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Abstract Temperature-dependent sex determination (TSD) is a type of environmental sex determination in which the
sex of the embryos depends on the ambient temperature; however, the molecular mechanisms governing this process
remain unknown. Aromatase, encoded by the cyp19a1 gene, which converts androgens into estrogens in animals,
was considered to be the key gene for TSD. In this study, the 5'-flanking region of the cyp19a1 gene in Reeves’ turtle
(Mauremys reevesii) was cloned, and the promoter region was identified using the luciferase reporter assay. Then the
eggs of Reeves’ turtle were incubated at different temperatures (26°C: male-biased temperature; 29°C: non-sex-biased
temperature and 32°C: female-biased temperature). During the thermosensitive period, the adrenal kidney gonad
complexes (AKG) were sampled. DNA methylation analysis of the AKG samples showed that the promoter region
of the cyp19a1 gene was significantly de-methylated in the female-biased temperature regime (P<0.01). Quantitative
analysis of the cyp19a1 gene and estrogen by qPCR and Elisa assay showed that the expression level of the cyp19a1
gene and estrogen content were both upregulated significantly at the female-biased temperature (P<0.01). These
results indicated that the de-methylation response of the cyp19a1 gene to incubation temperature, especially at the
female-biased temperature, could lead to temperature-specific expression of aromatase and increased estrogen levels,
which may further determine gonadal development in Reeves’ turtle. These findings provide insights into the genetic
mechanisms underlying TSD.
Keywords Reeves’ turtle, Mauremys reevesii, temperature-dependent sex determination (TSD), cyp19a1 gene,
methylation

1. Introduction
Sex determination mechanisms in vertebrates are typically
divided into genotypic sex determination (GSD) and
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environmental sex determination (ESD). In GSD, gonadal
sex is determined by heritable genetic elements at the
moment of fertilization, whereas in ESD, gonadal sex is
determined by environmental factors after fertilization.
Temperature-dependent sex determination (TSD) is the
main form of ESD (He et al., 2009; Du and Sun, 2012).
The gender of individuals in species exhibiting TSD
depends on the ambient temperature during embryonic
incubation. In the middle one-third of embryonic
development, environmental temperature irreversibly
determines gonadal sex; this critical period of incubation
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is known as the thermosensitive period (TSP) (Bull,
1980). However, the molecular mechanisms governing
this process remain unknown.
TSD is most common in fish and reptiles; currently, a
number of relevant genes regulating sex determination
in TSD have been found. In general, these genes can
be divided into testicular-determining genes, including
DMRT1, Sox9 and SF-1, and ovarian-determining
genes, including FOXL2 and cyp19a1 (Shoemaker et
al., 2007). Aromatase, the product of the cyp19a1 gene,
is a steroidogenic enzyme that irreversibly converts
androgens into estrogens, and therefore plays a central
role in ovarian development (Simpson et al., 1994). In
fish and reptiles, masculinization induced by temperature
is related to the inhibition of expression of cyp19a1.
Exposure to female-biased temperatures is accompanied
by gonadal cyp19a1 upregulation, whereas exposure to
male-producing temperatures is accompanied by cyp19a1
suppression (Ospina-Álvarez and Piferrer, 2008; Caruso
et al., 2015). These findings indicate that temperature can
regulate transcription of the cyp19a1 gene, causing the
previously undifferentiated gonads to develop into ovaries
or testes.
It is well established that epigenetic mechanisms can
allow an organism to respond to environmental changes,
and integrate environmental and genetic information to
produce a particular phenotype (Jaenisch and Bird, 2003;
Piferrer, 2013). In particular, DNA methylation, which
often occurs in promoter or regulatory regions, is capable
of inhibiting gene transcription to adjust the function of
genes (Razin and Riggs, 1980). For example, a femalebiased temperature during the TSP has been found to
cause demethylation at the promoter region of cyp19a1,
and result in the temperature-specific expression of
aromatase in red-eared slider turtles (Trachemys scripta
elegans) and alligators (Alligator mississippiensis)
(Matsumoto et al., 2013; Parrott et al., 2013). It is
speculated that methylation may be one of the important
regulatory mechanisms in TSD. Therefore, further
investigation of the response of the cyp19a1 gene to
ambient temperatures in various organisms is important in
understanding the regulation of TSD.
In China, Reeves’ Turtle (Mauremys reevesii) is
one of the common Chelonia species (Hou, 1985), and
belongs to TSD Ia, in which there is a male bias at low
temperatures and a female bias at high temperatures (Li,
2002). In this study, the 5'-flanking region of the cyp19a1
gene in Reeves’ Turtle was cloned, and the promoter
region was identified using the luciferase reporter assay.
DNA methylation variation in the cyp19a1 gene promoter
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region, the expression level of the cyp19a1 gene, and the
estrogen content in gonadal samples during the TSP were
investigated. These data provide insights into the genetic
mechanisms underlying TSD, and may expand our current
understanding of the gene regulatory pathways operating
during vertebrate sex determination.

2. Materials and Methods
Ethics statement All research involving animals was
performed under approval from the Animal Ethics
Committee at the Guangdong Institute of Applied
Biological Resources.
Sample collection Reeves’ turtle eggs, freshly laid and
with fertilization spots, were collected from Guangdong
LVCA Industry Co., Ltd. (Guangzhou Guangdong,
China). The eggs were randomly allocated into plastic
containers filled with moist vermiculite (Du et al., 2007).
Containers were placed into 3 homothermal incubators
(Shanghai JingHong Laboratory Instrument Co. Ltd.,
China) set at 32°C (female-biased temperature), 29°C
(non-sex-biased temperature) or 26°C (male-biased
temperature) respectively (Li, 2002). The temperature
inside the incubators was monitored daily using
thermistor probes (Deli Group Co. Ltd., Ningbo City,
China).
According to the standardized staging criteria, based
on morphological features of the turtle embryo (Tan et al.,
2001; Greenbaum, 2002; Yang et al., 2011), Reeves’ turtle
embryos were monitored for developmental stage by
dissection of 2–3 eggs each day. Because gonadal tissues
had not clearly differentiated, the adrenal kidney gonad
(AKG) complex was sampled until embryos developed
to stage 16, at which point the embryonic gonads were
responsive to ambient temperature (Matsumoto et al.,
2014).
Thirty AKG complexes from each temperature regime
were sampled, and were snap-frozen in liquid nitrogen,
then stored at –80°C prior to further analysis. The rest of
the eggs were allowed to hatch. The gender of hatchlings
was established based on the sexual dimorphism of the
gonads. All efforts were made to minimize suffering of
the animals during the procedures.
Cloning and sequence analysis of the 5'-flanking
region of the cyp19a1 gene Genomic DNA, isolated
from the tail of a Reeves’ turtle, was used to clone the
5'-flanking region of the cyp19a1 gene. By homology
analysis of species related to the Reeves’ turtle, including
Chelonia mydas, Trachemys scripta elegans and
Chrysemys picta, a set of homologous primers were

No. 3

Wenxiu RU et al.

Cyp19a1 Methylation on TSD

used to clone the 5'-flanking region of the cyp19a1
gene of the Reeves’ turtle. The primer sequences were:
5FR-F: 5'-AGATAACAGTATCTGCCTCC-3', 5FR-R:
5'-AAGATAGTTTGCCTGGGTC-3'. The PCR conditions
were: 5 min at 95°C, followed by 34 cycles of 30 s at
95°C, 30 s at 59°C, 105 s at 72°C and a final extension
of 10 min at 72°C.The amplification products were gel
purified and cloned into pGEM-T (Takara, Dalian, China)
for sequencing.
Promoter activity analysis by luciferase reporter assay
The transcriptional start site and transcription factorbinding sites of the 5'-flanking region of the cyp19a1 gene
were predicted using Promoter 2.0 and the TRANSFAC
6.0 database (Si et al., 2016). Based on the predictions,
the putative promoter region (PPR) of the cyp19a1 gene
was PCR amplified. The primer sequences were: PPRF:5'-gcgtgctagcccgggctcgagCAGCAAGGAACCCTTC
TC-3', PPR-R:5'-cagtaccggaatgccaagcttCATCACTTCTG
GCACCAC-3'. The PCR conditions were: 5 min at 95°C,
followed by 34 cycles of 30 s at 95°C, 30 s at 55°C, 75 s
at 72°C and a final extension of 10 min at 72°C.
After gel purification, the plasmid of pGL3-PPR was
constructed using a ClonExpress II One Step Cloning Kit
(Vazyme, Nanjing, China) by recombining the PPR DNA
fragment into the pGL3-basic vector. Then the plasmid of
pGL3-PPR was used to analyse promoter activity using
the luciferase reporter assay.
The pGL3-PPR and PRL-TK plasmids were
collectively transfected into HEK 293T cells, in a ratio
of 25:1. The pGL3-basic empty plasmid was used as a
negative control and cells with no plasmids were used
as a blank control. All transfections were carried out in
triplicate. After transfection, the cells were harvested
at a 90% degree of convergence, and a microporous
luminescence analyzer was used to detect promoter
activity (Oshima et al., 2006).
DNA methylation measurement of the cyp19a1
promoter by bisulfite sequencing The genomic DNA
of 10 AKG complexes sampled from each incubation
temperature was isolated using a Rapid Animal Genomic
DNA Isolation Kit (Sangon Biotech, Shanghai, China),
and the DNA from each incubation temperature was
pooled together to construct a sequencing library. DNA
samples were sodium bisulfite-modified using the MagDNA Modification Kit (Sangon Biotech, Shanghai,
China) following the manufacturer’s instructions.
Using the online software Methprimer, we predicted
CpG sites in the region of the promoter between –352 and
–3 bp [relative to the position of putative transcription
start site (TSS) counted as +1].
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The sequencing primers were F: 5'-TAGAAATTTGGT
ATTTTGTTTGGAG-3', R: 5'-TTTCAAAATACTAAAA
CACCTTTAATC-3'. The PCR conditions were: 4 min at
98°C, followed by 20 cycles of 45 sec at 94°C, then 45
sec from 66°C, taking readings at 0.5°C decrements to
56°C, 1 min at 72°C, and a final extension of 10 min at
72°C. The PCR products were gel purified, and cloned
into the pGEM-T Vector. A total of 30 clones per library
were sequenced (Si et al., 2016).
Gene expression analyses of the cyp19a1 gene by
quantitative RT-PCR Three AKG complexes from
each incubation temperature were pooled together as a
biological repetition, and three biological repetitions from
each incubation temperature were used to test the gene
expression of the cyp19a1 gene.
Total RNA was isolated from the samples using
RNAiso reagent (TaKaRa, Dalian, China). The purity
and concentration of the RNAs were checked by
UV spectrophotometry and the RNAs’ integrity was
checked by electrophoresis in a 1% agarose gel. Reverse
transcription was performed with a PrimeScript™RT
reagent Kit (TaKaRa, Dalian, China), following the
manufacturer’s instructions.
Quantitative RT-PCR It was performed with an Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa
Clare, CA) using an SYBR Premix Ex Taq™II Kit
(Takara, Dalian, China). The protein phosphatase 1γ
(PP1) was used as the endogenous reference (Ramsey
et al., 2007). The primer sequences were: cyp19a1-F:
5'-ATCATTCTGAACATTGGACG-3', cyp19a1-R:5'TGGCTGAAAGTAGCGAGA-3'; PP1-F:5'-CAGC
AGACCCTGAGAACTTCTTCCTGCTG-3', PP1-R:
5'-GCGCCTCTTGCACTCATCAT-3'.
A total volume of 12.5 μl contained 6.25 μl of 2×
SYBR Premix Ex Taq, 1 μl of diluted cDNA and 0.5 μl
of each primer, with RNase-free water to 12.5 μl, and
the qPCR conditions were as follows: 95°C for 30s,
followed by 40 cycles at 95°C for 5 s and 60°C for 1
min. A dissociation curve was performed at 95°C for 1
min, 55°C for 30 s, taking readings at 0.5°C increments
until reaching 95°C for 1 min, to test for nonspecific
amplification. Each sample was run in triplicate. Dates
for each qPCR plate were automatically assigned by
the MXPRO software (Agilent), and the relative gene
expression was calculated using the 2−ΔΔCt method (Bieser
and Wibbels, 2014).
Determination of estrogen levels by ELISA assay
Three AKG complexes from each incubation temperature
were pooled together as a biological repetition, and three
biological repetitions from each incubation temperature
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were used to test the estrogen content. The samples were
homogenized with 0.01 mol/L PBS (Pieau et al., 1982).
Then the sample homogenates were centrifuged to obtain
the supernatant. Estrogen (E2) levels were measured
using an enzyme-linked immunosorbent assay (FishELISA KIT, Shanghai Enzyme-linked Biotechnology Co.,
Ltd., Shanghai, China), according to the manufacturer’s
protocol. The optical density (OD) was determined using
a PerkinElmer VICTOR3 (PerkinElmer, Waltham, MA) at
a wavelength of 450 nm.
Statistical analysis Chi-Square tests were used to
determine the influence of the incubation temperature
on the sex ratios and methylation status modification
of the cyp19a1 promoter. One-way ANOVA tests were
used to analyze significant differences in the cyp19a1
promoter activity, gene expression, and estrogen content,
using SPSS 13.0 (SPSS, Chicago, IL). To identify
correlations between the DNA methylation treatment,
gene expression, and estrogen content, Spearman tests
were performed using SPSS 13.0. A P-value of less than
0.05 was considered to be statistically significant.

3. Results
Promoter activity found in –777 to +77 bp of the
cyp19a1 gene A total 1624 bp of the 5'-flanking region
of the cyp19a1 gene was successfully PCR amplified.
The putative transcription start site and TATA box was
predicted at 14 bp and 155 bp upstream of the translation
start codon (ATG). Several sex determination-related
transcription factor binding sites were also predicted,
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including the steroidogenic factor 1 (Sf1), fork head
domain factors (Fox), SRY-like HMG box (Sox) and
Wilm’s tumor-associated gene (WT1), and they were
found to be intensively distributed in the –777 to +77 bp
of the 5'-flanking region (putative promoter region, PPR)
(Figure 1A). The luciferase reporter assay showed that
the PPR displayed high promoter activity (P<0.01, oneway ANOVA) (Figure 1B), confirming that this region
contained a promoter.
Hatchling sex was significantly affected by incubation
temperatures in Reeves’ turtle The hatching
results showed that a total of 78, 51 and 59 eggs
were successfully hatched at 26°C, 29°C, and 32°C,
respectively. Thirty hatchlings from each incubation
temperature were randomly selected for sex identification.
The female ratio was 3.3%, 36.6% and 100% for the
26°C, 29°C and 32°C groups, respectively (Figure 2),
suggesting that the incubation temperature significantly
affects hatchling sex in Reeves’ turtle (P<0.01).
DNA methylation levels of the cyp19a1 promoter are
influenced by incubation temperature There are three
CpG sites in the cyp19a1 promoter region, respectively
located at –73 bp, –193 bp and –326 bp relative to the
TSS (Figure 1A). The methylation patterns of the three
CpG sites were evaluated by bisulfite sequencing. The
results showed that the overall percentages of DNA
methylation were 87.8%, 85.6% and 71.1% at 26°C,
29°C and 32°C, respectively. The Chi square test showed
that the DNA methylation at 32°C was significantly
lower compared to the 26°C (P<0.01) and 29°C (P<0.05)
groups (Figure 3A). The DNA methylation in each CpG

Figure 1 The sequence analysis and promoter activity validation of the putative promoter region (–777 to +77) in the cyp19a1 gene. (A)
CpG dinucleotides are shown in red font. Putative binding sites for relative transcription factors (TFBs) are indicated in colored boxes.
The translation initiation codon ‘‘ATG’’ is highlighted in bold and the putative transcription start site (TSS, +1) is indicated with an arrow.
The primer pairs used for DNA methylation analysis are underlined. (B) HEK293T cells were transfected with pGL3-PPR promoter and
pGL3-basic control vectors. Values are indicated as mean + SEM. Double asterisk denotes a highly significant difference (P<0.01, one-way
ANOVA).
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site also experienced a downward trend with increasing
incubation temperature, in which the –193 site was most
changed (Figure 3B).
Expression of cyp19a1 and estrogen content depend
on the incubation temperature Quantitative RTPCR showed that expression of the cyp19a1 gene was
upregulated as the incubation temperature increased, and
the expression level at 32°C was significantly higher than
at 26°C or 29°C (P<0.01) (Figure 4A).
Estrogen levels were 63.39 ng/L, 74.56 ng/L and
89.02 ng/L in the AKG complexes at 26°C, 29°C and
32°C, respectively, and statistical analysis showed that
the estrogen content was significantly different between
incubation temperatures (Figure 4B).
DNA methylation level of the cyp19a1 promoter,
expression of cyp19a1 and the estrogen content were
correlated with the sex ratio changes caused by
incubation temperatures The CpG methylation level
of the cyp19a1 promoter showed a significant negative
relationship with gene expression (P<0.01) (Figure 5A).
There was a significant positive relationship between
cyp19a1 expression and estrogen content at different
incubation temperatures (P<0.01) (Figure 5B), and a
significant positive relationship between estrogen content
and sex ratios (P<0.01) (Figure 5C).

4. Discussion

Figure 2 The effects of different incubation temperatures on sexual
development in Reeves' turtles (A) The ovarium and oviduct of
female hatchlings. (B) The spermary of male hatchlings. (C) The
effects of different incubation temperatures on sex ratio in Reeves'
turtles. Double asterisk indicates a highly significant difference
(P<0.01).

Accumulating evidence indicates that the sexual
differentiation of gonads is controlled by epigenetic
regulation of the sex-related genes (Piferrer, 2013). For
example, the sex of European sea bass is controlled by
both environmental and genetic factors (Vandeputte et
al., 2007). Males of the European sea bass have double
the DNA methylation levels of females in the cyp19a1
promoter, while temperature-induced masculinization
is also associated with the methylation level of the
cyp19a1 gene promoter region, with an observed inverse
relationship between methylation levels and gene
expression (Navarro-Martín et al., 2011). In the red-eared
slider turtle, a species with TSD, exposure of embryos
to female-producing temperatures leads to a decrease
in DNA methylation at the aromatase promoter region,
which corresponds to the expression of the aromatase
gene increasing during gonad development. However,
whether the epigenetic regulation of the sex-related
genes serves as a conservative regulation pattern in sex
determination, especially in TSD animals, needs more
experimental verification.
In this study, the promoter region of the cyp19a1 gene
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Figure 3 The effect of temperature on DNA methylation level of the cyp19a1 promoter. (A) DNA methylation patterns of the cyp19a1
promoter at different incubation temperatures. Each line represents one clone (30 clones/temperature) and the column numbers indicate CpG
positions relative to the transcription starting site. Open and closed circles denote unmethylated and methylated CpG sites, respectively. (B)
The percentage of DNA methylation at each CpG site at different incubation temperatures. Asterisk indicates a significant difference (P<0.05).

Figure 4 Relative expression of the cyp19a1 gene and estrogen
in the AKG complexes at different incubation temperatures. (A)
Quantitative RT-PCR results for the cyp19a1 gene at different
temperatures. (B) Quantitative analysis of estrogen content in
the AKG complexes using ELISA. Values are shown as mean
± standard error. Double asterisk indicates a highly significant
difference (P<0.01).

in Reeves’ turtle was identified, and bisulfite sequencing
showed that a high incubation temperature led to demethylation in the promoter region. There was also a
significant correlation between de-methylation and the
increased gene expression of cyp19a1.
The results are consistent with research on the
European sea bass and the red-eared slider turtle (NavarroMartín et al., 2011), indicating that de-methylation at
the promoter region of cyp19a1 gene is responsible
for a high expression of cyp19a1 at female-biased
temperatures. Consistent with the function of cyp19a1,
the increased gene expression of cyp19a1 correlates with
an increased estrogen content. Sex steroid hormones have
been proved to be the trigger for sex determination in
turtles (Crews, 1996). Endogenous estrogen can block
gonadal masculinization of slider turtle (Trachemys
scripta elegans) eggs incubated at a male-producing
temperature, providing evidence that estrogen is capable
of overriding the effect of incubation temperature during
the TSP (Crews et al., 1991). In addition, administration
of estrogen to the gonads of sea turtles incubated at maleproducing temperatures resulted in up-regulation of
FoxL2 and aromatase and down-regulation of testicular
factor Sox9, indicating that estrogen has a feedback
effect on sex-related gene expression during gonad
development (Díaz-Hernández et al., 2015). Our results
showed that AKG estrogen content depends on the
incubation temperature of the eggs during the TSP, and
correlates with the sex ratios in Reeves’ turtle. Therefore,
we hypothesized that variation in methylation levels of
cyp19a1 gene induced by temperature, leading to changes
in cyp19a1 gene expression levels and estrogen content,
may be a vital regulation mechanism for TSD in Reeves’
turtles.
In this study, we also predicted several transcription
factor binding sites (TFBSs) related to sex determination
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on the 5'-flanking region of the cyp19a1 gene sequence.
For example, in vitro studies show that either SF-1 or
FoxL2 can enhance the expression of the cyp19a1 gene,
but simultaneous co-transfection of SF-1 and FoxL2 with
the cyp19a1 promoter constructs have an additive effect
on gene expression (Nakamoto et al., 2007; Wang et al.,
2007). The transcription factor Dmrt1 can directly repress
cyp19a1 gene transcription and estrogen production in the
gonads of tilapia (Wang et al., 2010). It is worth noting
that the CpG site at –163 bp, near the FOX binding site,
showed significantly lower methylation at high incubation
temperatures, similar to the observations for red-eared
slider turtles, suggesting that a low methylation level may
allow FoxL2 to bind to this site at high temperatures,
contributing to transcriptional activation of cyp19a1
(Navarro-Martín et al., 2011). However, further research
is needed to support this speculation.
Taken together, the data obtained from assays carried
out on AKG tissues demonstrate that the de-methylation
response of the cyp19a1 gene to incubation temperature,
especially at female-biased temperatures, could lead
to the temperature-specific expression of aromatase
and estrogen, which may further determine gonadal
development in Reeves’ turtles.
Acknowledgements We thank Jiangbo Yang for his
help during the experiments for this study. This study
was supported financially by the National Natural
Science Foundation of China (Nos. 31401053 and
31471966), Guangdong Provincial Natural Science
Foundation of China (No. 2015A030313903), GDAS
Special Project of Science and Technology Development
(2017GDASCX-0107), and the Funds for Environment
Construction and Capacity Building of GDAS’ Research
Platform (2016GDASPT-0107).

References

Figure 5 Correlation between the DNA methylation level of the
cyp19a1 promoter, expression of cyp19a1, estrogen content and
sex ratio. (A) The correlation between the DNA methylation of
the cyp19a1 promoter and the expression of cyp19a1. (B) The
correlation of cyp19a1 relative expression and estrogen content
under different temperature treatments. (C) The correlation
of estrogen levels and female hatchling ratios under different
temperature treatments. Double asterisks and single asterisk indicate
significant differences at P<0.01 and P<0.05, respectively.

Bieser K. L, Wibbels T. 2014. Chronology, Magnitude and
Duration of Expression of Putative Sex-Determining/
Differentiation Genes in a Turtle with Temperature-Dependent
Sex Determination. Sex Dev, 8: 364–375
Bull J. 1980. Sex determination in reptiles. Q Rev Biol, 55: 3–21
Caruso C. C., Breton T. S., Berlinsky D. L. 2015. The effects of
temperature on ovarian aromatase (cyp19a1a) expression and
sex differentiation in summer flounder (Paralichthys dentatus).
Fish Physiol Biochem, 42: 795–805
Crews D. 1996. Temperature-dependent sex determination: the
interplay of steroid hormones and temperature. Zool Sci, 13:
1–13
Crews D., Bull J. J., Wibbels T. 1991. Estrogen and sex reversal in
turtles: a dose-dependent phenomenon. Gen Comp Endocr, 81:

220

Asian Herpetological Research

357–364
Díaz-Hernández V., Marmolejo-Valencia A., Merchant-Larios
H. 2015. Exogenous estradiol alters gonadal growth and timing
of temperature sex determination in gonads of sea turtle. Dev
biol, 408: 79–89
Du W. G., Hu L. J., Lu J. L., Zhu L. J. 2007. Effects of incubation
temperature on embryonic development rate, sex ratio and
post-hatching growth in the Chinese three-keeled pond turtle,
Chinemys reevesii. Aquaculture, 272: 747–753
Du W. G., Sun B. J. 2012.The phenomenon and mechanism of
temperature-dependent sex determination in reptiles. Bull Biol,
47: 1–5 (In Chinese with English abstract)
Greenbaum E. 2002. A standardized series of embryonic stages for
the emydid turtle Trachemys scripta. Can J Zool, 80: 1350–1370
He B., Shi H. T., Liao G. Q. 2009. Temperature-dependent sex
determination in turtles. Chinese J Zool, 5: 147–152 (In Chinese
with English abstract)
Hou L. 1985. Sex determination by temperature for incubation in
Chinemys reevesii. Acta Herpetol Sin, 4: 130
Jaenisch R., Bird A. 2003. Epigenetic regulation of gene expression:
how the genome integrates intrinsic and environmental signals.
Nat genet, 33: 245–254
Li S. 2002. Study on the temperature-dependent sexual
differentiation in turtle (Chinemys reevesii). Thesis, Hunan
Normal University, China (In Chinese with English abstract)
Matsumoto Y., Buemio A., Chu R., Vafaee M., Crews D. 2013.
Epigenetic control of gonadal aromatase cyp19a1 in temperaturedependent sex determination of red-eared slider turtles. PLoS
One, 8: e63599
Matsumoto Y., Hannigan B., Crews D. 2014. Embryonic PCB
exposure alters phenotypic, genetic, and epigenetic profiles
in turtle sex determination, a biomarker of environmental
contaminatio. Endocrinology, 155(11): 4168–4177
Nakamoto M., Wang D. S., Suzuki A., Matsuda M., Nagahama
Y., Shibata N. 2007. Dax1 suppresses P450arom expression in
medaka ovarian follicles. Mol Reprod Dev, 74: 1239–1246
Navarro-Martín L., Viñas J., Ribas L., Díaz N., Gutiérrez A.,
Di Croce L., Piferrer F. 2011. DNA methylation of the gonadal
aromatase (cyp19a) promoter is involved in temperaturedependent sex ratio shifts in the European sea bass. PLoS Genet,
7: e1002447
Oshima Y., Kato T., Wang D., Murakami T , Matsuda Y.,
Nagahama Y., Nakamura M. 2006. Promoter activity and
chromosomal location of the Rana rugosa P450 aromatase
(CYP19) gene. Zool Sci, 23: 79–85
Ospina-Álvarez N., Piferrer F. 2008. Temperature-dependent sex
determination in fish revisited: Prevalence, a single sex ratio
response pattern, and possible effects of climate change. PLoS
One, 3: e2837
Parrott B. B., Kohno S., Cloy-McCoy J. A., Guillette L. J. 2013.
Differential Incubation Temperatures Result in Dimorphic DNA
Methylation Patterning of the SOX9 and Aromatase Promoters

Vol. 8

in Gonads of Alligator (Alligator mississippiensis) Embryos.
Biol of Reprod, 90: 1–11
Pieau C., Mignot T. M., Dorizzi M., Guichard A. 1982. Gonadal
steroid levels in the turtle Emys orbicularis L.: A preliminary
study in embryos, hatchlings, and young as a function of the
incubation temperature of eggs. Gen Comp Endocr, 47: 392–398
Piferrer F. 2013. Epigenetics of sex determination and
gonadogenesis. Dev Dynam, 242: 360–370
Ramsey M., Shoemaker C., Crews D. 2007. Gonadal expression
of Sf1 and aromatase during sex determination in the red-eared
slider turtle (Trachemys scripta), a reptile with temperaturedependent sex determination. Differentiation, 75: 978–991
Razin A., Riggs A. D. 1980. DNA methylation and gene function.
Science, 210: 604–610
Shoemaker C. M., Queen J., Crews D. 2007. Response of
candidate sex-determining genes to changes in temperature
reveals their involvement in the molecular network underlying
temperature-dependent sex determination. Mol Endocrinol, 21:
2750–2763
Si Y., Ding Y., He F., Wen H., Li J., Zhao J., Huang Z. 2016.
DNA methylation level of cyp19a1a and Foxl2 gene related
to their expression patterns and reproduction traits during
ovary development stages of Japanese flounder (Paralichthys
olivaceus). Gene, 575: 321–330
Simpson E. R., Mahendroo M. S., Means G. D., Kilgore
M . W. , H i n s h e l w o o d M . M . , G r a h a m - L o re n c e S . ,
A m a r n e h B . , I t o Y. , F i s h e r C . R . , M i c h a e l M . D .
1994. Aromatase Cytochrome P450, The Enzyme Responsible
for Estrogen Biosynthesis. Endocr rev, 15: 342–355
Tan L. J., Liu J., Chen S. Q. 2001. The study of embryonic
development in turtle(Chinemys reevesii). Acta Hydrobiol Sin, 6:
605–612 (In Chinese with English abstract)
Vandeputte M., Dupont-Nivet M., Chavanne H., Chatain B.
2007. A polygenic hypothesis for sex determination in the
European sea bass Dicentrarchus labrax. Genetics, 176: 1049–
1057
Yang Z. B. 2011. Observation on the morphology of embryonic
development of Chinese Striped-neck Turtle, Mauremys sinensis.
J Anhui Agr Sci, 33: 20501–20505 (In Chinese with English
abstract).
Wang D. S., Kobayashi T., Zhou L. Y., Paul-Prasanth B., Ijiri S.,
Sakai F., Okubo K., Morohashi K., Nagahama Y. 2007. Foxl2
up-regulates aromatase gene transcription in a female-specific
manner by binding to the promoter as well as interacting with
ad4 binding protein/steroidogenic factor 1. Mol Endocrinol, 21:
712–725
Wang D. S., Zhou L. Y., Kobayashi T., Matsuda M., Shibata Y.,
Sakai F., Nagahama Y. 2010. Doublesex- and Mab-3-related
transcription factor-1 repression of aromatase transcription,
a possible mechanism favoring the male pathway in tilapia.
Endocrinology, 151: 1331–1340

