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In the red-eared slider turtle, Trachemys scripta, gonadal sex is determined by the 

incubation temperature during the mid-trimester of development; temperature effects can 

be overridden by exogenous ligands if they are administered during the temperature-

sensitive period of development. How the physical signal of temperature is transduced 

into a biological signal that ultimately results in determining gonad sex is not known. My 

thesis research focuses on five candidate sex determining genes: cyp19a1 (aromatase), 

Forkhead box protein L2, R-spondin1, Doublesex mab3-related transcription factor 1, 

and Sex-determining Region on Y chromosome-box 9. The first three genes are markers of 

ovarian differentiation while the latter two genes are markers of testicular differentiation. 

 

Both in ovo (egg) and in vitro (gonadal explants) studies were conducted. 

Chapters 1 and 2 examine how exogenous steroid ligands interact with candidate genes as 

the gonads differentiate into testes or ovaries. Topical application of testosterone with 
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aromatase inhibitor to eggs incubating at the female-producing temperature (31 ºC; FPT) 

suppresses expression of ovarian markers while increasing expression of testicular 

markers. Administration of 17β-estradiol (E2) to eggs incubating at a male-producing 

temperature (26 ºC; MPT) increases expression of ovarian markers while testicular 

markers are suppressed. This suggests that exogenous ligands modify gonadal trajectory 

by re-directing (suppression and activation) the expression of candidate genes. Chapter 3 

identifies the gonad-specific promoter and the temperature-dependent DNA methylation 

signatures of the aromatase gene during gonadal differentiation. DNA methylation of the 

aromatase promoter is lowest at FPT relative to MPT. Exogenous E2 and certain 

polychlorinated biphenyls retain typical methylation patterns observed at MPT (Chapter 

4). This suggests that despite the ability of exogenous ligands to alter the transcriptional 

profiles and gonad phenotypes, the MPT set the temperature typical epigenetic marks 

first at the beginning of TSP. Recruitment of modified histone proteins, H3K4me3 and 

H3K27me3, at the aromatase promoter is FPT-specific during gonad determination. 

Temperature shift experiments suggest a lack of histone enrichment is due to MPT cue, 

but is not reversible by FPT. Preliminary analysis of modified histones by Next-

generation sequencing shows high duplication levels across samples, leaving room for 

technical improvement in future study.  
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Chapter 1:  Introduction 

 

Sex determination is a developmental process that, in vertebrates, is typically 

divided into two major types; genotypic sex determination (GSD) systems and 

environmental sex determination (ESD) systems. In organisms with GSD, gonadal sex is 

determined at the moment of fertilization by heritable genetic elements whereas in 

organisms with ESD, when and how gonadal sex is determined depends on factors 

derived from the physical and biotic environment (Berta et al., 1990; Bull and Vogt, 

1981; Mittwoch, 1971). Although remarkable variation in sex determining systems exists 

among taxa, genetic analysis reveals that seemingly very different processes are, in fact, 

fundamentally similar to one another in underlying genetic pathways (Shoemaker and 

Crews, 2009). Therefore, sex determination systems observed among taxa can be thought 

as one evolutionarily conserved network regulated by taxa-specific upstream triggers 

(Crews and Bull, 2009). In this chapter, we discuss how the physical environment is 

transduced into a biological signal that ultimately results in sex determination during 

development.  

 

TEMPERATURE-DEPENDENT SEX DETERMINATION IN A CONTEXT OF ‘ECO-DEVO’  

Ecological developmental biology (“eco-devo”) is the study of development in the 

context of the physical environment in which embryos develop (Gilbert and Epel, 2009; 

Sultan, 2007). The physical environment often dictates gene expression and cellular 

signaling during development, producing a distinct (or a range of) phenotype(s). This 

process, known as a phenotypic plasticity, has been recognized for decades, but has 

recently been extended into molecular explanations (Gilbert, 2001; Sultan, 2007). 



 2 

Temperature-dependent sex determination (TSD) is a prime example of phenotypic 

plasticity in that incubation temperature of the egg causes bipotential gonads to develop 

either into a testis or an ovary. TSD is widely observed in reptiles including all 

crocodilians, some lizards, and many turtles (Bull, 1981). In the red-eared slider turtle 

(Trachemys scripta), gonadal sex is determined by the incubation temperature of the eggs 

during the mid-trimester of development, known as the temperature-sensitive period 

(TSP) (Fig. 1). Eggs incubated at 26 ˚C become males (= male-producing temperature or 

MPT) while eggs incubated at 31 ˚C become females (= female-producing temperature or 

FPT) (Fig. 1). At the intermediate temperature of 29.2 ˚C (= threshold temperature) a 

50:50 sex ratio is produced (Wibbels et al., 1991). It is important to note that the range of 

temperature between all-male and all-female clutches is less than 1 ºC (Crews and 

Bergeron, 1994). In this regard, the ecological and evolutionary impact of temperature 

change by a local temperature shift and global warming is immediately apparent 

(Hoffmann and Sgrò, 2011). The local temperature during the egg lying season is highly 

correlated with hatching sex ratio in some turtle species (Janzen, 1994). Therefore, a 

slight change in temperature drastically skews sex ratio, leading to the potential local 

population crash. A central and a long-term goal of TSD research is how the temperature 

is transduced into a biological signal that ultimately results in the differentiation of the 

gonadal primordium into a particular gonad phenotype. Ultimately then, TSD presents a 

model system to understand molecular mechanisms underlying fundamental biological- 

and ecological-problems such as the loss of biodiversity, taxa-specific population decline, 

and the action of environmental contaminants during development.  
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Endocrine disrupting chemicals and sex determination 

Embryos are also susceptible to diverse natural and synthetic compounds that 

mimic or antagonize the action of endogenous steroids (e.g., PCBs, chlorinated pesticides 

such as DDT, dioxins, and plasticizers), collectively known as endocrine disrupting 

chemicals (EDCs). A continuing problem facing researchers in the field of endocrine 

disruption is identifying suitable wild species models that span the organismal to 

molecular levels for study. The slider turtle has shown to be an exemplary model for 

studying the effects of EDCs, singly, in mixtures, and in low dosages. For example, PCBs 

usually exist as mixtures (e.g., Aroclor 1242 or A1242) in the environment and little is 

known about the role of their individual components. Individual compounds alone 

required at least 200 µg/egg to cause sex reversal in red-eared slider; however, a 

combination of compounds synergistically induced ovarian development at a dose of 10 

µg/egg or less than 1 ppm (Bergeron et al., 1994). Exogenous estradiol (E2) produces 

similar results at much lower doses, equivalent to .04 ppm (Wibbels et al., 1991).  

 

Several studies indicate that some EDCs may exert their effects via interfering 

with steroidogenic enzyme pathways. For example, Majdic et al. (1997) found that the 

xenobiotic octylphenol alters Sf1 expression in rats (Majdic et al., 1997). Sf1 is 

responsible for the regulation of aromatase expression and it exhibits temperature-

mediated gonad-typical expression in the slider turtle (Fleming and Crews, 2001). 

Compounds that affect Sf1 activity could also affect downstream processes, such as 

aromatase activity. Subsequent work indicated that trans-nonachlor, chlordane, and p,p'-

DDE in mixtures completely reversed sex against ambient temperature in slider turtles 

(Willingham and Crews, 2000). Taken together, these results suggest that the effects of 

EDCs during embryonic development extend beyond birth, likely altering the 



 4 

neuroendocrine axis throughout the affected individual’s life. Recent scientific tools 

enable us to investigate beyond gonad determination (ovary vs. testis phenotype) or 

circulating steroid levels as endpoints to examine the gene networks that underlie these 

phenotypes.  

 

Temperature vs. sex steroid hormones  

In the red-eared slider, exogenous ligands such as sex steroid hormones and 

steroid metabolism enzyme inhibitors can override the temperature effect if applied 

during the TSP (Crews and Bergeron, 1994). For example, treating eggs incubating at a 

MPT with estradiol (E2) or 5-alpha reductase inhibitors induces ovarian development 

whereas treating eggs incubating at a FPT with testosterone (T) along with aromatase 

inhibitor (AI) induces testicular development (Bull, 1981; Bull and Vogt, 1981; Crews et 

al., 1996; Wibbels et al., 1991). While this seems to indicate that endogenous sex steroid 

hormones may play a role in sex determination, this remains controversial since blocking 

endogenous hormones by antagonists does not affect the hatching gonad phenotype 

significantly (Wibbels et al., 1991) and up-regulation of aromatase gene expression at 

FPT does not occur until the mid-way of the temperature sensitive window at which the 

temperature-specific gonad differentiation has been initiated (Ramsey et al., 2007). 

Further, the interplay of temperature and a dosage of exogenous ligands are worth to 

note; the closer an egg is to the incubation temperature of a specific sex, a lower dosage 

of exogenous ligands is required to override the sex. For example, a lower dosage of 

estrogen is required to produce all female hatchlings at the threshold temperature of 29.2 

˚C (the temperature that results in a 50:50 sex ratio) than at the all male producing 

temperature of 26.0 ˚C (Wibbels et al., 1991).  
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These observations lead to the assumption that a signaling cascade induced by 

temperature are somewhat overlapping with the one induced by exogenous ligands. Our 

preliminary results show that administration of exogenous ligands, however, produces 

gonads whose shape differs from those induced by temperature. For example, ovaries that 

develop in embryos incubating at 31 ˚C (an all female producing temperature) are large 

and thick whereas ovaries in embryos incubating at 26 ˚C (an all male producing 

temperature) treated with exogenous E2 are small in size and the oviducts not fully 

detached from the underlying mesonephric tissues (Fig. 2A). Histological analysis reveals 

that E2-induced ovaries have small medullary and cortical compartments with less 

evidence of primordial germ cells (Fig. 2C). Similarly, testicular development can be 

induced by administration of aromatase inhibitor plus testosterone (AI+T) to eggs 

incubating at FPT, but they have a slightly elongated formation, a typical characteristics 

of ovarian development at this temperature (Fig. 2B). Both testes, induced by AI+T at 

FPT and a control vehicle at MPT exhibit a vascularization accompanied with a 

degeneration of oviducts and a formation of testicular tubules (Fig. 2D). Thus, the gross 

morphology of the gonad appears to retain its characteristic structure induced by 

temperature, while the internal cellular differentiation follows that of the ligand. Overall, 

exogenous ligands seem to interfere with the temperature effect in some way, rather than 

simply overriding the sex determining pathway induced by temperature. 

 

CANDIDATE SEX DETERMINING GENES IN TSD 

Accumulating evidence suggests that the trajectory of gonadal development is 

mediated through the expression of functionally related gene networks underlying the sex 

determination pathway. Several genes (or gene networks) involved in genotypic sex 
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determination system also exhibit gonad-typical expression patterns in response to 

temperature in the red-eared slider turtles. For example, genes involved in ovarian 

differentiation in mammals such as Forkhead box protein L2 (FoxL2) and R-spondin1 

(Rspo1) are highly expressed at FPT and expressed at low level at MPT in slider gonads 

during TSP (Smith et al., 2008; Shoemaker et al., 2007b) (Fig. 3A,B). Aromatase, a gene 

encoding the enzyme that catalyzes the conversion from androgens to estrogens, is also 

up-regulated at FPT and down-regulated at MPT in the embryonic gonads (Ramsey and 

Crews, 2007) (Fig. 3C). Genes for two transcription factors, Sex-determining region on Y 

chromosome-box 9 (Sox9), a direct downstream target of Sex-determining region Y 

(SRY) in mammals, and Doublesex mab3- related transcription factor 1 (Dmrt1), the 

upstream testicular determining factor linked to the sex chromosomes in chicken and 

medaka, are upregulated at MPT and downregulated at FPT in embryonic gonads 

(Shoemaker et al., 2007a) (Fig. 3D,E). At the onset of the TSP these candidate sex 

determining genes begin to exhibit differential expression patterns between FPT and 

MPT, suggesting that the transcription of these genes are critical in sex determination and 

closely regulated by temperature. Remarkably, if taken during the TSP, embryonic 

gonads cultured in vitro are also capable of responding to surrounding temperature with 

sex-typical gene expression and appropriate gonadal differentiation, suggesting the 

capability of isolated embryonic gonads to sense surrounding temperature and regulate 

gene expression (Moreno-Mendoza et al., 2001; Shoemaker-Daly et al., 2010).  

 

Studies in both mammalian and non-mammalian species show that ovarian-

typical markers (FoxL2, Rspo1 and aromatase) and testicular-typical markers (Sox9 and 

Dmrt1) are often expressed in mutually exclusive ways in gonads (Lei et al., 2009; 

Shoemaker et al., 2007a; 2007b; Uhlenhaut et al., 2009). It is assumed that the 
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suppressive and active transcriptional regulation of the candidate sex determining genes 

directly reflects their complementary outcomes of the gonadal differentiation (namely 

ovarian vs. testicular phenotypes). In this chapter, we focus on two of the candidate sex 

determining genes, FoxL2 and Dmrt1, potentially the most upstream factors in formation 

of the ovary and testis, respectively in the red-eared slider. We hypothesize that the 

transcriptional regulation of these genes in gonads is critical to understand the genetic 

cascade underlying TSD. 

 

FoxL2 as a regulator in development of the ovary in mammalian and non-
mammalian species  

Unlike testicular determination (see below), the genetic cascade of ovarian 

determination is not fully established in both mammalian and non-mammalian species. 

However, the evidence suggests that ovarian differentiation in mammals is preceded by at 

least two independent pathways in the absence of SRY: Rspo1/β-catenin pathway and 

FoxL2 transcription factor (Kocer et al., 2008). Knocking out either of these factors in 

mammalian embryos results in dysgenesis or premature ovarian failure rather than a 

complete sex reversal, suggesting that both two pathways compensate for each other in 

the normal activation of ovarian differentiation while suppressing testicular 

differentiation (Chassot et al., 2008; Crisponi et al., 2001; Ottolenghi et al., 2007; Uda, 

2004). A recent report shows that a conditional ablation of FoxL2 by itself is sufficient to 

re-program the ovarian cells to differentiate into testicular cells in adult mice (Uhlenhaut 

et al., 2009). This latter finding suggests that FOXL2 is an independent master regulator, 

at least in adult ovaries, and responsible for the maintenance and probably induction of 

ovarian development.  
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In both mammals and non-mammalian species FoxL2 is one of the earliest 

ovarian signals in gonadal differentiation (Hudson et al., 2005; Loffler et al., 2003; 

Shoemaker et al., 2007b). The spatial and temporal expression of FoxL2 coincides with 

the expression of aromatase in developing ovaries (Govoroun et al., 2004). Further study 

shows that FoxL2 directly interacts with aromatase promoter, up-regulating the 

transcription both in vivo and in vitro in Tilapia gonads (Wang et al., 2007). Finally, the 

treatment of chicken embryos with AI results in a reduction of FoxL2 expression, 

suggesting that a metabolite of aromatase, estrogen may have a direct positive feedback 

regulation of FoxL2 expression, or indirect feedback regulation through suppressing 

testicular markers such as Sox9 or Dmrt1 (Hudson et al., 2005). The involvement of 

FoxL2 in the process of steroidogenesis indicates that FoxL2 plays a role in manifesting 

ovarian differentiation through increasing in E2 production. The anti-testis nature of 

FoxL2 has been also suggested. In the adult ovary of the mouse, FOXL2 suppresses Sox9 

transcription by cooperatively binding with estrogen receptor to the regulatory region of 

Sox9 (Uhlenhaut et al., 2009). Further, FOXL2 silences the expression of another 

testicular marker, Dmrt1 gene by binding on the distal regulatory region in mouse in vitro 

system (Lei et al., 2009). In the red-eared slider, FoxL2 exhibits temperature-typical 

expression pattern during the early period of the TSP when the gonad types is determined 

with higher expression occurring at a FPT than at a MPT (Shoemaker et al., 2007b). 

Whether FoxL2 is a dominant regulator for ovarian development in slider is not known, 

however, suppressive and active regulation of candidate sex-determining genes by FoxL2 

suggests that FoxL2 may be a critical molecule to balance ovarian and testicular 

development.  
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Dmrt1 as a regulator in development of the testis in non-mammalian species  

Dmrt1 is the most upstream known-factor involved in testis determination on the 

sex chromosomes in non-mammalians such as chicken and medaka (Kobayashi et al., 

2004; Nanda et al., 1999; Smith et al., 2009). Dmrt1 is highly conserved among species, 

and the gene and protein expression are consistently observed in developing embryonic 

testis (Moniot et al., 2000; Raymond, 2000; Shoemaker et al., 2007a). Recent study 

shows that knockdown of Dmrt1 in chicken embryos leads the genetically male gonads to 

the feminization, exhibiting ovarian histology and upregulation of ovarian markers, 

aromatase and FoxL2 (Smith et al., 2009). This research strongly supports the hypothesis 

that Dmrt1 as a testis-determining gene linked to Z-chromosome in chicken. 

Interestingly, the genetic position of Dmrt1 and Sox9 in sex determining pathway differs 

among species. In mammals, Dmrt1 is not expressed until Sox9 manifests its expression 

to initiate testicular determination (Raymond, 2000). In some non-mammalian species, 

Dmrt1 exhibits high expression in early sex determination, while Sox9 does not exhibit a 

gonad-typical expression until sex differentiation is initiated (Western et al., 1999). 

Dmrt1 knockdown in chicken embryos leads to the down-regulation of Sox9, further 

suggesting that Dmrt1 is positioned at the upstream of Sox9 in non-mammalian testis 

determination and differentiation (Smith et al., 2009). In the red-eared slider, Dmrt1 is 

one of the earliest genes that exhibits sexually dimorphic expression pattern in the 

developing gonad between a MPT and FPT (Shoemaker et al., 2007a). However, the 

regulation of Dmrt1 gene expression by temperature and its role in the sex determining 

pathway has not been investigated in TSD model system.  
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Temperature or hormone regulation of FoxL2 and Dmrt1 expression in the red-
eared slider turtle  

The overriding effect of exogenous ligands on gonadal sex determination in the 

red-eared slider suggests that sex steroid hormones have a functional interaction with 

candidate sex determining genes. Several studies have investigated the regulation of 

candidate sex determining genes by steroid hormones and steroid metabolism enzyme 

inhibitors. The treatment of the eggs with AI in female ZW chicken embryos exhibits 

upregulation of testicular marker genes, Dmrt1 and Sox9 (Smith et al., 2003). Further, the 

treatment of eggs with E2 lowers the expression of Sox9 in the red-eared slider embryos 

during the TSP (Barske and Capel, 2010). Together these studies suggest that exogenous 

ligands may modify the gonadal trajectory by interacting with the candidate sex 

determining genes. To test this in the red-eared slider system, we examined the effect of 

exogenous estrogen or aromatase inhibitor and testosterone on the expression of 

candidate sex determining genes, specifically FoxL2 and Dmrt1.  

 

Eggs were topically treated with estrogen at a MPT, or aromatase inhibitor and 

testosterone at a FPT, at the beginning of the TSP (embryonic stage 16) and the mRNA 

expression in the embryonic gonad were measured by quantitative real-time Polymerase 

Chain Reaction (qPCR). The dosages of the exogenous ligands used are reported to 

override the temperature effect, producing approximately 100% gonad phenotype 

according to the manipulation at hatching (Wibbels et al., 1991). The differential 

expression of FoxL2 between the two temperatures is noticeable at stage 19, a midway in 

the TSP (Fig. 4A). At the FPT expression of FoxL2 peaks at stage 23 and begins to 

decrease until hatching, whereas at the MPT the FoxL2 expression remains at a low level. 

When eggs incubating at the FPT are treated with both aromatase inhibitor and 
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testosterone, the expression of FoxL2 decreases as early as stage 17, and remains at the 

low level throughout the rest of development (Fig. 4A). Treating eggs incubating at a 

MPT with estrogen reverses the pattern of FoxL2 expression and rapidly increases the 

level (Fig. 4A). In agreement with previous studies, the expression of Dmrt1 is dimorphic 

between the MPT and the FPT at the beginning of TSP (see Fig. 3 and 4B). Embryos 

incubating at the FPT respond to aromatase inhibitor and testosterone treatment with a 

rapid increase in Dmrt1 expression that remains at a high level (Fig. 4B). In the 

complementary experiment, treatment of eggs with estrogen incubating at MPT causes a 

decrease in Dmrt1 gene expression, remaining low throughout the development (Fig. 4B). 

The expression pattern of FoxL2 and Dmrt1 induced by exogenous ligands exhibit a 

similarity in transcriptional activation and suppression profiles induced by temperature. It 

suggests that the overriding effect of exogenous ligands on gonad phenotypes is resulting 

from the reversed expression pattern of candidate sex determining genes. Whether FoxL2 

and Dmrt1 are the primary targets of the exogenous ligands remains unknown. However, 

their rapid transcriptional response to exogenous ligands indicates the close regulatory 

relationship between these genes and steroid hormones.  

 

EPIGENETICS AND ENVIRONMENTAL GENE REGULATION 

The environment influences the expression of genes during development, often 

altering cell signaling and differentiation. This response contributes to phenotypic 

variation and population divergence, eventually leading to the evolutional consequences. 

Epigenetics is a study of the mechanisms involved in the regulation of gene activity 

without altering a given genomic sequence. Most recent work of epigenetics has focused 

on the molecular mechanisms underlying developmental plasticity and is rapidly growing 
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in the field of ecological developmental biology. The environmental agents during 

development, such as maternal care, diet or alcohol consumption, and environmental 

factors often change the epigenetic status such as histone modifications or DNA 

methylation in regulatory regions of the genes in developing embryos (Charron et al., 

2010; Kaminen-Ahola et al., 2010; Waterland and Jirtle, 2003; Weaver et al., 2004). 

Recent studies show that FoxL2 acts as a mediator of cellular responses to the 

environmental change. FoxL2 promoter activity and mRNA level are increased by 

environmental change such as oxidative stress and heat shock in vitro along with an 

increased recruitment of FOXL2 to stress-response promoters (Benayoun et al., 2008; 

Moumné et al., 2008). The transcription of FoxL2 in response to the environmental 

change is positively enhanced by FOXL2 autoregulatory loop, and the transcription 

suppression seems to be achieved by the activation of SIRT1 deacetylase that in turn 

suppress FoxL2 expression (Benayoun et al., 2008). Epigenetic mechanisms are also 

known to be associated with mammalian sex determination during development. For 

example, special and temporal expression of Sry in mouse gonads is correlated with DNA 

methylation status in the regulatory region (Nishino et al., 2004). Further, the interaction 

of human SRY protein with histone acetyltransferase and histone deacetyltransferase 

alters SRY nuclear localization, leading to the appropriate special and temporal activity 

in testicular development (Thevenet et al., 2004). The epigenetic role in sex 

determination has just begun to be explored in both mammalian and non-mammalian 

species; however, epigenetic mechanisms such as DNA methylation and histone 

modifications may contribute to the activation and suppression profiles of sex-

determining gene expression observed in TSD system. 

 



 13 

CONCLUSION 

This chapter has focused on the role of temperature and exogenous ligands in the 

regulation of candidate sex-determining gene expression in the red-eared slider. Our 

results show that temperature and exogenous ligands can dictate gene expression, leading 

to a differentiation of the bipotential gonad into a particular gonad phenotype. 

Interestingly, incubation temperature seems to play a major role in specifying the gross 

morphology and shape of the gonad (i.e., testes being thin and short while ovaries are fat 

and elongated), but not the differentiation of the primordial gonad into the 

granulosa/Sertoli and theca/Leydig cell types characteristic of a fully differentiated 

gonad. This surprising result is clear from studies in which exogenous ligands are 

‘competed’ with temperature (e.g., E2-induced ovaries in embryos incubated at MPT and 

AI+T-induced testes in embryos incubated at FPT). We also summarize past studies as 

well as present preliminary results showing that such manipulations alter the pattern of 

developmental gene expression.  

 

We propose a working model of sex determination pathway in TSD system for 

the red-eared slider turtle in which FoxL2 and Dmrt1 play critical roles at the upstream of 

the sex determining cascade (Fig. 5). The regulatory mechanisms of FoxL2 and Dmrt1 

gene expression remains unknown in the red-eared slider, however, the investigation will 

contribute to our understanding of how the activation and suppression of ovarian and 

testicular differentiation are achieved, and ultimately how the environment regulates gene 

expression during gonadal differentiation. The mechanisms by which these genes are 

regulated remains unclear, although epigenetic modification may play a role in dictating 

the expression patterns during development.  
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Figure 1. Temperature-dependent sex determination and corresponding 
embryonic developmental stages in the red-eared slider turtle 
(Trachemys scripta) 

Top: Bipotential embryonic gonads contain primordial germ cells (PGC) and differentiate 
to either ovary (at 31ºC, FPT) or testis (at 26ºC, MPT) (From Ramsey and Crews, 2009). 
Bottom: Embryonic development from stage 14 to stage 25 in the red-eared slider turtle 
(adopted from Greenbaum, 2002). 
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Figure 2. Morphological analysis of the estradiol (E2)-induced ovary and 
aromatase inhibitor plus testosterone (AI+T)-induced testis at hatching 

Eggs were topically treated with a control vehicle (10 µl EtOH) or exogenous ligands (10 
µg E2; 75 µg AI; 100 µg T). A and B. Microscopic images of a half adrenal-kidney-gonad 
complex at hatching. Black arrows represent gonads. A. Control ovary developed at FPT 
and E2-induced ovary developed at MPT; Ovi, oviduct. B. Control testis developed at 
MPT and AI+T-induced testis developed at FPT. C and D. Histological analysis of the 
cross sections from A and B respectively. Sectioned gonads were stained with standard 
hemotoxylin and eosin procedure. C. Pgc, primordial germ cell; m/c, medulla /cortex 
boundary; ovi, oviduct. D. sc, sex cord. Scale bar = 200 µm.  
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Figure 3. Effect of temperature on the expression of candidate sex determining 
genes (FoxL2, Rspo1, aromatase, Dmrt1, and Sox9) in red-eared slider 
gonads by qPCR 

A, D, and E (from Shoemaker et al., 2007a). The left y-axis indicates expression levels 
normalized to a housekeeping gene, protein phosphatase 1 (PP1) and right y-axis 
indicates fold changes. B (from Smith et al., 2008). Y-axis indicates the relative 
expression level normalized with a housekeeping gene PP1 and presented as a 
percentage. C (from Ramsey et al., 2007). Y-axis indicates the aromatase expression 
level normalized to a housekeeping gene PP1. Arrows indicate temperature-typical 
expression in each gene.  
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Figure 4. Effect of exogenous ligands on the expression of FoxL2 and Dmrt1 in 
red-eared slider gonads 

Eggs were topically treated with a control vehicle (10 µl EtOH) or exogenous ligands (10 
µg E2; 75 µg AI; 100 µg T). The relative gene expression of FoxL2 (A) and Dmrt1 (B) 
during development was measured by qPCR and analyzed with delta CT method. All 
values were normalized with a housekeeping gene, PP1 expression and represented as a 
fold change. In the treatment group (AI+T at FPT or E2 at MPT), the same values at stage 
16 were used for both a control and treatment group. Each time point includes n = 6-10 
gonad/treatment. Mean +/- SEM. A grey box has P = 0.4772 by Wilcoxon Rank Sum test. 
Points not contained any box (except stage 16 of the same temperature) are significantly 
different in expression between treatments or temperature within a stage. All statistical 
comparisons performed by JMP 8.0® (SAS Institute, Cary, NC). P values less than 0.05 
were considered to be statistically significant. 
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Figure 5. Working model of sex-determination pathway in slider gonads 

In this model, two candidate sex determining genes, FoxL2 and Dmrt1 are potentially the 
most upstream genetic factors underlying temperature cue. FoxL2 directly activate 
aromatase expression and suppress Dmrt1 and Sox9 expression at female-producing 
temperature. At male-producing temperature, Dmrt1 suppress FoxL2 expression, leading 
to the activation of Sox9 for testis differentiation. The level of aromatase expression 
balances the level of sex hormones in the gonad, which in turn may interact with these 
candidate sex-determining genes. Solid line and dotted line are a direct and indirect 
interaction respectively reported in other species. AI (aromatase inhibitor); T 
(testosterone); E2 (estradiol). 
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Chapter 2:  Changes in gonadal gene network by exogenous ligands in 
temperature-dependent sex determination 

 

INTRODUCTION 

Sex determination in vertebrates is a developmental process where the bipotential 

embryonic gonads differentiate into ovaries or testes depending on external or internal 

cues. Based on the susceptibility of the embryonic gonads to specific cues, the sex 

determination system can be divided into two categories: the genotypic sex determination 

(GSD) system and the environmental sex determination (ESD) system. Temperature-

dependent sex determination (TSD) is a form of ESD, where the sex determination of the 

embryonic gonad is dictated by the incubation temperature of the eggs. In the red-eared 

slider turtle (Trachemys scripta), a well-studied TSD species, eggs incubated at 26 ˚C 

become males (male-producing temperature or MPT) while eggs incubated at 31 ˚C 

become females (female-producing temperature or FPT). The effect of the incubation 

temperature is only observed midway through development, also known as the 

temperature-sensitive period (TSP). Exogenous ligands (steroid hormones and steroid 

metabolism enzyme inhibitors) can override the effect of the incubation temperature if 

applied during this TSP window. Specifically, 17β-estradiol (E2) treatment of the eggs 

induces ovarian development at MPT, while testosterone (T) along with aromatase 

inhibitor (AI) treatment induces testicular development at FPT (Crews et al., 1996; 

Wibbels et al., 1991). Although exogenous ligands can override the effect of the 

incubation temperature, the role of endogenous sex steroid hormones in sex 

determination is still somewhat controversial in species with TSD. For example, 

administration of sex steroid hormone antagonists - E2 antagonist applied at FPT or 
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androgen antagonist applied at MPT- often fail to affect the gonad phenotype at hatching 

(Crews et al., 1996; Wibbels et al., 1991).  

 

How environmental cues, such as temperature or exogenous ligands, engages the 

molecular mechanisms underlying gonadal development is not fully understood, although 

recent studies show that several genes (or gene networks) involved in the GSD system 

exhibit typical gonadal expression patterns in response to temperature in the red-eared 

slider. For example, aromatase, a gene that encodes the enzyme that catalyzes the 

conversion of androgens to estrogens, is up-regulated at FPT and down-regulated at MPT 

in the embryonic gonads (Ramsey et al., 2007). Aromatase expression and activity is not 

directly involved in sex determination in mammals; however, aromatase is sufficient to 

control gonadal sex during development in some non-mammalian vertebrates including 

birds and fish (Elbrecht and Smith, 1992; Guiguen et al., 2010). R-spondin1 (Rspo1), a 

gene involved in ovarian differentiation in mammals, is also highly expressed during the 

TSP in red-eared slider gonads at FPT but is only expressed at low levels at MPT (Smith 

et al., 2008). A transcription factor, Sex-determining Region on Y chromosome-box 9 

(Sox9), a direct target of the transcription factor SRY during testicular differentiation in 

mammals, is up-regulated at MPT and down-regulated at FPT in embryonic gonads 

(Shoemaker et al., 2007a).  

 

Accumulating evidence suggests that Rspo1 and Sox9 are balancing factors to 

determine a unidirectional result of gonad phenotype in mammals (Barrionuevo, 2005; 

Chassot et al., 2008; Huang et al., 1999; Parma et al., 2006; Tomizuka et al., 2008). In 

this study, we examined the expression pattern of three candidate sex-determining genes 

in TSD, aromatase, Rspo1, and Sox9 in exogenous ligand-mediated sex determination in 
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red-eared slider gonads. Slider eggs were topically treated with exogenous ligands at a 

corresponding temperature at stage 16, the beginning of the TSP. Since previous studies 

of the red-eared slider show that the treatment with aromatase inhibitor or testosterone 

alone during development produces limited or no male hatchlings (Crews et al., 1996; 

Crews and Bergeron, 1994; Wibbels et al., 1991), we used combined treatment with 

aromatase inhibitor and testosterone at FPT to ensure mostly male hatchlings in the 

current study. The expression patterns were then examined during following 

developmental time periods including hatching. Furthermore, we examined the effect of 

hormone antagonists on candidate sex-determining gene expression to understand the role 

of endogenous sex steroid hormones in gonadal determination. The effect of exogenous 

ligands and hormone antagonists on candidate sex-determining genes was also examined 

in isolated cultured gonads. 

 

MATERIALS AND METHODS 

Animals  

Freshly laid red-eared slider turtle eggs were purchased from Clark Turtle Farms 

(Hammond, LA) and maintained in accordance with humane animal practices under 

IACUC protocol # AUP-2011-00149. Eggs were collected daily within 24 hours of 

laying so that all individual eggs in the shipment were roughly of equal developmental 

stages. Eggs were all mixed so clutches were equally represented in each experimental 

group. Eggs were stored at room temperature for 10 days, at which time all eggs were 

candled to assess viability. Viable eggs were randomly placed in trays with moistened 

vermiculite and incubated at either 26 ºC (MPT) or 31 ºC (FPT). Incubator temperatures 
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were checked daily with thermometers, and temperature fluctuations monitored with 

HOBO data loggers (Onset Computer Corp., Bourne, MA). Embryos were allowed to 

develop until stage 16, the early TSP when all embryos are sensitive to temperature and 

exogenous ligands (Wibbels et al., 1991). Staging was according to external 

morphological characteristics according to the Greenbaum’s staging series (Greenbaum, 

2002). 

In ovo exogenous ligand treatment 

At stage 16, eggs were treated as follows, after which the eggs were returned to 

their designated incubation temperature; at the FPT eggs were treated with (i) 10 µl EtOH 

as a vehicle control, (ii) 100 µg testosterone (T: Sigma, St. Louis, MO) combined with 75 

µg non-steroid aromatase inhibitor, Fadrozole (AI: Sigma), (iii) 100 µg E2 antagonist ICI 

182,780 (Sigma), or (iv) 500 µg ICI 182,780. At the MPT, eggs were treated with (i) 10 

µl EtOH as a vehicle control, (ii) 10 µg E2 (Sigma), (iii) 1 mg androgen antagonist, 

flutamide (Sigma), or (iv) 2.5 mg flutamide. All chemicals were dissolved in 10 µl 100% 

EtOH and topically applied to the surface of the eggs. The dosages used were based on 

previous studies and on the solubility of the specific agents (Barske and Capel, 2010; 

Crews and Bergeron, 1994; Wibbels and Crews, 1994; Wu et al., 2009). These eggs were 

incubated until the embryos reached stages 17, 19, 21, 23, 25, or hatching, at which time 

gonads was collected to be processed individually (n = 6-8 gonads, i.e., 3-4 

individuals/stage/treatment). Gonads from stage 16 embryos incubating at the FPT and 

MPT were collected before the treatments to determine a basal gene expression level. 

Gonads were placed individually into tubes containing 800 µl Trizol (Life technologies, 

Grand Island, NY), vortexed, and stored at -80 ºC until RNA extraction. Sex was 
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diagnosed in hatchling turtles macroscopically prior to processing for gene expression 

(Crews and Bergeron, 1994). All treatments and sex diagnosis were coded and so blind to 

the investigators.  

 

In vitro exogenous ligand treatment in tissue culture 

Red-eared slider embryonic gonads were isolated and cultured as previously 

described (Shoemaker-Daly et al., 2010). Briefly, at stage 16 (Day 0), embryonic gonads 

were dissected under sterile conditions. The isolated gonads were immediately 

transferred to a floating 0.4 µm Millicell membrane (Millipore, Billerica, MA) placed on 

the surface of a 24-well plate (BD Falcon, Franklin Lakes, NJ) filled with cell culture 

media composed of Leibovitz’s L-15 medium (+ L-Glutamine, phenol red-free; Life 

technologies) with 10 % charcoal-stripped fetal bovine serum (FBS; Sigma) and 1 % 

Antibiotic/Antimycotic (Life technologies). Isolated gonads from eggs incubated at FPT 

were treated with (i) 10 µM AI combined with 1µM T or (ii) 10 µM ICI 182,780 and 

allowed to develop at FPT. Gonads from eggs incubated at MPT were treated with (i) 100 

nM E2 or (ii) 10 µM flutamide and allowed to develop at MPT. All chemicals were 

dissolved in EtOH and adjusted to a final concentration of 0.03%. Both incubation 

temperatures included two negative control conditions: (i) vehicle control of 0.03% EtOH 

and (ii) negative control gonads without any treatment to reinforce the validity of EtOH 

as a proper negative control for subsequent gene expression analysis. The dosages used 

were chosen based on previous in vitro studies performed using other cell types 

(Bhattacharyya, 2006; Jolly et al., 2006; La Sala et al., 2010; Yano et al., 1995; Yilmaz et 

al., 2011). Culture plates were incubated in a self-contained growth chamber under sterile 

condition. On the day of the tissue culture at stage 16 (Day 0), gonads were also extracted 
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and immediately placed in individual tubes containing 800 µl Trizol solution, vortexed, 

and stored at -80 ºC until RNA extraction (baseline control). The cell culture media was 

changed every two days, and the same concentration of exogenous ligands or controls 

were added to the fresh media in each well. Gonads were collected in 800 µl Trizol on 

day 1, 4, 8, 12, 16, or 20, vortexed, and placed at -80 ˚C until RNA extraction.  

 

Total RNA extraction, cDNA synthesis, and quantitative real-time PCR  

Total RNA was extracted with Trizol by following the manufacturer’s protocol 

(Life technologies). Subsequently, total RNA was treated with DNA-Free Turbo DNase I 

(Life technologies) and reverse-transcribed into cDNA using the iScript Kit (Biorad, 

CA). Relative gene expression was quantified using SYBR green (Life technologies) on 

the ABI PRISM 7900HT real-time PCR cycler (Life technologies). Samples were run in 

triplicate in quantitative real-time PCR (qPCR), and the median values were used for 

analysis. Relative gene expressions were measured using previously published 

aromatase, Rspo1, and Sox9 primers specific to sliders and normalized to the gene 

expression of protein phosphatase 1 (PP1), a housekeeping gene expressed constitutively 

relative to the genes of interest in slider gonads (Ramsey et al., 2007; Shoemaker et al., 

2007a; Smith et al., 2008). The specificity of qPCR reaction was validated by melting 

curve analysis. The obtained qPCR data was analyzed using the delta CT method and the 

gene expression fold change between control and treatment groups were calculated by 

setting the lowest values of the group as 1-fold. For Functional Landscape Analysis, 

qPCR data was represented as a percentage maximum in each gene and plotted by Matlab 

(MathWorks, Natick, MA).  
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Statistical analysis  

Because of the asymmetric distribution, the non-parametric test was used to 

analyze all data. Gonad sex ratio and qPCR data were analyzed using Chi-square 

(Fisher’s exact) and Wilcoxon Rank-Sum test, respectively by JMP 8.0® (SAS Institute, 

Cary, NC). All P-values acquired by qPCR data are shown in the Table 1. Functional 

Landscape Analysis was performed using MultiDimBio package in R (Crews et al., 

2012). A P-value less than 0.05 was considered to be statistically significant. 

 

RESULTS  

Exogenous ligands, not steroid hormone antagonists, can override the incubation 
temperature on gonad sex ratio at hatching  

In the red-eared slider, a single treatment of exogenous ligands at the beginning of 

TSP, stage 16, is sufficient to override the ambient temperature and produce a specific 

gonad phenotype (Crews et al., 1996; Wibbels et al., 1991). In accordance with this 

finding, the treatments of exogenous ligands were able to override the temperature effect. 

AI+T at FPT produced mostly testis phenotypes except one exhibited ovary-like structure 

with an oviduct (Fig. 6A). Blocking endogenous E2 with a low dosage of ICI182,780 at 

FPT produced all ovarian phenotypes except for two eggs that exhibited testes with 

oviducts; with high doses, all eggs displayed ovarian phenotypes except one that had 

testes without an oviduct (Fig. 6A). E2 at MPT produced 100% ovarian phenotypes at 

hatching (Fig. 6B). Blocking endogenous T with a low dose of flutamide at MPT did not 

have any effect on gonad phenotype, whereas a high dose of flutamide produced three 

eggs that exhibited ovarian phenotypes with oviduct formation (Fig. 6B). None of the 

individuals in control groups failed to show the predicted gonad sex according to the 
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ambient temperature. Further, no intersex gonads (e.g. ovotestes) were observed in 

treatment groups.  

 

Treatment with testosterone and aromatase inhibitor at FPT reversed the 
temperature-specific expression patterns of candidate sex-determining genes in ovo 

The expression of candidate sex-determining genes in the control group exhibited 

a typical temperature-specific expression pattern at FPT: 1) an ovarian marker, aromatase 

exhibited a gradual increase at the beginning of stage 17, which peaked at stage 21 and 

gradually decreased till hatching, 2) Another ovarian marker, Rspo1, began to increase 

after stage 23 and peaked at hatching, and 3) A testicular marker, Sox9, exhibited a low 

expression throughout development at FPT (Fig. 7A). These observations are in 

agreement with previous findings (Smith et al., 2008; Ramsey et al., 2007; Shoemaker et 

al., 2007a; 2007b), although our current study examines an extended developmental 

period including hatching. When eggs were topically treated with AI+T at stage 16, the 

expression of aromatase and Rspo1 decreased as early as stage 17, and they remained at 

low levels throughout development (Fig. 7A). The expression of Sox9 in the AI+T treated 

group exhibited a gradual increase throughout development as observed typically at MPT 

(Fig. 7A). Next, we performed Functional Landscape Analysis to examine a functional 

change in the relationship among genes. In this analysis, a transcriptional change in three 

genes within an individual was considered as one unit, i.e., a functional landscape and 

compared between treatments at specific developmental time points (Crews et al., 2012). 

Such analysis will provide us biologically different aspects of gene functionality 

(expression vs. interaction), enabling us to follow the ‘network’ differences in gene 

expression that co-vary from one individual to another. The treatment with AI+T 

completely altered the relationship of three gene expression at FPT as early as stage 19 
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(Fig. 7B). Early stage (stage 19) was particularly marked with a presence or absence of 

prominent aromatase peak followed by a gradual increase in Rspo1 and in Sox9 in 

control FPT and in AI+T treatment group respectively (Fig. 7B).  

 

Treatment with E2 at MPT reversed the temperature-specific expression patterns of 
candidate sex-determining genes in ovo  

Next, we examined the effect of E2 at MPT on the expression patterns of 

candidate sex-determining genes, aromatase, Rspo1, and Sox9 in red-eared slider gonads. 

In the control group, aromatase, Rspo1, and Sox9 genes exhibited typical expression 

patterns found in MPT: suppressed expression of aromatase and Rspo1, and a 

corresponding increase in the expression of the testicular marker Sox9 (Fig. 8A). The 

topical addition of E2 at stage 16 reversed the gene expression pattern typically observed 

at MPT. The expression of the ovarian marker aromatase increased in response to E2 at 

stage 23, which was a later developmental time point and a weaker intensity than the one 

normally observed at FPT (Fig. 8A). The expression of Rspo1 was increased at stage 17 

with a rapid response to E2 throughout the development except stage 21 (Fig. 8A). Sox9 

expression was high at stage 17 in E2 treated group, however, decreased throughout the 

rest of developmental stages (Fig. 8A). Functional Landscape Analysis revealed that a 

functional relationship of three genes at MPT was completely altered by a treatment with 

E2 from the early developmental stages. In E2 treated gonads, Rspo1 expression gradually 

increased while Sox9 expression was suppressed as typically observed at FPT (Fig. 8B). 

However, unlike a typical landscape at FPT, it occurred without a spike of aromatase 

expression (Fig. 8B compared to 7B). 
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Exogenous ligands shape ovary, not testis, phenotype differently from incubation 
temperature  

We further examined if a certain phenotype shaped by exogenous ligands 

followed the same landscape pathway as the phenotype induced by temperature. Eggs 

incubated at FPT and those treated with E2 at MPT produce an ovarian phenotype at 

hatching (Fig. 6). A functional relationship of three candidate sex-determining genes 

showed no difference between FPT and MPT at stage 16 (before the treatment; Fig. 9A). 

However, the topical treatment of E2 at MPT at stage 16 had induced a different 

landscape pattern from control FPT at the midway of development, stages 19 and 23 (Fig. 

9A). This difference diminished at the hatching (Fig. 9A). As opposed to the ovarian 

phenotype, the landscape pattern of gene expression in testis induced by AI+T treatment 

at FPT exhibited no difference from the testis induced by control MPT throughout 

development (Fig. 9B). These results agree with a phenotypic difference between 

temperature- and ligand-induced gonads, especially prominent in ovarian formation, 

reported in red-eared slider gonads previously (Barske and Capel, 2010; Matsumoto and 

Crews, 2012). 

 

Treatment with steroid hormone antagonists altered the temperature-specific 
expression patterns of candidate sex-determining genes in ovo  

Next, we examined the role of endogenous sex steroid hormones in the expression 

of candidate sex-determining genes at a specific temperature, i.e., a role of E2 to induce 

ovary at FPT or T to induce testis at MPT. Eggs were topically treated with E2 antagonist 

at FPT or T antagonist at MPT at stage 16. These treatments did not significantly alter the 

gonad sex ratio or phenotype from control group at hatching (Fig. 6). However, the 

expression levels of several genes were affected during development. The addition of low 
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doses of the E2 antagonist ICI182,780 at FPT delayed the peaking of aromatase 

expression; however, the overall expression pattern of aromatase was similar to the 

control group (FPT in Fig. 10). High doses of ICI182,780 significantly lowered the 

expression level of aromatase throughout development at FPT. A low dose of ICI182,780 

decreased the expression of Rspo1 at stage 17 at FPT; however, the expression patterns 

during the rest of the developmental stages were not altered. In contrast to our prediction, 

a high dose of ICI182,780 increased Rspo1 expression at stages 17 and 21 at FPT (FPT in 

Fig. 10). The expression of Sox9 significantly decreased with the treatment of low and 

high doses of ICI182,780 at stages 21, 23, 25, and hatching and at stages 19 and 25 at 

FPT, respectively; the overall expression pattern of Sox9 during gonadal development, 

however, remained consistent to control at both doses (FPT in Fig. 10). Next, we 

examined the role of endogenous T in the expression of candidate sex-determining genes 

at MPT by topically applying the androgen antagonist flutamide on the eggs at stage 16. 

A low dose of the androgen antagonist at MPT did not affect aromatase and Rspo1 

expression. With high doses of flutamide at MPT, there was an increased expression of 

aromatase at stage 19 and Rspo1 at stage 17, respectively, though these effects 

diminished in subsequent stages (MPT in Fig. 10). The expression of Sox9 was increased 

at stage 17 and decreased at stage 25 and hatching by low doses of flutamide, while high 

doses led to decreased expression at stages 21, 25, and hatching (MPT in Fig. 10). 

 

The expression pattern of aromatase and Rspo1 dictated by exogenous ligands and 
steroid hormone antagonists in vitro mimics the expression pattern observed in ovo  

In previous studies, we showed that the expression pattern of candidate sex-

determining genes in isolated, cultured gonads closely mimicked the expression pattern in 

ovo in response to incubation temperatures; this finding suggests that the gonad itself has 
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the ability to dictate its own gene expression pattern according to environmental cues 

(Shoemaker-Daly et al., 2010). In this study, we determined if the observed gene 

expression profiles elicited by exogenous ligands and hormone antagonists also occurred 

in isolated gonads. The expression of the testicular marker Sox9 was not included in our 

data analysis because it showed a significant change in expression by the control vehicle 

treatment (0.03 % EtOH) when compared to non-EtOH treatment (data not shown). The 

expression levels of the two ovarian markers were not affected by the control vehicle 

treatment and were subsequently analyzed. Treatment with AI+T repressed aromatase 

expression at days 1, 12, and 20 at FPT in vitro (FPT in Fig. 11). The expression of 

Rspo1 was decreased by AI +T treatment at day 20 at FPT, but its expression was not 

affected at any other time points (FPT in Fig. 11). E2 treatment increased the aromatase 

expression at days 12 and 20 and Rspo1 expression at days 1, 4, 12, and 20, respectively 

at MPT (MPT in Fig. 11). As observed in ovo, the treatment with E2 antagonist 

ICI182,780 repressed aromatase expression at days 8, 12, and 20 at FPT in vitro (FPT in 

Fig. 12). The expression of Rspo1 was also decreased by ICI182,780 treatment at days 8 

and 20 at FPT (FPT in Fig. 12). The androgen antagonist flutamide altered the expression 

of aromatase at days 1 and 16 and Rspo1 at days 4, 8, and 12 at MPT (MPT in Fig. 12) 

 

DISCUSSION  

Sex determination in vertebrates takes place as a gradual process and can be 

categorized into three phases, onset by genetic or environmental triggers, differentiation 

into testis or ovary, and maintenance by male- or female-specific molecules. At which 

phase of sex determination process the sex steroid hormones come into play remain 
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elusive in non-mammalian vertebrates. However, studies demonstrate that disturbance of 

sex steroid hormone balance during gonadogenesis often result in re-directing the gonad 

development against genetic or environmental triggers in non-mammalian vertebrates 

(Crews and Bergeron, 1994; Elbrecht and Smith, 1992; Kitano et al., 2000). In this study, 

we investigated the effect of exogenous ligands, i.e., sex steroid hormones and a steroid 

metabolism enzyme inhibitor, and steroid hormone antagonists on the process of gonad 

sex determination by examining the patterns of sex-determining gene expression in the 

red-eared slider turtle. It is known that exogenous ligands can modify the trajectory of 

gonadal sex determination set by ambient temperature if applied during development in 

the red-eared slider and other species (Bull and Vogt, 1981; Crews et al., 1996; Wibbels 

et al., 1991). In the hatchlings with AI+T treatment, the typical developmental expression 

pattern of ovarian markers aromatase and Rspo1 was suppressed, and the testicular 

marker Sox9 was increased (Fig. 7). In contrast, E2 treatment at MPT during TSP 

increased aromatase and Rspo1 and decreased Sox9 expression, which resulted in the 

production of all female hatchlings (Fig. 6 and 8). E2 treated gonads at MPT exhibited a 

missing peak of aromatase expression while typical Rspo1 and Sox9 expression patterns 

at MPT were observed. It suggests Rspo1 activation is a key signal to initiate ovarian 

differentiation, and exogenous E2 plays a role to trigger this process when aromatase 

expression is absent at MPT.  

 

Previous studies also showed exogenous ligands modify the expression of 

candidate sex-determining genes, Rspo1 and Sox9. For example, embryonic exposure to 
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DHT increases Sox9 and suppresses Rspo1mRNA levels in developing mouse prostates 

(Schaeffer et al., 2008). In the red-eared slider, the multiple treatments of eggs with E2 

completely suppress the expression of Sox9 by embryonic stage 19 (Barske and Capel, 

2010). Moreover, Sox9 mRNA is increased in adult ovaries of mice lacking the presence 

of estrogen receptors (Couse et al., 1999; Dupont et al., 2002). In chicken, the inhibition 

of estrogen synthesis by aromatase inhibitors results in a decrease in Rspo1 expression in 

embryonic gonads of genetic females (Smith et al., 2008). Although the hierarchy of 

genetic cascade of these genes during sex determination has not been established in TSD 

species, we applied a new analytic method to observe a relationship of three genes, a 

snapshot of genetic interaction at a particular developmental time point. In the Functional 

Landscape Analysis, the expression pattern of candidate sex-determining genes within an 

individual is considered as one network or landscape and compared to the 

networks/landscapes induced by various environmental cues (Crews et al., 2012). 

Interestingly, when the landscape is compared within a phenotype, E2-induced ovarian 

development exhibits a different developmental pattern of the landscape network from 

FPT-induced ovarian development (Fig. 9A). This observation confirms that the gonads 

at FPT and E2-treated gonads at MPT follow different gonad differentiation pathways. In 

testicular development, however, the difference in the gene network between MPT and 

AI+T treatments was not observed (Fig. 9B). It is worth noting that the phenotype of 

ovary induced by E2 was slightly different from the ovary induced by FPT; smaller in 

size with less evidence of primordial germ cells as noted in several turtle species (Barske 

and Capel, 2010; Matsumoto and Crews, 2012; Merchant-Larios et al., 1997). The 
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phenotypic difference in testis, however, is less noticeable between the two triggers, MPT 

and AI+T (Matsumoto and Crews, 2012). This observation may be attributed to a 

different pattern of landscape pathway during a mid period of development in the current 

study.  

 

The experiment with steroid hormone antagonists revealed hormone-gene 

interactions, specifically a role of endogenous steroid hormones in TSD system. Previous 

studies have shown that steroid hormone antagonists interrupt a normal gonad 

development, occasionally producing abnormal or intersex gonads in other species (Kang 

et al., 2006; Katoh et al., 2006). In our study, although steroid hormone antagonists 

resulted in little change in sex ratio and gonad morphology at hatching, the expression of 

candidate sex-determining genes has changed. For example, blocking endogenous E2 

with a low dosage of E2 antagonist delayed the expression of aromatase at FPT and a 

high dosage of E2 antagonist significantly suppressed the aromatase (Fig. 10). This 

indicates that endogenous E2 may be responsible for the manifestation of aromatase 

expression by a positive feedback mechanism at FPT. Interestingly, in spite of the low 

levels of aromatase expression during development in the E2 antagonist-treated group, 

the ovaries at hatching did not exhibit any morphological or histological differences from 

control ovaries at FPT (data not shown). In reptiles and birds, aromatase is thought to be 

a key enzyme in determining the activation of male vs. female pathways by balancing the 

production of estrogen (Elbrecht and Smith, 1992; Jeyasuria et al., 1994). Aromatase is 

still a candidate of the upstream factor to determine gonad sex in TSD species; however, 
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our data suggest that the expression of aromatase may not be a sole determinant for an 

ovarian development. Similarly, the lack of an observable effect of androgen antagonist 

flutamide on aromatase and Rspo1 gene expression at MPT suggests that endogenous 

androgen may not be a primary factor for the suppression of typical ovarian markers at 

this temperature. Furthermore, Sox9 expression was not prominently affected by 

antagonist treatments either. These observations, along with hatching phenotypes, lead to 

the hypothesis that endogenous hormones may not participate to onset the gene network 

of the sex-determining genes directed by temperature, but rather involve in the gonad 

differentiation that follows. We cannot rule out the possibility that the dosage and timing 

of the application of antagonist in this study may not have been sufficient to completely 

block the endogenous steroid hormones. A previous study shows that blocking 

endogenous E2 with multiple treatments of ICI182,780 leads to a delay in Sox9 down-

regulation in slider gonad at FPT (Barske and Capel, 2010), which suggests that 

endogenous E2 has, at least to some extent, a suppressive effect on Sox9 expression.  

 

We extended our investigations to elucidate whether the extraembryonic 

environment was involved in ligand-induced pattern of gene expression. Previous studies 

have shown that isolated embryonic gonads had the ability to sense and respond to the 

ambient temperature in TSD species (Moreno-Mendoza et al., 2001; Pieau and Dorizzi, 

2004; Shoemaker-Daly et al., 2010). In the current study, the isolated gonad also 

exhibited the expression pattern of the candidate sex-determining genes similar to the one 

observed in ovo when treated with exogenous ligands and steroid hormone antagonists 
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(Fig. 7 and 11). However, the timing of the response of gene expression occurred at late 

in developmental stage with less intensity. For example Rspo1 expression at FPT is not 

suppressed by AI+T treatment until 20 days after treatment (Fig. 11). In E2 treated 

gonads, both aromatase and Rspo1 expression increased, but with less intensity than the 

increase observed in ovo. One possible explanation is that isolated gonads lack the 

supporting cells normally migrated from underlying mesonephric tissue, resulting in a 

slow development with lacking a morphological structure (Shoemaker-Daly et al., 2010; 

Yao et al., 2004). The antagonist treatments in vitro also followed the observation found 

in ovo: E2 antagonist ICI182,780 suppressed the ovarian markers at FPT, whereas 

androgen antagonist flutamide lacked the consistent effect on the expression of these 

genes at MPT (Fig. 12). It confirms the speculation in ovo that endogenous E2 positively 

affects ovarian markers at FPT while endogenous androgen is not responsible for 

suppression of these genes at MPT.  

 

Overall, the current study shows that exogenous ligands modify the gonad 

phenotype by re-directing (suppress or activate) the expression of candidate sex 

determining-genes. In vitro data further suggest that exogenous ligands, as wells as 

temperature, affect the expression of candidate sex-determining genes in gonads 

independently of other embryonic organs during development. Although the factors 

responsible for the regulation of these candidate sex-determining genes yet remain 

elusive, this study demonstrates further insights of the role of endogenous/exogenous 

steroid hormones in the process of sex determination in the TSD system. 
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Figure 6. Percentage of male hatchlings in exogenous ligand- and steroid 
hormone antagonist-treated embryos 

Eggs were topically treated with exogenous ligands or hormone antagonists at stage 16, 
and the gonad phenotype at hatching were examined. A. Female producing temperature 
(FPT) and B. Male producing temperature (MPT). Parentheses indicate a number of 
individuals. Asterisks indicate statistically significant differences from control groups 
analyzed by the Chi-square (Fisher’s exact) test. Cont = vehicle control; AI+T = 
aromatase inhibitor and testosterone; ICI = E2 antagonist ICI 182,780; E2 = 17β-estradiol; 
Flut = androgen antagonist flutamide.  
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Figure 7. The effect of testosterone and aromatase inhibitor on the expression of 
aromatase, Rspo1, and Sox9 at FPT 

A. Changes in gene expression in exogenous ligand-treated slider gonads during 
development in ovo. Eggs at FPT were topically treated with aromatase inhibitor and 
testosterone (AI+T) at stage 16. Gonads were collected at stage (St) 17, 19, 21, 23, 25, 
and hatching. The relative gene expression levels of aromatase, Rspo1, and Sox9 were 
measured by qPCR and analyzed using the delta CT method. All values were normalized 
to a housekeeping gene, protein phosphatase 1 (PP1), and represented as a fold change. 
Each time point included n = 6-8 gonads/treatment/time point. Data represented as the 
mean ± SEM. Grey boxes indicate no statistical difference between the two treatments 
within a developmental stage by Wilcoxon Rank Sum test. Points without the boxes were 
significantly different. All P-values from statistical analysis are shown in Table 1. B. 
Landscape analysis for a functional change in relationship among aromatase, Rspo1, and 
Sox9. Values from qPCR was represented as a percentage maximum in each gene and 
plotted by developmental time points. Difference represents a subtraction of a treatment 
group (AI+T effect) from a control group (Temperature effect) in each stage.  
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Figure 8. The effect of 17β-estradiol on the expression of aromatase, Rspo1, and 
Sox9 

A. Changes in gene expression in 17β-estradiol (E2) -treated slider gonads during 
development in ovo. Eggs at MPT were topically treated with E2 at stage 16. Gonads 
were collected at stage (St) 17, 19, 21, 23, 25, and hatching. The relative gene expression 
levels of aromatase, Rspo1, and Sox9 were measured by qPCR and analyzed using the 
delta CT method. All values were normalized to a housekeeping gene, protein 
phosphatase 1 (PP1), and represented as a fold change. Each time point included n = 6-8 
gonads/treatment/time point. Data represented as the mean ± SEM. Grey boxes indicate 
no statistical difference between the two treatments within a developmental stage by 
Wilcoxon Rank Sum test. Points without the boxes were significantly different. All P-
values from statistical analysis are shown in Table 1. B. Landscape analysis for a 
functional change in relationship among aromatase, Rspo1, and Sox9. Values from qPCR 
was represented as a percentage maximum in each gene and plotted by developmental 
stages. Difference represents a subtraction of a treatment group (E2 effect) from a control 
group (Temperature effect) in each stage.  
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Figure 9. Landscape analysis compared within a gonad phenotype, ovary and 
testis 

The value of qPCR was represented as a percentage maximum in each gene and plotted 
by developmental stages (St) in A. ovary and B. testis phenotypes. Difference was 
calculated by a subtraction of a treatment group (E2 at MPT or AI+T at FPT) from a 
control temperature (FPT or MPT respectively) and statistical differences were analyzed 
using MultiDimBio package in R (Crews et al., 2012). NS = Not statistically significant. 
FPT=female producing temperature; MPT=male producing temperature; E2 = 17β-
estradiol; AI+T = aromatase inhibitor and testosterone.  
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Figure 9 continued 
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Figure 10. The effect of steroid hormone antagonists on the expression of 
aromatase, Rspo1, and Sox9 in slider gonads during development 

Eggs were topically treated with steroid hormone antagonists (E2 antagonist at FPT and 
androgen antagonist at MPT) at stage 16. Gonads were collected at stage 17, 19, 21, 23, 
25, and hatching. Relative gene expression levels of aromatase, Rspo1, and Sox9 during 
development were measured by qPCR and analyzed using the delta CT method. All 
values were normalized to a housekeeping gene, protein phosphatase 1 (PP1), and 
represented as a fold change. The same sample was used for the values at stage 16 in both 
a control and treatment group. Each time point included n = 6-8 gonads/treatment/time 
point. Data represented as the mean ± SEM. A black circle and an asterisk indicate 
statistically significant difference(s) in low and high dosages of antagonists respectively 
from control group analyzed by Wilcoxon Rank-Sum test. All P-values are shown in 
Table 1. ICI = E2 antagonist ICI 182,780; Flut = androgen antagonist flutamide.  
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Figure 11. The effect of exogenous ligands on the expression of aromatase and 
Rspo1 in cultured slider gonads during development 

Embryonic gonads at FPT and MPT were isolated at stage 16, treated with exogenous 
ligands, and continuously cultured at the same temperature for up to 20 days. The control 
vehicle group was treated with a final concentration of 0.03% EtOH. Gonads were 
collected on day (D) 1, 4, 8, 12, 16, and 20. Relative gene expression levels of aromatase 
and Rspo1 during development were measured by qPCR and analyzed using the delta CT 
method. All values were normalized to a housekeeping gene, protein phosphatase 1 
(PP1), and represented as a fold change. The same sample was used for the values at 
stage 16 in both a control and treatment group. Each time point included n = 8-10 
cultured gonads/treatment/time point. Data represented as the mean ± SEM. An asterisk 
indicates statistically significant difference (s) from control group analyzed by Wilcoxon 
Rank-Sum test. All P-values are shown in Table 1. AI+T = aromatase inhibitor and 
testosterone; E2 = 17β-estradiol.  
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Figure 12. The effect of steroid hormone antagonists on the expression of 
aromatase and Rspo1 in cultured slider gonads during development 

Embryonic gonads at FPT and MPT were isolated at stage 16, treated with steroid 
hormone antagonists (E2 antagonist at FPT and androgen antagonist at MPT) and 
continuously cultured at the same temperature for up to 20 days. The control vehicle 
group was treated with a final concentration of 0.03% EtOH. Gonads were collected on 
day (D) 1, 4, 8, 12, 16, and 20. Relative gene expression levels of aromatase and Rspo1 
during development were measured by qPCR and analyzed using the delta CT method. 
All values were normalized to a housekeeping gene, protein phosphatase 1 (PP1), and 
represented as a fold change. The same sample was used for the values at stage 16 in both 
a control and treatment group. Each time point included n = 8-10 cultured 
gonads/treatment/time point. Data represented as the mean ± SEM. An asterisk indicates 
statistically significant difference (s) from control group analyzed by Wilcoxon Rank-
Sum test. All P-values are shown in Table 1. ICI = E2 antagonist ICI 182,780; Flut = 
androgen antagonist flutamide.  
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Table 1. P values from qPCR data analysis 
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Table 1 continued 
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Chapter 3:  Epigenetic Control of Gonadal Aromatase (cyp19a1) in 
Temperature-dependent Sex Determination of Red-eared Slider Turtles  

 

INTRODUCTION 

Temperature-dependent sex determination (TSD) is an example of developmental 

plasticity where the ambient temperature of the embryos leads to the development of the 

bipotential gonads into either testes or ovaries. In TSD species such as the American 

alligator and some turtle species, gonadal development can be modified by the 

concentration of sex steroid hormones in the surrounding system of the embryos. For 

example, an excess of either testosterone or estrogen during gonadal differentiation leads 

to testicular or ovarian development, respectively, regardless of the surrounding 

temperature (Crews et al., 1996; Guillette et al., 2000; Wibbels et al., 1991). In non-

mammalian vertebrates with genotypic sex determination (GSD) such as fish and 

amphibians, the manipulation of the embryonic environment with sex steroid hormones 

often overrides the gonadal trajectory preset by genotypes, which leads to a skewed sex 

ratio at hatching (Kojima et al., 2008; Wallace et al., 1999; Wu et al., 2006). Cytochrome 

P450 aromatase, also known as cyp19a1 or aromatase, is the enzyme that irreversibly 

catalyzes androgens into estrogens, and therefore plays a central role in balancing the 

production of steroid hormones. Elevated expression of the aromatase gene is 

consistently observed in differentiating ovaries among taxa while its expression is usually 

suppressed during development of testes (Kuntz, 2004; Sakata et al., 2005; Smith et al., 

1997). Blocking aromatase activity with aromatase inhibitors during gonad development 

also results in a redirection of the putative gonadal sex usually determined by genetic- or 

environmental- signals in birds, reptiles, and fish (Crews and Bergeron, 1994; Elbrecht 
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and Smith, 1992; Kitano et al., 2000). Therefore, aromatase is considered to be the 

essential factor in determining gonad fate during development in non-mammalian 

vertebrates.  

 

In the red-eared slider turtle (Trachemys scripta) the level of aromatase 

expression in gonads depends on the ambient temperature; high expression is exhibited at 

female-producing temperature (FPT, 31 ˚C) while low expression is observed at male-

producing temperature (MPT, 26 ˚C) (Ramsey et al., 2007). The increase in aromatase 

expression in embryonic gonads incubating at a FPT coincides with the temperature-

sensitive period (TSP) of development where embryonic gonads are sensitive to 

surrounding temperature (Ramsey et al., 2007; Wibbels et al., 1991). A drastic change in 

gonad aromatase expression is also observed during the temperature-induced change in 

sex ratio in fish and amphibians (D'cotta et al., 2001; Kitano, 1999; Sakata et al., 2005). 

These findings suggest that temperature regulates the transcription of aromatase gene, 

resulting in the differentiation of bipotential gonads to a particular gonad phenotype. In 

species with TSD, however, the sequence and regulatory mechanisms of the 5’-flanking 

region of aromatase gene remain mostly unclear.  

 

Accumulating evidence suggests that epigenetic modification such as histone 

modification and DNA methylation mediate specific gene expression changes in response 

to the environment during development (Burdge and Lillycrop, 2010; Gilbert, 2001). 

Particularly, DNA methylation levels at the regulatory regions are negatively correlated 

with the level of gene expression and often regulate the temporal and spatial expression 

of development-related genes (Borgel et al., 2010; Brunner et al., 2009; Cedar et al., 

1999; Razin and Shemer, 1995). Recent evidence in species with GSD with temperature 
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influences has linked the environment, particularly temperature-related regulation of 

aromatase expression, to DNA methylation in the aromatase promoter region (Navarro-

Martín et al., 2011). The developmental patterns of DNA methylation pertinent to 

aromatase gene expression that may be directed by temperature have never been 

investigated in species with TSD. We identified the gonad-specific promoter and 

upstream 5’-flanking region of the aromatase gene and found the temperature-specific 

pattern of DNA methylation on the putative promoter region during gonad development 

in the red-eared slider turtle.  

 

MATERIALS AND METHODS 

Tissue collection 

Freshly laid red-eared slider turtle eggs were obtained from Clark Turtle Farm 

(Hammond, LA) and maintained in accordance with humane animal practices under 

IACUC protocol. The protocol was approved by IACUC (protocol # AUP-2011-00149) 

at the University of Texas at Austin. Eggs were stored at room temperature for 10 days to 

assess viability of the embryos and randomly assigned to incubators at either MPT (26 

˚C) or FPT (31 ˚C) with moistened vermiculite. Incubator temperatures were monitored 

daily with thermometers and HOBO data loggers (Onset Computer Corp., Bourne, MA). 

Eggs were incubated until Greenbaum’s embryonic stage 16 (Greenbaum, 2002), at 

which point embryonic gonads became responsive to ambient temperature, i.e. the 

beginning of the TSP. To determine the gonad-specific TSS, pooled gonads (n = 6 

gonads/stage) from stage 16, 19, and 21 at FPT, corresponding to the beginning, middle, 

and end of TSP, respectively, were placed in 800µl Trizol (Life Technologies, Grand 

island, NY), vortexed, and stored at -80 ºC until total RNA extraction. TSS was not 
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examined at MPT because aromatase transcripts are typically undetectable at this 

temperature (Ramsey et al., 2007). 

 

For the methylation assay, gonads (n = 10 gonads/temperature) at each 

temperature (MPT or FPT) were pooled at stage 16 as the base line control and snap-

frozen in liquid nitrogen (LN2) for subsequent assays. Ten eggs were continuously kept at 

MPT or FPT while ten other eggs were shifted to the opposite temperature regime at 

stage 16. At stage 19 and 21, gonads (n = 10) from each treatment group were pooled, 

snap-frozen in LN2, and stored at -80 ºC until bisulfite treatment. These groups were 

MPT, FPT, MPT shifted to FPT (MPTàFPT), or FPT shifted to MPT (FPTàMPT). For 

the cloning of the 5’-flanking region of aromatase, tissues including the adrenal-kidney 

complex, liver, or head were separately collected from FPT hatchling, snap-frozen in 

LN2, and stored at -80 ºC for genomic DNA (gDNA) extraction. 

 

Cloning and sequence analysis of the 5’-flanking region  

The 5’-flanking region upstream of the ATG start codon of the aromatase gene 

was cloned using the Genome Walker Universal Kit (Clontech, Mountain view, CA) 

according to the manufacturer’s protocol. Briefly, frozen turtle tissues at hatching were 

grinded in LN2 using a mortar and pestle and digested in lysis buffer (10mM Tris HCl pH 

8.0, 0.1M EDTA pH 8.0, 0.5% SDS) containing 10 µg of RNase A at 37 °C for 1hr. 

Proteinase K (50 µg) was added to the lysate for an overnight incubation at 55 °C. gDNA 

was extracted by the conventional phenol-chloroform method and precipitated by ethanol 

(EtOH). The purity of the gDNA was confirmed by the presence of smear on a 0.6% 

agarose gel after a digestion with restriction enzyme DraI. gDNA extracted from the head 
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had the most distinct smear after DraI digestion, therefore was utilized for subsequent 

assays. 

 

To construct libraries, the gDNA was digested with restriction enzymes, DraI, 

EcoRV, PvuII, or StuI to produce four libraries. As a positive control, human gDNA 

supplied with the kit was digested with Pvu II. Digested gDNA was purified per the 

phenol-chloroform method and ligated with the Genome WalkerTM Adaptor. Two reverse 

primers, the aromatase gene specific primer (Arom GSP) 1 and Arom GSP2, were 

designed based on the known slider aromatase sequence of the first exon (GenBank 

accession no. AF178949). Primer sequences and locations are indicated in Table 2 and 

Fig. 14. All primers in this study were purchased from Integrated DNA technologies 

(IDT, Coralville, IA). Each library was amplified with Arom GSP1 and Adaptor specific 

primer (ASP) 1 provided with the kit using the Advantage 2 Polymerase Mix (Clontech) 

under the following PCR conditions: 7 cycles of 25 sec at 94 °C and 3min at 72 °C 

followed by 32 cycles of 25 sec at 94 °C, 3 min at 67 °C, and 7 min at 67 °C. The PCR 

products were then diluted 1:50 with deionized H2O to perform the second round of 

nested PCR using Arom GSP2 and ASP2 primers under the following PCR conditions: 5 

cycles of 25sec at 94 °C and 3 min at 72 °C, 20 cycles of 25 sec at 94 °C, 3 min at 67 °C, 

and 7 min at 67 °C. The second PCR products were visualized on a 1.5% agarose gel, 

extracted using a gel extraction kit (Qiagen, Germantown, MD), and cloned in a pGEM-T 

vector (Promega, Madison, WI) for sequencing. Each library produced different sizes of 

PCR products (data not shown) that were subsequently aligned for the identification of 

the novel 5’-flanking region sequence of aromatase. Additional Arom GPS reverse 

primers (sequences not shown) were designed based on this 5’-flanking region to repeat 

the PCR and sub-cloning processes on the existing gDNA libraries until approximately 
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4kb of the newly identified 5’-flanking region was identified and sequenced. A whole 5’-

flanking region was generated by PCR and eight clones were aligned for the best 

sequence prediction. The sequenced data was submitted to GenBank (accession no. 

KC554066). The TFBSs for the vertebrate steroidogenic factor 1 (SF1), estrogen 

response elements (ERE), fork head domain factors (FOX), DM domain-containing 

transcription factor (DM), sox/SRY-sex/testis determining and related HMG box factors 

(SOX), and heat shock factor (HEAT) on the 5’-flanking region of aromatase were 

detected with MatInspector (Genomatix, Munich, Germany). The CpG islands within the 

5’-flanking region were examined using CpG Plot (European Bioinformatics Institute, 

Cambridge, UK). 

 

Sequence homology analysis 

Approximately 4 kb of the newly identified 5’-flanking region of the slider 

aromatase sequence was compared with the 5’ upstream region of known aromatase 

sequence in other species (GenBank accession no.) including the alligator (AY029233), 

chicken (D50335), quail (D50336), and zebra finch (AH008871) using PIPMaker 

(Schwartz et al., 2000). Because the availability of 5’ flanking region of the alligator 

aromatase was limited in GenBank database, additional 4kb upstream region was 

extracted from the recently assembled genome (St John et al., 2012). TFBSs of the 

promoter regions among these species were analyzed with MatInspector and aligned 

according to the reported gonad- or brain-specific TSS of the aromatase gene (Kudo et 

al., 1996; Ramachandran et al., 1999).  
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Identification of gonad-specific transcription start site  

To identify gonad-specific TSS in the 5’-flanking region of aromatase, we 

conducted a modified RNA ligase-mediated rapid amplification of cDNA ends (RLM-

5’RACE) described by Bohm et al. (Bohm et al., 2000). RLM-5’RACE is able to 

accurately determine the TSS by tracing the 5’cap of the mRNAs whereas a conventional 

5’ RACE does not trace the 5’cap, therefore cannot distinguish degraded mRNA 

messages from complete messages (compare A to B in Fig. 13). Briefly, total RNA was 

extracted from pooled gonads at embryonic stage 16, 19, and 21 at FPT (n = 6/stage) with 

Trizol according to the manufacturer’s protocol. Five microgram of total RNA was 

treated with DNA-Free Turbo DNase I (Life technologies). DNase I and all subsequent 

enzymatic reactions were followed by phenol:chloroform:isoamyl alcohol (50:49:1; 

Sigma-Aldrich, S. Louis, MO) extraction to inactivate the enzymes, and the RNA was 

EtOH precipitated in a presence of 10 unit of RNase inhibitor, RNaseOUT (Life 

technologies). Purified total RNA was dephosphorylated with 10 units of Calf Intestinal 

Alkaline phosphatase (CIP; NEB, Ipswich, MA) at 42 °C for 2 hrs. After the purification, 

the 5’cap was removed with 0.5 units of Tobacco Acid Pyrophosphatase (TAP; 

Epicentre, Madison, WI) at 37 °C for 1hr. As a negative control, CIP-treated RNA from 

each stage was incubated in the absence of TAP. For the preparation of the double-

stranded RNA oligo adaptor, DipromF forward primer containing T7 and T3 forward 

sequences (5’-TTA ATA CGA CTC ACT ATA GGG CCC AGA ATT AAC CCT CAC 

TAA AGG GA) and the reverse compliment sequence of DiPromF, RCDPromR reverse 

primer were designed. One microgram of each primer were incubated together with 10X 

T4 DNA ligase buffer (NEB) at 95 °C for 5min and placed at 65 °C heat block which was 

then left at room temperature to naturally cool to the ambient temperature (approximately 

26 °C) for the slow annealing process.  
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Double-stranded DNA oligo was in vitro-transcribed to RNA oligo using 

mMESSAGE mMACHINE T7 kit (Life technologies) according to the manufacturer’s 

protocol. The final concentration of RNA oligo after T7 transcription was approximately 

50 µg. The 10 µM of the RNA oligo adaptor was ligated with decapped RNA using 5 

units of T4 RNA ligase (NEB) at 37 °C for 1.5 hrs. Ligated products were reverse 

transcribed with 200 units of SuperScript III reverse transcriptase (Life technologies) 

using 2 pmol of Arom GSP5 reverse primer (Table 2, Fig. 14). The cDNA was amplified 

with DiPromF forward primer along with Arom GSP 4 reverse primer (Table 2, Fig. 14) 

using Taq polymerase (Life technologies) under the following PCR conditions: 3 min at 

94 °C, 35 cycles of 45 sec at 94 °C, 30 sec at 58 °C, and 2 min at 72 °C, and an additional 

extension for 10 min at 72 °C. The second round of nested PCR was conducted with a 

1:50 dilution of the PCR product using the DiPromF primer and the Arom GSP3 primer 

(Table 2, Fig. 14). The PCR products were visualized and extracted from a 1.5% agarose 

gel, sub-cloned into a pGEM-T vector, and the first nucleotide at the 5’end in each clone 

was confirmed by sequencing. None of the negative controls, not treated with TAP, 

produced a distinct band on the 1.5% agarose gel (data not shown). Approximately 22-28 

clones from each stage were analyzed to determine gonad-specific-TSS in sequence 

analysis.  

 

DNA methylation analysis 

DNA methylation status in the region of gonad-specific TSS (between -571 and 

+23 relative to the position of TSS counted as +1) of the slider aromatase gene was 

examined using EZ DNA Methylation-Direct kit (Zymo research, Irvine, CA). Ten 

pooled gonads taken from embryos at stage 16, 19, and 21 were incubated at MPT, FPT, 
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MPTàFPT, and FPTàMPT. They were treated with Proteinase K and bisulfite and 

purified according to the manufacture’s protocol. Purified gDNA were amplified using 

Advantage 2 Polymerase Mix with Arom Set5F primer, 5’- GGY GTT AGG TTT GAT 

GAA TTT ATG GTT TGG-3’ and Arom Set5R primer, 5’- ACA CCT TTA ATC RAT 

ACC TTA CAA CCC -3’ under the following PCR conditions: 1 min at 95 °C, 35 cycles 

of 30 sec at 95 °C, 1 min at 56 °C, 1min at 68 °C, and 10 min at 72 °C for 10 min. PCR 

products were gel purified and sub-cloned as described above. The average rate of 

bisulfite conversion was > 99%, which was calculated by the number of converted 

cytosine that were adherent to non-guanines. The clones with less than 97% conversion 

rate were excluded from the analysis to avoid miscalling an incomplete bisulfite 

conversion as a legitimate DNA methylation. A total of 20-22 clones/stage/group were 

subjected to the sequence analysis.  

 

Statistical analysis  

The ratio of methylated to unmethylated CpG at each position were compared 

between the treatment groups (MPT vs FPT, MPT vs MPTàFPT, or FPT vs 

FPTàMPT) by Fisher’s exact test using R (The R project for Statistical Computing, 

Vienna, Austria). A p-value of less than 0.05 was considered to be statistically 

significant.  
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RESULTS  

The 5’ upstream region of translation start codon are highly conserved among 
species 

We identified and sequenced a novel 3944 bp of 5’-flanking region of the 

aromatase gene. A total sequence of 4066 bp was revealed upstream from the translation 

start codon (ATG), which was previously identified in the red-eared slider turtle 

(Murdock and Wibbels, 2003). We compared sequence homology of this 5’-flanking 

region of slider aromatase to other species using Percent identity plot (PIP) (Schwartz et 

al., 2000). In this analysis, the 4113 bp of slider aromatase 5’-flanking region near the 

ATG was pair-aligned with the aromatase gene sequence of four different species: 

American alligator (Alligator mississippiensis), chicken (Gallus gallus), quail (Coturnix 

coturnix), and zebra finch (Taeniopygia guttata). These species were selected because of 

their sequence similarities in the aromatase 5’-flanking region to the slider aromatase 

according to a nucleotide BLAST search (National center for biotechnology information, 

Bethesda, MD). Homology analysis showed that the 5’-flanking sequence was 

particularly conserved the region within the approximately 800 bp upstream of the ATG 

(Fig. 15). The American alligator, another species with TSD, exhibited the most number 

of nucleotide matches throughout the compared region. Comparisons with bird species 

showed that the zebra finch had the most number of nucleotide matches to the slider 

aromatase (Fig. 15). 

 

Gonad-specific transcription start site is identified at 122 bp upstream of the 
translation start codon 

The gonad-specific transcription start site (TSS) of aromatase was identified on 

mRNAs that were purified from embryonic gonads at stage 16, 19, and 21 at FPT. During 
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these stages, the expression of aromatase exhibits a rapid increase in the embryonic 

gonads that is specific to FPT (Ramsey et al., 2007). At stage 16, two distinct TSSs were 

found at 122 bp and 190 bp upstream of the ATG (Fig. 13A). At stage 19 and 21, 

however, most clones exclusively produced mRNA that contained the start site at the 122 

bp position (Fig. 13A). Therefore, we re-designated the site as +1, the first nucleotide 

guanine, as gonad-specific TSS for subsequent studies. 

 

Putative transcription factor binding sites for conserved factors in vertebrate sex 
determination are found on the 5’- flanking region of aromatase  

Next, we identified the putative transcription factor binding sites (TFBSs) on the 

total 4113 bp of the 5’-flanking region of aromatase sequence. Previous studies show that 

the following transcription factors have conserved roles in vertebrate sex determination 

and exhibit temperature-specific expression patterns in slider gonads during TSP: 

steroidogenic factor 1 (Sf1), estrogen receptor (ER), forkhead box protein L2 (FoxL2), 

doublesex and mab-3 related transcription factor 1 (Dmrt1), and SRY-box 9 (Sox9) 

(Matsumoto and Crews, 2012; Ramsey et al., 2007; Ramsey and Crews, 2007; 

Shoemaker et al., 2007a). Therefore, we examined the corresponding binding sites of 

SF1, ERE, FOX, DM, and SOX respectively within the 5’-flanking region of the 

aromatase gene. In addition, accumulating evidence suggest that heat shock factors can 

directly modify the expression of development-related genes besides their original role in 

regulating heat shock genes (Abane and Mezger, 2010; Åkerfelt et al., 2010). Thus, the 

binding site for heat shock factor (HEAT) was also included in the analysis. We show 

that the binding sites for all factors were predicted within the 5’-flanking region of the 

slider aromatase sequence. Interestingly, the locations of these binding sites were 

uniquely distributed in this upstream region. SF1 binding sites were mostly located 
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around the region of TSS and often overlapped with ERE (Fig. 17) due to their sequence 

similarities (O’Lone et al., 2004). FOX- and DM-domain sites tended to be clustering 

closely (i.e., multiple binding sites within 100 bp) whereas SOX sites were periodically 

distributed throughout the region (Fig. 17). The HEAT binding site was mainly located at 

either the 5’ or 3’ ends of this flanking region (Fig. 17). No CpG island was detected 

within this region (data not shown). 

 

We also compared the pattern of TFBSs within the homologous sequence region 

among species (Fig. 16). Approximately 700 bp of the 5’-flanking sequence from the 

slider turtle and four other species were aligned relative to their TSSs. Others have noted 

that the chicken and quail aromatase TSS were ovarian-derived while the zebra finch 

aromatase TSS was identified as brain-specific (Kudo et al., 1996; Matsumine et al., 

1991; Ramachandran et al., 1999). Our comparative analysis detected conserved binding 

sites of SF1/ERE and SOX that were located around the -150 to -100 bp region in the 

turtle, chicken, and zebra finch (solid arrows in Fig. 16). The quail sequence did not 

follow this pattern, though both the quail and chicken aromatase sequences showed a 

shared pattern of ERE and FOX binding sites just prior to the TSS. The slider aromatase 

sequence contained two SOX binding sites at approximately -300 bp that were located in 

a similar pattern as observed in the chicken and quail sequences (dot arrows in Fig. 16).  

 

DNA methylation pattern in the aromatase promoter depends on incubation 
temperature 

DNA methylation level at the regulatory regions often regulates the temporal and 

spatial expression of development-related genes (Borgel et al., 2010; Brunner et al., 

2009). We examined if the DNA methylation signature within the putative promoter 
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region was different depending on incubation temperature in the slider turtle gonad. First, 

the region around the gonad-specific TSS was examined closely in the aromatase gene (a 

gray box in Fig. 17). We found the TATA box located at -31 bp relative to the TSS, 

adjacent to the SOX binding sites (Fig. 18). At the upstream of the TATA box, several 

FOX, SF1/ERE, SOX binding sites were located. HEAT binding sites were found before 

and after the TSS, and one DM site was found after the TSS. Based on the presence of the 

TATA box upstream of the gonad-specific TSS, we defined this 5’-flanking region as the 

putative promoter of aromatase in the differentiating ovaries.  

 

Second, we constructed Arom Set5 primers to amplify the promoter region 

containing 7 CpG sites that are potential targets for DNA methylation (Fig. 18) and 

examined DNA methylation level. At stage 16, there was no difference in overall 

percentage of DNA methylation in the putative promoter at two temperatures in the 

gonads; however, DNA methylation levels were significantly lower at FPT during stage 

19 and 21 compared to MPT (Fig. 19A). To test the hypothesis that temperature acts by 

establishing DNA methylation signatures during the TSP, eggs were shifted to the 

opposite temperature (i.e., MPTàFPT or FPTàMPT) at stage 16, and methylation status 

examined at stages 19 and 21 (Fig. 19B for experimental scheme). Previous studies show 

that temperature-shifts at stage 16 completely change the gene expression pattern and 

subsequent gonad trajectory, producing the gonad phenotype corresponding to the shifted 

temperature in red-eared slider turtles (Ramsey et al., 2007; Shoemaker-Daly et al., 2010; 

Wibbels et al., 1991). We found that the overall percentage of DNA methylation was 

significantly lower in MPTàFPT gonads compared to the control MPT (Fig. 19C). This 

suggests that demethylation is allowed by temperature change to FPT after stage 16. 
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However, there was no difference in the overall percentage of DNA methylation between 

FPTàMPT and the control FPT groups (Fig. 19D). 

 

Since DNA methylation patterns are often correlated to the particular CpG sites 

within or near TFBSs that, in return, affect the binding of transcription factors 

(Straussman et al., 2009), we next examined the methylation levels at the individual CpG 

site. At stage 19, three CpG positions at II, V, and VI exhibited different methylation 

patterns at the two incubation temperatures (Fig. 20A,B). The CpG position II was 

located between FOX and SF1/ERE binding sites and the CpG position V and VI were 

just before and after the TATA box respectively (Fig. 18). Regardless of the overall lower 

level of global methylation at FPT compared to MPT at stage 21, no individual CpG site 

significantly differed in methylation level by two incubation temperatures (Fig. 20A,B). 

In temperature-shifted gonads, CpG position VII at stage 19 and position V at stage 21 

were significantly lower at MPTàFPT than at MPT (Fig. 21A,B). In the FPTàMPT 

treatment, the DNA methylation level at CpG position VII at stage 19 was significantly 

lower compared to the control FPT; however, none of other individual sites were 

differently methylated by incubation temperature (Fig. 21A,B). 

 

DISCUSSION  

Aromatase is an essential factor for gonad determination and differentiation in 

non-mammalian vertebrates. Most studies to date have been limited to the gene 

expression profiles in differentiating gonads. In this study, we identified for the first time 

in TSD species the temperature-dependent epigenetic signatures within the gonad-

specific promoter of the aromatase gene. In most mammals, birds, and amphibians, the 
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aromatase gene has multiple TSS driven by tissue-specific promoters producing unique 

5’-untranslated regions that are alternatively spliced along with a common coding region 

(Bulun, 2005; Iwabuchi et al., 2007; Means et al., 1991; Simpson et al., 2002). In fish, the 

tissue-specific aromatase transcripts, mostly studied in ovary and brain, originate from 

two or more different homologous genes (Blázquez and Piferrer, 2004; Chiang et al., 

2001; Tchoudakova et al., 2001). Whether the aromatase gene of the red-eared slider 

turtle has multiple tissue-specific TSS or homologous genes is not known. However, the 

TSS in developing ovaries identified in the current study is likely gonad-specific 

according to previous observations in different species. This study also led to the 

discovery of the 1754 bp length of intron at +265 bp relative to the TSS. The sequence 

has been submitted to GenBank along with the 5’-flanking region (GenBank accession 

no. KC554066). 

 

Our prediction for TFBSs within the 5’-flanking region of the aromatase revealed 

potential cis-regulatory mechanisms of aromatase gene expression. We found several SF1 

sites located within the 500 bp upstream region of the translation start codon (Fig. 17). 

SF1 is an orphan nuclear receptor essential for the regulation of reproduction-related 

genes and exhibits a coordinated gene expression pattern with aromatase in developing 

ovaries in several species (Caron et al., 1997; Morohashi and Omura, 1996; Ramsey et 

al., 2007; Yoshiura, 2002). Others have shown that SF1 stimulates aromatase promoter 

activity both in vivo and in vitro (Fan et al., 2007; Michael et al., 1995; Oshima et al., 

2006). We found one SF1 site located within 150 bp upstream of the gonad-specific TSS 

in slider aromatase; this same site is also observed in other species and thus is highly 

conserved (Fig. 16). The slider aromatase also had another SF1 site, specific only to this 

species, just after the TSS (Fig. 16). EREs, potential binding sites for ER, were also 
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found in the 5’-flanking region of the slider aromatase (Fig. 17). Accordingly, ERE is 

commonly observed within the ovarian-specific aromatase promoter in fish and 

amphibians (Akatsuka et al., 2005; Gardner et al., 2005; Tong and Chung, 2003). We 

previously noted that administration of estrogen to eggs incubated at MPT increased 

gonadal aromatase expression, whereas blocking endogenous estrogen at FPT suppressed 

the aromatase expression in the red-eared slider (unpublished data). This finding suggests 

that estrogen has a positive feedback to aromatase expression at the transcriptional level 

during gonad development. The binding sites for FOX and DM exhibited distinct patterns 

that were clustering closely (i.e., a multiple binding sites within 100 bp) on the 5’-

flanking region (Fig. 17). Both transcription factors FoxL2 and Dmrt1 can directly 

regulate the expression of the aromatase gene in a positive and negative manner, 

respectively, as shown in both in vivo and in vitro studies (Fleming et al., 2010; Wang et 

al., 2007; 2010). Furthermore, the expression of FoxL2 and Dmrt1 genes are mutually 

exclusive in bipotential gonads, suggesting another level of complementary of gene 

regulation in the determination of ovary vs. testes (Lei et al., 2009; Matson et al., 2011; 

Matsumoto and Crews, 2012). 

 

We have shown previously that the expression of aromatase in gonads was 

suppressed at both incubation temperatures at stage 16 but at FPT rapidly increased 

thereafter (Ramsey et al., 2007). Similarly, we observed no temperature difference in 

methylation level at stage 16, but significantly lower levels of methylation at FPT at 

stages 19 and 21 (Fig. 19A). This suggests that low level of DNA methylation at the 

promoter region is responsible for FPT-specific increase in aromatase expression. 

Further, this temperature-specific pattern of methylation seems to be established between 

stage 16 and 19 (Fig. 19A). Our temperature-shift treatment MPTàFPT indicated that 
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FPT signal after stage 16 was sufficient to allow demethylation at the aromatase promoter 

(Fig. 19C). Interestingly, the temperature-shift FPTàMPT did not result in an increase of 

methylation level (Fig. 19D). This indicates that the demethylation is a temperature 

sensitive process, however, the initiation of methylation is independent from temperature 

signal after stage 16. 

 

We further investigated if any individual CpG site is specifically methylated to 

predict the potential interaction of transcription factors to the promoter region. Our study 

showed that a CpG site located between FOX and SF1sites was less methylated at FPT 

than MPT at stage 19 (Fig. 20). FoxL2 is one of the earliest ovarian markers that is 

expressed in differentiating gonads across species (Loffler et al., 2003; Ottolenghi et al., 

2007; Yao et al., 2004). In vitro studies show that FoxL2 along with SF1 can enhance the 

expression of aromatase by directly interacting with the forkhead binding site of the 

promoter (Fleming et al., 2010; Wang et al., 2007). Our finding suggests that a low 

methylation level may allow FoxL2 to bind to this site at FPT, which results in 

transcriptional activation of the aromatase. We also found that two CpG sites located just 

before and after the TATA box had a significantly low level of methylation at FPT (Fig. 

20). The TATA box is a target sequence for the TATA box-binding protein and therefore, 

is a site for RNA polymerase II recruitment (Butler, 2002; Watson et al., 2007). Our data 

indicates that the differential methylation signatures by incubation temperature nearby the 

TATA box may be responsible for the assembly of the transcription initiation complex. 

Navarro-Martin and others observed that an exposure of sea bass embryos to high 

temperature, which correlated to a male-biased sex ratio, leads to an increase in DNA 

methylation at the aromatase promoter region (Navarro-Martín et al., 2011). Furthermore, 

they report differentially methylated CpG sites dictated by incubation temperature near 



 63 

the Fox binding site and TATA box within the promoter. Despite little sequence 

similarities between slider and sea bass aromatase promoters, our results are consistent 

with their observations, which further confirms that temperature alters the pattern of 

DNA methylation at the specific sites of CpG within aromatase promoter in the gonads. It 

is interesting that differential DNA methylation patterns at the individual CpG sites 

disappeared at stage 21 (Fig. 20), regardless of the continuous increase in gene 

expression at FPT (Ramsey et al., 2007). In mammals, the developmental gene 

expression is, at least partially, regulated by a repeat of de novo methylation and 

demethylation of the regulatory regions (Bird, 2002; Morgan et al., 2005; Reik et al, 

2001). It is possible that the DNA methylation pattern observed at the individual CpG site 

is a transitory mark for the initiation of aromatase transcription whereas the maintenance 

of transcription at following stages may be mediated via different mechanisms.  

 

Although the overall DNA methylation level was decreased in MPTàFPT 

gonads, we did not find a consistent pattern of DNA methylation at the CpG position II, 

V, and VI in our temperature-shift experiments (compare Fig. 20 to Fig. 21A). These 

observations indicate that temperature-shift at stage 16 is not sufficient to establish the 

DNA methylation pattern specific to the CpG sites. It is possible that epigenetic marks, 

not limited to the DNA methylation or on aromatase gene, may already be established in 

gonads before stage 16 but after stage 16 only the level of methylation can be affected. 

We also cannot rule out the possibility that the methylation percentage is limited by the 

number of colonies examined in the sub-cloning technique. It is worth noting that the 

CpG position VII, located after the gonad-specific TSS, had significantly lower 

methylation in the both temperature-shifts (Fig. 21A,B). We do not currently have an 

explanation for this observation, although methylation at this CpG position seems to be 
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specific to the temperature-shift treatment as it was not observed in gonads at constant 

temperature. Although the temperature effect on the level of DNA methylation has been 

studied mostly in plants (Hashida et al., 2003; 2006), it is still unclear how temperature 

affects the DNA methylation in non-mammalian vertebrates. It is most likely that 

dynamic epigenetic changes in a particular set of genes occur during gonad 

determination. The current study of epigenetic profiles of the aromatase promoter marked 

by temperature will provide further insight in the process of TSD system and ultimately 

help to understand the mechanisms underlying developmental plasticity. 
 
 

Table 2. Primer sequences to identify the 5’-flanking region of the aromatase 
gene and gonad-specific transcription start sites in the red-eared slider 
turtle 

 
Arom GSP = Aromatase gene specific primer.  
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Figure 13. Nucleotide position of gonad-specific transcription start sites (TSSs) of 
aromatase in the red-eared slider turtle 

TSSs were examined in total RNA from pooled gonads at embryonic stage 16, 19, and 21 
at FPT (n = 6/stage) using A. RNA ligase-mediated rapid amplification of cDNA ends 
(RLM-5’RACE) and B. a conventional 5’RACE using SMARTTM RACE cDNA 
Amplification kit (Clontech). X-axis represents the distance in base-pairs from the 
translation start codon (ATG), and the y-axis represents the number of clones examined.  
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Figure 14. Relative positions of the designed primers in Table 2 

Black line: known aromatase cDNA sequence of the red-eared slider turtle (GenBank 
accession no. AF178949). Orange line: unknown 5'-flanking region. Black arrows: 
aromatase gene-specific reverse primer (GSP) positions. A translation start codon, ATG 
was previously identified in the red-eared slider turtle (Murdock and Wibbels, 2003). 
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Figure 15. Sequence homology analysis of the 5’-flanking region of the aromatase 
in the red-eared slider turtle  

The newly identified 4113 bp sequence of the aromatase in the red-eared slider turtle 
(GenBank accession no. KC554066), consisting of 4066 bp upstream and 47 bp 
downstream of the translation start codon (ATG), was pair-aligned with the aromatase 
sequences (upstream bp length from ATG/total bp sequence compared) of the American 
alligator (3950/4000), chicken (2614/3229), quail (2442/4351), and zebra finch 
(1356/1401) using the percentage identity plot (PIP) Maker (Schwartz, 2000). GenBank 
accession numbers are as follows: alligator (AY029233), chicken (D50335), quail 
(D50336), and zebra finch (AH008871). The additional 5’ flanking region of alligator 
aromatase was extracted from the assembled genome (St John et al., 2012). The 
horizontal axis represents the base-pair position of the aromatase sequence of the red-
eared slider turtle, and the vertical axis represents the percent nucleotide similarity of 
each aligned segment (i.e., stretch of DNA without any gaps) with the corresponding 
species. 
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Figure 16. Comparative analysis of the transcription factor binding sites (TFBSs) 
of the aromatase gene among species 

TFBSs at approximately 700 bp of the 5’-flanking regions including the translation 
initiation codon (ATG) and transcription start site (TSS) of the red-eared slider turtle and 
four other species were predicted using the MatInspector (Genomatix) and aligned 
relative to the gonad- or brain-specific TSSs. GenBank accession numbers of these 
species are as follows: alligator (AY029233), chicken (D50335), quail (D50336), and 
zebra finch (AH008871). Dashed lines indicate missing sequence information of the 
alligator aromatase in the GenBank. Colored marks represent TFBSs with a 5’ to 3’ 
(above the line) or a 3’ to 5’ (below the line) orientation relative to the TSS. Color codes 
for the transcription factors are as follows: pink: SF1 (vertebrate steroidogenic factor 1), 
light green: ERE (estrogen response elements), ocher: FOX (fork head domain factors), 
dark green: DM (DM domain-containing transcription factor), purple: SOX (Sox/SRY-
sex/testis determining and related HMG box factors), and dark blue: HEAT (heat shock 
factors). TATA: TATA box. Horizontal black arrow: TSS. Reverse triangle: ATG. Solid 
vertical arrows: conserved SF1/ERE and Sox binding sites. Dashed vertical arrows: 
conserved SOX binding sites.  
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Figure 17. Prediction of transcription factor binding sites (TFBSs) on the 5’-
flanking region of aromatase  

TFBSs were predicted using the MatInspector (Genomatix). Colored marks represent the 
TFBSs with a 5’ to 3’ (above the line) or a 3’ to 5’ (below the line) orientation relative to 
the transcription start site (TSS). SF1: vertebrate steroidogenic factor 1, ERE: estrogen 
response elements, FOX: fork head domain factors, DM: DM domain-containing 
transcription factor, SOX: Sox/SRY sex/testis-determining and related HMG box factors, 
HEAT: heat shock factors. Horizontal arrow represents TSS (+1). A magnification of 
gray box is shown in Fig. 18. 
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Figure 18. Putative aromatase promoter (-583 to +170) sequence in the gonads  

The core conserved sequences (four nucleotides) for transcription factor binding sites 
(TFBSs) and CpG sites (I – VII) are indicated in colored and gray boxes, respectively. 
The gonad-specific transcription start site (TSS, +1) is indicated with an arrow. The 
translation initiation codon, ATG, is indicated in bold. The sequences of the Arom Set5 
primer pairs used for DNA methylation analysis are underlined. SF1: vertebrate 
steroidogenic factor 1. ERE: estrogen response elements. FOX: fork head domain factors. 
DM: DM domain-containing transcription factor. SOX: Sox/SRY sex/testis-determining 
and related HMG box factors. HEAT: heat shock factors. TATA: TATA box.  
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Figure 19. Total DNA methylation level of the putative aromatase promoter in the 
gonads  

Total percent DNA methylation during embryonic development at A. MPT and FPT, C. 
MPT shifted to FPT, and D. FPT shifted to MPT were examined. B. The scheme of 
temperature-shift experiment. Each bar represents twenty to twenty-two 
clones/stage/temperature from the data of a single pool of 10 gonads. Asterisk (*) is 
statistically significant (p < 0.05) according to the Fisher’s exact test. MPT: male-
producing temperature. FPT: female-producing temperature.  
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Figure 20. DNA methylation of the putative aromatase promoter at the individual 
CpG site in the gonads  

A. DNA methylation status in clones from the gonads at embryonic stage 16, 19, and 21 
at MPT and FPT. Each row represents a single clone (1 - 20~22 
clones/stage/temperature) and a column represents the position of CpG (I – VII). Open 
circles: unmethylated CpG sites. Closed circles: methylated CpG sites. B. Percent DNA 
methylation at the individual CpG site (I - VII) of the putative aromatase promoter at 
stage 16, 19, and 21 in the slider gonad. Asterisk (*) is statistically significant (p < 0.05) 
according to the Fisher’s exact test. MPT: male-producing temperature. FPT: female-
producing temperature. 
 

 
  



 73 

Figure 21. DNA methylation of the putative aromatase promoter at the individual 
CpG site in temperature-shifted gonads 

At embryonic stage 16, eggs are shifted to the opposite temperature, A,C. MPT to FPT 
and B,D. FPT to MPT. A,B. DNA methylation status in clones from the gonads at 
embryonic stage 19 and 21 after temperature-shift. Each row represents a single clone (1 
- 21~22 clones/stage/temperature) and a column represents the position of CpG (I – VII). 
Open circles: unmethylated CpG sites. Closed circles: methylated CpG sites. C,D. 
Percent DNA methylation at the individual CpG site (I - VII) of the putative aromatase 
promoter at stage 19 and 21 in the slider gonad. Asterisk (*) is statistically significant (p 
< 0.05) according to the Fisher’s exact test. MPT: male-producing temperature. FPT: 
female-producing temperature.  
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Chapter 4:  Phenotypic, genetic, and epigenetic changes in PCB-
exposed embryonic gonads in temperature-dependent sex determination 

 

INTRODUCTION 

Endocrine disrupting compounds (EDCs) are chemicals in the environment that 

interfere with normal endocrine functions of organisms. Industrial use of polychlorinated 

biphenyls (PCBs) has been banned in the United States since the late 1970’s but, due to 

their long half-life and chemical inability to oxidize in nature, residual contamination will 

persist in the environment for centuries (Harner et al., 2004; Harrad et al., 1994; Ross, 

2004). PCBs bioaccumulate in fatty tissue of organisms throughout the food web and 

tertiary consumers, including humans, are particularly vulnerable (Bergman et al., 1994; 

Hardell et al., 2010; Jacobson et al., 1989). Early life exposure to EDCs, particularly 

during sex determination, can result in sub- or infertility and, in some cases, complete sex 

reversal (Anway, 2005; Crain et al., 2008; Guillette et al., 2000; Bergeron et al., 1994). In 

the red-eared slider turtle (Trachemys scripta), the resulting sex of the embryonic gonad 

depends on the ambient temperature in which the egg is incubated, a system known as 

temperature-dependent sex determination (TSD). During the temperature-sensitive period 

(TSP) of development, embryonic gonads are also sensitive to exogenous steroid 

hormones and hormone mimics. Exposure to exogenous EDCs, including some PCBs, 

redirects the gonadal trajectory from that normally dictated by incubation temperature 

(Crews, 1994; Willingham et al., 2000; Bergeron et al., 1994; Wibbels and Crews, 1992).  

 

The molecular mechanisms underlying EDC-directed gonad determination are the 

focus of this study. Previous research demonstrates that temperature- as well as hormone-
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induced changes in gonad phenotypes are accompanied by developmental changes in the 

expression of candidate sex determining genes (Matsumoto et al., 2013b; Ramsey and 

Crews, 2007; Shoemaker and Crews, 2009). It suggests that the transcriptional activation 

or repression of these genes may be the key mechanism determining the trajectory of the 

developing gonad. Here the effect of PCB treatment on the expression of candidate sex-

determining genes was examined in developing gonads of slider turtles: cyp 19a1 

(aromatase), Fork-head box protein L2 (FoxL2), R-spondin 1 (Rspo1) as ovarian 

markers; Doublesex mab3- related transcription factor 1 (Dmrt1) and sex-determining 

region on Y chromosome-box 9 (Sox9) as testicular markers. Aromatase catalyzes 

conversion of androgens into estrogens and is pivotal in TSD. The aromatase promoter is 

one of the targets of DNA methylation during gonad determination and the methylation 

pattern strongly correlates with the gonad-specific expression of aromatase in both 

genetic and environmental sex-determination systems (Ellis et al., 2012; Matsumoto et 

al., 2013a; Navarro-Martín et al., 2011; Parrott et al., 2013). In ovo experiments followed 

gonad development in eggs and in vitro experiments with gonad explants. Additional 

experiments investigated the DNA methylation profiles of the aromatase promoter during 

the beginning and middle of the TSP, the period when temperature establishes the 

developmental trajectory of the gonad.  

 

MATERIALS AND METHODS 

Animals and treatment groups 

Freshly laid slider turtle eggs were collected within 24 hours of laying and 

shipped from Kliebert’s Turtle and Alligator Farm in Hammond, LA. All embryos were 

maintained and handled in accordance with humane animal practices under IACUC 
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protocol number AUP-00149. Eggs were maintained at room temperature (approximately 

26 °C) for 10 days before viability was assessed by candling. Viable eggs were randomly 

placed in trays with moistened vermiculite and incubated at either 26 °C (= male-

producing temperature or MPT) for subsequent PCB treatments or 31 °C (= female-

producing temperature or FPT) to serve as normal ovarian development (FPT control). 

Incubation temperature was monitored by thermometers and HOBO data loggers (Onset 

Computer Corp., Bourne, MA). Embryonic development was determined by 

morphological features according to the Greenbaum’s staging series (Greenbaum, 2002).  

 

In ovo PCB treatment and gonad collection 

Two types of PCBs, 4-hydroxy-2’,4’,6’-trichlorobiphenyl (PCB-F) and 4-

hydroxy-2’,3’,4’,5’-tetrachlorobiphenyl (PCB-G) (AccuStandard, New Haven, CT) were 

chosen based on previous research regarding their effect on hatchling sex ratio when 

topically applied to eggs during the development of slider turtles (J M Bergeron, 1994). 

At stage 16, the beginning of TSP when all embryonic gonads are sensitive to 

surrounding temperature and exogenous hormones, MPT incubated eggs were treated 

with one dose of (i) 10 µL ethanol (EtOH) as a vehicle control, (ii) 10 µg 17β-estradiol 

(E2, Sigma-Aldrich, MO) as a positive hormone control, (iii) 100 µg PCB-F (= low PCB-

F), (iv) 200 µg PCB-F (= high PCB-F), (v) 100 µg PCB-G (= low PCB-G), (vi) 200 µg 

PCB-G (= high PCB-G), or (vii) 100 µg each of PCB-F&G (= mixture) and kept at MPT. 

As a control for the natural ovarian gonadal pathway, FPT incubated eggs also received 

10 µL EtOH vehicle at the same time point, stage 16 and were kept at FPT. For the 

baseline assessment, the gonads at stage 16 (n = 8-10 gonads, 1 gonad per sample) at 

both temperatures were taken before the treatments, collected individually in 500 µl 
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Trizol reagent (Life Technologies, Grand island, NY), vortexed, and stored at -80 °C 

until use. This time point would represent baseline gene expression for both in ovo and in 

vitro experiments. Three treatment groups -‐ E2, high PCB-F, and a mixture of PCB-F&G 

-‐ were selected for subsequent gene expression and DNA methylation analysis due to 

robust effect on hatchling sex ratio observed in this study (Fig. 22) along with EtOH 

vehicle controls at both temperatures. Six to eight individual gonads (1 gonad per sample) 

in each treatment group were separately collected in 500 µl Trizol reagent at stage 17, 19, 

21, 23, and hatching, vortexed, and stored at -80°C until RNA extraction. For DNA 

methylation analysis, gonads from 6 to 8 individual embryos (2 gonads per sample) at 

stage 16, 17, and 19 were collected and snap frozen in liquid nitrogen until bisulfite 

conversion. The gonads from four individuals (2 gonads per sample) from eggs without 

any treatment were also collected at each stage to assure the absence of any influence of 

the EtOH vehicle on DNA methylation, which has not been reported in previous studies.  

 

Gonad sex determination by microscopy 

At hatching, the hatchling’s sex was determined by phenotypic features of the 

gonads under the microscope and recorded by two independent investigators. All 

treatments were coded in a double blind manner to the investigators to prevent 

observational prejudice. Male was evidenced by the formation of vascularized and round 

testes, whereas female was evidenced by the formation of non-vascularized elongated 

ovaries (Crews, 1995; Matsumoto and Crews, 2012). A presence or absence of the 

oviducts was also recorded but not taken into consideration in the determination of the 

individual’s sex. A whole adrenal-kidney-gonad (AKG) complex from several 
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individuals per each treatment was preserved in 70% EtOH and photographed using 

SteREO Discovery V12 (Zeiss, Thornwood, NY).  

 

In vitro PCB treatment in gonadal cultures  

Embryonic gonads from eggs incubated at MPT were dissected out at stage 16 

(Day 0) and cultured as described previously (Matsumoto et al., 2013b). Isolated gonads 

were treated with (i) 0.003 % EtOH vehicle, (ii) 100 nM E2, (iii) 1 µ M PCB-F, and (iv) 

0.5 µM each of PCB-F and PCB-G and kept at MPT. As a control for the canonical 

ovarian pathway, embryonic gonads from eggs incubated at FPT were also dissected out 

at stage 16 (Day 0), treated with a 0.003 % EtOH vehicle and kept in culture at FPT. All 

chemicals were diluted in ≥99.5 % EtOH and added to the media at a final concentration 

of 0.003% EtOH. The dosages of E2 and PCBs were chosen based on previous in vitro 

studies (Kitamura et al., 2005; Matsumoto et al., 2013b; Ramamoorthy et al., 1997). 

Culture media were changed every other day and replaced with the same concentration of 

chemicals in fresh media. A small number of gonad cultures without any treatment were 

also maintained in parallel to enforce the validity of the EtOH vehicle as a proper 

negative control. Six to eight individual gonads (1 gonad per sample) were collected in 

500 µl Trizol, vortex, and stored at -80 °C until RNA extraction.  

 

RNA extraction and quantitative PCR 

Total RNA was isolated, treated with DNA-Free Turbo DNase I (Life 

Technologies), and reverse transcribed using iScript kit (Bio-Rad, Hercules, CA) as 

previously described (Matsumoto et al., 2013b). Relative gene expression was examined 

by quantitative PCR (qPCR) using SYBR green real-time PCR master mix (Life 
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technologies) on the ViiA7 System (Life technologies). Samples were run in triplicate, 

and the median Ct value was used for analysis. The expression of aromatase, FoxL2, 

Rspo1, Sox9, and Dmrt1 were examined using previously published primers (Smith et al., 

2008; Ramsey et al., 2007; Shoemaker et al., 2007a). The expression of protein 

phosphatase1 (PP1) was used as an internal control to normalize Ct values of all genes 

(Ramsey et al., 2007). Samples with PP1 Ct values of more than 35 were considered 

degraded or with insufficient amounts of RNA; therefore, removed from the analysis. 

PCR specificity was monitored using melting curve analysis. Ct values were analyzed 

using the ΔCT method and fold changes of the treatment groups to their respective 

control was calculated by setting the sample with the lowest Ct value as one fold. 

 

Bisulfite conversion and pyrosequencing  

Gonads were treated with Proteinase K and bisulfite using EZ DNA Methylation-

Direct kit (Zymo research, Irvine, CA) according to the manufacturer’s protocol. The 

bisulfite-treated genomic DNA was purified using columns provided with the kit. Three 

primer sets, Arom-set1, Arom-set2, and Arom-set3 (Table 3) were designed using 

PyroMark Assay Design Software (Qiagen, Venlo, Limburg) to capture five CpG sites 

within the previously identified slider aromatase promoter (Matsumoto et al., 2013a). 

PCR was carried out using Advantage 2 polymerase mix (Clontech, Mountain View, CA) 

for Arom-set1 outer and nested primer sets and KAPA HiFi hotstart uracil+ ready mix 

(KAPA Biosystems, Wilmington, MA) for the Arom-set2 and 3 primer sets. PCR 

conditions for Arom-set1 outer primers were as follows: 1 min at 95 °C; 32 cycles of 30 

sec at 95°C, 1 min at 60°C, 1 min at 68°C; and 10 min at 68°C. PCR products were 

diluted 1:50 with Nuclease-free water, and 1 µL of the dilution was used for the 



 80 

subsequent nested PCR reaction using Arom-set1 nested primers under the same PCR 

conditions as outer PCR reaction with 47 cycles. PCR condition for Arom-set2 and 3 

primers were as follows: 3 min at 95 °C; 47 cycles of 20 sec at 98°C, 30 sec at 60°C, 1 

min at 68°C; and 3 min at 68°C. The specificity of the PCR reaction was confirmed by 

the presence of a single band on a 2% agarose gel. PCR products were then sent to 

EpigenDx (Hopkinton, MA) along with sequence primers (Table 3) for pyrosequencing 

analysis. Raw data were analyzed and reported as a fraction of C (methylated) or T 

(unmethylated) at each CpG site by EpigenDx. Only samples that passed a quality 

assessment by EpigenDx were used for the further analysis.  

 

Statistical analysis  

Gonad sex ratio was analyzed with the Fisher’s exact test. For qPCR and 

pyrosequencing data, the Wilcoxon Sum test was used to evaluate the differences of 

EtOH treatment at FPT or exogenous chemical treatments at MPT to the EtOH control at 

MPT. All statistical analysis and graphic visualizations were conducted using R (The R 

project for Statistical Computing, Vienna, Austria).  

 

RESULTS 

Embryonic exposure to PCBs altered hatching sex ratio biased to females and 
disrupted development of sex cords 

We first examined the sex ratio at hatching from eggs treated with exogenous 

chemicals. As shown in Fig. 22A, topical treatment of E2 at stage 16 resulted in the 

expected 100% sex reversal in ambient temperature MPT, producing only females 

(Fisher’s Exact Test, p < 0.001). In this group, we found that approximately 74% of 
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individuals had one or both oviducts missing. The PCB-F and PCB-F & G mixture 

treatments had significant changes in sex ratio compared to the control (Fisher’s Exact 

Test, p < 0.001), following the findings in the previous report of sliders (Bergeron et al., 

1994). In these PCB treatment groups, the absence of one or both oviducts was also 

prominent. PCB-Gs alone did not have a significant effect on sex reversal, although a 

higher dose of PCB-G produced slightly more female hatchings than the lower dose. We 

next examined the phenotype of the adrenal-kidney-gonad (AKG) complex along with 

the sex cords at hatching by microscopy. Hatchlings at MPT exhibited a typical 

phenotype of sex organs in this species, comprised of round, vascularized testes with 

degenerating or degenerated oviducts (Fig. 22B, left panel). Hatchlings at FPT exhibited 

typical elongated non-vascularized ovaries along with oviducts formed vertically on the 

mesonepheros tissue (Fig. 22B, right panel). AKG complexes from eggs treated with 

exogenous chemicals, E2 or PCBs at MPT showed ovaries with several malformations of 

the sex cords, including oviducts that were enlarged (Fig. 22C), incompletely elongated 

(Fig. 22D), or missing (Fig. 22E,F). A small group of females in the E2 treatment group 

had smaller ovaries compared to the FPT controls, as previously reported in turtles 

(Barske and Capel, 2010; Matsumoto and Crews, 2012; Merchant-Larios et al., 1997). No 

prominent phenotypic changes were observed in PCB-induced ovaries. Some males 

exhibited testes development with a failure of oviduct degeneration (Fig. 22G). We also 

examined the effect of E2 or PCB exposure to embryos at FPT. The four treatments, E2, 

high PCB-F, high PCB-G, or a mixture of PCB-F&G were tested under the same 

condition described above except eggs were incubated at FPT before and after the 

treatment. As expected, all hatchlings were females in all treatment groups (Fig. 23A). 

We found some individuals also had oviduct malformations, however less individuals 

than those at MPT exhibited the malformations (Fig. 23B-F).  
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In ovo expression of candidate sex-determining genes were altered in PCB-treated 
gonads  

We proceeded to analyze the expression of candidate sex-determining genes in 

the three treatment groups that showed the most significant effects on hatchling ratio, i.e., 

E2, high PCB-F, and a mixture of PCB-F&G along with control groups. Two control 

groups, MPT and FPT incubated eggs confirmed our previous findings (Smith et al., 

2008; Matsumoto et al., 2013b; Ramsey et al., 2007; Shoemaker et al., 2007a) that were 

up-regulation of ovarian markers and down-regulation of testicular markers at FPT and 

vice versa at MPT (Fig. 24A). When the pattern of gonadal gene expression during 

development in each treatment group was compared to the MPT control group, we found 

PCB-treated gonads exhibited a similar expression pattern to the gonads treated with E2. 

The expression of aromatase, typically suppressed at MPT, increased as early as stage 19 

in E2 and PCB treatment groups (Fig. 24B). Another ovarian marker, FoxL2 rapidly 

increased in both groups of PCB treatments as well as the E2 positive control group. 

Rspo1 did not increase until stage 23 in E2 and PCB treatments. In all ovarian markers 

tested, the responses in gene expression were prominent particularly in E2 and high PCB-

F treatment groups, which also corresponded with the higher percentage of female 

hatchings in these groups (Fig. 22A). The increase of these markers in treatment groups, 

however, occurred at later developmental stages compared to the ones observed in 

normal ovarian development at FPT (Fig. 24B compared to Fig. 24A). The expression of 

testicular markers Dmrt1 and Sox9 were significantly suppressed by E2 and high PCB-F 

treatment at all developmental time points (Fig. 24B). Unlike ovarian markers, testicular 

markers were suppressed by exogenous chemicals with similar pattern and timing to the 

ones observed in ovarian pathway control at FPT (Fig. 24B compared to Fig. 24A).  
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In vitro expression of candidate genes in gonad explants mimicked in ovo expression 
in response to PCB treatment  

Next, we examined PCBs effect on candidate sex-determining genes in vitro. 

Previous studies showed that the expression pattern of candidate sex-determining genes 

by exogenous ligand treatment (steroid hormones and an inhibitor for the steroid 

metabolic enzyme) in an in vitro gonad culture mimicked the gonadal expression pattern 

in ovo (Matsumoto et al., 2013b). In this study, we chose two genes FoxL2 as an ovarian 

marker and Dmrt1 as a testicular marker due to limited amount of total RNA available for 

testing. These two genes were chosen because of their rapid transcriptional responses to 

the ambient temperatures or exogenous ligands as they were observed in ovo (Fig. 24). 

The expression of FoxL2 increased at D4 and D12 in E2 treated gonads, at D1, D4, and 

D12 in PCB-F treated gonads, and at D1 and D4 in PCB-F&G treated gonads compared 

to the EtOH control at MPT (Fig. 25). The expression of Dmrt1 was suppressed by D4 in 

E2- and both PCB-treated gonads. The effect of exogenous chemicals disappeared by D20 

in all treatments for FoxL2 and in the PCB-F treatment for Dmrt1 expression.  

 

Gonadal DNA methylation at the aromatase promoter sustained MPT-typical 
profiles in response to embryonic exposure to PCBs  

We next examined the DNA methylation status of five CpG sites (CpG 1-5, Fig. 

26A) in the aromatase promoter region in the gonads. These sites were previously 

identified as having a differential DNA methylation pattern between the two constant 

incubation temperatures (Matsumoto et al., 2013a). In the current study, we took 

advantages of pyrosequencing to obtain deep quantitative sequence reads instead of 

traditional Sanger sequencing. The percent of successful pyrosequencing analysis at CpG 

1, 2, 3, 4, and 5 were 90, 100, 100, 78, and 97%, respectively. The difficulty in 
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sequencing at CpG 4 (78%) was most likely attributed to the presence of unidentified 

mutations unique to individuals rather than technical issues with the method. We also 

discovered some individuals had a three-nucleotide deletion within Arom-set3 sequence 

primer 1 (data not shown), therefore necessitated the use of a second sequencing primer, 

Arom-set3 sequence primer 2 (Table 3) to sequence the CpG 5 position. First, we 

compared the DNA methylation level across the stages in control groups. In the MPT 

control group, the level decreased at CpG 1 and 5 while increased at CpG 2 and 3 

(Wilcoxon Rank Sum test, black dots for statistical differences in Fig. 26B). The 

methylation level at CpG 4 remained consistent in this group. In FPT control group, the 

methylation level across stages decreased at all CpG sites (black dots in Fig. 26B). 

Second, we compared each treatment group to MPT control within a stage. The 

methylation level in FPT control group was lower than the MPT group in the beginning 

of TSP, stage 16 at CpG 4, and the pattern found at all CpG sites by stage 19 (Wilcoxon 

Rank Sum test, asterisks for statistical differences in Fig. 26B). In E2 or PCBs treated 

groups showed no change or increased level of methylation at CpG 1, 3, 4, and decreased 

level at CpG 2 (asterisks in Fig. 26B). At CpG 5, the methylation level in E2 and PCB-F 

treatments were low at stage 17 and high at stage 19 compared to the MPT control 

(asterisks in Fig. 26B). Overall, the methylation profiles in E2 and PCB- treated gonads 

were rather similar to those at MPT, although these treatment groups produced most 

female hatchlings. 

 

We also calculated the overall methylation level of the five CpG sites in the 

aromatase promoter. Only the FPT control group exhibited a significant decrease across 

the stages (black dots for statistical differences in Fig. 27) and showed a significant 

difference as compared to the MPT control at stage 19 (an asterisk in Fig. 27). As well as 
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the observation at individual CpG sites, total methylation of E2 or PCB treated groups 

followed the methylation pattern observed at MPT rather than at FPT. 

 

DISCUSSION 

This study focused on the effects of PCB exposure to embryonic development in 

the red-eared slider turtles, a species with TSD. The observations of gonad phenotypes in 

PCB-treated hatchlings replicate those of Bergeron et al. (1994) and extend this work to 

the transcriptional and epigenetic mechanisms during gonadogenesis. Our findings 

indicate that the embryonic exposure to specific PCBs both re-direct the gonadal 

trajectory against the ambient egg incubation temperature and produce a subset of 

individuals with malformations of the reproductive tracts. Similar phenomena have been 

reported in female quails where embryonic exposure to the environmental chemicals 

result in a shortening of the oviducts regardless of fairly normal ovarian development 

(Berg et al., 2001; Kamata et al., 2006). Since the regression of Mullerian duct is 

regulated by mullerian inhibiting substance (MIS) produced from embryonic testes 

(Behringer et al., 1994; Picard et al., 1986; Josso, 1986; Lee and Donahoe, 1994), PCBs 

may be distorting the normal MIS gene expression in differentiating gonads.  

 

A previous study shows that PCB-F (4-hydroxy-2’,4’,6’-trichlorobiphenyl) has a 

binding affinity to the estrogen receptors that is approximately 100-fold higher than 

another structurally different PCB, PCB-G (4-hydroxy-2’,3’,4’,5’-tetrachlorobiphenyl) 

(Carlson and Williams, 2001). In addition, PCB-F has a potent ability to achieve a 

maximum estrogenic activity similar to exogenous estrogens. Consistent with this 

finding, we observed that PCB-F had a stronger effect than PCB-G on gonad sex reversal 
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against the cues of ambient temperature, and the magnitude of the effect was similar to 

the one induced by the exogenous estrogen, E2 (Fig. 22A and 24B). A combination of 

PCB-F&G treatment had a synergistic, rather than additive, effect on hatching sex ratio 

(Fig. 22A), which is also a known characteristic of endocrine disruptors (Arnold et al., 

1996; Crews et al., 2003; Diamanti-Kandarakis et al., 2009; Kortenkamp, 2007).  

 

Previous in vitro gonad explant studies in TSD species demonstrate that 

temperature and exogenous hormones, acting directly on the developing gonad and 

independently from other embryonic milieu stimuli, dictate specific gene expression 

patterns during TSP (Matsumoto et al., 2013b; Moreno-Mendoza et al., 2001; 

Shoemaker-Daly et al., 2010). Therefore, in the current study, we investigated the 

gonadal expression of candidate sex-determining genes in ovo, as well as in the in vitro 

explants to assess the differentiation event of bipotential gonads. All ovarian markers, 

aromatase, FoxL2, and Rspo1 were up-regulated in both PCB- and E2-treated group as 

expected, but the timing of the expression was delayed compared to that observed in the 

FPT control (Fig. 24). This transcriptional delay in response to exogenous chemicals was 

a stark contrast to their effect on testicular markers Dmrt1 and Sox9, which instead 

exhibited a rapid transcriptional suppression similar to the FPT control. We presume that 

this temporal difference in the transcriptional responses between ovarian and testicular 

markers may indicate that these developmental pathways exist in a hierarchical fashion, 

rather than parallel manner, although understanding the true nature of this genetic 

cascade during gonad determination requires a further investigation. 

 

We also found that Dmrt1 and Sox9 exhibited a similar pattern of gene expression 

during gonad development (Fig. 24). The close regulatory relationship between Dmrt1 
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and Sox9 has been suggested in several species. Sex-reversal of genetically female 

chicken by aromatase inhibitors resulted in the up-regulation of gonadal Dmrt1 followed 

by the increase of Sox9 expression (Smith et al., 2003). In adult mouse, Dmrt1 maintains 

Sox9 expression in Sertoli cells; therefore, a loss of Dmrt1 expression results in a 

decrease in Sox9 expression and the loss of a testis phenotype (Matson et al., 2011). 

However, the interaction of Dmrt1 and Sox9 in gonads seems to be species-specific. In 

Olive Ridley sea turtle (Lepidochelys olivacea), Dmrt1 expression during TSP is sexually 

dimorphic between the two incubation temperatures in gonads whereas Sox9 expression 

is not different until the very end of TSP (Torres Maldonado et al., 2002). 

 

Our in vitro study showed that the gonadal expression of FoxL2 increased just 

after the treatments with PCB; however, the effect disappeared after D20 and D12 in 

PCB-F and PCB-F&G treated gonad explants, respectively (Fig. 25). In contrast, the 

expression of Dmrt1 was suppressed by PCB treatments in vitro throughout the observed 

developmental period. Overall, the response patterns of FoxL2 and Dmrt1 expression to 

PCB manipulations in vitro were similar to those observed in ovo, suggesting that PCB-

mediated expression of candidate genes are regulated independently in the differentiating 

gonads. 

 

We further studied the DNA methylation status of the aromatase promoter. 

Accumulating evidences suggests that DNA methylation is responsible for regulating the 

temperature-specific expression of the aromatase gene in TSD or TSD-related systems 

(Matsumoto et al., 2013a; Navarro-Martín et al., 2011; Parrott et al., 2013). Previously 

we identified three CpG sites (CpG 1, 4, and 5 in this study) that exhibited lower DNA 

methylation level at FPT than at MPT around the transcription start site of the aromatase 
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promoter during TSP (Matsumoto et al., 2013). In the current study we discovered two 

additional CpG sites (CpG 2 and 3) that were also differentially methylated between two 

incubation temperatures by stage 19 (Fig. 26B), presumably due to a technical advantage 

of using pyrosequencing method. The manipulations of E2 and PCBs at MPT did not 

result in a de-methylation of the promoter, rather maintained the overall methylation 

profiles normally observed at MPT. A similar observation is reported in chicken, where 

the feminization of ZZ-male was not accompanied with the full reversal of DNA 

methylation at the aromatase promoter (Ellis et al., 2012). In sea bass, the female-biased 

sex ratio by exogenous estrogen application also fail to exhibit a change in DNA 

methylation pattern at the aromatase promoter (Navarro-Martín et al., 2011). These 

studies, as well as our current study, suggest that exogenous chemicals cannot singularly 

reverse the epigenetic marks in differentiating gonads despite their well-established 

effects on transcriptional and phenotypic changes. 

 

Several models may explain this general observation. One hypothesis is that 

epigenetic marks may have already been established long before gonad-specific 

transcription or phenotypic differentiations occurs at the beginning of TSP. Although 

only one (i.e., CpG 4) out of five CpG sites in the current study exhibited a different 

DNA methylation pattern between two temperatures at stage 16, the molecular marks that 

are responsible for establishing the gonad-specific DNA methylation profiles may already 

exist before stage 16. This idea is further supported by our previous observation that the 

temperature-shift from FPTàMPT at stage 16 failed to establish normal DNA 

methylation patterns that were usually observed at constant MPT (Matsumoto et al., 

2013a). Another possibility is that epigenetic marks are more stable, therefore 

irreversible, against environmental changes compared to other developmental processes 
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that may be occurring during gonad differentiation. This stability may include the 

possibility that the steroid pathways involved in gonad differentiation that were 

investigated in this study are completely independent from epigenetic modifications. 

Further studies are needed to assess these hypotheses. 

 

Our results demonstrate that xenoestrogen modifies the gonadal trajectory by 

altering the transcriptional and phenotypic profiles, and that these elicited changes are not 

the consequence of an alteration in the rather stable epigenetic marks in the gonads. We 

believe that the current study will aid in the understanding of the mechanisms underlying 

the interaction between environmental cues and gene regulation during embryonic gonad 

development in temperature-dependent species.  

 
 

Table 3. PCR	  primers	  for	  bisulfite-‐treated	  genomic	  DNA	  amplification	  and	  
sequence	  primers	  for	  pyrosequence	  analysis  

Parenthesis represents a direction of primer. F = forward, R = reverse, +b = biotin 
labeled.  

 
Primer	  name	  (Direction)	   	   Target	   	   5’-‐	  3’	  Sequence	   	   	   	  
Arom	  set	  1	  PCR	  outer	  (F)	   	   	   CpG	  1	   	  	   	   	   	   AGTAGGGATTAGTAAGGAATTTT	  
Arom	  set	  1	  PCR	  outer	  (R)	   	   	   CpG	  1	   	  	   	   	   	   TATTACCCTTAACTAACCAACAA	  
Arom	  set	  1	  PCR	  nested	  (F)	   	  	   CpG	  1	   	  	   	   	   	   TAGTATGGTTGTTTGTTTATG	  
Arom	  set	  1	  PCR	  nested	  (R)	  +b	   	   CpG	  1	   	   	   	   	   TATTTTCCCTCCATATCACT	  
Arom	  set	  1	  sequence	  (F)	   	   CpG	  1	   	   	   	   	   AAGTGTTAGATAAAAATAAAGTATA	  
Arom	  set	  2	  PCR	  (F)	   	   	   	   CpG	  2,	  3	   	   	   GTGATATGGAGGGAAAATAAG	  
Arom	  set	  2	  PCR	  (R)	  +b	   	   CpG	  2,	  3	   	   	   TAAAACTCAAATTCCTTTAAATAC	   	  
Arom	  set	  2	  sequence	  (F)	   	   	   CpG	  2,	  3	   	   	   AGAGTTTAATTTTTTTTATTATGG	  
Arom	  set	  3	  PCR	  (F)	   	   	   	   CpG	  4,	  5	  GGTAATATTAAAGATAAAAGGTTTATTG	  
Arom	  set	  3	  PCR	  (R)	  +b	   	   	   CpG	  4,	  5	   	   	   AACCCCTTTACAAATCCTATA	  
Arom	  set	  3	  sequence	  1	  (F)	   	   	   CpG	  4	   	   	   	   	   AATGTTTTGTTATTTTTGGG	   	  
Arom	  set	  3	  sequence	  2	  (F)	   	   	   CpG	  5	   	   	   	   	   AGTTTGTCTTGTTTAAGTAG	   	   	  
  



 90 

Figure 22. Effects of temperature, exogenous estradiol, and selected 
polychlorinated biphenyls (PCBs) on gonadal differentiation in the red-
eared slider turtle 

A. Percent of female hatchlings. At embryonic stage 16, male-producing temperature 
(MPT)-incubated eggs were topically treated with either 10uL EtOH as a vehicle control 
(= MPT control), 10 µg 17β-estradiol (E2), 100 µg and 200 µg 4-hydroxy-2’,4’,6’-
trichlorobiphenyl (= low and high PCB-F respectively), 100 µg and 200 µg 4-hydroxy-
2’,3’,4’,5’-tetrachlorobiphenyl (= low and high PCB-G respectively), or a mixture of 100 
µg each of PCB-F&G. Eggs incubated at the female-producing temperature (FPT) were 
topically treated with 10uL EtOH as an ovarian control (= FPT control). Hatchling sex 
was determined by morphological characteristics of gonads. Sample size for each group 
is shown in parentheses. Asterisks indicate statistically significant differences from MPT 
control (p < 0.001, Fisher’s exact test). B-G. Adrenal-kidney-gonad (AKG) complex and 
oviducts in E2 or PCBs treated individuals. Left and right panels are a control testis at 
MPT and ovary at FPT, respectively. AKG with malformation of reproductive tracts are 
shown in high PCB-G (C), E2 (D), PCB-F&G (E), E2 (F), and low PCB-F (G) treated 
individuals. Examples of sex diagnosis and counting the oviduct numbers are indicated in 
the text below the cartoon figures. 
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Figure 23. Effects of exogenous estradiol and selected polychlorinated biphenyls 
(PCBs) on gonadal differentiation at female-producing temperature 
(FPT) in the red-eared slider turtle 

A. Percent of female hatchings. At embryonic stage 16, FPT-incubated eggs were 
topically treated with either 10uL EtOH as a vehicle control (= FPT control), 10 µg 17β-
estradiol (E2), 200 µg 4-hydroxy-2’,4’,6’-trichlorobiphenyl (=high PCB-F), 200 µg 4-
hydroxy-2’,3’,4’,5’-tetrachlorobiphenyl (=high PCB-G), or a mixture of 100 µg each of 
PCB-F&G. Hatchling sex was determined by morphological characteristics of gonads. 
Sample size for each group is shown in parentheses. B-F. Adrenal-kidney-gonad (AKG) 
complex and oviducts from hatchlings at FPT. B. Control ovaries and oviducts at FPT. 
AKG with malformation of reproductive tracts (black arrows) are shown in E2 (C), high 
PCB-F (D), high PCB-G (E), or PCB-F&G (F).  
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Figure 24. Gonadal expression of candidate sex-determining genes aromatase, 
FoxL2, Rspo1, Dmrt1, and Sox9 during development in ovo 

Gene expression in eggs treated with A. EtOH vehicle at the female-producing 
temperature (= FPT control) and B. either E2, or polychlorinated biphenyls (PCBs) at the 
male-producing temperature (MPT) are compared to the expression with EtOH vehicle at 
MPT (= MPT control). Each time point includes n = 6-8 gonads. Data are represented as 
the mean ± SEM. Significant fold changes compared to the MPT control are indicated 
with a black circle (p < 0.05) or an asterisk (p < 0.001, Wilcoxon rank sum test). E2 =10 
µg 17β-estradiol. PCB-F = 200 µg 4-hydroxy-2’,4’,6’-trichlorobiphenyl. PCB-F&G = a 
mixture of 100 µg each of 4-hydroxy-2’,4’,6’-trichlorobiphenyl and 4-hydroxy-
2’,3’,4’,5’-tetrachlorobiphenyl. St = stage. TSP = temperature-sensitive period. 
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Figure 25. Gonadal expression of ovarian marker, FoxL2, and testicular marker, 
Dmrt1, in cultured explants in vitro 

Gene expression in gonad explants treated with A. EtOH vehicle at female-producing 
temperature (= FPT control) and B. either E2, or polychlorinated biphenyls (PCBs) at 
male-producing temperature (MPT) are compared to the expression in the EtOH vehicle 
at MPT (= MPT control). Each time point includes n = 4-8 gonads. Data are represented 
as the mean ± SEM. Significant fold changes compared to the MPT control are indicated 
with a black circle (p < 0.05) or an asterisk (p < 0.001, Wilcoxon rank sum test). E2 =100 
nM 17β-estradiol. PCB-F = 1 µM 4-hydroxy-2’,4’,6’-trichlorobiphenyl. PCB-F&G = a 
mixture of 0.5 µM each of 4-hydroxy-2’,4’,6’-trichlorobiphenyl and 4-hydroxy-
2’,3’,4’,5’-tetrachlorobiphenyl. D = number of days in culture.  
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Figure 26. A percent of DNA methylation at individual CpG sites of the gonadal 
aromatase promoter 

A. CpG dinucleotide positions (CpG 1- 5) in the gonadal aromatase promoter. Putative 
binding sites (FOX and SF1/ERE), TATA box (TATA), and transcription start site (black 
arrow) were previously identified in Matsumoto et al. (2013). FOX = fork head domain 
factor. SF1 = vertebrate steroidogenic factor 1. ERE = estrogen response element. 
Parentheses indicate the base pair position of CpG dinucleotide relative to the 
transcription start site counted as +1. B. DNA methylation at individual CpG sites (CpG 
1- 5) in the gonadal aromatase promoter detected by pyrosequencing during the 
temperature-sensitive period. Box plot indicates interquartile range (IQR) and median. A 
dotted line indicates the data range with maximum 1.5 IQR. Outliers are indicated with 
open circles. The average number of individuals in each stage (n, numbers rounded up) is 
indicated in parenthesis. Statistical differences across stages in control groups are 
indicated with black dots (• p<0.05, •• p<0.01, ••• p<0.001, Wilcoxon rank sum test) 
and a difference compared to the MPT control within a stage in both control and 
treatment groups are indicated with asterisks (* p<0.05, ** p<0.01, Wilcoxon rank sum 
test). MPT control = EtOH vehicle at male-producing temperature. FPT control = EtOH 
vehicle at female-producing temperature. E2 =10 µg 17β-estradiol treatment at MPT. 
PCB-F = 200 µg 4-hydroxy-2’,4’,6’-trichlorobiphenyl treatment at MPT. PCB-F&G = a 
mixture of 100 µg each of 4-hydroxy-2’,4’,6’-trichlorobiphenyl and 4-hydroxy-
2’,3’,4’,5’-tetrachlorobiphenyl treatment at MPT. St = stage.  
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Figure 26 continued 
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Figure 27. A total percent of DNA methylation in all five CpG sites in the gonadal 
aromatase promoter 

DNA methylation level of total five CpG sites (CpG 1- 5) in the gonadal aromatase 
promoter detected by pyrosequencing is calculated in E2 and PCB-treated gonads. Box 
plot indicates interquartile range (IQR) and median. A dotted line indicates the data range 
with maximum 1.5 IQR. Outliers are indicated with open circles. Statistical differences 
across stages in control groups are indicated with black dots (p<0.01, Wilcoxon rank sum 
test) and the difference as compared to the MPT control within a stage in both control and 
treatment groups are indicated with asterisks (p<0.05, Wilcoxon rank sum test). MPT 
control = EtOH vehicle at male-producing temperature. FPT control = EtOH vehicle at 
female-producing temperature. E2 =10 µg 17β-estradiol. PCB-F = 200 µg 4-hydroxy-
2’,4’,6’-trichlorobiphenyl. PCB-F&G = a mixture of 100 µg each of 4-hydroxy-2’,4’,6’-
trichlorobiphenyl and 4-hydroxy-2’,3’,4’,5’-tetrachlorobiphenyl. St = stage.  
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Chapter 5:  Gene-specific analysis of H3K4me3 and H3K27me3 
modifications during gonad development in red-eared slider turtles 

(Trachemys scripta) 

 

INTRODUCTION 

In the red-eared slider turtle (Trachemys scripta) the ambient incubation 

temperature of the eggs direct the bipotential gonads to either ovarian or testicular 

differentiation; intersexes do not occur naturally. Aromatase (cyp19a1) is the enzyme that 

metabolizes androgens to estrogens, and the gene transcription in differentiating gonads 

is activated at female-producing temperature (FPT) while suppressed at male-producing 

temperature (MPT) (Matsumoto et al., 2013b; Ramsey et al., 2007). How temperature 

cues can direct the aromatase gene activation in the developing gonad remains unknown. 

Recent studies in species with various sex determining systems demonstrate that DNA 

methylation profiles of the promoter are strongly correlated with the gonad-specific 

expression of the aromatase during sex determination (Ellis et al., 2012; Matsumoto et 

al., 2013a; Navarro-Martín et al., 2011; Parrott et al., 2013). This suggests that the 

transcription regulation of the genes involved in gonad determination is mediated through 

the epigenetic mechanisms upon receiving environmental cues. 

 

In the current study, I investigated the potential role of histone modifications in 

the regulation of aromatase expression. Histone modifications often predict chromatin 

conformation of the neighboring genomic regions, and therefore are closely correlated 

with the local gene activities (for reviews see Cedar and Bergman, 2009; Zhou et al., 

2010). Trimethylated histone H3 at lysine 4 (H3K4me3) is one of the universal markers 

of active promoters and often localized simultaneously with the opposing repressive 
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histone modification, trimethylated histone H3 at lysine 27 (H3K27me27) in promoter 

regions, particularly around the transcription start sites (Barski et al., 2007; Bernstein et 

al., 2006; Brunner et al., 2009). A promoter occupied with such opposing histone marks 

is known as a bivalent promoter and considered to be poised for timely activation upon 

receiving the environmental signals in development-related genes (for review see 

Vastenhouw and Schier, 2012). How these histone modifications are involved in the 

regulation of sex determination is unknown, however recent study by Ellis and others 

(2012) demonstrates that during gonadal differentiation in the chicken the active histone 

mark H3K4me3 is enriched in ZW females, whereas a repressive histone mark 

H3K27me3 is enriched in ZZ males in the genomic region close to the aromatase 

promoter. This suggests histone modifications may be involved in the regulation of 

gonad-specific aromatase expression during gonad determination. In this study, I 

investigated the enrichment of H3K4me3 and H3K27me3 marks at the aromatase 

promoter in the embryonic gonad at MPT and FPT in the red-eared slider turtles. The 

enrichment of these histone modifications was also examined in genome-wide using 

Next-generation sequencing technique.  

 

MATERIALS AND METHODS 

Animals  

Freshly laid red-eared slider turtle eggs were purchased from Kleibert’s turtle 

farm (Hammond, LA) and maintained in accordance with IACUC protocol (protocol# 

AUP-00149). Eggs were shipped on the day of collection (day 1), ensuring that all 

individuals in the shipment were roughly at the same developmental stage. Eggs were 

maintained at room temperature (RT) for 10 days when viability of the embryos was 
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assessed by candling. Those eggs containing viable embryos were randomly assigned to 

incubators set at either MPT (26 ˚C) or FPT (31 ˚C) with moistened vermiculite and 

incubated until the beginning of temperature-sensitive period (TSP), Greenbaum’s 

embryonic stage 16 (Greenbaum, 2002). At stage 16, two cohorts of eggs was shifted to 

the opposite temperature regime (MPTàFPT; FPTàMPT) while the other cohorts of 

eggs were maintained at MPT or FPT. To prepare chromatin for chromatin 

immunoprecipitation (ChIP), gonads were pooled (n = 30 gonads/group) at stage 16, 

stage 19, or cohorts of shifted eggs at stage 19 in 500 µl cold PBS and immediately 

processed for chromatin preparation.  

 

Nuclear and cytoplasmic fractionation  

An adrenal-kidney-gonad (AKG) complex and liver were harvested from stage 26 

embryos at MPT in pre-chilled buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 

0.5 mM DTT, 0.5 % NP-40) containing 1 mM PMSF (Sigma-Aldrich, St. Louis, MO) 

and 1 % protease inhibitor cocktail (Sigma-Aldrich). All centrifugation during 

nuclear/cytoplasmic and histone extractions were conducted at 4 oC unless stated 

otherwise. Tissues were homogenized by douncing with a pestle, vortex vigorously for 30 

sec, and incubated on ice for 10 min. After centrifugation at 3000 rpm for 10 min, 

cytoplasmic supernatant was transferred to a new tube and stored at -80 oC until use. 

Nuclear pellets were then suspended in pre-chilled buffer B (5 mM HEPES, 1.5 mM 

MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 26 % glycerol) along with 1 mM 

PMSF and 1 % protease inhibitor, homogenized with douncing, vortexed, and incubated 

on ice for 30 min. After centrifugation at 14,000 rpm for 10 min, supernatant was 

transferred to chilled new tubes and stored at -80 oC.  
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Histone extraction  

Histone was extracted using acids as follows. An AKG complex and liver from 

stage 26 embryos at MPT were harvested in cold PBS containing 1 mM PMSF and 1 % 

protease inhibitor and homogenized with a pestle. One to one ratio of 0.8 N H2SO4 was 

added to the homogenate and samples were invert mixed and incubated on ice for 1 hr. 

After centrifugation at 14,000 rpm for 10min, the supernatant containing acid-soluble 

proteins was transferred to a new tube. TCA (Trichloroacetic acid) was added to a final 

concentration of 20 % and samples were invert mixed and incubated on ice for 1 hr. After 

centrifugation at 14,000 rpm for 10min, supernatant was removed and the histone pellet 

was washed twice with ice-cold acetone. The pellet was air-dried at RT for 2-5 min and 

dissolved in 30 µl 4x western blot loading dye (200 mM Tris-Cl, 40 % Glycerol, 8 % 

SDS, 0.1 % Bromphenol blue, 10 % β-mercaptoethanol) by vortexing. Samples were 

centrifuged 14,000 rmp for 10min and supernatant was aliquoted and stored at -80 oC.  

 

Western blot analysis  

Nuclear and cytoplasmic fractions and histone lysate were run on 4-20 % Precise 

protein gel (Thermo scientific, Waltham, MA) using SDS-PAGE electrophoresis system 

and transferred to a PVDF membrane. The membrane was then blocked in PBS-T buffer 

with 5 % BSA for 1 hr at RT and probed with either H3K4me3 (1:1000, 07-473, 

Millipore, MA), H3K27me3 (1:2000, 07-449, Millipore), or a control β-actin (1:5000, sc-

47778, Santa Cruz Biotechnology) antibodies diluted in PBS-T with 5 % BSA at 4 oC 

overnight. Both H3K4me3 and H3K27me3 antibodies used in the current study have 

been previously validated for the specificity in Next-generation sequencing technique (Lu 

et al., 2011; Sachs et al., 2013; Young et al., 2011). After optimizing the experimental 

condition for each antibody, the same membrane was blotted with H3K4me3, β-actin, 
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and H3K27me3 in this order with stripping steps between. I used this particular order to 

ensure the complete stripping since H3K4me3 and H3K27me3 antibodies produce almost 

the same band sizes. After washing the primary antibody with PBS-T with 1 % milk for 

three times (15 min each at RT), the second antibody, a horseradish peroxidase-

conjugated goat anti-rabbit (1:5000) for histone antibodies and goat anti-mouse 

(1:10,000) for β-actin antibody was added in fresh PBS-T with 5 % BSA and incubated at 

RT for 1 hr. After washing the membrane with PBS-T for three times (15 min each at 

RT), the signal was detected using Super Signal West Dura chemiluminescence (Thermo 

scientific). 

 

Chromatin preparation  

Freshly harvested gonad tissues in cold PBS were fixed with 37 % formaldehyde 

to a final concentration of 1 % and incubated at RT for 15 min. The reaction was stopped 

by adding 2 M glycine and further incubated at 37oC for 5 min. Tissues were washed with 

cold PBS containing 1 mM PMSF and 1 % protease inhibitor for three times and dounced 

with a pestle until tissues broke into a single cell layer. The cells were lysed with cell 

lysis buffer (5 mM PIPES, 85 mM KCl, 0.5 % NP40) and incubated on ice for 10 min. 

After centrifugation, the cell pellets were lysed with nuclear lysis buffer (50 mM Tris-Cl, 

10 mM EDTA, 1 % SDS) and incubated on ice for 15 min. The lysates were sonicated 

(10 sec x 8 times with power 80 % with 10 sec interval) using a sonicator (Qsonica, 

LLC., Newtown, CT) on ice. After centrifugation at 14,000 rpm for 10 min at 4 oC, the 

chromatin supernatants were aliquoted into 5 tubes (100 µl each) and snap frozen in LN2 

until ChIP assay. 
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Chromatin immunoprecipitation (ChIP) assay  

Frozen chromatin was thawed on ice, added three volumes of Dilution buffer 

(0.01 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-Cl, 150 mM NaCl), and pre-

cleared with 20 µl Dynabeads Protein A (Life technologies, Grand island, NY) with a 

gentle rotation at 4 oC for 2 hrs. After separating from the beads, chromatin was 

incubated overnight at 4 oC with either 5 µg of H3K4me3, H3K27me3, or a negative 

control rabbit IgG (ab46540, Abcam, Cambridge, England) antibodies. One percent of 

chromatin was saved as an input before adding antibodies and diluted in Elution buffer 

(100 mM NaHCO3, 1 % SDS) for later use. The antibody-protein complexes were bound 

to 30 µl Dynabeads by incubating at RT for 1 hr. The protein-beads complexes were then 

washed with following buffers (the number of times, components); RIPA (x1, 50 mM 

Tris, 150 mM NaCl, 0.1 % SDS, 0.5 % Sodium Deoxycholate, 1 % NP-40, 1 mM 

EDTA), High-salt (x1, 50 mM Tris, 500 mM NaCl, 0.1 % SDS, 0.5 % Sodium 

Deoxycholate, 1 % NP-40, 1 mM EDTA), LiCl (x1, 50 mM Tris, 1 mM EDTA, 250 mM 

LiCl, 1 % NP-40, 0.5 % Sodium Deoxycholate), and TE (x2). Each wash was followed 

by a gentle 15 min rotation at RT. Antibody-protein complexes were eluted with 500 µl 

Elution buffer at 65 oC for 15 min. This process was repeated twice (total final vol. 1 

mL). The chromatin samples including inputs were reverse cross-linked with 5 M NaCl 

along with 1 µg RNaseA (Thermo scientific) by incubating at 65 oC overnight (< 15 hrs). 

The reaction was then treated with 20 µg Proteinase K along with 5 mM EDTA and 20 

mM Tris-HCl at 45 oC for 1hr. DNA was purified with conventional phenol-chloroform 

methods, EtOH precipitated, washed with cold 70 % EtOH, and resuspended in 10 µl TE. 

The entire ChIP experiment was repeated two times and independently processed for 

qPCR. 
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Quantitative PCR  

Relative enrichment of specific proteins was quantified using SYBR green (Life 

technologies) on the ABI ViiA7 real-time PCR System (Life Technologies). Two µl of 

ChIP DNA was used for each reaction and samples were run in duplicate. A primer set 

specific to the aromatase promoter (including the gonad-specific transcription start site, 

TSS) was designed to amplify ChIP DNA as follows, (F) 5’-gtctaagcagccagtctcattat -3’ 

and (R) 5’-taatcggtaccttgcaaccc -3’. The specificity of qPCR reaction was monitored by 

melting curve analysis. The obtained duplicate Ct values were averaged and calculated as 

a percent of input. 

 

Library preparation for Next-generation sequence  

Fifty ng of ChIP DNA were processed for DNA library preparation using 

NEXTflex ChIP-seq kit (Bioo Scientific, Austin, TX) according to the manufacturer’s 

protocol. All samples from H3K4me3 and H3K27me3 pull-down and the first round of 

inputs from each group were processed for library preparation. DNA fragments were 

purified using Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA) 

between each enzymatic reactions and size selected on 2 % low-melt agarose gel for 

approximately 300 bp. In PCR amplification step, I used a minimum recommended PCR 

cycles, 11 cycles to enrich the library fractions. Final fragment size and concentration 

was confirmed with 2200 Tape Station System (Agilent technologies, Santa Clara, CA). 

Samples were sequenced using a standard 50 bp single-read protocol with 50 M reads in 

Illumina Hiseq 2500 (Illumina, San Diego, CA) at Genomic Sequencing and Analysis 

Facility (GSAF) at University of Texas at Austin. As an initial analysis, ChIP-seq raw 

data was checked for sequence quality using FAST QC software 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
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RESULTS 

H3K4me3 and H3K27me3 antibodies are specific to the red-eared slider turtles  

First, I examined for the specificity of antibodies against H3K4me3 and 

H3K27me3 to the red-eared slider turtle. I found that β-actin was exclusively expressed 

in nuclear and cytoplasmic fractions, but not in histone extracts (Fig. 28A), suggesting 

successful histone isolation. Both H3K4me3 and H3K27me3 were detected in the histone 

lysates, exhibiting the expected band size, approximately 17 kDa (Fig. 28B,C). Because 

histones were not detected in the nuclear fraction, it suggests that the conditions for these 

wester blots need to be optimized. Since histones are highly enriched in the histone 

lysate, I cannot rule out the possibility that the detected bands represent non-specific 

staining.  

 

H3K4me3 and H3K27me3 are enriched in gonadal aromatase promoter at female-, 
but not male-, producing temperature during TSP  

Enrichment of H3K4me3 and H3K27me3 proteins to the aromatase promoter was 

then examined in differentiating gonads by ChIP-qPCR analysis. The qPCR step also 

served as a validation of the ChIP technique. I found that both H3K4me3 and H3K27me3 

proteins were enriched in the aromatase promoter in embryos incubated at FPT compared 

to those at MPT, prominently at stage 19 (Fig. 29A). In eggs shifted to the opposite 

incubation temperature, the enrichment of H3K4me3 and H3K27me3 modifications did 

not change at the aromatase promoter in the MPT to FPT shifted embryos, but decreased 

in the FPT to MPT shifted embryos (Fig. 29B).  
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Genome-wide analysis of H3K4me3 and H3K27me3 enrichment during gonad 
differentiation  

The enrichment of H3K4me3 and H3K27me3 proteins in the differentiating 

gonads were also examined with genome-wide analysis using Next-generation 

sequencing. The visualization of fragments from DNA library preparation showed the 

enrichment of approximately 300 bp fragments, suggesting successful size selection and 

amplification during library preparation (Fig. 30). The FAST QC reports showed the high 

duplication levels of the reads, ranging from 50 to 100% with the average 85.3% (data 

not shown). The duplication level did not differ by ChIP treatment, i.e., H3K4me3, 

H3K27me3, or input, suggesting a common factor or procedure during library 

preparation rather than the ChIP experiment may contribute to the high duplication 

problem. 

 

DISCUSSION 

I examined the enrichment of histone marks, trimethylated histone H3 at lysine 4 

(H3K4me3) and trimethylated histone H3 at lysine 27 (H3K27me3) in differentiating 

embryonic gonads using gene-specific and genome-wide analyses. In mouse and human 

ES cells, the promoter regions occupied by both H3K4me3 and H3K27me3 marks are 

known as posing genes (i.e., bivalent), and usually in inactive state (for review see 

(Vastenhouw and Schier, 2012). In non-ES cell environments, genomic regions occupied 

with both H3K4me3 and H3K27me3 are more often transcriptionally active and these 

two modifications seem to be regulated independently rather than being mutually 

exclusive (Akkers et al., 2009; Liu et al., 2014). Similarly, I found that the enrichment of 

both H3K4me3 and H3K27me3 markers in the active state of aromatase promoter at FPT, 

but not in the inactive promoter at MPT (Fig. 29).  
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I previously demonstrated that a CpG site adjacent to the TATA box in the 

aromatase promoter showed low DNA methylation level in gonads at FPT compared to 

those at MPT at stage 16 in the red-eared slider turtles (Matsumoto et al., unpublished). It 

has been suggested that the pattern of H3K4 methylation may be established before de 

novo DNA methylation marks in early embryonic development (Guenther et al., 2007; 

Ooi et al., 2007). Although I cannot determine which of these epigenetic events, DNA 

methylation or epigenetic modifications, is initially responsible for directing the gonad-

specific expression of the aromatase from my findings, the failure of establishment in the 

H3K4 methylation marks in the embryos shifted from MPTàFPT at stage 16 suggests 

that the epigenetic marks are already established prior to the stage 16.  

 

Ellis and others (2012) report differential enrichment of H3K4me3 and 

H3K27me3 between female and male differentiating chicken gonads at the genomic 

region approximately 1 kb upstream of the TSS, but not at the region around the TSS. 

This contrasts with my observation of these modifications enriched at the TSS of the 

aromatase promoter in slider turtles. This difference may be simply due to the different 

sex determination systems between species. However, I cannot completely rule out a 

possibility of the technical artifacts during ChIP procedure without additional 

assessments. A successful ChIP experiment largely depends on the experimental steps in 

chromatin preparation and antibody bindings, therefore the experimental conditions, such 

as sonication time, fragment sizes, and/or the amount of antibodies must be carefully 

optimized. Further, different quantitative and normalization methods in qPCR often alter 

the outcomes of the ChIP experiment, obscuring a true biological phenomenon (for 

review see Haring et al., 2007). Future analyses such as examining off-target genomic 
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regions for the endogenous positive and negative controls may be required to further 

confirm my observations. 

 

My preliminary attempt of data analysis from Next generation sequencing showed 

the high duplication levels across all samples, the average of 85.3 % as compared to the 

normal duplication range > 20 % in ChIP-seq data. High duplication levels in ChIP-seq 

are usually attributed to several possibilities. One is a technical duplication, namely, too 

little starting materials and/or too many PCR cycles are used in the DNA library 

preparation. In this case, the PCR step magnifies only a particular set of genome regions, 

therefore, the exact same fragment is read multiple times during the sequencing 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/Help/). Another possibility is 

over-sequencing. I chose 50M reads per sample based on the Illumina’s recommendation 

for ChIP DNAs selected against histone modifications (support/illumine.com). However, 

the lower number of reads, such as 10 – 20M is also reported to be sufficient for 

successful ChIP-seq sequencing (Daechan Park, personal communication, Dec. 2013). 

Overall, my observation in high duplication levels in the current study leaves a room for 

technical improvement in future attempts for the ChIP-seq experiment using the turtle 

embryonic gonads.  

 

In this Chapter, I suggest that two opposing histone modifications, H3K4me3 and 

H3K27me3 are potential markers for the aromatase promoter activity in differentiating 

gonads. Although additional experiments may be required to draw a conclusion from the 

given data set, the current finding will contribute further understandings of the role of 

histone modifications in regulating the key genes involved in gonad differentiation in the 

red-eared slider.  
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Figure 28. Validation of H3K4me3 and H3K27me3 antibodies in adrenal-kidney-
gonad (AKG) complexes and livers from red-eared slider turtles  

Cytoplasmic Lane 1, 2), nuclear Lane 3, 4), and histone Lane 5, 6) extracts from stage 26 
males were loaded on SDS PAGE gel and blotted with A. control β-actin, B. H3K4me3, 
and C. H3K27me3 antibodies. Lane 1, 3, 5 = AKG. Lane 2, 4, 6 = liver. Exposure time of 
chemiluminescence detection is 30 sec, 2 min, and 10 sec in blot A, B, and C 
respectively. Y-axis is a molecular weight marker in kDa. Black arrows indicate the 
expected size of histones (~17 kDa). Cyto = cytoplasmic fraction. Nuc = nuclear fraction. 
Histo = histone extract. M = Marker.  
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Figure 29. Enrichment of H3K4me3 and H3K27me3 at the aromatase promoter in 
embryonic gonads  

The enrichment of H3K4me3 and H3K27me3 at A. constant temperature and B. shifted 
temperature was examined by ChIP and a subsequent quantitative PCR analysis using a 
primer set specific to the aromatase promoter. Each bar represents mean percentage of 
input ±SEM in two biological (pooled gonads) replicates. IgG = a negative control rabbit 
IgG. MPT = male-producing temperature. FPT = female-producing temperature. MPT à 
FPT = a temperature shift from MPT to FPT at stage 16. FPT à MPT = a temperature 
shift from FPT to MPT at stage 16.  
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Figure 30. An example of DNA fragment after DNA library preparation for Next-
generation sequencing  

The enrichment of approximately 300 bp fragments from ChIP DNA is visualized by 
Tape Station System (Agilent technologies). A1: DNA marker. B1: Sample #25 (an 
example).  
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Chapter 6:  Conclusion 

 

The objective of this thesis is to elucidate the regulatory mechanisms for the 

expression of candidate genes during gonad determination in the red-eared slider turtle. 

In temperature-dependent sex determination (TSD), the ambient temperature of the 

embryos leads bipotential gonads to develop either into a testis or an ovary (Crews et al., 

1996; Wibbels et al., 1991). Specific genes are expressed in the gonads in response to the 

incubation temperature, suggesting their conserved roles in the process of gonad 

determination in both genetic sex determination (GSD) and TSD systems. Here, two main 

mechanisms, the regulation of sex hormones (Chapter 1, 2) and epigenetic 

modifications (Chapter 3-5), are explored as the underlying regulatory mechanisms of 

the temperature-induced expression of these genes.  

 

Chapter 1 and 2 has focused on the role of exogenous ligands (sex steroid 

hormones and steroid metabolism enzyme inhibitors) in the gonadal differentiation in 

sliders. Certain exogenous ligands can override the gonadal sex set by ambient 

temperature, producing the opposite gonad phenotypes in TSD species (Crews et al., 

1996; Wibbels et al., 1991). Whether sex steroid hormones play a central role in 

determining the gonad sex, or are merely involved in the gonad differentiation process 

that follows, remains unclear. My research does not directly answer this question, but 

provides a new understanding in the transcriptional landscape induced by two 

environmental cues, incubation temperature and sex steroid hormones.  
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Sex determination is generally described as two active and parallel pathways in 

various vertebrates (Manolakou et al., 2006; Trukhina et al., 2013; Welhelm et al., 2007). 

One generalized model of temperature- and/or steroid-induced gene pathways has been 

suggested based on the previous studies in the red-eared slider turtles (see ‘Parallel 

model’ in Fig. 31). In this model, the bipotential gonad possesses two alternative 

trajectories; the processes underlying testes and ovary development occur in parallel. 

Depending upon the incubation temperature cue during the TSP, one pathway dominates 

and suppresses the other, ultimately leading the gonad trajectory to a specific 

developmental path. In the case of exogenous ligands that alter gonadal differentiation, 

the hormonal cues activate or suppress the candidate gene expression such that T along 

with AI or DHT activates the testicular markers and suppresses ovarian markers while E2 

acts vice versa.  

 

This model, however, cannot explain two observations in the present study. The 

first is that hormone-induced ovaries (embryos treated with exogenous E2 while 

incubating at a MPT) are phenotypically quite different from ovaries of embryos that 

have been incubating at a FPT (see also Ramsey et al., 2007). Interestingly, hormone-

induced testes (resulting from AI+T treatment of embryos at FPT) are relatively similar 

to the temperature-induced testes (at MPT, Fig. 2). Why E2 –induced ovaries are 

prematurely small and under-developed is unclear, but this phenomenon is also reflected 

to the transcriptional landscapes observed during TSP (Fig. 9A vs. 9B). These 

observations suggest that the effect of E2 at MPT is not reciprocal to the effect of AI+T at 

FPT during gonad differentiation as the parallel model posits. The second observation is 

that the response of ovarian markers to E2 is often slower than the response of testicular 

markers (Fig. 8 and 24). This suggests that E2 may directly, or at least closely influence, 



 113 

the expression of testicular markers but the effect on the ovarian markers occurs at 

downstream of the genetic cascade. 

 

Taken together, I propose an alternative model based on the observations in the 

research described in this thesis. This, a hierarchical model (see ‘Hierarchical model’ in 

Fig. 31) posits that the incubation temperature primarily affect the testicular markers, 

which ultimately inhibit or allow the transcription of downstream ovarian markers. When 

exogenous hormones are manipulated, the testicular markers respond quickly, thereby 

initiating testis differentiation at the early of TSP. The action of ovarian markers is 

mediated by the preceding action of testicular marker genes, therefore temporarily 

delayed at the late TSP. This would explain why E2 induced ovaries are often prematurely 

small and undeveloped. Further empirical studies are necessary to confirm the feasibility 

of the hierarchical model. The purpose of this model is not for highlighting the position 

of factors involved in the gonad determination, rather providing an alternative hypothesis 

of the relationship of testicular and ovarian development pathways that cannot be 

explained by the original parallel model.  

 

In Chapter 3, I identified the temperature-dependent epigenetic signatures within 

the gonad-specific promoter of the aromatase gene for the first time in TSD species. The 

expression of aromatase was suppressed in gonads at both incubation temperatures at 

stage 16 and then rapidly increased exclusively at FPT (Ramsey et al., 2007). 

Accordingly, the overall DNA methylation level in the aromatase promoter does not 

differ between MPT or FPT at stage 16, but is lower at FPT at stages 19 and 21 (Fig. 

19A). This suggests that the decrease of DNA methylation level at the promoter region 

may be responsible for the increase in the aromatase expression specific to FPT during 
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TSP. Differential DNA methylation levels between MPT and FPT appear to be driven 

mainly by a decrease of methylation level at FPT, while the level at MPT remains 

relatively consistent at all CpG sites throughout development. This was particularly 

noticeable in the replicated studies with a deep sequencing technique, pyrosequencing 

(Fig. 26). A temperature-shift treatment further confirmed that the FPT temperature is 

responsible for the demethylation at the aromatase promoter during TSP and that MPT 

cue is not involved in the establishment of DNA methylation (Fig. 19C,D).  

 

Chapter 4 extends the findings of Chapter 1-3 to an investigation with the 

manipulation of a xenoestrogen, polychlorinated biphenyl (PCB), during gonad 

differentiation. The embryonic exposure at MPT to the two congeners of PCB resulted in 

the female-biased sex ratio at hatching, replicating a previous study (Bergeron et al., 

1994). Although a high percentage of individuals treated with E2  or PCB had abnormal 

or absent oviducts at hatching, the ovaries appeared normal.	 Those individuals that 

developed ovaries as a consequence of exogenous E2 or PCB treatments at MPT exhibited 

transcription profiles similar to individuals incubated at FPT (Fig. 24). However, the 

temporal expression pattern of the ovarian markers was clearly delayed in E2 and PCB-

treated embryos compared to the FPT control. This transcriptional delay in response to 

exogenous ligands was not observed in the testicular markers, further supporting the 

potential hierarchical position of these two development pathways.  

 

Unlike the transcriptional and morphological similarities between exogenous 

chemical-induced and FPT control gonads, DNA methylation profiles in the aromatase 

promoter were quite different. Surprisingly, treatment with exogenous E2 or PCBs at 

MPT failed to decrease the DNA methylation level to that normally observed in embryos 
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incubating at FPT. Instead, the overall methylation profile at MPT was maintained. This 

suggests that the epigenetic mark cannot be singularly reversed by the manipulation of 

exogenous chemicals in differentiating gonads, and are not a driving force for the 

observed transcriptional and morphological changes. Therefore, the regulations of steroid 

hormones may be mediated through an independent developmental pathway from the 

epigenetic modification.  

 

In Chapter 5, the enrichment of histone marks, trimethylated histone H3 at lysine 

4 (H3K4me3) and trimethylated histone H3 at lysine 27 (H3K27me3) in differentiating 

embryonic gonads were examined using gene-specific and genome-wide analyses. I 

hypothesized that two opposing histone modifications, H3K4me3 and H3K27me3, marks 

the aromatase promoter differentially at the two incubation temperatures, thereby driving 

the promoter activity exclusively at FPT in differentiating gonads. The active 

transcription marker H3K4me3 and repressive marker H3K27me3 are often co-localized 

around the transcription start sites in promoter regions and appear to regulate the 

temporal and spatial expression in developmental genes (Akkers et al., 2009; Liu et al., 

2014; Vastenhouw and Schier, 2012). In embryonic red-eared slider turtles, both 

H3K4me3 and H3K27me3 markers were enriched in the gonad in the active state of 

aromatase promoter at FPT, but not in the inactive state at MPT during TSP (Fig. 29A). 

How the histone modification is established and related to the previously observed DNA 

methylation profiles remains unclear.  

 

The temperature-shift experiments demonstrate that the MPT cue may be 

responsible for expelling these histone modifications in the aromatase promoter (Fig. 

29B). The asymmetric responses between MPT à FPT and FPT à MPT temperature 
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shifts in both epigenetic events, DNA methylation and histone modifications support the 

hypothesis that the epigenetic marks are already fated prior to the stage 16, at when 

transcriptional and morphological differentiation has just began to be noticeable. The 

preliminary attempt of Next generation sequencing method leaves several technical 

challenges to be solved in future studies.  
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Figure 31. Temperature-dependents sex determination in the red-eared slider 
turtle –Two models 

In a parallel model, the bipotential gonad processes underlying testes and ovary 
development occur in parallel. In a hierarchical model, the incubation temperature 
primarily affects the testicular gene network in the bipotential gonads, which ultimately 
inhibit or allow the transcription of downstream ovarian gene network. MPT = male-
producing temperature. FPT = female-producing temperature. TSP = temperature-
sensitive period.  
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Glossary 

 

AI, aromatase inhibitor 
AKG, adrenal-kidney-gonad 
ChIP, chromatin immunoprecipitation 
Dmrt1, doublesex mab3 related transcription factor 1 
E2, 17β-estradiol 
EDC, endocrine disrupting chemicalp 
ER, estrogen receptor 
ERE, estrogen response element 
ESD, environmental sex determination  
EtOH, ethanol 
FoxL2, forkhead box protein L2 
FPT, female-producing temperature 
GSD, genetic sex determination  
GSP, gene specific primer 
MPT, male-producing temperature 
PCB, polychlorinated biphenyl 
PP1, protein phosphatase type I 
qPCR, quantitative real-time PCR 
RACE, rapid amplification of cDNA ends 
Rspo1, R-spondin 1 
Sf1, steroidogenic factor 1 
Sox9, SRY-like HMG-box containing transcription factor 9 
T, testosterone  
TF, transcription factor 
TFBS, transcription factor binding site 
TSD, temperature-dependent sex determination  
TSP, temperature-sensitive period 
TSS, transcription start site 
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