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Many data suggest an involvement of estrogens in gonadal differentiation in reptiles with
temperature-dependent sex determination (TSD). However, the site of estrogen synthesis in
two species of freshwater turtles is unclear, In Emys orbicularis, estrogens were shown to
be produced by the gonads, whereas in Trachemys scripta, gonadal steroids were not de-
tected. The marine wrtle Dermaochelys coriacea exhibits TSD but in gonadal development,
ovarian differentiation is delayed. Gonadal aromatase activity and estrogen content in this
species were measured in embryos incubated at 27° and in embryos incubated at 30.5°,
respectively, masculinizing and feminizing temperatures within the range of temperatures
found in natural nests. At all stages studied, aromatase activity was present and found 1o be
higher at 30.5° than at 27°. Estrogens were only found at 30.5°. The effects of temperature
shifts on gonadal aromatase activity were then examined. Eggs were shifted from 27 to 35°
(feminizing temperature) at different embryonic stages and exposed to 35° for 6 days, An
increase in gonadal aromatase activity, although with significant individuat variations, was
seen only when eggs were shifted between stages 23 and 27. These stages are in the range
of the thermosensitive stages for sexuval differentiation of the ponads determined in other
turtles. These results are similar to those previously obtained in E. orbicularis and agree
wilh a key rofe for endogenous estrogens in gonadal differentiation of reptifes with TSD.
Relatively high levels of these hortmones are probably required to inhibit the development of
testicular cords in all species, but the sensitivity to estrogens of the surface epithelium of the

gonads varies with species.

Estrogens are known to be involved in
avian and reptilian gonadal differentiation,
In birds, which display a male ZZ/female
ZW system of genotypic sex determination,
injection of estrogens into eggs induces par-
tial or complete sex-reversal of the gonads
in genotypic males, whereas injection of ta-
moxifen (an antiestrogen) results in total
masculinization of the right gonad and par-
tial masculinization of the left gonad in ge-
notypic females (see Scheib, 1983). Geno-
typic female chickens can be sex-reversed
by early treatment of embryos with aro-
matase inhibitors (Elbrecht and Smith,
1992; Wartenberg et al., 1992). In reptiles,
the feminization of gonads due to the ef-
fects of exogenous estrogens have been ob-
tained in genotypic males of species with
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genotypic sex determination (Raynaud,
1967) and at a male-producing temperature
in species with temperature-dependent sex
determination (TSD) (Pieau, 1974: Bull e/
al., 1988). Moreover, in the European pond
turtle (Emys orbicularis), a species display-
ing TSD, the injection of tamoxifen into
eggs incubated at a feminizing temperature
results in differentiation of testicular cords
in the gonads (Dorizzi et al., 1991).
Steroid hormones are synthesized very
early in avian gonadal development, For
example, in quail embryos, estrogen con-
tent as well as aromatizing capacities are
much higher in gonads of genotypic females
than in genotypic males before any mor-
phological indication of sexual differentia-
tion {Scheib ¢t al., 1985). Steroid synthesis
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and aromatase activity in the gonads have
also been studied in the European pond tur-
tle in which embryonic gonads metabolize
different radiolabeled steroid precursors
(pregnenolone, progesterone, dehydroepi-
androsterone, androstenedione) during and
after the thermosensitive period of sexual
differentiation (Desvages and Pieau, 1991).
During the early stages of this period, go-
nadal estrogen content is higher in embryos
incubated at a feminizing temperature than
in embryos incubated at a masculinizing
temperature (Dorizzi et al., 1991). Aro-
matase activity remains very low in differ-
entiating testes from the beginning of the
thermosensitive period to hatching. In dif-
ferentiating ovaries, the enzyme activity in-
creases in an exponential fashion up to the
end of embryonic life and decreases around
hatching. Moreover, a shift of several days
from a masculinizing to a feminizing tem-
perature during the thermosensitive period
for sexual differentiation produces an in-
crease in gonadal aromatase activity, but is
ineffective after this period (Desvages and
Pieau, 1992a). The sensitive period for the
effects of temperature on aromatase activ-
ity in the gonads may thus correspond to
that for their sexual differentiation.

In embryos of another emydid turtle,
Trachemys scripta, there is active steroido-
genesis in the mesonephros and adrenals
(not dissociated) but steroids (progester-
one, testosterone, estradiol, and corticoste-
rone} were not detected in gonads (White
and Thomas, 1992), Moreover, radiola-
beled 17B-estradiol bound to the mesoneph-
ros, Miillerian ducts, and interrenals, but
few if any estrogen-binding cells were
found in the gonads during and after the
temperature-sensitive period for sex deter-
mination (Gahr ef al., 1992). These suggest
that estrogenic actions on gonadal differen-
tiation may be indirect.

Given the apparent discrepancy between
E. orbicularis and T. scripta, it was of in-
terest to investigate the estrogen content
and aromatase activity as a function of tem-
perature in a turtle from a different family.

The marine turtle Dermochelys coriacea
(family Dermochelyidae) also exhibits
TSD. Both phenotypic males and pheno-
typic females can be obtained around 29.5°
(pivotal temperature). Lower temperatures
produce 100% phenotypic males, whereas
higher temperatures give 100% phenotypic
females (Rimblot et al., 1985; Rimblot-Baly
et al., 1986-1987). By comparison with
other marine and freshwater turtles, the
sexual differentiation of ovaries appears to
be delayed. At hatching, the gonads of phe-
notypic females present a very reduced
medullary part with thin epithelial cords
and lacunae. The surface epithelium is
thick, pseudostratified, and encloses germ
cells. However, the latter are not numerous
and have not yet entered meiotic prophase.
For these reasons, the gonads in hatchling
phenotypic females of D. coriacea have
been considered as ‘‘potential’’ ovaries
(Rimblot et al., 1985). In hatchlings of other
turtle species, such as Chelonia mydas
(Miller and Limpus, 1980), Carefta caretta
(Yntema and Mrosovsky, 1980), E. orbicu-
laris (Pieau, 1974), and T. scripta (Wibbels
et al., 1991), epithelial cords are no longer
recognizable or are very reduced in the in-
ner part of the ovaries; in the cortex, germ
cells are numerous, many of them have en-
tered meiosis and primary follicles are
formed.

The present study assesses first whether
the aromatase activity is present and estro-
gens are synthesized in embryonic gonads
of D. coriacea, and second whether the de-
lay of gonadal differentiation in D. coriacea
can be correlated with a delay of the sensi-
tive period for the effects of temperature on
gonadal aromatase activity. Gonadal aro-
matase activity and estrogen content have
been compared at a male-producing tem-
perature and at a female-producing temper-
ature both in the range of temperatures en-
countered naturally. The sensitive period
for aromatase activity has been determined
by studying the response to shifts from a
masculinizing to a highly feminizing tem-
perature at different embryonic stages.
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MATERIALS AND METHODS

Collection and Incubation of Eggs and
Staging of Embryos

Eggs of D. coriacea were collected on a beach (Ya:
lima:po) in French Guiana. Samples of 27 to 83 eggs
from seven different clutches were taken immediately
after being laid, put into styrofoam boxes, and trans-
ported to Paris. In the laboratory, eggs were placed in
one layer in styrofoam boxes with moist sand as sub-
strate and incubated either at 27° {masculinizing tem-
perature) or at 30.5° (feminizing temperature) (Rimblot
et al., 1985). Both temperatures are in the range of
temperatures existing in natural nests,

To determine the stages at which an increase in in-
cubation temperature results in an increase in gonadal
aromatase activity, eggs were first incubated at 27°
until different embryonic stages and then shifted to 35°
for 6 days. Thirty-five degrees Celsius was chosen as
the feminizing temperature, since it has been shown
that in emydid turtles, which display the same pattern
of response to temperature as D). corigcea, the higher
the feminizing temperatures, the greater the female po-
tencies (Bull ez al., 1990) and the stronger the femini-
zation of gonads (Pieau, 1978). Moreover, shifts from
25 to 35° give a clear response in aromatase activity in
embrvos of E. grbicularis (Desvages and Pieau,
1992a,b). A total of 82 shifted eggs and 82 control eggs
(maintained at 27°) of D. coriacea were used in these
experiments.

At each time a series of eggs was shifted, one em-
bryo was weighed and fixed in toto in Bouin’s solution
for staging. All embryos taken for the assays were
weighed, and the head, the carapace, and the limbs of
some of them were fixed for staging, after removal of
gonads, Staging was based on weight and morpholog-
ical criteria described for the marine turtles (Miller,
1985; Renous et al., 1989). In many studies, staging of
turtle embryos is referred to developmental stages de-
scribed in Chelydra serpentina, a freshwater turtle
(Yntema, 1968}, although designation of stages in this
turtle is different from that in marine turtles. Table 1
gives the age at 27°, the age at 30.5° the weight of
embryos from stages 22 to 31 (hatching) in D. coria-
cea, and the corresponding stages in C. serpentina.

Measurement of Gonadal
Aromatase Activity

The assays were carried out between stages 23 and
31, each of them on the two gonads of an individual.
The gonads were removed and were either kept in roto
up to stage 28 or cut into four pieces by a longitudinal
and a middle transverse section at stages 29 to 31.
They were stored briefly in cold medium (RPMI 1640,
Hepes buffer) and incubated for 4.5 hr at 36° in 0.4 ml
RPMI containing 0.5 pM [13-*Hlandrostenedione
(27.5 Ci/mmol, New England Nuclear) as substrate. At

TABLE 1
DEVELOPMENTAL STAGES AS A FUNCTION OF AGE
AND WEIGHT IN EMBRYOS OF D. CORIACEA AND
CORRESPONDING STAGES IN C. SERPENTINA
(YNTEMA, 1968)

D. corlacea
Age at 27° Age at Weight M

{days} 30.5° (days) (g) Stages Stages
30-33 19-21 0.3-0.5 22 15
33-36 21-23 0.5-0.8 23 16
36-39 23-25 0.83-1.4 24 17 and 18
3943 25-28 143 25 19 and 20
43-48 28-32 3-6 26 21
48-54 32-37 6-13 27 22 and 23
54-61 37-44 13-21 28 24
61-70 44-50 21-32 29 24
T0-76 50-54 32-43 30 25
76-78 55-57 3848 31 26

the end of the incubation, radioactivity was measured
in the medium after steroid extraction by chloroform
followed by dextran—charcoal adsorption. Aromatase
activity was calculated from the rate of [*H]water re-
leased from the IB-position of the substrate (Acker-
man et al., 1981). In results, activity is expressed in
fmol per gonad per hour.

For statistical analysis, a log transformation of re-
sults was used to equalize variances. When comparing
three treatment groups at the same embryonic stage,
Bartlett’s test was used to test the inequality of vari-
ances. [f variances were not significantly different (P
< 0.05), ANOVA tests were used to estimate the re-
sidual variance, then results in the different treatment
groups were compared with the two-tailed ¢ test, If
variances were different, results were compared with
the Mann-Whitney test.

Measurement of Gonadal
Estrogen Content

Gonadal estrogen content was measured at stages 26
and 31 (hatching) in individuals incubated at 30.5°, The
assays were carried out on pools of 22 gonads at stage
26 and B gonads at stage 31. After homogenization of
the gonads, steroids were extracted with 0.5 ml dieth-
ylether, repeated three times. Extracts were evapo-
rated to dryness in a stream of nitrogen, dissolved in
130 ul of 50 mM Tris—HCI, pH 7.4, and centrifuged at
10,000¢ for 5 min. Estrone and estradiol concentra-
tions were measured according to Nicolas ef al. {1979)
using the transhydrogenase function of 17B-estradiol
dehydrogenase of human placenta. This method in-
volves an NADPH regenerating system, by which
NADH accumulates during the enzymatic cycling re-
action. The amount of NADH produced is directly
proportional to the concentration of the two estrogens.
Reagents {kit Estradiol enzymatique ‘U, ref. 61483)
were purchased from bioMérieux (France). Incuba-
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tions were carried out in a final volume of 300 ul at 25°
for 22 hr. Determinations of NADH concentrations
were made by spectrophotometry. Under these condi-
tions, the rate of appearance of NADH was a linear
function of estradiol concentrations between 0 and 80
pg. Twenty picograms of estradiol led to an increase of
about 0.1 unit in absorbance at 340 nm. Results are
expressed in picograms of estradiol per gonad.

RESULTS

Gonadal Aromatase Activity and Estrogen
Content in Embryos Incubared at 30.5
or at 27°

Gonadal aromatase activity was mea-
sured, individual by individual, in embryos
at stages 25, 26, and 27, just before hatching
(stage 30) and at hatching (stage 31). Re-
sults, grouped for each stage, are shown in
Fig. 1 and the number of individuals pro-
cessed at each stage is given in Table 2.

Relatively large individual variations
were seen at 30.5°. However, as early as
stage 25, gonadal aromatase activity is sig-
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FiG. 1. Gonadal aromatase activity (@ O) and es-
trogen content (% ¥r) in D. coriacea embryos incu-
bated at 30.5° (@ %) compared to that in embryos
incubated at 27° (O +). For aromatase activity, each
point represents the mean value * SD of several indi-
vidual measurements, the number of which is indi-
cated in Table 2. Estrogen content was measured on
pools of 22 gonads at stage 26 and 8 genads at stage 31.

nificantly higher at 30.5° than at 27° (r =
2.28, df = 24, P < 0.05). During the follow-
ing stages (26 and 27), aromatase activity is
still much higher at 30.5° than at 27° ( =
4.62,df =22, P<0.00l andt = 5.67. df =
24, P < 0.001, respectively). At 30.5° it con-
tinues to increase to peak at stage 30 (ey =
3.25, P < 0.01). Around hatching, it ap-
pears to slightly decrease.

Endogenous gonadal estrogens were as-
sayed at stage 26 and at hatching (stage 31)
in individuals incubated at 27 and 30.5°. In
none of the assays (2 at stage 26, 1 at hatch-
ing) performed at 27° were estrogens de-
tectable. At 30.5°, gonadal estrogen con-
tents were 11.76 and 12.47 pg/gonad for two
assays at stage 26 and 37.73 pg/gonad for
one assay at hatching (Fig. 1).

Effects of Shifts from 27 to 35° on
Gonadal Aromatase Activity

A series of six to eight eggs was shifted
from 27° to 35° at different embryonic
stages, between stages 22 and 29, and then
exposed for 6 days at 35°. Since the rate of
embryonic development is accelerated at
35°, a number of control embryos (main-
tained at 27°) equal to half that of shifted
embryos was assayed for aromatase activ-
ity at the same time as the shifted embryos,
the other half was assayed 2 to 3 days later
when they had reached approximately the
same developmental stage as the shifted
embryos. Results of all experimental series
are grouped in Fig. 2. In Fig. 2A, aromatase
activity per gonad and per hour is given for
each individual as a function of its weight.
In Fig. 2B, the mean aromatase activity is
given for several individuals grouped ac-
cording to their developmental stage (Table
1}. The number of individuals processed at
each stage is indicated in Table 2.

Figure 2A shows important individual
variations for gonadal aromatase activity in
control embryos maintained at 27° as well
as in embryos shifted to 35°, However, it is
clear that between 2 and 15 g, aromatase
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TABLE 2
NUMBER OF EMBRYOS AT DIFFERENT STAGES (23 TO 30) AND HATCHLINGS (STAGE 31) OF D. CORIACEA
PROCESSED FOR MEASUREMENT OF GONADAL AROMATASE ACTIVITY

Number of individuals at stage

Incubation Total number
temperature 23 24 25 26 27 28 29 30 31 of individuals
30.5° 0 0 6 5 0 0 10 6 33
27 5 4 9 9 15 17 8 6 9 82
27 > 35° 0 6 12 13 28 9 7 0 82

Note. Incubations at 27° and 30.5° correspond to data shown in Fig. 1. Incubations at 27° and 27 — 35°

correspond to data shown in Fig. 2B.

activity in all 35°%incubated embryos is
higher than in the 27° controls. In embryos
weighing more than 21 g, aromatase activi-
ties in shifted and in control embryos were
similar.

Figure 2B shows that at stage 24 (em-
bryos shifted to 35° at stage 22), gonadal
aromatase activity is not significantly dif-
ferent from that in control embryos incu-
bated at 27° (¢ = 1.95, df = 8, P > 0.05). At
stage 25 (shift at stage 23), a significant in-
¢rease in aromatase activity is observed in
shifted embryos (r = 3.26, df = 24, P <
0.01). At stages 26, 27, and 28 (shifts be-
tween stages 24 and 27), a quite clear re-
sponse is obtained (r = 7.21,df = 22, P <
0.001; ¢t = 9.57, df = 24, P < 0.001; ¢ =
5.32, df = 43, P < 0.001, respectively),
with a maximum at stage 27. An increased
gonadal aromatase activity is no longer
present. At stage 29, results are not signif-
icantly different in shifted and in control
embryos (t = 0.12, df = 15, P > 0.05). At
stage 30, aromatase activity is even lower
in embryos shifted to 35° than in embryos
maintained at 27° (f = 2.9, df = 11, P <
0.01). This difference is not due to a differ-
ence in embryonic weight (¢t = 1.11, df =
i1, P > 0.2).

With respect to the stages at which the
shifts of temperature were performed, an
increased gonadal aromatase activity was
only obtained when eggs were shifted to 35°
within stages 23-27. Thus, in present con-
ditions, using a very high feminizing tem-
perature to obtain a clear response, stages

23 to 27 are the sensitive stages for the ef-
fects of temperature on gonadal aromatase
activity in embryos of D. coriacea. In em-
bryos incubated at 27° (masculinizing), go-
nadal aromatase activity increases slightly
during the period between these stages, and
then decreases up to hatching (Fig. 2B).
The activity is maximum at the end of the
thermosensitive period (stage 27).

DISCUSSION

The present investigation shows that in
D. coriacea a marine turtle with tempera-
ture-dependent sex determination, aro-
matase activity is present and estrogens are
synthesized in embryonic gonads. At a
masculinizing temperature, aromatase ac-
tivity remains low during embryonic devel-
opment except for a slight peak around
stage 27. Estrogens are probably produced
but in too low amounts for detection. At a
feminizing temperature, the aromatase ac-
tivity is low at the beginning of gonadal dif-
ferentiation and increases up to the end of
embryonic life then slightly decreases
around hatching. Estrogens are measurable
and apparently increase with the same ratio
as the aromatase activilty during gonadal
development. These results confirm and re-
inforce previous data obtained in the fresh-
water turtle E. orbicularis.

The failure to detect steroids and binding
sites of radiolabeled 173-estradiol in gonads
of T. scripta (White and Thomas, 1992;
Gahr et al., 1992) does not necessarily
mean that estrogens and estrogen receptors
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Fi1G. 2. Aromatase activity in gonads of D. coriacea
embryos incubated continuously at 27° (O), or first
incubated at 27° and then shifted to 35° for 6 days (@).
Temperature shifts were carried out at different stages
of embryonic development, between stages 22 and 29.
In A, each point indicates the measured value in an
individual as a function of its weight. In B, each point
indicates the mean value = SD for several individuals
grouped according to embryonic stage, Horizontal
bars represent SID for the weight of pooled embryos.
See Table 2 for the number of individuals processed at
each stage.

are absent, rather, their levels may be be-
low the detection limit of the assays. Thus,
in T. scripta the detection limit was approx-
imately 0.3 pg/gonad in the estradiol assay
performed at stage 21 (White and Thomas,
1992). In embryos of E. orbicularis at stages
16 to 18, the estradiol content at a feminiz-
ing temperature was 0.27 pgfgonad (SD 0.11)
(Dorizzi et al., 1991). The higher amounts of
estrogens found in D. coriacea can be eas-
ily explained by the size of the gonads
which are much larger than in T, scripta and
E. orbicularis.

In D. coriacea, a 6-day exposure to a
highly feminizing temperature following in-
cubation at a masculinizing temperature in-
creases gonadal aromatase activity only
during a limited period of the embryonic
development. This period lies within stages
23-27 of the developmental stages defined
in the marine turtles (Miller, 1985; Renous
et al., 1989), These stages correspond to
stages 16 and 22-23 in the freshwater turtle
C. serpentina {Yntema, 1968; Table 1),
Based on specific developmental stages,
experiments with temporary shifts of tem-
perature, either upward or downward from
the pivotal temperature, localized the ther-
mosensitive period of sex determination be-
tween stages 12 and 22 in another marine
turtle, C. caretta (Yntema and Mrosovsky,
1982). In three species of Emydidae, Emys
orbicularis (Pieau and Dorizzi, 1981),
Graptemys ouachitensis, and Chrysemys
picta (Bull and Vogt, 1981), the thermosen-
sitive period of sex determination was be-
tween stages 16 and 22. This period appears
to be similar to those found in the lizard
Eublepharis macularius (Bull, 1987) and al-
ligator Alligator mississipiensis (Ferguson,
1985; Ferguson and Joanen, 1983). Com-
parison with these data shows that the sen-
sitive stages for the effects of temperature
on gonadal aromatase activity in D. corig-
cea are in the range of temperature-
sensitive stages (or period) for sexual dif-
ferentiation of gonads determined in rep-
tiles with TSD. They agree with previous
experiments in E. orbicularis in which a
temperature-induced increase in aromatase
activity was obtained during, but not after
this period (Desvages and Pieau, 1992a),
Thus, the thermosensitive period for go-
nadal aromatase activity appears to coin-
cide with that for gonadal sexual differenti-
ation in reptiles. The initial hypothesis that
in D. coriacea, this period could be de-
layed, given the structure of ovaries at
hatching is not supported.

The present study confirms that aro-
matase activity is correlated with estrogen
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content in the gonads. In E. orbicularis em-
bryos, estrogens have two cffects on go-
nadal differentiation. First, they inhibit the
development of testicular cords. Second,
they induce the differentiation of an ovarian
cortex which involves multiplication of
germ cells and their entrance into meiosis
(Dorizzi et al., 1991). High levels of estro-
gens appear to be required for inhibition of
testicular cords, while much lower levels of
these hormones appear to stimulate cortical
differentiation (Desvages, G., Girondot,
M., Richard-Mercier, N., and Pieau, C.,
unpublished results). In D. coriacea, at
feminizing temperatures, the development
of testicular cords is also inhibited. How-
ever, the development of an ovarian cortex
is not stimulated during embryonic life, al-
though the levels of estrogens are relatively
high. In another marine turtle exhibiting
TSD, Lepidochelys olivacea, oogonia had
not yet entered meiosis 84 days after hatch-
ing in individuals obtained from eggs incu-
bated at 32° (feminizing temperature) (Mer-
chant-Larios et al., 1989), whereas in phe-
notypic females of C. mydas (Miller and
Limpus, 1980) and C. caretta (Yntema and
Mrosovsky, 1980), oogonia had entered
meiosis at hatching. Therefore, specific re-
sponses to estrogens appear to exist for the
differentiation of an ovarian cortex and
probably also for the inhibition of testicular
cords in turtles. These differences could ac-
count for the fact that intersexes with
ovotestes are easily obtained in some spe-
cies, such as E. orbicularis (Piean and
Dorizzi, 1981) but not in others, such as 7.
scripta (Wibbels et al., 1991).

In conclusion, the changes in aromatase
activity and estrogen content of embryonic
gonads of D. coriacea are very similar to
those seen in E. orbicularis (Derizzi et al.,
1991; Desvages and Pieau, 1992a,b), al-
though the development of gonads, chiefly
ovaries, displays specific differences. A
key role for the regulation of expression of
the P-450 arom gene in the sexual differen-
tiation of gonads is indicated. Further in-

vestigations in reptiles with TSD will be
needed to determine both the factors regu-
lating transcription of the P-450 arom gene
(one of these factors would be thermosen-
sitive), and the genes regulated by the pro-
duced estrogens (Picau er al., 1993).

ACKNOWLEDGMENTS

We thank Susan Elsevier-Saint Just for her help
with the English and J. Fretey and J. Lescure for pro-
viding eggs of D. coriacea. Eggs were collected and
transported with permission of the French Environ-
ment Ministry.

REFERENCES

Ackerman, G. E., Smith, M. E., Mendelson, C. R,
Mac Donald, P. C., and Simpson, E. R. {1981).
Aromatization of androstenedione by human adi-
pose tissue stromal cells in monolayer culture. J.
Clin. Endocrinol. Metahb. 53, 412-417.

Bull, J. 1., and Vogt, R. C. (1981). Temperature-
sensitive periods of sex determination in emydid
turtles. J. Exp. Zool. 218, 435-440.

Bull, J. J. (1987). Temperature-sensitive periods of sex
determination in a lizard: Similarities with turtles
and crocodilians, J. Exp. Zool, 241, 143-148,

Bull, J. I., Gutzke, W. H. N., and Crews, D. (1988).
Sex reversal by estradiol in three reptilian orders.
Gen, Comp. Endocrinol. 70, 425-428.

Bull, J. J., Wibbels, T., and Crews, D. (1990). Sex-
determining potencies vary among female incuba-
tion temperatures in a turtle. J. Exp. Zool. 256,
339-341.

Desvages, G., and Picau, C. (1991). Steroid metabo-
lism in gonads of turtle embryos as a function of
the incubation temperature of eggs. J. Steroid
Biochem. Mol. Biol. 39, 203-213.

Desvages, G., and Pieau, C. (1992a). Aromatase ac-
tivity in gonads of turtle embryos as a function of
the incubation temperature of eggs. J. Steroid
Biochem. Mol. Biol. 41, 851-853.

Desvages, G., and Pieau, C. (1992b). Time required
for temperature-induced changes in gonadal aro-
matase activity and related gonadal structure in
turtle embryos. Differentiation 52, 13-18.

Dorizzi, M., Mignot, Th.-M., Guichard, A., Desvages,
G., and Pieau, C. (1991). Involvement of oestro-
gens in sexual differentiation of genads as a func-
tion of temperature in turtles. Differentiation 47,
9-17.

Elbrecht, A., and Smith, R. G. (1992). Aromatase en-
zyme activity and sex determination in chickens.
Science 255, 467-470.

Ferguson, M, W. 1. (1985). Reproductive biclogy and
embryology of the crocodilians. fa “Biology of



TEMPERATURE EFFECTS ON AROMATASE 61

the Reptilia” {C. Gans, F. Billett, and P. F. A.
Maderson, Eds.), Vol. 14, pp. 329-491. Wiley,
New York.

Ferguson, M. W. I, and Joanen, T. (1983). Tempera-
ture-dependent sex determination in Alligator
mississipiensis. J. Zool. (London) 200, 143-177.

Gahr, M., Wibbels, T., and Crews, D. (1992). Sites of
estrogen uptake in embryonic Trachemys scripta,
a turtle with temperature-dependent sex determi-
nation, Biol. Reprod. 46, 458463,

Merchant-Larios, H., Fierro, 1. V., and Urruiza,
B. C. (1989). Gonadal morphogenesis under con-
trolled temperature in the sea turtle Lepidochelys
olivacea. Herpetological Monographs 3, 43-61.

Miller, J. D., and Limpus, C. J. (1980). Incubation pe-
riod and sexual differentiation in the green turtle,
Chelonia mydas L. In “*Proceedings of the Mel-
bourne Herpetological Symposium™ (C. B. Banks
and A. A. Martin, Eds.), pp. 66-73. Zoological
Board of Victoria, Parkville, Victoria, Australia.

Miller, J. D. (1985). Embryology of marine turtles. In
“Biology of the Reptilia’’ (C, Gans, F. Billett, and
P. F. A. Maderson, Eds.), Vol. 14, pp. 270-328.
Wiley, New York.

Nicolas, J. C., Boussioux, A. M., Descomps, B., and
Crastes de Paulet, A, (1979). Enzymatic determi-
nation of estradiol and estrone in plasma and
urine. Clin. Chim. Acta 92, 1-9.

Picau, C. (1974). Différenciation du sexe en fonction
de la température chez les embryons d'Emys or-
bicularis L. (Chélonien): Effets des hormones
sexvelles. Ann. Embrvol. Morphog. 7, 365-394.

Pieau, C. (1978). Effets de températures d'incubation
basses et élevées sur la différenciation sexuelle
chez des embryons d'Emys orbicularis L. (Chél-
onien). C. R. Acad. Sci. (Paris) D 286, 121-124.

Pieau, C., and Dorizzi, M. (1981). Determination of
temperature sensitive stages for sexual differenti-
ation of the gonads in embryos of the turtle Emys
orbicularis L. J. Morphol. 170, 373-382.

Pieau, C., Girondot, M., Desvages, G., Dorizzi, M.,
Richard-Mercier, N., and Zaborski, P. (1993). En-
vironmental control of gonadal differentiation. In
““The Differences between the Sexes” (R. V.
Short and E. Balaban, Eds.). Cambridge Univ.
Press (in press).

Raynaud, A, (1967). Effets d’une hormone oestrogéne
sur le développement de 1'appareil génital de I'em-
bryon de lézard vert (Lacerta viridis Laur.). Arch.
Anat. Microsc. Morphol. Exp. 56, 63-122.

Renous, S., Rimblot-Baly, F., Fretey, I., and Pieau,
C. (1989). Caractéristiques du développement em-
bryonnaire de la Tortue Luth, Dermochelys cori-
acea (Vandelli, 1761). Ann. Sci. Nat. Zoologie
(Paris) 10, 197-229.

Rimblot, F., Fretey, J., Mrosovsky, N., Lescure, J.,
and Pieau, C. (1985). Sexual differentiation as a
function of the incubation temperature of eggs in
the sea-turtle Dermochelys coriacea (Vandelli,
1761). Amphibia—Reptilia 6, 83-92.

Rimblot-Baly, F., Lescure, J., Fretey, I., and Pieau,
C. (1986-1987). Sensibilité 3 la température de la
différenciation sexuelle chez la Tortue Luth, Der-
mochelys coriacea (Vandelli, 1761). Application
des données de I'incubation artificielle & I’étude
de la sex-ratio dans la nature. Ann, Sci. Nat. Zo-
ologie (Paris) 8, 277-29%0.

Scheib, D. (1983). Effects and role of estrogens in
avian gonadal differentiation. Differentiation 23
(Suppl.), 87-92.

Scheib, D., Guichard, A,, Mignot, Th.-M., and Reyss-
Brion, M. (1985). Early sex differences in hor-
monal potentialities of gonads from quail embryos
with a sex-linked pigmentation marker: An in
vitro radioimmunoassay study. Gen. Comp. En-
docrinol. 60, 266-272.

Wartenberg, H., Lenz, E., and Schweikert, H. U.
(1992). Sexual differentiation and the germ cell in
sex reversed gonads after aromatase inhibition in
the chicken embryo, Andrologia 24, 1-6.

White, R. B., and Thomas, P. (1992). Adrenal-kidney
and gonadal steroidogenesis during sexual differ-
entiation of a reptile with temperature-dependent
sex determination. Gen. Comp. Endocrinol. 88,
10-19.

Wibbels, T., Buil, I. J., and Crews. D. (1991). Chro-
nology and morphology of temperature-
dependent sex determination. J. Exp. Zool. 3,
371-381.

Yntema, C. L. (1968). A series of stages in the embry-
onic development of Chelydra serpentina. J. Mor-
phol. 125, 219-251.

Yntema, C. L., and Mrosovsky, N. (1980). Sexual dif-
ferentiation in hatchling loggerheads (Carerta
caretta) incubated at different controlled temper-
atures. ferpetologica 36, 33-36.

Yntema, C. L., and Mrosovsky, N. (1982). Critical pe-
riods and pivotal temperatures for sexual differ-
entiation in loggerhead sea turtles, Can. J. Zool.
60, 1012-1016.



