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In many turtles the temperature during the middle of
incubation determines the gonadal sex of the hatchling.
Sex steroid hormones have been implicated in temperature-dependent sex determination in the red-eared slider
turtle, Trachemys scripta; nonaromatizable androgens
are involved in male sex determination and estrogens
and aromatizable androgens in female sex determination. Administration of exogenous estradiol-17b to eggs
incubating at a temperature that normally produces only
males can overcome the effect of temperature and result
in all offspring being female. Further, estradiol-17b and
incubation temperature synergize to produce a greater
feminizing effect at intermediate incubation temperatures that produce mixed sex ratios. This study demonstrates that, in the red-eared slider, there is a complex
interaction between incubation temperature, different
estrogens, and the dosage effect of each hormone. There
are changes in potency of different estrogens with incubation temperature such that estriol is more potent than
estrone and estradiol-17b at 267 (an all-male producing
incubation temperature), estrone and estriol are equipotent to each other and more potent than estradiol-17b at
28.87 (an incubation temperature that produced a malebiased sex ratio), and estradiol-17b is more potent than
estrone and estriol at 297 (an incubation temperature
that produced equal numbers of males and females).
These changes may be due to differences in synergism
between the hormones and incubation temperature. Es-

triol treatment also resulted in cranially hypertrophied
oviducts at all incubation temperatures in a dose-dependent manner, whereas animals treated with estradiol17b and estrone had normal oviducts. These results support the hypothesis that estrogens are involved in the
final common pathway of female sex determination in
this species. q 1996 Academic Press, Inc.
In many reptiles gonadal sex is determined by the
temperature of the incubating egg, a process known as
temperature-dependent sex determination (TSD). In the
red-eared slider turtle (Trachemys scripta), incubation of
eggs at relatively low temperatures (e.g., 20 – 28.67) results in only male hatchlings, whereas relatively high
temperatures (e.g., 29.6 – 357) results in only female
hatchlings; when eggs are incubated at temperatures
intermediate to these, varying sex ratios are produced
(Crews et al., 1994). Sex steroid hormones appear to be
the physiological equivalent of incubation temperature
and both male- and female-producing incubation temperatures and exogenous steroids exert their effects
during the mid-trimester of development (Crews et al.,
1996; Wibbels et al., 1991a). Estrogens and aromatizable
androgens induce female sex determination, whereas
nonaromatizable androgens induce male sex determination (Bull et al., 1988; Crews et al., 1991, 1994, 1995,
1996; Wibbels and Crews, 1994, 1995; Wibbels et al.,
1991b) (Fig. 1).
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FIG. 1. Effects of various steroid hormones and steroidogenic enzyme inhibitors on sex determination in the red-eared slider turtle (Trachemys
scripta). Note that aromatizable androgens are female-determining, whereas nonaromatizable androgens are male-determining. Illustrated is the
process of steroid metabolism of androgens and estrogens with steroidogenic enzymes in italics. The cytochrome P450 17a-hydroxylase/C17 – 20
lyase is involved in formation of androstenedione, the immediate precursor of testosterone. Androstenedione in turn is converted by aromatase
to estrone and by 17b-hydroxysteroid dehydrogenase to testosterone. Testosterone is converted by the cytochrome P450 enzyme aromatase to
estradiol-17b, whereas estrone is converted by 17b-hydroxysteroid dehydrogenase to estradiol-17b or by 16a-hydroxylase to estriol. Symbols
indicate male-determining or female-determining effect of the ligand on sex determination. Break symbols indicate the effect of enzyme inhibitors
on sex determination. The empirical data supporting these conclusions may be found in the papers cited in the text as well as in the present
data.

The purpose of the present experiment was to compare the relative effects of estrone, estradiol-17b, and
estriol on female sex determination and sexual differentiation of the red-eared slider. To make these comparisons, different incubation temperatures were utilized
to determine if there is synergism between incubation
temperature and estrone and estriol as occurs between
incubation temperature and estradiol-17b.

MATERIAL AND METHODS
Freshly laid eggs were obtained commercially (Robert Kliebert, Hammond, LA). After transport to our laboratory, eggs were held at room temperature until viability was established by candling. They were then
placed in containers with moistened vermiculite (vermiculite:water, 1:1) and placed in incubators (Precision)
programmed to provide a constant temperature ({0.17).
Embryonic development was monitored by candling
eggs and by dissecting two to four eggs approximately
twice a week to verify specific developmental stages,
based on criteria described by Wibbels et al. (1991a). All
eggs were randomized into ethanol control and hormone treatments.
Eggs in control groups received a single treatment
consisting of 5 ml of 95% ethanol. Eggs from experimen-

tal groups received a single treatment during the temperature-sensitive period (stage 17) of a specific estrogen dissolved in 5 ml of 95% ethanol. Steroid hormones
(estrone, estradiol-17b, and estriol) were obtained from
Sigma. With the exception of the 1.0 mg dosage at 28.87,
the present study evaluated the effects of a 100-fold
range of each estrogen (1.0, 0.5, 0.1, 0.05, and 0.01 mg)
on sex determination of eggs incubated at 26.0, 28.8,
29.0, and 29.27. All treatments were applied topically
to the vascularized portion of the upper shell (Crews
et al., 1991). The total number of eggs treated varied
according to treatment (ethanol Å 157, estrone Å 583,
estradiol-17b Å 570, and estriol Å 577) with group size
ranging from 21 to 31 animals and averaging 26 animals
per group.
After receiving treatments, all eggs were placed back
into their incubators until they had hatched. Turtles
were sacrificed by decapitation after hatching. Gonadal
sex and developmental status of the Müllerian ducts
were assessed macroscopically by examination of the
reproductive tracts under a dissection microscope. The
gonads of hatchling red-eared sliders are relatively well
differentiated and, with rare exception, appear distinctly testicular or ovarian when viewed under a dissection microscope. Ovaries are long and flat whereas
testes are shorter, more round, and have visible sex
chords (Crews et al., 1991; Wibbels et al., 1991a). The
oviducts were examined and scored as either absent,
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regressed but visible, normal (as in a typical female
hatchling), or hypertrophied; the latter instance was
characterized by substantial development and convolutions at the cranial end. The cloacal wall was cut and
the development of the phallus noted. Normally, in the
female hatchling the cloaca is without pigment and a
phallic tubercle is present, with the shaft posterior to
the cloacal opening smooth and unmodified. In a
hatchling male the tissue surrounding the phallus is
pigmented and the shaft has the beginnings of an elementary modification on the distal end. In those instances where the individual had both oviducts and
a phallus, the gonads were removed for histological
examination. In addition, the gonads of three to five
individuals from each experimental group was processed for histological examination of the gonad to confirm sex assignment.
Independent variables in the model were incubation
temperature, hormone treatment (estrone, estradiol17b, or estriol), and dosage of hormone. Sex ratios were
tabulated as nominal dependent variables and analyzed
with logistic polynomial regression for each hormone
at each incubation temperature; a backwards stepwise
procedure was used to reduce the models to include
only significant regression coefficients (Chatterjee and
Price, 1977; Sokal and Rohlf, 1981). Nonsignificant
terms (i.e., regression coefficients) were removed at a
P ú 0.1 to arrive at the final models. Regression coefficients were compared among hormones (within a temperature) and among incubation temperatures (within
a hormone treatment) to determine the relative effectiveness of the different hormones and the synergism
between temperature and hormones, as described in
Crews et al. (1995). Synergism between incubation temperature and hormone treatment is present if b1’s at
intermediate temperatures (i.e., 28.8, 29, and 29.27) are
significantly larger than b1 at the baseline temperature
(267). In other words, if b1 is larger at intermediate temperatures than at the baseline temperature, a given dosage of hormone produces a greater effect at intermediate temperature than at baseline temperature.
The logistic regression was utilized for analysis of the
frequency of hypertrophied oviducts in estriol-treated
turtles. As stated previously, oviducts were classified
as normal or hypertrophied and the numbers in each
class tabulated. Independent variables were incubation
temperature and dosage.

RESULTS
There were no histological differences detected between the ovaries from hormone-treated hatchlings versus temperature-induced male and female control
hatchlings; hermaphroditic (Åovotestes) gonads were
not observed even in individuals having both oviducts
and a developed phallus.
Incubation temperature significantly affected sex ratios; increasing numbers of females were produced
with increasing temperature (the b0’s increase at each
temperature, Tables 1 – 3; Fig. 2). All three hormones
had significant dosage effects at the lower temperatures; increasing the dose increased the number of females produced at each temperature (b1’s all significantly greater than 0). No dosage effect could be calculated for any hormone at 29.27 or for estradiol-17b at
297 because only females were produced at the lowest
dosage.
At 267 there was little difference between estrone and
estradiol-17b (b1’s not significantly different, see Tables 1
and 2). Estradiol-17b, though, was less effective than estrone at the highest dosage (i.e., a significant negative b2
for estradiol-17b, see Tables 1 and 2). In contrast, estriol
was much more potent than E1 and E2 at 267 (b1 significantly greater than for estrone or estradiol-17b, see Tables
1–3). At 28.87, there was no difference between the effectiveness of estrone and estriol (b1’s not significantly different), although both of these hormones were more effective
than estradiol-17b (b1’s significantly greater than estradiol-17b b1). Comparisons of potency at 297 were only
done among hormones at a dosage of 0.01 mg because
there was little sex ratio variation above this dosage. There
was significant heterogeneity among hormone treatment
groups (likelihood ratio x2 Å 8.4, P Å 0.015). There was no
detectable difference between 0.01 mg estrone and estriol
treatments at 297 (LR x2 Å 0.707, P Å 0.40). At this dosage
and temperature, estradiol-17b produced more females
than either estrone (LR x2 Å 5.06, P Å 0.025) or estriol
(LR x2 Å 8.34, P Å 0.0039). At 29.27, all three hormones
produced only female hatchlings at the 0.05 mg dosage
and at the 0.01 mg dosage, E1 and E3 produced all females
and E2 produced 25/27 females; this effectively prevented
calculation of a dosage effect and comparison of the relative effectiveness of these hormones at this temperature.
Synergism between estrone and incubation temperature was evident. A given dosage of estrone had a
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TABLE 1
Separate Regression Results (in Columns) for the Effect of Increasing Estrone Concentrations on the Hatchling Sex Ratio in the Red-Eared
Slider Turtle (Trachemys scripta) at Three Incubation Temperatures
Incubation temperature
Regression
coefficient
b0

b1

267

28.87

297

04.14 { 0.63a
(x2 Å 42.7, P õ 0.0001)
[l Å 05.22, u Å 03.06]
9.8 { 1.4a
(x2 Å 49.7, P õ 0.0001)
[l Å 7.4, u Å 12.2]

01.28 { .51*,b
(x2 Å 6.4, P Å 0.0112)
[l Å 02.20, u Å 00.36]
243 { 69*,b
(x2 Å 12.54, P Å 0.0004)
[l Å 119, u Å 367]

0.21 { 0.25c
(x2 Å 0.75, P Å 0.39)
[l Å 00.22, u Å 0.64]
61.4 { 18.5c
(x2 Å 11.0, P Å 0.0009)
[l Å 29.7, u Å 93.1]

Note. Regression coefficients { 1 standard error with Chi-square and probability values in parentheses; there is 1 degree of freedom for each
regression coefficient. Regression coefficients with different superscripted letters in bold are significantly different at a level of a Å 0.05 for
different incubation temperatures. The coefficients are significantly different if their comparison limits in brackets do not overlap. *These regression
coefficients were calculated after removal of data at a dosage of 0.1 mg because the coefficients were unstable when this data set was included.
Parameter estimates did not change significantly when these data were removed.

greater feminizing effect at 28.8 and 29.07 than at 267
(i.e., b1’s were significantly larger at 28.8 and 297 than
at 267; Table 1). Estradiol and temperature also had a
synergistic effect (i.e., b1 at 28.8 was significantly larger
than b1 at 267, Table 2), In contrast, estriol and temperature had no detectable synergistic effect (i.e., b1’s not
significantly greater at higher temperatures than at the

TABLE 2
Separate Regression Results (in Columns) for the Effect of
Increasing Estradiol-17b Concentrations on the Hatchling
Sex Ratio in the Red-Eared Slider Turtle (Trachemys scripta)
at Three Incubation Temperatures.
Incubation temperature
Regression
coefficient
b0

b1

b2

267
a

04.61 { 0.82
(x2 Å 31.5, P õ 0.0001)
[l Å 06.01, u Å 03.21]
11.3 { 2.8a
(x2 Å 15.7, P Å 0.0001)
[l Å 6.5, u Å 16.1]
06.7 { 2.2
(x2 Å 9.1, P Å 0.0026)

28.87

297

b

00.55 { .33*
n/a
(x2 Å 2.86, P Å 0.09)
[l Å 01.14, u Å 0.04]
44.3 { 13.3*,b
n/a
(x2 Å 11.05, P Å 0.0009)
[l Å 20.4, u Å 68.2]
n.s.
n/a

Note. Regression coefficients { 1 standard error with Chi-square
and probability values in parentheses; there is 1 degree of freedom
for each regression coefficient. Regression coefficients with different
superscripted letters in bold are significantly different at a level of
a Å 0.05 for different incubation temperatures. The coefficients are
significantly different if their comparison limits in brackets do not
overlap. *These regression coefficients were calculated after removal
of data at a dosage of 0.1 mg because the coefficients were unstable
when this data set was included. Parameter estimates did not change
significantly when this data was removed.

baseline temperature; Table 3). Although there was an
increase from 26 to 28.87 in the percentages of males
produced at the lowest dosage of estriol, the increase
in the b1 regression coefficient was not significant. Second and higher order polynomials were significantly
different than 0 for some of the analyses. Third or
higher order polynomials are harder to interpret and
have no clear biological meaning.
The effect of estriol on development of the oviducts
was pronounced (Figs. 3 and 4). Increased dosage of
estriol increased the number of turtles with hypertrophied oviducts (dosage coefficient Å 364 { 130, LR x2
Å 7.88, P Å 0.005). Importantly, incubation temperature
(temperature coefficient Å 5.5 { 2.2, LR x2 Å 6.09, P Å
0.0136) and incubation temperature by dosage interaction (dosage by temperature interaction coefficient Å
012.4 { 4.5, LR x2 Å 7.72, P Å 0.0055) also had significant effects on the frequency of hypertrophied oviducts.
This interaction was due to a decrease in potency of
estriol with increasing incubation temperature (i.e.,
negative interaction regression coefficient). There was
also a small negative second order coefficient for the
dosage effect (dosage X dosage coefficient Å 00.39 {
0.15, LR x2 Å 6.93, P Å 0.0085). These results are opposite to the synergism of the other estrogens with incubation temperature in feminizing gonadal sex.

DISCUSSION
In many turtles, the temperature of the incubating
egg determines the sex of the hatchling. The mechanism
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TABLE 3
Separate Regression Results (in Columns) for the Effect of Increasing Estriol Concentrations on the Hatchling Sex Ratio in the Red-Eared
Slider Turtle (Trachemys scripta) at Three Incubation Temperatures
Incubation temperature
Regression
coefficient
b0

b1

b2
b3

267

28.87

297

04.87 { 1.12a
(x2 Å 19.0, P õ 0.0001)
[l Å 06.79, u Å 02.95]
151 { 43a
(x2 Å 12.5, P Å 0.0004)
[l Å 77, u Å 225]
0886 { 436
(x2 Å 4.1, P Å 0.0421)
1238 { 716
(x2 Å 2.99, P Å 0.0840)

01.28 { .50b
(x2 Å 6.4, P Å 0.0111)
[l Å 02.14, u Å 00.42]
238 { 72a
(x2 Å 10.9, P Å 0.0009)
[l Å 115, u Å 361]
n.s.

00.05 { 0.27c
(x2 Å 0.04, P Å 0.84)
[l Å 00.19, u Å 0.73]
126 { 47a
(x2 Å 7.2, P Å 0.0072)
[l Å 46, u Å 206]
n.s.

n.s.

n.s.

Note. Regression coefficients { 1 standard error with Chi-square and probability values in parentheses; there is 1 degree of freedom for each
regression coefficient. Regression coefficients with different superscripted letters in bold are significantly different at a level of a Å 0.05 for
different incubation temperatures. The coefficients are significantly different if their comparison limits in brackets do not overlap.

of action of temperature is not well understood, although steroid hormones appear to be involved. There
is general agreement that in female sex determination,
estrogen formation is the physiological equivalent of
incubation temperature. This interpretation is supported by the following observations in our studies
with the red-eared slider: (i) Exogenous estrogens can
override the effects of a male-producing incubation
temperature (this study; Crews et al., 1991; see also Dorizzi et al., 1991; Gutzke and Bull, 1986; Pieau, 1974). (ii)
The sex-reversing effect of exogenous estradiol-17b has
a critical period that corresponds to the temperaturesensitive window, which extends from Stage 15
through 20 (Gutzke and Chymiy, 1988; Wibbels et al.,
1991a,b). (iii) Steroid-induced feminization is mediated
via an estrogen-specific receptor (Wibbels and Crews,
1992; see also Crews et al., 1989). (iv) Estrogen is concentrated primarily in the liver and the adrenal – kidney –
gonad area of all embryonic stages (Gahr et al., 1992).
(v) Administration of the aromatizable androgens testosterone or androstenedione to eggs incubating at a
male-producing temperature feminize embryos, presumably through their metabolic conversion to estrogens (Crews and Bergeron, 1994; Crews et al., 1995; Wibbels and Crews, 1992, 1995). (vi) Application of
aromatase inhibitor to eggs incubating at a female-producing temperature results in male hatchlings (Crews
and Bergeron, 1994; Wibbels and Crews, 1994; see also
Dorizzi et al., 1994; Rhen and Lang, 1994). Administration of both testosterone and aromatase inhibitor at a

male-producing incubation temperature blocks the testosterone-induced feminization and all offspring are
male. Similarly, administration of testosterone and
aromatase inhibitor at a female-producing incubation
temperature results in all male offspring. (vii) There
is a synergism between exogenous estradiol-17b and
estrone and incubation temperature (this study; Wibbels et al., 1991b). (viii) The morphological changes occurring in response to exogenous estrogen are indistinguishable from the changes induced by a shift from a
male-producing to a female-producing incubation temperature during the temperature-sensitive window
(Wibbels et al., 1993). Taken together, these data are
consistent with the hypothesis that temperature and
estrogen work in the same developmental pathway for
female sex determination.
This raises the question of whether the endocrine environment actually differs with incubation temperature. Contradictory information exists. In the pond turtle (Emys orbicularis), Pieau et al. (1982) report higher
levels of androstenedione and dihydrotestosterone in
embryonic testes compared to ovaries. Incubation of
gonadal explants from embryos with radioactivity-labeled androstenedione yields little estrogen, but incubation with testosterone yields both estrone and estradiol-17b (Desvages and Pieau, 1991). This suggests that
in this species the preferred metabolic pathway is from
testosterone to estradiol-17b. Radioimmunoassay (RIA)
reveals that during the temperature-sensitive period,
gonads from embryos at a female-producing incubation
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FIG. 2. Effect of different dosages of exogenous estrone, estradiol-17b, and estriol on sex determination in the red-eared slider turtle (Trachemys
scripta). Eggs were incubated at four different temperatures: 26.07 (all-male), 28.87 (male-biased), 29.07 (1:1 sex ratio), and 29.27 (female-biased).
Shown is the percentage of female hatchlings produced at each incubation temperature. Mean percentage of female hatchlings from eggs treated
with alcohol alone (control) is represented by the horizontal bar.

temperature have higher estrogen content than gonads
at a male-producing temperature (Dorizzi et al., 1991).
Further, aromatase activity is very low in undifferentiated gonads; it remains low in embryos at male-producing temperature but increases exponentially in embryos
at a female-producing temperature (Pieau et al., 1994;
see also Smith and Joss, 1994). Shifting eggs from a
male- to a female-producing incubation temperature results in an increase in aromatase activity, whereas the
opposite manipulation decreases aromatase activity.
These changes do not appear to be due to temperature
modulation of aromatase activity, but are believed to
result from temperature-induced increases in expression of the aromatase gene.
In contrast, White and Thomas (1992) failed to find
detectable levels of progesterone, testosterone, or estra-

diol-17b in the media or in the adrenal – kidney – gonadal tissue from embryonic red-eared slider turtles
using highly specific and sensitive RIA. Incubation of
embryonic adrenal – kidney – gonadal complexes with
radiolabeled pregnenolone indicated only weak precursor conversion with no obvious patterns of sexually
dimorphic steroid secretion until after the temperaturesensitive window. It is unlikely that the failure of White
and Thomas to detect the presence in the tissue content
of key steroid hormones at sex-specific temperatures
prior to gonadal differentiation, much less sex differences in steroid hormones, was due to the lack of sensitivity in their technique. Indeed, repeated efforts by
this laboratory and by F. George and J. Wilson of the
Southwestern Medical Center have failed to detect significant levels of testosterone, estradiol-17b, or dihy-
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FIG. 3. Effect of varying dosages of estriol administered at different
incubation temperatures on hypertrophy of the oviduct in the redeared slider turtle (Trachemys scripta). The two highest dosages ( 5.0
and 1.0 mg) of estriol were not administed to eggs incubating at 28.87.

(Feder, 1981). In mammals estrone and estriol bind and
occupy the same sites of the estrogen receptor as estradiol-17b, but they produce only a weak uterine growth
response (Wotiz et al., 1968); indeed, estriol appears
to have antagonistic properties (Lippman et al., 1977).
Additionally, in the bovine system cooperative binding
of the estrogens to the estrogen receptor is differential;
both estrone and estriol are not cooperatively bound as
is estradiol-17b and have a lower capacity than estradiol-17b to induce a positive cooperative interaction
with the estrogen receptor (Sasson and Notides, 1983a).
Incubation temperature can synergize with exogenous hormone treatment; eggs incubated at a threshold
temperature are more sensitive to estradiol-17b than
eggs incubated at an all-male producing temperature
(Wibbels et al., 1991b). The present study extends this
synergism to estrone, but not estriol. Thus, the degree
of synergism between estrogen and incubation temperature varied as a function of the specific estrogen utilized. When comparing the effects of estrone, estradiol-

drotestosterone in embryonic gonads or adrenal – kidney – gonadal complexes even though these steroids are
readily detected in the serum of adult male and female
red-eared sliders. This is puzzling because similar problems have not been encountered with gonads from the
European pond turtle or mammalian embryos. It is possible that the red-eared slider turtles differs from the
European pond turtle in this as well as other aspects.
Several other possible explanations would include: (i)
the critical steroids in the red-eared slider embryo are
metabolites that do not crossreact in our RIA, (ii) during
the temperature-sensitive window this tissue primarily
contains kidney and adrenal and the steroid hormonecontaining cells may represent only a small fraction of
the total, (iii) the poor recoveries obtained from tissue
samples (compared to the circulation) indicate that
there may be some species-specific tissue factor (glycophospholipid, nonsaponifiable lipid, etc.) that interferes
with the extraction and/or chromatography of steroids,
(iv) there is some as yet unidentified compound related
to steroid hormones that is responsible for sex determination. This latter possibility appears to be the case in
Xenopus laevis (Hayes et al., 1995).
Androstenedione is a precursor for both estrone and
estradiol-17b via aromatase (see Fig. 1). The rate of the
reverse reaction from estradiol-17b to estriol is slower

FIG. 4. Effect of 0.5 mg of estrone (B), estradiol-17b (C), and estriol
(D) on oviduct development in the red-eared slider turtle (Trachemys
scripta). All hormone-treated individuals were from eggs incubated
at 26.07, an all-male producing temperature and hormone treated during the middle of the temperature-sensitive period. The oviduct from
a temperature-induced female hatchling (A) from an egg incubated
at 317, an all-female incubation temperature, and treated with ethanol
shown for comparison.
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17b, and estriol at an incubation temperature that normally produces only males, estriol was more potent
than estrone and estradiol-17b, resulting in a greater
number of females at a lower dosage; there was approximately a 15-fold increase in the logistic regression coefficient with estriol compared to that of estrone and estradiol-17b. Although estriol was very potent at an all
male-producing temperature, there was no evidence of
synergism with incubation temperature. Estrone had a
high level of synergism with temperature from an all
male-producing to a male-biased incubation temperature, the regression coefficient increased approximately
24-fold from 26 to 28.87 to a potency comparable to that
of estriol. Estradiol-17b had a low degree of synergism
with the lower incubation temperature but the regression coefficients continued to increase steadily with increasing temperature, having the strongest feminizing
effect at 297.
A possible explanation of this finding is that both
estrone and estriol bind to the estrogen receptor but,
unlike estradiol-17b, the cooperative interaction of the
estrogen receptor with estrone and estriol is reversible
and dependent upon temperature over a range of 0 –
307 (Sasson and Notides, 1983a,b). Changes in synergism with increasing temperature and different hormones may be due to changes in the concentration of
the estrogen receptor with incubation temperature,
changes in the cooperativity of hormone binding with
temperature, and/or changes in affinity of the estrogen
receptor with temperature. These changes may also be
due to changes in the relative levels of different steroidogenic enzymes with incubation temperature
which would affect endogenous concentrations of estrogens.
The hypertrophic effects of estrogens on vertebrate
oviducts are well documented (reviewed by O’Malley
et al., 1975; Schimke et al., 1975). Administration of
high dosages (100 mg) of estradiol-17b, as well as the
synthetic estrogen-related compounds diethylstilbestrol and norethindrone, to eggs incubating at a maleproducing temperature result in agenesia of the caudal portion and hypertrophy of the cranial portion of
the Müllerian duct (Wibbels and Crews, 1992; see also
Pieau, 1969, 1970, 1974). Ten micrograms of estradiol17b results in individuals having full-length Müllerian ducts that are hypertrophied, whereas 1.0 mg of
both estradiol-17b and norethindrone produce individuals with normal Müllerian ducts (Wibbels and

Crews, 1992). The ability of exogenous estrogen to
block the normal atrophy of the Müllerian ducts has
also been observed in birds (Stoll et al., 1987; 1990;
MacLaughlin et al., 1983; Hutson et al., 1985; Osamu
and Hutson, 1988). At the dosages used in the present
study, females resulting from both estrone and estradiol-17b treatment had normal appearing oviducts,
but estriol, even at a dosage of 0.1 mg, stimulated
abnormal oviduct development. Thus, estriol had
greater potency on accessory sexual structures as well
as the gonads.
It is clear from these data that the response machinery
for female development is present and functional at
an all-male producing incubation temperature. Since
females are not normally produced at 267, it underscores the importance of the hormonal milieu as the
major switch and suggests that there may be little or no
endogenous estrogen present at an all-male producing
incubation temperature.

ACKNOWLEDGMENTS
We would like to acknowledge the technical assistance of Anthony Alexander, Judy Bergeron, and John Branch and James K
Skipper for comments on the manuscript. This research was supported by NSF IBN-9205207 and NIMH Research Scientist Award
00135 to DC.

REFERENCES
Bull, J. J., Gutzke, W. H. N., and Crews, D. (1988). Sex reversal by
estradiol in three reptilian orders. Gen. Comp. Endocrinol. 70, 425 –
428.
Chatterjee, S., and Price, B. (1977). Regression Analysis by Example.
Wiley, New York, New York.
Crews, D., and Bergeron, J. M. (1994). Role of reductase and aromatase
in sex determination in the red-eared slider (Trachemys scripta), a
turtle with temperature-dependent sex determination. J. Endocrinol.
143, 279 – 289.
Crews, D., Bull, J. J., and Wibbels, T. (1991). Estrogen and sex reversal
in turtles: A dose-dependent phenomenon. Gen. Comp. Endocrinol.
81, 357 – 364.
Crews, D., Wibbels, T., and Gutzke, W. H. N. (1989). Action of sex
steroid hormones on temperature-induced sex determination in the
snapping turtle (Chelydra serpentina). Gen. Comp. Endocrinol. 75,
159 – 166.
Crews, D., Bergeron, J. M., Flores, D., Bull, J. J., Skipper, J. K., Tousig-

Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

/ a403$$6685

05-09-96 23:11:42

endoa

AP: ENDO

325

Estrogens and Sex Reversal in Turtles
nant, A., and Wibbels, T. (1994). Temperature-dependent sex determination in reptiles: Proximate mechanisms, ultimate outcomes,
and practical applications. Dev. Gen. 15, 297 – 312.
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Crews, D., Cantú, A. R., and Bergeron, J. M. (1996). Temperature
and nonaromatizable androgens: A common pathway in male sex
determination in a turtle with temperature-dependent sex determination? J. Endocrinol., in press.
Desvages, G., and Pieau, C. (1991). Steroid metabolism in gonads of
turtle embryos as a function of the incubation temperature of the
eggs. J. Steroid Biochem. Mol. Biol. 39, 203 – 213.
Dorizzi, M., Mignot, T.-M., Guichard, A., Desvages, G., and Pieau, C.
(1991). Involvement of estrogens in sexual differentiation of gonads
as a function of temperature in turtles. Differentiation 47, 9 – 17.
Dorizzi, M., Richard-Mercier, N., Desvages, G., Girondot, M., and
Pieau, C. (1994). Masculinization of gonads by aromatase inhibitors
in a turtle with temperature-dependent sex determination. Differentiation 58, 1 – 8.
Feder, H. H. (1981). Essentials of steroid structure, nomenclature, reactions, biosynthesis, and measurements. In (N. T. Adler, Ed.), ‘‘Neureoendocrinology of Reproduction’’ pp. 19 – 63. Plenum Press, New
York.
Gahr, M., Wibbels, T., and Crews, D. (1992). Site of estrogen uptake
in embryonic Trachemys scripta, a turtle with temperature-dependent sex determination. Biol. Reprod. 46, 458 – 463.
Gutzke, W. H. N., and Bull, J. J. (1986). Steroid hormones reverse sex
in turtles. Gen. Comp. Endocrinol. 64, 368 – 372.
Gutzke, W. H. N., and Chymiy, B. B. (1988). Sensitive periods during
embryogeny for hormonally-induced sex determination in turtles.
Gen. Comp. Endocrinol. 71, 265 – 267.
Hayes, T. B., Liu, and Gill, T. N. (1995). Metabolism of exogenous
estradiol by larvae of Xenopus laevis. Gen. Comp. Endocrinol. 100, in
press.
Hutson, J. M., Donahoe, P. K., and MacLaughlin, D. T. (1985). Steroid
modulation of Müllerian duct regression in the chick embryo. Gen.
Comp. Endocrinol. 57, 88 – 102.
Lippmanm, M., Monaco, M. E., and Bolan, G. (1977). Effects of estrone,
estradiol, and estriol on hormone-responsive human breast cancer
in long-term tissue culture. Cancer Res. 37, 1901 – 1907.
MacLaughlin, D. T., Hutson, J. M., and Donahoe, P. K. (1983). Specific
estradiol binding in embryonic Mullerian ducts: A potential modulator of regression in the male and female chick. Endocrinology. 113,
141 – 145.
O’Malley, B. W., Woo, S. L., Harris, S. E., Rosen, J. M., Comstock,
J. P., Chan, L., Bordelon, C. B., Holder, J. W., Sperry, P., and Means,
A. R. (1975). Steroid action in animal cells. Am. Zool. 15 (Supplement
1), 215 – 225.
Osamu, D., and Hutson, J. M. (1988). Pretreatment of chick embryos
with estrogen in ovo prevents Mullerian duct regression in organ
culture. Endocrinology 122, 2888 – 2891.
Pieau, C. (1969). Sur une anomalie des conduits genitaux observee chez
l’embryons de tortue grecque (Testudo graeca L.) traites par le benzoate
d’oestradiol. C. R. Hebd. Seances. Acad. Sci. Paris 268, 364–367.

Pieau, C. (1970). Effets de l’oestradiol sur l’appreil genital de l’embryon de tortue mauresque (Testudo graeca L.). Anat. Microsc. Morph.
Exp. 59, 295 – 318.
Pieau, C. (1974). Differenciation du sexe en fonction de lat temperature chez les embryons d’Emys orbicularis L. (Chelonien) effets des
hormones sexuelles. Annal. Embryol. Morph. 7, 365 – 394.
Pieau, C., Mignot, T.-M., Dorizzi, M., and Guichard, A. (1982). Gonadal steroid levels in the turtle Emys orbicularis L.: A preliminary
study in embryos, hatchlings, and young as a function of incubation
temperature. Gen. Comp. Endocrinol. 47, 392 – 398.
Pieau, C., Girondot, M., Desvages, G., Dorrizzi, M., Richard-Mercier, N.,
and Zaborski, P. (1994). Environmental control of gonadal differentiation. In ‘‘The Differences Between the Sexes’’ (R. V. Short and E.
Balaban, Eds.) pp. 433–448. Cambridge Univ. Press, England.
Rhen, T., and Lang, J. W. (1994). Temperature-dependent sex determination in the snapping turtle: Manipulation of the embryonic sex
steroid environment. Gen. Comp. Endocrinol. 96, 243 – 255.
Sasson, S., and Notides, A. C. (1983a). Estriol and estrone interaction
with the estrogen receptor. I. Temperature-induced modulation of
the cooperative binding of [3H] estriol and [3H] estrone to the estrogen receptor. J. Biol. Chem. 258, 8113 – 8117.
Sasson, S., and Notides, A. C. (1983b). Estriol and estrone interaction
with the estrogen receptor. II. Estriol and estrone-induced inhibition of the cooperative binding of [3H] estradiol to the estrogen
receptor. J. Biol. Chem. 258, 8118 – 8122.
Schimke, R. T., McKnight, G. S., Shapiro, D. J., Sullivan, D., and Palacios R. (1975). Hormonal regulation of ovalbumin synthesis in the
chick oviduct. Rec. Progr. Horm. Res. 31, 175 – 208.
Smith, C. A., and Joss, J. M. P. (1994). Steroidogenic enzyme activity
and ovarian differentiation in the saltwater crocodile, Crocodylus
porosus. Gen. Comp. Endocrinol. 93, 232 – 245.
Sokal, R. R., and Rohlf, F. J. (1981). ‘‘Biometry,’’ 2nd ed. W. H. Freeman,
New York.
Stoll, R., Faucounau, N., and Maraud, R. (1987). Influence of an antiestrogenic drug (tamoxifen) on Müllerian duct agenesia induced by
various steroidal sex hormones in the female chick embryo. Gen.
Comp. Endocrinol. 66, 218 – 223.
Stoll, R., Faucounau, N., and Maraud, R. (1990). Action of estradiol
on Müllerian duct regressions induced by treatment with norethindrone of female chick embryos. Gen. Comp. Endocrinol. 80, 101 –
106.
White, R. B., and Thomas, P. (1992). Adrenal-kidney and gonadal
steroidogenesis during sexual differentiation of a reptile with
temperature-dependent sex determination. Gen. Comp. Endocrinol. 80, 10 – 19.
Wibbels, T., and Crews, D. (1992). Specificity of steroid-induced
sex determination in a turtle. J. Endocrinol. 133, 121 – 129.
Wibbels, T., and Crews, D. (1994). Putative aromatase inhibitor
induces male sex determination in a female unisexual lizard and
in a turtle with TSD. J. Endocrinol. 141, 295 – 299.
Wibbels, T., and Crews, D. (1995). Steroid-induced sex determination at incubation temperatures producing mixed sex ratios in a
turtle with TSD. Gen. Comp. Endocrinol. 100, 53 – 100.
Wibbels, T., Bull, J. J., and Crews, D. (1991a). Chronology and morphology of temperature-dependent sex determination. J. Exp. Zool. 260,
371–381.

Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

/ a403$$6685

05-09-96 23:11:42

endoa

AP: ENDO

326

Crews et al.

Wibbels, T., Bull, J. J., and Crews, D. (1991b). Synergism between
temperature and estradiol: A common pathway in turtle sex determination? J. Exp. Zool. 260, 130 – 134.
Wibbels, T., Kellog, P., Bull, J. J., and Crews, D. (1993). Morphological characterization of estrogen-induced and temperature-

induced sex determination in a turtle. Differentiation 53, 149 –
154.
Wotiz, H. H., Shane, J. A., Vigersky, R., and Brecher, P. I. (1968). In
‘‘Prognostic Factors in Breast Cancer’’ (A. P. M. Forrest and P. B.
Knukller, Eds.) pp. 368 – 376. Livingstone Press, Edinburgh.

Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

/ a403$$6685

05-09-96 23:11:42

endoa

AP: ENDO

