvae (20 days-old post
fertilization, dpf) were exposed to normal temperature (28°C)
or high temperature (33°C) for 10 days (from 20 to 30 dpf)
since our previous studies have confirmed that this period is a sensitive stage for sexual differentiation in zebrafish (Yuan et al., 2020; Zhang et al., 2020), with or without 5-aza-2 -deoxycytidine (5-AZA, a DNA methyltransferase
inhibitor). Then the ratios of male to female were calculated, the expressions of male-related genes (amh, sox9a
and ar), female-related genes (cyp19a1a, sox9b and esr1) and
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DNA methyltransferase genes (dnmt3a1, dnmt3a2, dnmt3b1 and
dnmt3b2) were detected. The DNA methylation levels in sox9b
and esr1 promoters were also analyzed to explore the regulation of DNA methylation in high temperature-induced
masculinization.

1.

Materials and methods

1.1.

Animals and general rearing conditions

The fertilized eggs of zebrafish (wild-type AB strain) were obtained from the spawning adults. Zebrafish larvae were raised
in a semi-static system at 28°C with dechlorinated tap water
in a 14 hr:10 hr light-dark cycle and fed with live brine shrimp
or fresh tubificidae twice a day (Zhang et al., 2020). In order to
exclude the effect of rearing density on sex ratio, 15 fish per
liter of water were kept in the glass tanks (Ribas et al., 2017a).
This study was approved by Committee on the Ethics of Animal Experiments of School of Life Sciences in Lanzhou University.

1.2.

Experimental design

To explore the effects and the underlying mechanisms of elevated temperature on sex ratio, all fish were divided into
four groups: normal (at 28°C) with or without 5-AZA (50 μg/L,
namely 0.2 μmol/L) (Sigma-Aldrich Inc., St Louis, MO, USA),
high temperature (33°C) with or without 5-AZA for 10 days
(from 20 to 30 dpf). During the exposure periods (20 to 30
dpf), 50% of the solution in each tank was refreshed every
day. At the end of exposure (30 dpf), fish were randomly selected from each group. The head (before the operculum) and
tail (behind the anal fin) were cut off to make larval trunks
with a razor blade for sample according to previous studies
(Baumann et al., 2013; Fernandino et al., 2012). Eight larval
trunks for RNA extraction and transcripts measurement of
sex-related genes and DNA methyltransferases (dnmts). Another set of 8 fish from each group was sampled to detect the
DNA methylation level in the promoter regions of sox9b and
esr1. Similarly, another set of 8 fish from each group was used
for Chip-qPCR experiment. The rest larvae (30 samples in each
group) were separately raised at normal temperature (28°C) up
to 60 dpf (namely from 30 to 60 dpf), i.e. the end of sex differentiation period, followed by the gender identification by gonad
dissection and histological analyses. Finally, the sex ratio in
each group was calculated in Fig. 1. The experiment was repeated three times independently.

1.3.

Histological analysis

The female/male sex ratios were analyzed based on gonad dissection and histological analysis at 60 dpf. The gonadal tissue was separated and fixed in 4% paraformaldehyde (Sangon
Biotech Inc., Shanghai, China) overnight. The tissues were dehydrated with gradient alcohol solutions (Sangon Biotech Inc.,
Shanghai, China), embedded in paraffin (Solarbio Science &
Technology Co., Ltd., Beijing, China), and cut into 5-μm-thick
sections. The deparaffinized and rehydrated sections were
stained with hematoxylin and eosin (H&E) (Solarbio Science
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Fig. 1 – Schematic chart for high temperature with or without 5-AZA (50 μg/L, namely 0.2 μmol/L) exposure. Zebrafish were
exposed to normal temperature (28°C, NT) or high temperature (33°C, HT) for 10 days (from 20 to 30 dpf). For sex ratio
analysis, the sample size of 30 fish were selected from each group. Whereas, for gene expression (qRT-RCR), DNA
methylation and the binding of transcription factor (Chip-qPCR), the sampling size of 8 fish from each group were selected.
qRT-PCR: Quantitative real-time polymerase chain reaction. BSP: Bisulfite sequencing PCR. Chip-qPCR: Chromatin
immunoprecipitation. dpf: days post fertilization.

Table 1 – The primer sequences of zebrafish for qRT-PCR.

Table 2 – BSP Primer sequences.

Gene

Primer sequences

GeneBank No.

Gene

Primer sequences

Genebank No.

β-actin

F: TGTTGGCTTTGGGATTCAGG
R: TCTGGCATCACACCTTCTACAAT
F: CTCTGACCTTGATGAGCCTCATT
R: GGATGTCCCTTAAGAACTTTTGCA
F: GCTGCTCTTCTCACCAG
R: CGAGAGATGCTTCATCTG
F: CACCAACATGGCTGACAAAG
R: ATGCCCTCAACACATTCTCC
F: GCTGCTTCTACCAG
R: CGAGAGATGCTTCATCTG
F: GCTAAGTTTGGTAAAGTGCGG
R: GGATGTCCTCCTTATCATTCA
F: TAGGAAAGGCTTGTTTGAGGG
R: GCGTGAGATGTCTTTCTTGTC
F: CGTGTTGCCAAGTTCGGG
R: ATCCTCTTTGCCATTCATCA
F: CGCTACATTGCCTCTGAGA
R: GCCAGATGTTTCCTAGTGATG
F: GCCAGGCAAAGCGGATCT
R: GCGGGAGGTATTGGTCAAACT
F: CGAGAAGCGTCCGTTTGTG
R: CCGTCTGGGCTGGTATTTGTA

EF026002.1

sox9b

NM_131643.1

NM_001007779.1

esr1

F: ACGAAGTTTTCGGTGTGT
R: CATAATCTCTTAACGTAC
F: TTTTTAACGGGAGGGAGTTTC
R: CAATTTCAATACGAATACACATCGT

amh
ar
cyp19a1a
esr1
dnmt3a1
dnmt3a2
dnmt3b1
dnmt3b2
sox9a
sox9b

NM_001083123.1
NM_131154.3
NM_152959.1
NM_001018134.1
NM_001018140.2

1.6.

Bisulfite sequencing PCR (BSP)

NM_001025450.1
NM_131643.1
NM_131644.1

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from larval trunks. The mRNA was
converted into cDNA using the RT reagent Kit (Takara Biotechnology Co., Ltd., Dalian, China), followed by cDNA amplification with SYBR green master mix (Takara Biotechnology Co.,
Ltd., Dalian, China) using a CFX96 Real-Time PCR Detection
System (Bio-Rad, Hercules, USA). The relative mRNA expression was normalized to β-actin using 2−Ct method (Livak and
Schmittgen, 2001). The primer sequences used in the present
study are listed in Table 1.

1.5.

GA, USA). The DNA yield was measured with a nanodrop
spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA). BisuFlashTM DNA modification kit (Epigentek Group Inc.,
Farmingdale, NY, USA) was used for bisulfite conversion of
DNA according to previous study (Yuan et al., 2020).

NM_001020476.2

& Technology Co., Ltd., Beijing, China). The samples were observed using an Olympus BX51 microscopy imaging system
(Olympus Corp., Tokyo, Japan) (Zhou et al., 2018).

1.4.

NM_152959

Genomic DNA isolation and bisulfite treatment

Genomic DNA was extracted from larval trunks using the
total DNA/RNA isolation kit (OMEGA Bio-Tek Inc., Norcross,

The BSP primers were designed by the Methyl Primer Express
v1.0 and listed in Table 2. PCR amplifications were performed
using TaKaRa EpiTaq HS kit (Takara Biotechnology Co., Ltd.,
Dalian, China), which is carried out in a reaction mixture including 5 μL bisulfite-modified DNA, 6 μL dNTP mixture, 5 μL
10 × EpiTaq PCR buffer, 0.5 μL EpiTaq (5 U/μL), 5 μL respective
forward and reverse primer (10 mmol/L) and ddH2 O to a total
volume of 50 μL. Purified PCR products were cloned into the
pMD19-T vector (Takara Biotechnology Co., Ltd., Dalian, China)
and transformed into Escherichia coli cells. Then 10 individual
clones per sample were sequenced and the methylation levels
of CpG dinucleotide in the promoter region were evaluated.

1.7.

Chromatin immunoprecipitation (ChIP) analysis

To investigate the effects of DNA methylation of sox9b promoter on its binding with transcription factor CREB (cAMPresponsive element binding proteins), chromatin immunoprecipitation assay (ChIP-qPCR) was preformed using CREB antibody according to previous study (Migeot and Hermand, 2018).
Chromatin (150 to 200 μg) was immunoprecipitated with antibodies for CREB (MA5-11192, Invitrogen, USA) or rabbit IgG
(A7016, Beyuntian, China) using 20 μL aliquot of sample as an
input fraction. qRT-PCR was performed with ChIP DNA and input DNA. The data were normalized to IgG control. The primer
for ChIP-qPCR is listed in Table 3.
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Fig. 2 – The haematoxylineosin-eosin stain of gonadal tissue and the sex ratios with high temperature of zebrafish. (a)
Haematoxylineosin-eosin staining for zebrafish ovary; (b) Haematoxylineosin-eosin staining for zebrafish testis; (c) The sex
ratio of zebrafish with high temperature (N = 30 for each group). Experiments were repeated three times independently. ∗∗
indicates significant difference vs normal temperature (28°C, NT) at 0.01 level. # indicates significant difference between
high temperature (33°C, HT) and its combination with 5-AZA (50 μg/L, namely 0.2 μmol/L) at 0.05 level.

Table 3 – Chip-qPCR Primer sequences.
Gene

Primer sequences

Genebank No.

sox9b

F: AGTCAAATATGCGTAGTTAG
R: AAAGGGTTTCAGACAAGC

NM_131643.1

1.8.

Statistical analyses

The sex ratio was analyzed by chi-square test between control (normal temperature group) and each treatment group.
The data for gene expression and DNA methylation were presented as mean ± standard deviation (SD). All statistical analyses were done using one-way analysis of Variance (ANOVA)
and Tukey’s post-hoc test by IBM SPSS 20.0. Differences were
considered statistically significant at P < 0.05 and greatly significant at P < 0.01.

2.

Results

2.1.
High temperature induced masculinization of
zebrafish
In Fig. 2, all the individuals of zebrafish had an obvious ovary
(Fig. 2a) or testis (Fig. 2b) and no ovotestis was found at 60
dpf. At normal temperature (28°C), the proportion of males
was appropriately 50%. Exposure of zebrafish to high temperature (33°C) from 20 to 30 dpf significantly increased the proportion of males to 73% (P < 0.01) (Fig. 2c), while co-treatment
with 5-AZA reduced the male ratio (68%, P < 0.05) (Fig. 2c)
as compared to high temperature group. Notably, 5-AZA addition with normal temperature also significantly increased
the male ratio as compared to normal temperature group (P <
0.01) (Fig. 2c).

2.2.
High temperature disturbed the expression of
sex-related genes
The results for male- and female-related gene expressions
are shown in Fig. 3. High temperature significantly increased

the expression of male-related genes (P < 0.05) (Fig. 3a-c),
while significantly decreased the transcripts of female-related
genes (P < 0.05) (Fig. 3d-f) compared to normal temperature
group. The addition of 5-AZA with high temperature, compared to high temperature alone, significantly decreased the
expression of amh and ar (P < 0.05), while significantly increased the transcripts of cyp19a1a, sox9b and esr1 (P < 0.05).
Besides, the 5-AZA alone significantly decreased the expressions of amh and sox9a (P < 0.01) and increased the expression
of cyp19a1a, sox9b and esr1 (P < 0.01).

2.3.
The Dnmt3a transcripts were increased by high
temperature
5-AZA attenuated high temperature-induced masculinization
in zebrafish, implying the involvement of DNA methylation
in male-biased sex ratio by high temperature. To further
clarify the role of DNA methylation in high temperatureinduced masculinization, the dnmts expressions were detected in Fig. 4. The results showed that high temperature significantly increased the expressions of dnmt3a1 and dnmt3a2
(P < 0.05) (Fig. 4a, b), while significantly decreased the expression of dnmt3b1 (P < 0.01) (Fig. 4c). Combined treatment of high
temperature with 5-AZA reversed the changes in dnmt3a1 and
dnmt3a2 expressions compared to high temperature group (P
< 0.01). In addition, the expressions of dnmt3b1 and dnmt3b2
in 5-AZA alone treatment group were significantly decreased
when compared to normal temperature group (P < 0.05).

2.4.
The promoters of sox9b and esr1 were
hypermethylated by elevated temperature
According to the results of female-related gene expression, sox9b and esr1 were selected for the study of DNA
methylation patterns. The DNA methylation levels in sox9b
(chr3:62343318-62343367) and esr1 (chr20:26459670-26460005)
genes are shown in Fig. 5 and Fig. 6, respectively. High temperature resulted in hypermethylation of sox9b and esr1 promoters, while addition of 5-AZA attenuated this effect (Fig. 5b, c
and Fig. 6b, c). As for the specific CpG dinucleotides, high temperature caused significant increase of methylation levels at
-864 bp of sox9b promoter and at -1828, -1815 and -1760 bp of
esr1 promoter, while all these sites were demethylated under
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Fig. 3 – The relative expressions of sex-related genes including (a) amh, (b) sox9a, (c) ar, (d) cyp19a1a, (e) sox9b and (f) esr1 in
zebrafish at 28°C, 33°C with or without 5-AZA treatments. Eight fish in each group were sacrificed at 30 dpf for qRT-PCR. ∗
and ∗∗ indicate significant difference vs normal temperature (28°C, NT) at 0.05 and 0.01 level. # and ## indicate significant
difference between high temperature (33°C, HT) and its combination with 5-AZA at 0.05 and 0.01 level, respectively.

the co-treatment of high temperature and 5-AZA (Figs. 5d and
6d).

2.5.
The combination of CREB to sox9b promoter was
decreased by high temperature
The binding sites of transcription factors in sox9b promoter
were predicted by online software (http://www.genomatix.
de/). One CREB binding site was found in the CpGs of sox9b
at position -864 bp -in Fig. 7a. The CREB enrichment of sox9b
was declined in high temperature treatment group (P < 0.01)
in Fig. 7b, indicating that the methylated sites of -864 bp
impeded the binding of CREB to sox9b promoter. Combined
treatment with 5-AZA also decreased the CREB enrichment of
sox9b compared to normal temperature (P < 0.01). However,
co-treatment of 5-AZA with high temperature had no significant effect on the sox9b expression compared to high temperature alone.

3.

Discussion

As one of the most critical environmental factors, temperature can affect the sex differentiation in multiple species
and result in a skewed sex ratio (Navarro-Martín et al., 2011;
Shen and Wang, 2014). Generally, the expression patterns of

sex-related genes are involved in sex differentiation by influencing the maturation of undifferentiated gonads either into
adult-ovaries or -testis. Furthermore, DNA methylation has
been shown to play a vital role in sex differentiation of fish
(Domingos et al., 2018; Sun et al., 2016). However, the correlation between high temperature-induced skewed sex ratio
and DNA methylation of sex-related genes during early development remained elusive. Therefore, the aim of the present
study was to evaluate the effect of high temperature on sex
ratio and expression of sex-related genes in zebrafish. Furthermore, the regulatory mechanism of DNA methylation involved
in this process was explored.
Our results showed that exposure of zebrafish to high temperature during 20-30 dpf (a key period for sexual differentiation) significantly increase the male ratio compared to normal temperature, confirming that high temperature has masculinizing effect on zebrafish (Ribas et al., 2017c). Similar results have been reported in several fish species including European sea bass and Chinese Tongue Sole (Adolfi et al., 2019;
Wang et al., 2019), suggesting that high temperature-induced
masculinization is a universal phenomenon in fish.
To confirm this phenomenon at molecular level, we detected the expressions of several sex-related genes. The results showed that high temperature increased the transcripts
of male-related genes (amh, sox9a and ar) and decreased the

journal of environmental sciences 107 (2021) 160–170

165

Fig. 4 – The relative expression of dnmts (dnmt3a1, dnmt3a2, dnmt3b1, and dnmt3b2) in zebrafish by 28°C, 33°C with or
without 5-AZA treatments. Eight fish in each group were sacrificed at 30 dpf for qRT-PCR. ∗ and ∗∗ indicate significant
difference vs normal temperature (28°C, NT) at 0.05 and 0.01 level, respectively. ## indicates significant difference between
high temperature (33°C, HT) and its combination with 5-AZA at 0.01 level.

expressions of female-related genes (cyp19a1a, sox9b and esr1).
Previous studies have also reported that high temperature
could inhibit the expressions of female-related genes and ultimately resulted in male-biased sex ratio (Shen et al., 2018;
Shen and Wang, 2014). These results strongly imply that high
temperature indeed induces masculinization in zebrafish and
that the altered expression of sex-related genes is actually involved in temperature-dependent sex differentiation.
DNA methylation is an epigenetic mechanism for the regulation of gene expression and could be influenced by environmental factors including temperature (Hammond et al.,
2016; Navarro-Martín et al., 2011; Sun et al., 2016), it might
be involved in high temperature-induced masculinization in
zebrafish. As expected, in the present study, dnmt3a1 and
dnmt3a2 were up-regulated in zebrafish by high temperature treatment, which is in line with previous study on Nile
tilapia (Li et al., 2014). Our results also suggest that the downregulation of female-related genes and the up-regulation of
dnmt3a play important roles in high temperature-induced
masculinization, since there is a negative correlation exist between gene expression and DNA methylation.

Since high temperature significantly increased the expressions of dnmt3a1 and dnmt3a2, we used the DNA methyltransferase inhibitor 5-AZA to explore the involvement of DNA
methylation in high temperature-induced masculinization.
The results showed that 5-AZA suppresses the expressions
of dnmt3a1 and dnmt3a2 and reduces the high temperatureinduced male-biased ratio, suggesting that 5-AZA can counteract the temperature-induced masculinization by inhibiting DNA methylation. It further confirms our hypothesis
that DNA methylation plays a key role in high temperatureinduced masculinization. Notably, 5-AZA alone led to an increase in male ratio, which is similar to the previous reports
(Kamstra et al., 2017; Zhang et al., 2020). This might be due to
that 5-AZA could inhibit hormone secretion of granulosa cells
at physiological level (Chen and Xing, 2020). However, another
study showed that 5-AZA (75 μmol/L exposure from 0 to 2 dpf,
15 and 25 μmol/L from 0 to 6 dpf, 25 μmol/L from 20 to 30 dpf)
caused a feminization effect (Ribas et al., 2017b). The different phenomena between various studies may be due to the
differences in treatment time and concentration of 5-AZA.
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Fig. 5 – High temperature significantly altered DNA methylation levels of sox9b promoter. (a) Prediction of CpG islands in the
promoter of sox9b gene. The black areas represent the CpG islands. (b) The average DNA methylation levels in sox9b
promoter. (c) The methylation patterns of sox9b promoter. Open and filled circles denote unmethylated and methylated
positions, respectively. (d) The site-specific DNA methylation of individual CpG in sox9b promoter. M indicates the
percentage of sequences that have the cytosine at the given site methylated and U indicates the percentage of sequences
that have the cytosine at the given site unmethylated. ∗∗ indicate significant difference vs normal temperature (28°C, NT) at
0.05 and 0.01 level, respectively. ## indicates significant difference between high temperature (33°C, HT) and its combination
with 5-AZA at 0.01 level. The dotted black frame represents the significance sites.

To further explore the role of DNA methylation in high
temperature-induced alteration of female-related gene expressions, the transcripts of cyp19a1a, sox9b and esr1 were analyzed in zebrafish under high temperature and 5-AZA treatment. The results showed that 5-AZA partly recovered the reduced expression of these three genes caused by high temperature. Meanwhile, 5-AZA reduced the high temperatureincreased expression of dnmt3a (dnmt3a1 and dnmt3a2). These
results strongly support the hypothesis that the altered ex-

pression of dnmt3a is involved in the methylation of femalerelated genes by high temperature.
It is well demonstrated that DNA methylation is essential
in the epigenetic regulation of gene expression in early development of vertebrates (Meehan and Stancheva, 2001). To
investigate the underlying mechanism by which DNA methylation regulates the expressions of female-related genes, we
studied the CpG islands in the promoter regions of cyp19a1a,
sox9b and esr1 genes in zebrafish. Fortunately, CpG islands
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Fig. 6 – High temperature significantly altered DNA methylation levels of esr1 promoter. (a) Prediction of CpG islands in the
promoter of esr1 gene. The black areas represent the CpG islands. (b) The average DNA methylation levels in esr1 promoter.
(c) The methylation patterns of esr1 promoter. Open and filled circles denote unmethylated and methylated positions,
respectively. (d) The site-specific DNA methylation of individual CpG in esr1 promoter. M indicates the percentage of
sequences that have the cytosine at the given site methylated and U indicates the percentage of sequences that have the
cytosine at the given site unmethylated. ∗∗ indicate significant difference vs normal temperature (28°C, NT) at 0.05 and 0.01
level, respectively. ## indicates significant difference between high temperature (33°C, HT) and its combination with 5-AZA
at 0.01 level. The dotted black frame represents the significance sites.

were found in the region from -2000 to 0 bp in sox9b and
esr1 genes, but not in cyp19a1a, although there are CpG islands existed in the region from -74 to +215 bp in cyp19a1a
gene (Bai et al., 2016). Therefore, we further detected the
DNA methylation levels in the promoters of these two genes.
Our results showed that the methylation levels of sox9b and
esr1 promoter were elevated by high temperature, suggesting
that hypermethylation of sox9b and esr1 promoter down reg-

ulated the expression of these two genes, ultimately leading
to male-skewed sex ratio. Several other studies have also reported that high temperature could affect the methylation levels in promoters of sex-related genes in various species of fish
(Anastasiadi et al., 2018; Navarro-Martín et al., 2011). Notably,
5-AZA significantly attenuated the hypermethylation of sox9b
and esr1 promoter induced by high temperature, especially at
specific CpG sites (at -864 bp of sox9b promoter and at -1828, -
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by DNA methylation but also by some other unknown factors
as well.

4.

Conclusions

In summary, our results demonstrated that high temperature exposure during the early period of gonad differentiation
could induce masculinization of zebrafish through decreasing
the expression of female-related genes. High temperature also
increased the expression of dnmt3a and hypermethylation of
sox9b and esr1. The hypermethylation of CpG sites blocked
the binding of CREB to sox9b promoter, resulting in the decreased expression of sox9b. Thus, DNA methylation play important roles in high temperature-induced masculinization of
zebrafish. Taken together, these findings provided a new insight into the epigenetic mechanisms of sex differentiation
affected by temperature in fish.
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Fig. 7 – The effect of DNA methylated site in sox9b promoter
on the enrichment of transcription factors CREB. (a) The
location of CG sites and CREB sites in clusters of sox9b
promoter; (b) The enrichment of CREB in sox9b promoter at
-864 bp site. Eight fish samples in each group were
sacrificed at 30 dpf. ∗∗ indicates significant difference vs
normal temperature (28°C) at 0.01 level. CREB:
cAMP-responsive element binding proteins. NT: normal
temperature (28°C), HT: high temperature (33°C).
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-864 bp was analyzed by ChIP. Our results revealed that the
methylation at -864 bp (chr3:62343385) inside sox9b promoter
inhibited its binding to CREB, and subsequently decreased its
transcription under high temperature, implying that the CpG
at -864 bp is indeed important for the transcription of sox9b.
However, the decreased enrichment of CREB in the CpG island of sox9b promoter at -864 bp could not be recovered by
5-AZA, which may be due to the spatiotemporal characteristics of sox9b expression during sex differentiation, suggesting
that the binding of CREB to sox9b promoter not only interfered
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