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Abstract
Many egg-laying reptiles have temperaturedependent sex determination (TSD), where the oﬀspring
sex is determined by incubation temperature during a
temperature-sensitive period (TSP) in the middle third
of development. The underlying mechanism transducing a temperature cue into an ovary or testis is
unknown, but it is known that steroid hormones play
an important role. During the TSP, exogenous application of estrogen can override a temperature cue and
produce females, while blocking the activity of aromatase (Cyp19a1), the enzyme that converts testosterone
to estradiol, produces males from a female-biased temperature. The production of estrogen is a key step in
ovarian differentiation for many vertebrates, including
TSD reptiles, and temperature-based differences in
aromatase expression during the TSP may be a critical
step in ovarian determination. Steroidogenic factor-1
(Sf1) is a key gene in vertebrate sex determination and
regulates many steroidogenic enzymes, including
aromatase. We ﬁnd that Sf1 and aromatase are diﬀerentially expressed during sex determination in the
red-eared slider turtle, Trachemys scripta elegans. Sf1
is expressed at higher levels during testis development
while aromatase expression increases during ovary determination. We also assayed Sf1 and aromatase response to sex-reversing treatments via temperature or
the modulation of estrogen availability. Sf1 expression
was redirected to low-level female-specific patterns with
feminizing temperature shift or exogenous estradiol
application and redirected to more intense male-specific
patterns with male-producing temperature shift or
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inhibition of aromatase activity. Conversely, aromatase
expression was redirected to more intense female-specific
patterns with female-producing treatment and redirected
toward diffuse low-level male-specific patterns with masculinizing sex reversal. Our data do not lend support to
a role for Sf1 in the regulation of aromatase expression
during slider turtle sex determination, but do support a
critical role for estrogen in ovarian development.
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Introduction
Two primary forms of sex determination exist among
vertebrates. In genotypic sex determination (GSD), a
genetic factor such as the Sry gene found on the mammalian Y chromosome determines sex. In environmental sex determination, environmental cues dictate
sex determination. One form of environmental sex
determination found in many egg-laying reptiles is temperature-dependent sex determination (TSD). In the
red-eared slider turtle (Trachemys scripta elegans), gonadal sex is determined by incubation temperature during a temperature-sensitive period (TSP) spanning
about the middle third of development (Wibbels et al.,
1991a). The TSP and the ensuing phase of gonadal differentiation can be further divided into three phases:
bipotential gonad (Stages 14–15, when the gonad is
morphologically bipotential although temperature may
already be exerting its action), sex determination (Stages
16–19, when the sexual trajectory of the gonadal primordium is still ﬂexible), and gonadal commitment/differentiation (Stages 20 to hatch, when the ﬁnal gonadal
morphology develops and sex is irreversible). During
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the TSP, warmer temperatures (311C) produce 100%
female hatchlings and cooler temperatures (261C) produce 100% males, while intermediate temperatures produce mixed sex ratios. For example, an incubation
temperature of 29.41C results in an 80:20 female-biased
sex ratio. Sex determination is labile throughout the
TSP, and shifting embryos from 311C to 261C or 261C
to 311C reverses sex outcome (Wibbels et al., 1991a).
While the actual triggering mechanisms that initiate a
sex-determining gene cascade are diverse, many aspects
of sex determination, and more particularly, gonadal
differentiation, are remarkably conserved across vertebrate groups. Genes implicated in mammalian sex
determination and gonadal differentiation such as
Sox9, Dmrt1, Mis, Sf1, Wnt4, Dax1, and FoxL2 have
also been found in avian and reptile species, including
reptiles with TSD (Spotila et al., 1998; Fleming et al.,
1999; Western et al., 1999, 2000; Smith et al., 1999b;
Kettlewell et al., 2000; Maldonado et al., 2002; Loﬄer
et al., 2003; Murdock and Wibbels, 2003b; Govoroun
et al., 2004).
Another conserved feature of vertebrate sex determination is the ability of steroid hormones to inﬂuence
either GSD (except in eutherian mammals) or TSD. In
many vertebrates, estrogen plays a prominent role in the
differentiation of ovaries. Application of estrogen during the period of sexual differentiation will induce partial to complete sex reversal in marsupials (Coveney
et al., 2001), transient feminization in birds (Scheib,
1983), and permanent sex reversal in ﬁsh (Baroiller
et al., 1999), amphibians (Wallace et al., 1999), and
reptiles (Bull et al., 1988). In the slider turtle, application of estrogen to the egg during the TSP overrides a
male-determining temperature cue and produces all
female hatchlings that are morphologically indistinguishable from females produced via warmer femaledetermining temperatures (Wibbels et al., 1993).
Similarly, inhibition of Cyp19a1 (hereafter referred to
as aromatase), the enzyme that converts testosterone to
estradiol (E2), during the TSP produces male hatchlings
from female-biased temperatures (Crews and Bergeron,
1994; Crews et al., 1994). This effect is also conserved.
For example, inhibiting aromatase early in development
permanently sex reverses genetically female chickens
(Elbrecht and Smith, 1992) and creates males from an
all-female parthenogenic lizard species (Wibbels and
Crews, 1994; Wennstrom and Crews, 1995).
Because estrogens and aromatase inhibitors (AIs) can
override a temperature cue for sex determination
in TSD reptiles, it has been hypothesized that temperature-based changes in estrogen levels are a critical step
for ovarian development (Crews et al., 1994; Pieau
and Dorizzi, 2004). If temperature and estrogen action
are intimately linked in TSD, then examining aromatase
expression in the gonad becomes critical to understanding the complex interplay between temperature, steroid hormones, and other sex-determining genes that

underlie sex determination in a TSD reptile. Of particular interest in this context is steroidogenic factor-1
(Sf1), a gene known to regulate the expression of
gonadal steroidogenic enzymes including aromatase
(Morohashi and Omura, 1996; Parker et al., 2002).
Sf1 is critical in vertebrate sex determination and differentiation regardless of sex-determining mechanism.
Beyond its steroidogenic functions, Sf1 is required for
maintenance of the early bipotential gonad and plays a
critical role in testis differentiation. Sf1 mRNA is expressed at higher levels in developing mammalian testes
(Ikeda et al., 1994), a pattern conserved in the slider
turtle (Fleming et al., 1999). Sf1 is also responsive to
sex-reversing treatments: Sf1 levels increase with a
male-producing temperature shift and AI treatment and
will decrease with the corresponding female-producing
shift and exogenous estrogen application (Fleming and
Crews, 2001).
The current study localizes Sf1 and aromatase
mRNA expression using whole-mount in situ hybridization (ISH) at male- and female-producing temperatures from the early bipotential gonad through the TSP
and sexual differentiation. We also document changes
in Sf1 and aromatase localization in response to sexreversing treatment by temperature shifts and application of exogenous estrogen or AI to incubating eggs
during the TSP. Finally, quantitative real-time polymerase chain reaction (qPCR) is used to quantify Sf1 and
aromatase mRNA levels in isolated gonad tissue from
embryos incubating at male- and female-producing
temperatures.

Methods
Tissue collection
Red-eared slider turtle (T. scripta) eggs were purchased from Robert Clark (Clark Turtle Farms, Hammond, LA). The eggs were
picked up within 24 hr of laying so all embryos in each group/
shipment were at roughly equivalent developmental stages. To
control for possible clutch effects, collected eggs were randomized
on site. Eggs were kept at room temperature (221C) in Texas until
candled to establish viability, at which time they were further randomized and placed into trays (35/tray) containing 1:1 vermiculite
and water mix and placed in incubators (Precision, Chicago, IL) at
261C (male-producing temperature), 29.41C (female-biased temperature), or 311C (female-producing temperature). Temperatures
within the incubators were monitored continuously with HOBO
recording devices (Onset Computer Corporation, Bourne, MA) as
well as checked daily using calibrated shelf thermometers. To avoid
small temperature gradient effects, the egg trays were rotated daily
within the incubator. A few eggs (two to three) were dissected at
regular intervals to assess developmental stage (Yntema, 1968).
Embryos were harvested at Stages 15, 17, 19, 21, and 23. Adrenalkidney-gonad (AKG) or isolated gonad tissue was rapidly dissected
and processed for experimental use.
In addition to eggs incubated at constant temperatures, eggs were
manipulated either by shifting them to a different temperature
(Table 1) or by chemical manipulation (Table 2) with all sex-reversing treatments occurring at Stage 17 (midway through the
TSP). For the temperature shifts, one group was shifted from 261C
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Table 1 Effect of temperature
Group

Hatch sex ratio

261C
311C
261C ! 311C
311C ! 261C

0
100
94
19

(65)
(114)
(38)
(43)

Given as % female, (# individuals).

to 311C, with another receiving the complementary shift from 311C
to 261C. For the hormone treatment, groups incubating at 261C
and 311C were treated with 5 mg estradiol-17b (Sigma, St. Louis,
MO) in 5 ml 95% EtOH, each with control groups receiving EtOH
vehicle. Other eggs were incubated at the intermediate temperature
of 29.41C, a temperature that produces a female-biased sex ratio
(typically 80:20 female:male, see Table 2). One group was treated
with 100 mg of the AI fadrozole (CGS16949A, Ciba-Geigy, Summit,
NJ) in 5 ml 95% EtOH with a control group treated with EtOH
alone. Treated groups were harvested at Stages 19 and 23 except for
estradiol-treated eggs at 311C, which were harvested at Stage 23
alone. For each treatment, a subset of eggs was allowed to develop
through hatching and was sexed by gross morphology of the gonad.

Whole-mount ISH
A 337 bp sub-clone of slider turtle aromatase (Accession
AF178949) was cloned into pCR 4-TOPO vector (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. Turtle Sf1
(Accession AF033833) cloning and probe length have been reported
previously (Fleming et al., 1999). Digoxigenin (DIG)-labeled turtle
aromatase and Sf1 antisense and sense control probes were
transcribed using Megascript High Yield Transcription kit (Ambion, Austin, TX) with 33% labeled digoxigenin-11-UTP (Roche,
Indianapolis, IN) and 67% unlabeled UTP, following the manufacturer’s protocol. Probe integrity and abundance was assessed
through gel electrophoresis.
For each gene, whole-mount ISH experiments were conducted on
AKG tissue from four embryos/stage/treatment (N 5 88 embryos/
gene). The ISH experiments were conducted as described (Smith et
al., 1999a) but modiﬁed for use with turtle tissue. Briefly, AKG
tissue was ﬁxed overnight in 4% paraformaldehyde (PFA) and then
sequentially dehydrated with MeOH:PBTX solutions, ending in
100% MeOH for storage at  201C. ISH was performed using
hybridization solution containing 4–8 ml of DIG-labeled antisense
probe. Samples were incubated overnight (41C) with anti-digoxigenin-AP antibody (Roche) preabsorbed with embryo powder
derived from whole body and AKG embryonic turtle tissue. Basement membrane (BM) purple AP substrate (Roche) was used for
colorimetric detection. For each gene, color detection for all groups
in a given stage was halted simultaneously. Color detection times
were optimized for each gene/developmental stage and ranged

Table 2 Effect of chemical manipulation
Group

Hatch sex ratio

261C EtOH
261C E2
311C EtOH
311C E2
29.41C EtOH
29.41C AI

0
100
100
100
82
12

Given as % female, (# individuals).

E2, estradiol; AI, aromatase inhibitor.

(48)
(53)
(25)
(30)
(83)
(68)

from 5 to 8 hr. Detection times were as follows: St 15 SF1 5.5 hr,
Aromatase 8 hr; St 17 SF1 7 hr, Aromatase 7.5 hr, St 19 SF1 7 hr,
Aromatase 7 hr, St 23 SF1 8 hr, Aromatase 8.5 hr. To view internal
gonadal structure/signal, whole-mount tissue was sectioned on a
Microm HM 500 OM cryostat (Microm International, Walldorf,
Germany) at 25 or 40 mm thickness. No specific signal was detected
in embryos hybridized with labeled sense control probe (Fig. 1). All
section photographs were taken on a Nikon Eclipse 80i microscope
(Nikon Instruments, Melville, NY) using NIS-Elements BR 220
visualization software. LUT settings were 125-black, 255-white,
and gamma 0.75 for all photomicrographs except for Sf1 at Stage
15 which were visualized at 85-black due to intensity of signal.
 100 photomicrographs (Fig. 2) were taken on an Olympus
BX61 microscope (Olympus American Inc., Center Valley, PA)
using MicroFire S99808 video camera (Optronics, Goleta, CA).

Total RNA preparation and cDNA synthesis
Aromatase and Sf1 are expressed in the surrounding kidney and
adrenal compartments of the AKG complex as well as the gonad at
both incubation temperatures (White and Thomas, 1992; Fleming
et al., 1999). To isolate temperature-specific differences in expression levels within the gonad itself, gonads were excised from surrounding tissue for analysis. Because the gonad is a very small
component of the AKG, gonads from multiple individuals (30–50/
sample) were pooled for measurement.
Gonads were rapidly dissected away from the adjacent adrenal/
kidney tissue and placed in RNAlater (Ambion) for overnight incubation at 41C followed by storage at  801C, or placed directly
into Promega RNAgents Total RNA Isolation kit (Promega, Madison, WI) denaturing solution and stored at  801C. Total RNA
was then extracted from the gonad tissue using RNAgents Total
RNA Isolation kit (Promega) following the manufacturer’s protocol. Total RNA abundance and purity was assessed through spectophotometry readings at 260 and 280 nm.
Before cDNA synthesis, total RNA was treated with DNase to
ensure elimination of genomic DNA contamination using the
Turbo DNA-Free kit (Ambion) following the manufacturer’s protocol. Single-stranded cDNA was then reverse-transcribed at a
concentration of 1 mg total RNA/20 ml synthesis reaction using
Superscript First Strand Synthesis for RT-PCR kit (Invitrogen).
cDNA synthesis was primed with both oligo-dT and random hexamers using a modiﬁed manufacturer’s protocol (Invitrogen).

Real-time qPCR
Real-time PCR quantiﬁcation results are typically normalized to a
housekeeping gene, but many housekeeping genes previously considered to be constitutively expressed were found to be regulated by
particular treatments, tissue types, or developmental stage (Pfaﬄ,
2001; Bustin, 2002). Therefore, to select an appropriate normalizing
gene, ﬁve candidate slider turtle housekeeping genes (Table 3)
plus slider turtle 16S rRNA sequence were tested on cDNA template derived from AKG total RNA for all stages and treatments
used in these experiments. GeNORM (http://medgen.ugent.be/
 jvdesomp/genorm/; Vandesompele et al., 2002) program was
used to assess the most stably expressed genes. Protein phosphatase
1 g (PP1) was chosen based on stability of expression under experimental conditions and relative level of abundance compared
with aromatase and Sf1 transcript levels.
Real-time PCR primer sequences and amplicon size are described
below (Table 4). Aromatase primers were designed using LUX
primer design program (www.invitrogen.com/LUX) and Sf1 and
PP1 primers were designed using MacVector (Accelrys Inc., San
Diego, CA) software program. All primers were engineered to cross
exon boundaries (estimated from human gene structure) to eliminate possible signal contamination from genomic DNA. Speciﬁcity
of target was veriﬁed by gel electrophoresis.
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Fig. 1 Steroidogenic factor-1 (SF1) and
aromatase whole-mount in situ hybridization (ISH) expression and probe speciﬁcity. SF1 and aromatase are expressed
along the gonad in a whole-mount
adrenal-kidney-gonad (AKG) (A, E) but
not in Digoxigenin (DIG)-labeled sense
controls (C, G). Adjacent to each whole
mount, a photomicrograph of a representative section from the pictured AKG
show specific signal in gonads hybridized
with DIG-labeled antisense probe (B, F)
but not sense controls (D, H). Dashed
lines outline sense-hybridized gonads (C,
D; G, H). Pictured gonads were incubated
at the female-producing temperature
(FPT; 311C) and were dissected at Stage
17 (midway through the temperaturesensitive period [TSP]). Whole-mount gonads were sectioned at 40 mm thickness.
Scale bar 5 10 mm in (B, D, F, H) and
250 mm in (A, C, E, G).

Real-time qPCR experiments were conducted on ABI Prism 7900
real-time PCR machine (Applied Biosystems, Foster City, CA).
cDNA representing 10 ng starting total RNA was used in a 10 ml
reaction containing 2 ml cDNA template, 5 ml 2  Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen), and 5 pmol aromatase
or Sf1 primers or 3 pmol PP1 primers. Real-time qPCR parameters
were 2 min at 501C, 2 min at 951C for denaturing, followed by 40
cycles at 15 sec 951C, 15 sec 601C, and 15 sec 721C. Each gene
primer pair showed no signal in no-template and no-RT controls.
Relative gene expression levels were assessed using SYBR green
detection chemistry. Dissociation curve analysis was performed after each assay to determine target speciﬁcity. Each sample was run
in triplicate.
Real-time qPCR data analysis
Real-time qPCR run results were ﬁrst analyzed using the Applied
Biosystems Sequence Detection System software (SDS 2.2.1). Relative quantiﬁcation was performed by a modiﬁed comparative
critical threshold (CT) method that corrects for different PCR
ampliﬁcation efﬁciencies among primer pairs (Simon, 2003). Gene
expression normalized to PP1 housekeeping is given as mean normeanCTpp1
meanCTarom or Sf 1
malized expression (MNE) 5 ðEpp1
Þ=ðE arom
Þ, where
or Sf 1

E is the PCR efﬁciency (E 5 10  (1/slope)) (Pfaﬄ, 2001) and meanCT
is the average CT across the three replicates.

Results
Developmental analysis of Sf1 expression
Sf1 is present in the gonad throughout all three phases
of gonadal development. High levels of Sf1 are expressed at both male- and female-producing temperatures at the onset of the TSP (Stage 15; Figs. 2A,2G). As
the gonad enters the sex-determining stages of development (Stage 17), Sf1 expression begins to dissipate at
the female-producing temperature, but at the maleproducing temperature is localized to the presumptive
supporting cell lineage surrounding germ cells located
predominately in the cortex at this stage of development
(Figs. 2B,2H,3A,3B). At Stage 19, Sf1 expression remains diffuse throughout the medullary region in the
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Fig. 2 Steroidogenic factor-1 (Sf1) expression in the gonad changes
over time and is altered following a sex-reversing temperature shift.
Sf1 localization patterns differ by sex when analyzed at maleproducing temperature (A–D) and female producing temperature
(G–J) throughout the temperature-sensitive period (TSP). Embryos
were shifted between incubation temperatures midway through the
TSP (Stage 17). Sf1 expression patterns are temperature-sensitive

and show changes two and four stages after temperature shift from
male- to female-producing temperatures (E, F) and vice versa (K,
L). MPT, male-producing temperature (261C); FPT, femaleproducing temperature (311C). MPT ! FPT shift 5 261C ! 311C.
FPT ! MPT shift 5 311C ! 261C. Arrow indicates cortical remnants in the temperature-shifted testis (L). Whole-mount gonads
were sectioned at 40 mm thickness. Scale bar 5 10 mm.

developing ovary, while expression is more prominent
at the male-producing temperature, and localizes to the
developing sex cords (Figs. 2C,2I). At Stage 23, when
gonadal differentiation is well underway and sex outcome is irreversible, expression at the female-producing
temperature continues to show scattered medullary expression as well as localization along the medullary/
cortical boundary, while strong medullary striping is
evident in the developing testis (Figs. 2D,2J).

to presumptive supporting cells surrounding germ cells
in the bipotential genital ridge at the onset of the TSP
(Stage 15). This female-specific localization pattern precedes organization at the male-producing temperature
(Figs. 4A,4G).
By the middle of the TSP (Stage 17), the gonad is still
bipotential but temperature-based gene expression patterns are already beginning to direct the gonad along a
developmental trajectory toward an ovary or a testis
(Crews et al., 2006). At this stage, aromatase expression
appears equivalent between the two temperatures, but
the tendency toward higher levels of organization in the
supporting cell lineage around germ cells at the femaleproducing temperature remains (Figs. 3C,3D,4B,4H).
Importantly, this difference in organization is occurring
at a developmental stage not only during the TSP, but
also while aromatase abundance in the gonad itself is
not markedly different between sexes (Fig. 5B).

Developmental analysis of aromatase expression
Aromatase is present throughout the TSP at both maleand female-producing incubation temperatures, but localization patterns differ both according to incubation
temperature and embryonic state (Fig. 4). At the
female-producing temperature, aromatase is localized
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Table 3 Housekeeping gene candidates and homology to Mus musculus
Gene

Clone length

Homology

Accession number

Beta actin
16S rRNA
UBED2
PP1
HPRT1
ALAS1

396
323
321
479
312
550

86
N/A
93
79
81
78

DQ848990
AB090050
DQ848992
DQ848991
DQ848993
DQ848994

At Stage 19, as the TSP closes at the female-producing
temperature, the peri-germ cell localization pattern of
aromatase persists at the female-producing temperature,
and also includes some specific expression along the
presumptive medullary–cortical boundary as well as increasing medullary expression. At the male-producing
temperature, sex determination is still somewhat labile,
but aromatase expression is beginning to organize into a
striping pattern in the medullary compartment, reﬂecting the onset of testis differentiation and a transition
away from bipotentiality (Figs. 4C,4I).
During ovarian differentiation (Stage 23), aromatase
expression is faint but some expression can be seen localized around the regressing medullary cords and at
the cortical/medullary boundary. In the differentiating
testis, localization of aromatase around nascent seminiferous tubules diminishes until it is barely perceptible
at Stage 23 (Figs. 4D,4J).

Real-time qPCR during development in isolated gonad
tissue
Sf1 and aromatase transcript abundance was measured
using qPCR. Sf1 gonadal qPCR expression is higher
at the male-producing temperature than the femaleproducing temperature across development (Fig. 5A).
Aromatase abundance measured from isolated gonad
tissue shows higher levels of expression at the femaleproducing temperature from late in the TSP (Stage 19)
through ovarian differentiation (Stages 21/23) (Fig. 5B),
although differences between the two temperatures do
not become pronounced until later in development.

When maximum levels of expression between the two
temperatures are compared (Fig. 5C), aromatase levels
at the onset of the sex-determining period (Stage 17) are
at their highest for an embryo incubating at a maleproducing temperature (and will consequently drop and
then plateau) and at their lowest for putative females.
The lack of correlation between Sf1 and aromatase
abundance patterns is highlighted by examining the
relationship between each gene’s percent maximum
expression across temperatures (Fig. 5D). The ratio of
Sf1/aromatase shows that Sf1 is expressed at high levels at male-producing temperature when aromatase
expression is low, while aromatase is highly expressed at
female-producing temperatures when Sf1 expression
is low.

Changes in Sf1 and aromatase expression patterns
following sex reversal treatments temperature shifts
Patterns of gene expression are altered when eggs are
shifted at Stage 17 from male- to female-producing
temperatures (M ! F) or female- to male-producing
temperatures (F ! M). Sf1 and aromatase expression
patterns were analyzed following both shifts at Stages
19 (during sex determination) and 23 (during gonadal
commitment/differentiation). In the M ! F shift, Sf1
expression begins to lose the male-typical, intense medullary organization by Stage 19 (Figs. 2C,2E), and by
Stage 23, the differentiating ovary exhibits the femaletypical, diffuse medullary signal (Figs. 2D,2F). In the
F ! M shift, the gonad shows incipient male-typical
Sf1 expression along developing seminiferous tubules
by Stage 19 (Figs. 2I,2K), indicating the gonad has
already begun to reset the developmental trajectory
toward testis formation. By Stage 23, male-specific
Sf1 expression along the seminiferous tubules is evident,
although some cortical development remains (Figs.
2J,2L).
At Stage 19, two stages after the M ! F shift, aromatase expression increased in organization compared
with the unshifted control (Figs. 4C,4E), with femaletypical expression patterns evident by Stage 23 (Figs.
4D,4F). Following the opposing F ! M shift, aromatase expression is redirected away from female-specific
organization by Stage 19 (Figs. 4I,4K), although the

Table 4 Real-time qPCR primer sequences
Gene

Amplicon (bp)

Primer sequence

SF1

103

For 5 0 -GGTGGATCGACAAGAGTTTGTGTG-3 0
Rev 5 0 -TTTCTCCTGAGCATCCTTCGCC-3 0
For 5 0 -GCACATGGACTTTGCATCACA-3 0
Rev 5 0 -GAACCATCATCTCCAACACACACTGGTTC-3 0
For 5 0 -CAGCAGACCCTGAGAACTTCTTCCTG-3 0
Rev 5 0 -GCGCCTCTTGCACTCATCAT-3 0

Aromatase

95

PP1

95

PCR, polymerase chain reaction.
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Fig. 3 Higher magniﬁcation views of Steroidogenic factor-1 (SF1) and aromatase
expression during the TSP. Photomicrographs show SF1 and aromatase localization at  40 and  100 magniﬁcation.
Although the gonad is bipotential at this
stage of development (Stage 17, midway
through the TSP), gene expression patterns are already becoming sexually
dimorphic. SF1 (A, B) at MPT and
Aromatase (C, D) at FPT form ring-like
structures around putative germ cells in
the bipotential gonad. Arrows in (A, C)
point to structure magniﬁed in (B, D).
TSP, temperature-sensitive period; MPT,
male-producing temperature (261C); FPT,
female-producing temperature (311C).
Whole-mount gonads were sectioned at
40 mm thickness. Scale bar 5 10 mm.

gonad still shows morphological signs of ovarian-specific cortical development. By Stage 23, low-level malespecific aromatase expression patterns predominate in
the developing testis, although remnants of the cortical
compartment remain (Figs. 4J,4L).
Estradiol treatment at the male-producing temperature
Treatment of eggs at the male-producing incubation
temperature with exogenous estradiol-17b (E2) during
the TSP (Stage 17) results in all female hatchlings
(Crews et al., 1994). Here, we show that Sf1 expression
levels are less intense following exogenous E2 treatment
(Figs. 6A,6B) and fall to near negligible levels during
ovarian differentiation at Stage 23 (Figs. 6C,6D).
In contrast, aromatase expression remains high two
stages after estradiol application (Stage 19), and there is
a tendency for signal to concentrate around the nascent
cortical/medullary boundary and into the developing
cortical compartment itself (Figs. 6G,6H). This trend in
cortical aromatase localization persists (Figs. 6I,6J) as
hormone-induced ovarian differentiation continues
(Stage 23), and is more evident in E2-treated ovaries
incubated at the male-producing temperature than
untreated ovaries developing at female temperatures
(Figs. 4J,6J).
Estradiol treatment at the female-producing
temperature
Sf1 and aromatase expression patterns were also examined after application of estradiol to eggs incubating at
the female-producing temperature. The feminizing effect of temperature and exogenous estrogen creates a
unique phenotype featuring ovaries with enlarged cortical compartments (Figs. 6F,6L). With this treatment,

Sf1 tends to exhibit more intense signal than the
typically diffuse pattern exhibited in ovaries created
via temperature (Figs. 6E,2F,2J) or via estradiol application at a male-producing temperature (Fig. 6D). Similarly, while light aromatase transcript can be detected
in the medullary compartment of all differentiated
ovaries, only ovaries receiving both feminizing temperature and estradiol treatment exhibited the intense
and organized medullary signal shown here (Figs.
4F,4J,6K,6L,7G).

Treatment with AI at the female-biased incubation
temperature
Application of AI during the TSP (Stage 17) causes sex
reversal in embryos incubating at an intermediate, female-biased (29.41C) temperature, thus increasing the
percentage of males (Crews and Bergeron, 1994). Sf1
localization patterns are not altered at Stage 19 following application of AI (Figs. 7A,7B). By Stage 23, however, Sf1 shows more male-typical expression along
the developing seminiferous tubules, while the vehicletreated ovary exhibits negligible signal with some
light expression along the cortical/medullary boundary
(Figs. 7C,7D).
AI treatment also does not alter aromatase expression at Stage 19, two embryonic stages after the original
application (Figs. 7E,7F). However, as with the masculinizing temperature shift, aromatase localization
does shift to a low-level, male-typical pattern as testis
morphology becomes evident by Stage 23 (Figs.
7G,7H). EtOH-treated females at the female-biased
temperature exhibited similar patterns of expression as
untreated 29.41C controls (data not shown), as well as
females incubating at the female-producing temperature
(311) (Figs. 2J,4J).
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Fig. 4 Aromatase gonadal localization is sexually dimorphic in the
bipotential gonad and is altered following a sex-reversing temperature shift. Aromatase localization is differential by sex throughout
the three phases of gonadal development. Aromatase expression is
more diffuse at male-producing temperatures (A–D) and more intensely localized at female-producing temperatures (G–J). Aromatase expression patterns are temperature-sensitive and are altered

two and four stages after temperature shifts from male- to femaleproducing temperatures (E, F) and vice versa (K, L). MPT, maleproducing temperature (261C); FPT, female-producing temperature
(311C). Arrow indicates cortical remnants in the temperature-shifted testis (C, L). Whole-mount gonads were sectioned at 40 mm
thickness (A–C, E, G–I, K) except for Stage 23 gonads (D, F, J, L),
which were sectioned at 25 mm thickness. Scale bar 5 10 mm.

Discussion

alligator (Smith et al., 1995; Gabriel et al., 2001) and is
likely due to the inclusion of the kidney and adrenal
components of the AKG, the tissue used in these earlier
studies. The gonad is a very small fraction of the AKG
complex, and kidney and adrenal transcript pools appear to reduce the sensitivity of gonad-specific measurements, as has been suggested by Pieau and Dorizzi
(2004). Indeed, when we include the entire AKG complex and measure aromatase expression in our qPCR
assay, we also do not pick up a female-specific increase
until late in ovarian development (M. Ramsey and D.
Crews, unpublished data).
Aromatase expression indicates possible sites of
estrogen synthesis in the developing gonad, and Sf1
expression is examined as a possible indicator of
steroidogenic regulation as well as a marker of reversal/
commitment to sexual fate. In the differentiating
ovary, the requirement for steroidogenesis during

If estrogen is a critical endogenous component in the
determination and differentiation of the ovary in the
slider turtle, then possible temperature-specific diﬀerences in embryonic aromatase expression or activity
may be mediating the gonadal steroid hormone milieu.
We report an increase in female temperature-specific
aromatase expression late in the TSP itself, before sex is
committed. Our data suggest a role for differential
estrogen production in ovarian determination/diﬀerentiation, and supports earlier work on the pond turtle
(Emys orbicularis), where aromatase activity increased
late in the TSP at a female-producing temperature
(reviewed in Pieau et al., 1999). This increase in aromatase expression is earlier in gonadal development
than observed in previous studies in slider turtle (Willingham et al., 2000; Murdock and Wibbels, 2003a) or
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Fig. 5 Steroidogenic factor-1 (Sf1) gonadal transcript abundance in
the gonad is higher at male-producing temperatures while aromatase is higher in putative ovaries. Sf1 and aromatase transcript was
measured by real-time quantitative PCR (qPCR). Expression of Sf1
was higher at male-producing temperature throughout the sex-determining (Stages 17–19) and gonadal differentiation (Stages 21–
23) periods of development (A). Expression of aromatase was
equivalent between temperatures at Stage 17, but then increased in
a temperature- and sex-specific manner at female-producing temperatures (B). Individual data points are graphed onto (A) and (B)
but may not be distinct due to similarity of measurements across
replicates. Late in the MPT (Stages 21, 23), aromatase was at the
limit of detection for the assay, and was undetectable in two of
three wells for each stage (B). Transcript abundance was measured
on isolated gonad tissue from 30 to 50 pooled individuals/stage/
temperature. Levels were normalized to PP1, a constitutively

expressed housekeeping gene (see ‘Methods’). Aromatase qPCR
results were also analyzed by expressing each normalized value as
% maximum of the highest level of expression for each temperature
(C). Expression at MPT was highest (100%) at the onset of the sexdetermining phase of development when the gonad is still bipotential (Stage 17), while expression at FPT was highest (100%) late in
ovarian differentiation (Stage 23). The relationship between Sf1
and aromatase qPCR results was analyzed by expressing % maximum expression across each temperature (D). % maximum expression was calculated across both temperatures for each gene
such that all Sf1 values were expressed relative to MPT Stage 19
(highest level of Sf1 expression 5 100%) and all aromatase values
were expressed relative to FPT Stage 23 (highest level of aromatase
expression 5 100%). These relative values were then expressed as
the ratio (Sf1/aromatase). MPT, male-producing temperature
(261C); FPT, female-producing temperature (311C).

development—and the production of aromatase—varies across amniotes, and Sf1 expression patterns vary
accordingly. In mice, Sf1 expression is down-regulated
(Ikeda et al., 1994), and aromatase is not expressed
during early ovarian differentiation (Greco and Payne,
1994). However, Sf1 expression is maintained at high
levels in species that do require estrogen production
during ovarian differentiation such as sheep (Quirke et
al., 2001), chickens (Smith et al., 1999a), and alligators
(Western et al., 2000). In the current study (Fig. 5),
qPCR results show higher Sf1 expression at male- than
female-producing temperatures throughout gonadal development, results consistent with previous slider turtle
reports using semi-quantitative ISH analysis of gonadal
expression (Fleming et al., 1999).

Sf1 is present in the undifferentiated gonad at both
male- and female-producing temperatures, and a
regulatory relationship between Sf1 and aromatase cannot be excluded. Sf1 could regulate the onset of
aromatase expression at the female-producing temperature, while other factors, including a positive feedback
relationship with estrogen itself, could be responsible
for increasing and then maintaining high aromatase
levels. In this model, temperature-specific factors would
also inhibit Sf1 up-regulation of aromatase at the maleproducing temperature. However, our qPCR results indicate differential patterns in abundance between
Sf1 and aromatase. Sf1 and aromatase also exhibit sexually dimorphic patterns of speciﬁcity/organization of
expression, even at phases of gonadal development
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Fig. 6 Exogenous application of estradiol overcomes the male-producing temperature to produce ovaries and redirect patterns of
steroidogenic factor-1 (Sf1) and aromatase gonadal localization
while treatment at the female-producing temperature creates a
unique phenotype. Sf1 gonadal expression assumes a more diffuse,
female-specific pattern of expression following application of estradiol to embryos incubating at male-producing temperatures (A–D).
Aromatase expression is intensiﬁed following estradiol treatment,
and spreads to the cortical compartment in the differentiating ovary
at male-producing temperatures (G–J). At female-producing

temperatures, estradiol application results in enlarged cortical compartments as well as altered expression patterns for Sf1 (E, F) and
aromatase (K, L). MPT, male-producing temperature (261C); FPT,
female-producing temperature (311C). Estradiol treatment occurred
at the onset of the sex-determining phase of gonadal development
(Stage 17), midway through the temperature-sensitive period. Control embryos were treated with EtOH vehicle (A, C, E for Sf1; G, I,
K for aromatase). Whole-mount gonads were sectioned at 40 mm
thickness except (I, J) which were sectioned at 25 mm thickness.
Scale bar 5 10 mm.

when abundance is not different between the two
temperatures.
Aromatase is expressed in the bipotential gonad at
both temperatures, but shows an early difference in localization (Fig. 4). Aromatase is more tightly localized
around putative germ cells both before and during the
sex-determining phase of gonadal development at female-producing temperatures than at male-producing
temperatures. The pattern is established earlier and is
more widespread across the gonad at the femaleproducing temperature, suggesting that differential aromatase localization preceding the TSP—particularly
in the supporting cell lineage surrounding germ cells in
the early bipotential gonad—may set the pattern for
female-specific hormone proﬁles affecting ovarian
differentiation later in development.
In contrast, Sf1 expression is bipotential early in
development but then becomes more sex-specific and
localizes around putative germ cells at the male-producing temperature during sex determination (Fig. 2).
In mammals, Sf1 is expressed in Sertoli as well as Leydig cells during testis differentiation (Ikeda et al., 1994),
and its localization in the supporting cell lineage surrounding germ cells supports a conserved (non-steroid-

ogenic?) function in slider turtle testis differentiation.
The slider turtle, therefore, exhibits similarity to the
mouse in terms of Sf1 expression and testis development, but to chicken and other TSD reptile models in
terms of aromatase expression and ovarian determination. This leads to the intriguing possibility that
aromatase is not regulated by Sf1 in early slider turtle
ovarian development. Two attractive candidates are
FoxL2 and Lrh1. FoxL2 is a conserved granulosa cell
marker (Schmidt et al., 2004) also expressed in developing turtle ovaries (Loﬄer et al., 2003; Crews et al.,
2006) that regulates aromatase in goats (Pannetier et al.,
2006) and chickens (Govoroun et al., 2004; Hudson et
al., 2005). Another possibility is Lrh1, a close relative of
Sf1 that is expressed in granulosa cells and has also
been shown to regulate aromatase in the mouse ovary
(Hinshelwood et al., 2003).
During gonadal differentiation after the TSP has
closed, Sf1 continues to be high in the developing testis.
This expression seems to localize between the sex cords
later in development, and while our experiment does
not allow cell type identiﬁcation, it is possible this
pattern reﬂects steroidogenic regulation within the interstitial cell lineage. It is noteworthy, however, that
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Fig. 7 Inhibition of aromatase activity overcomes the female-biased
temperature to produce testes and redirect patterns of steroidogenic
factor-1 (Sf1) and aromatase expression. Sf1 (A, B) and aromatase
(E, F) exhibit delayed response to application of aromatase inhibitor (AI) to eggs incubating at a female-biased temperature. Each
gene shows sex-specific changes to AI treatment (C, D for Sf1; G, H
for aromatase) by the time of gonadal differentiation (Stage 23).

FBT, female-biased temperature (29.41C). AI treatment occurred at
the onset of the sex-determining phase of gonadal development
(Stage 17), midway through the temperature-sensitive period. Control embryos were treated with EtOH vehicle (A, C for Sf1; E, G for
aromatase). Whole-mount gonads were sectioned at 40 mm thickness. Scale bar 5 10 mm.

light Sf1 expression was detected in differentiating ovaries. This expression was observed not only throughout
the medullary compartment as seen in chickens (Smith
et al., 1999a) and sheep (Quirke et al., 2001), but also
along the medullary/cortical boundary where steroidogenic enzymes including aromatase are expressed in
fetal sheep ovaries (Quirke et al., 2001). These are the
same two regions expressing aromatase in the slider
turtle ovary, and may indicate Sf1 regulation of aromatase expression late in ovarian development.
During ovarian differentiation, aromatase expression
as assayed by sectioned whole-mount ISH is localized
primarily in the medullary compartment but the intensity of signal is faint. This low level of expression is at
odds with our qPCR results. Aromatase signal is reliably detected throughout putative ovaries at earlier
stages of development (Figs. 4G–I,6H,7E,7F). The reduced sensitivity of the whole-mount in situ method in
the fully differentiated ovary (Fig. 4J) probably results
from differential aromatase probe penetration into
ovarian versus testis tissue at this late phase of diﬀerentiation. At the male-producing temperature, most
aromatase expression is gone by the differentiation
phase of testis development. However, pockets of
expression localize to the interior of the seminiferous
tubules, pointing to possible germ cell localization for
aromatase in the differentiated testis. This expression
pattern would agree with recent reports of aromatase expression in male germ cells in rats and humans
(Carreau et al., 2001; Lambard et al., 2004; Lambard
and Carreau, 2005).
Slider turtle sex determination is labile during the
TSP, and normal gonadal development can be reversed
by temperature shifts and by hormonal override of a

temperature cue during the TSP (Wibbels et al., 1994).
Opposing patterns of expression for Sf1 and aromatase
lead to opposite predictions during sex reversal—Sf1
should decrease following feminizing treatment
(M ! F temperature shifts and estradiol treatment)
and increase following masculinizing treatment (F ! M
temperature shifts and AI application), while aromatase
should follow the opposite pattern.
Our results support these predictions. Sf1 expression
is redirected toward a diffuse female-like expression
pattern following a shift from male- to female-producing
temperature and exhibits the more intense, male-typical
pattern following the opposing shift (Fig. 2). Given the
same treatment, aromatase expression is altered toward
a more organized female-typical pattern following the
M ! F temperature shift while expression is scattered
and diffuse after the shift from F ! M temperature
(Fig. 4). These results afﬁrm that (1) Sf1 and aromatase
exhibit specific sexually dimorphic patterns of expression that respond to temperature-based sex reversal,
and (2) Sf1 and aromatase localization patterns are not
correlated during temperature-based sex reversal.
Our predictions are also supported when sex is reversed via the modulation of estrogen availability (Figs.
6,7). Following exogenous estradiol application during
the sex-determining phase at a male-producing temperature, Sf1 localization patterns change to a low-level
female-specific pattern. In contrast, aromatase expression intensiﬁed as expected following estradiol treatment, but the localization pattern was not the same
as temperature-induced ovarian differentiation. In the
slider turtle, as in the chicken (Smith et al., 1999a),
aromatase expression is almost exclusively medullary in
the differentiating ovary (Figs. 4F,4J). The extension of
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aromatase expression into the cortical compartment late
in ovarian differentiation (Fig. 6J) was unique to estrogen-created ovaries. Female-producing temperatures
and estrogen production are linked in the slider turtle,
but their mechanism of interaction is unknown. Along
with regression of the medullary sex cords, proliferation
of cells in the cortical region is a major component of
ovarian differentiation in the slider turtle (Wibbels
et al., 1993). Continued high levels of estrogen may be
required to maintain ovarian development—particularly that of the cortical compartment—in turtles maintained at male-producing temperature. In addition, our
data suggest that Sf1 expression may not be required
for aromatase maintenance during estrogen-induced
ovarian development at a male-producing temperature.
Temperature and estrogen have a synergistic relationship in slider turtle sex determination (Bull et al.,
1990; Crews et al., 1991; Wibbels et al., 1991b), and
treating embryos already incubating at a female-producing temperature with exogenous estradiol creates
hyper-feminized ovaries with enlarged cortical compartments. These ‘‘super-ovaries’’ give more support to
the hypothesis that estrogen plays a critical role in the
proliferation of cortical cells during ovarian development, and exhibit both altered expression of Sf1 and
particularly intense aromatase expression in the medullary compartment (Figs. 6F,6L). The intense aromatase
expression was surprising given that aromatase expression in the medullary region was difﬁcult to detect in
fully differentiated ovaries using whole-mount ISH. Interestingly, estrogen treatment has been shown to modulate BM and extracellular matrix (ECM) composition
in the prostate gland of estrogen-treated rats (Chang et
al., 1999) and up-regulate hepanarase, the enzyme that
degrades hepanarase sulfate (a major polysaccharide of
the BM and ECM) in MCF-7 breast cancer cells (Elkin
et al., 2003). It is tempting to suggest that these estrogen-treated ovaries have modiﬁcations in the BM separating the medullary and cortical compartments of the
gonad that allowed enhanced aromatase probe penetration into the interior of the ovary.
Reducing estrogen by blocking aromatase activity
did not appreciably change localization patterns for either gene until late in gonadal differentiation (Fig. 7).
Previous work also showed a delay in Sf1 response to
AI treatment compared with temperature shifts or estrogen application (Fleming and Crews, 2001). Presumably, this delay is due to a carry-over effect from preexisting estrogen in the gonad, as blocking aromatase
activity only prevents new estrogen production.
Our results indicate that both Sf1 and aromatase
have important roles in slider turtle sex determination
and differentiation. Sf1 exhibits higher expression at
male- than female-producing temperatures, indicating a
conserved role in testis patterning as has been documented in mouse models. Aromatase is expressed in a
female-specific manner. Both genes respond to sex-

reversing treatments, but temperature and steroid treatment had different effects on sex-specific expression
patterns during the sex determination phase of gonadal
development. Despite its role as a regulator of steroidogenic enzymes (including aromatase), our data do not
add support to the hypothesis that Sf1 regulates femalespecific aromatase expression in the developing slider
turtle ovary, but do support a critical role for estrogen
in ovarian development.
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