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variety of reptiles possess temperature-dependent sex
etermination (TSD) in which the incubation tempera-
ure of a developing egg determines the gonadal sex.
urrent evidence suggests that temperature signals may
e transduced into steroid hormone signals with estro-
ens directing ovarian differentiation. Steroidogenic fac-
or 1 (SF-1) is one component of interest because it
egulates the expression of steroidogenic enzymes in
ammals and is differentially expressed during develop-
ent of testis and ovary. Northern blot analysis of SF-1

n developing tissues of the red-eared slider turtle
Trachemys scripta), a TSD species, detected a single
rimary SF-1 transcript of approximately 5.8 kb across
ll stages of development examined. Analysis by in situ
ybridization indicated nearly equivalent SF-1 expres-
ion in early, bipotential gonads at male (267C)- and
emale (317C)-producing incubation temperatures. In
ubsequent stages, as gonadal sex first becomes histologi-
ally distinguishable during the temperature-sensitive
eriod, SF-1 expression increased in gonads at a male-
roducing temperature and decreased at a female-
roducing temperature, suggesting a role for SF-1 in the
ex differentiation pathway. SF-1 message was also found
n adrenal and in the periventricular region of the
reoptic area and diencephalon, but there was no appar-
nt sex bias in these tissues at any stage examined. The
verall developmental pattern of SF-1 mRNA expression
n T. scripta appears to parallel that found in mammals,

1 To whom correspondence should be addressed. Fax: (512) 471-

f078. E-mail: crews@mail.utexas.edu.
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ndicating possible homologous functions. r 1999 Academic

ress

Key Words: steroidogenic factor 1, SF-1; Ad4BP;
TZ-F1; reptile; turtle; Trachemys scripta; temperature-
ependent sex determination.

NTRODUCTION

Gonadal sex of species with temperature-dependent
ex determination (TSD) is determined by the tempera-
ure at which their eggs are incubated. In the red-eared
lider turtle (Trachemys scripta), only males are pro-
uced when eggs are incubated at 26°C, and only

emales are produced at 31°C (Bull et al., 1982). The
emperature-sensitive period (TSP) for sex determina-
ion occurs between Yntema (1968) stages 15 and 21,
he middle third of incubation (Wibbels et al., 1991).
ommitment to gonadal sex occurs within that period.
Sex steroid hormones are implicated in the process

f TSD, and estrogen, in particular, appears essential in
emale sex determination (Crews, 1996; Crews et al.,
994; Wibbels et al., 1998; Lance, 1997). Estrogens
pplied exogenously to T. scripta eggs incubating at a
ale-producing temperature override the temperature

ffect, and female hatchlings result (Crews et al., 1991;
ibbels and Crews, 1992). Exogenously applied inhibi-

ors of aromatase—the enzyme that converts testoster-
ne to estrogen (Simpson et al., 1994)—override a

emale-producing incubation temperature, and male

0016-6480/99 $30.00
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SF-1 Expression in Embryonic Turtle 337
atchlings result (Crews and Bergeron, 1994; Wibbels
nd Crews, 1994).
Work with other turtle species has shown a correla-

ion between female incubation temperatures and
ncreased levels of endogenous aromatase transcript
nd activity in the putative ovary during the TSP
Desvages and Pieau, 1992; Jeyasuria and Place, 1997,
998). Other researchers have found aromatase activity
n the turtle brain prior to that found in the gonad at
emale-producing temperatures and have proposed
hat the brain, rather than the gonad, is the sex-
etermining source of estrogen (Merchant-Larios, 1998;

eyasuria and Place, 1998). Whatever the endogenous
ource of estrogen, gonads of putative females and
ales are receptive to its effect as both express estro-

en receptor, albeit differentially, throughout the TSP
Bergeron et al., 1998).

Male sex determination can be manipulated by
xogenously applied dihydrotestosterone, a nonaroma-
izable androgen, and by inhibitors of its endogenous
ynthesis (Crews and Bergeron, 1994; Wibbels and
rews, 1992, 1995; Wibbels et al., 1992). This effect is

ess striking than that of estrogen in female sex determina-
ion and is only seen at intermediate, or less potent,
ncubation temperatures. Nevertheless, steroid hormones
re undoubtedly a part of TSD in both males and females.

To begin exploring the underlying molecular mecha-
isms of steroid hormones in TSD, we examined the
istribution of steroidogenic factor 1 (SF-1) (Lala et al.,
992), also called Ad4BP (Morohashi et al., 1992), in T.
cripta. SF-1, encoded by the FTZ-F1 gene and a
ember of the nuclear receptor superfamily, is known

n mammals to regulate transcription of many genes
ithin the reproductive axis (reviewed in Morohashi

nd Omura, 1996; Parker and Schimmer, 1997). In
teroidogenic tissue, it regulates the gene activity of
any proteins involved in the synthesis of testoster-

ne and estrogen, including steroidogenic acute regu-
atory protein, P450scc, P45017a, 3b-HSD, and aromatase
reviewed in Morohashi, 1999; Parker et al., 1999).
uring mammalian development, SF-1 is differentially

xpressed in testes and ovaries (Ikeda et al., 1994;
atano et al., 1994).
In this study we examined the pattern of SF-1
RNA expression in T. scripta. Northern blot analysis

as performed to determine presence and size of e
essage and possible alternate transcripts. A single
ranscript was found in all stages and tissues exam-
ned. Adrenal, kidney, and gonad cannot be effectively
eparated at early developmental stages in T. scripta,
recluding traditional quantitative measures of SF-1 in
onad alone. For this reason, in situ hybridization was
elected as the most appropriate technique to both
ocalize and quantify SF-1 in the embryonic turtle. SF-1

essage was found in similar amounts and distribu-
ion in the bipotential gonad of males and females.
uring stages when the sex of gonads is becoming
istinct and committed, SF-1 message increased at a
ale-producing temperature and decreased at a female-

roducing temperature. SF-1 message was also de-
ected in developing adrenal and the periventricular
egion of the preoptic area and diencephalon in similar
mounts and distribution at male- and female-produc-
ng temperatures. The sex-based differential expres-
ion of SF-1 in the turtle gonad during a critical period
f gonadal sex development mirrors that found in
ammals, suggesting homologous functions and pos-

ible involvement in temperature-sensitive sex determi-
ation and differentiation.

ATERIALS AND METHODS

issue Collection

T. scripta eggs were purchased within 2 days of
aying from Robert Kliebert (Kliebert Turtle Farms,

ammond, LA), brought to the laboratory, and kept at
oom temperature until viability was established by
andling. Viable eggs were placed in containers with
oistened vermiculite (1:1 vermiculite to water) and

andomized across containers to eliminate clutch ef-
ects. The containers were placed in incubators (Preci-
ion, Chicago) at either 26 or 31°C. Continuous incuba-
ion of T. scripta eggs at 26°C produces all male
atchlings whereas incubation at 31°C produces all
emale hatchlings (Bull et al., 1982).

Temperature of the incubators was continuously
onitored with HOBO data loggers (Onset Computer
orp.), supplemented by daily checks of in-incubator

hermometers. Temperature fluctuations were less than
.1°C. Egg boxes were rotated within the incubators

ach day, and eggs were checked periodically for

Copyright r 1999 by Academic Press
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evelopmental stage according to Yntema’s staging
uidelines (1968). By these guidelines, the temperature-
ensitive period in T. scripta is from approximately
tage 15 through 21, and eggs hatch at stage 26.

For in situ hybridization, embryos were taken at
tages 13 through 19 and at stage 23 from each incuba-
ion temperature, quickly frozen on dry ice, and stored
t 280°C until sectioning. For all other molecular
ork, embryos were decapitated; the adrenal–kidney–

onad (AKG) complex and brain were then quickly
issected out, frozen in liquid nitrogen or isopentane,
nd stored at 280°C until use.

robe Preparation

The open reading frame of T. scripta SF-1 cDNA has
een cloned (Cowan, J., 1998, M. S. thesis, University of
labama at Birmingham; GenBank Accession No.
F033833; Wibbels et al., 1998). Cowan and Wibbels
rovided us a 457-bp clone spanning exon 5 (8 bp only)
nd exons 6a, 7, and 8 (185 bp only) (gene structure
ccording to Ninomiya et al., 1995). At its 58 end, this
lone includes 125 bp common to SF-1 and ELP1, an
lternate transcript of FTZ-F1 (Ikeda et al., 1993), and
as, therefore, used in its entirety as the riboprobe

emplate for Northern blot analysis. b-actin was cloned
y reverse transcriptase polymerase chain reaction
RT-PCR) using RNA isolated per RNAgents Total
NA Isolation System (Promega) from stage 23 T.

cripta tissue incubated at a male-producing tempera-
ure (26°C). Degenerate primers were provided by K.
en through Peter Thomas (University of Texas Ma-

ine Science Institute, Port Aransas, TX). SF-1/ELP1
nd b-actin vectors were linearized, and riboprobes
ere made by run-off transcription using the RNA

trip-EZ System from Ambion and 32P-UTP from
EN. Probes were synthesized to a specific activity of
3 107 cpm/µg and used at a final concentration of
3 108 cpm/ml of hybridization solution.
Riboprobe templates for in situ hybridization were

repared by subcloning the Cowan and Wibbels SF-1/
LP1 clone, in both sense and antisense orientations,

nto pCRII vector (Invitrogen) to eliminate sequence in
ommon with ELP1. These 330-bp subclones contain
ll of exon 7 and the 58 end of exon 8 (Ninomiya et al.,
995). Riboprobes were made by run-off transcription
ith enzymes from New England BioLabs and 35S-

TP from NEN, using protocols of Sambrook et al. d

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
1989). Probes were synthesized to a specific activity of
3 108 cpm/µg and were used at a concentration of

.3 µg probe 3 length (kb)/ml hybridization solution.

orthern Blot Analysis

Total RNA was isolated according to Sambrook et al.
1989) or RNAgents Total RNA Isolation System. T.
cripta tissues were AKG complexes from early, middle,
nd post TSP (stages 15, 18/19, and 23, respectively) at
oth male- and female-producing temperatures (26
nd 31°C); whole brain from the middle of the TSP
stages 18/19) at both temperatures; and adult ovary.
wenty-five micrograms of total RNA from each tissue
nd RNA Millenium Markers (Ambion) were loaded.
he blot was prepared using Ambion’s Northern Max
it and BrightStar-Plus membrane. After hybridization
ith the SF-1 probe the blot was stripped and rehybrid-

zed with the b-actin probe using RNA Strip-EZ.
ound probe was visualized by phosphorimager (Mo-

ecular Dynamics) using ImageQuant software.

n Situ Hybridization

Three individuals per temperature/stage were ana-
yzed. Frozen, whole torsos or AKGs (stages 14, 16–18,
nd 23) or heads (stages 13 through 19 plus 23) were
mbedded in OCT compound (Tissue Tek) and sec-
ioned on a cryostat (2800 Frigocut, Reichert-Jung) at
0 µm. Sections were placed serially on sets of four
oly-L-lysine-treated slides, air dried, and stored at
80°C. The in situ hybridization protocol used in our

aboratory has been previously described (Young et al.,
994). After hybridization with SF-1 antisense or sense
for negative control) probe, slides were dipped in
odak NTB-2 autoradiographic emulsion and exposed
t 4°C for 10 days. They were then developed (Kodak
19 Developer), fixed (Kodak Fixer), and stained with
arris hematoxylin for tissue in the torso or cresyl

iolet for tissue in the head. Darkfield quantification of
ilver grains in specifically labeled cells, defined as
aving a density of silver grains at least three times

hat of background, was done as previously described
n Bergeron et al. (1998). Briefly, slides were computer
oded and randomized to prevent bias during measure-
ent. Measurement was done using the Grains Count-

ng Program (University of Washington). The 45 most

ensely labeled clusters (each approximating the size
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SF-1 Expression in Embryonic Turtle 339
f a single cell) of gonad per individual were automati-
ally selected and the number of silver grains per
luster counted by the Grains program. To measure
issue-based background labeling, the system was then
sked to select and count grains per cluster in the
djacent kidney of each individual. The average back-
round count per cluster was subtracted from the
verage gonad count per cluster. Corrected measures
or the three individuals in each stage/temperature

ere then averaged and used in the findings below.
urther statistical analysis was not done due to the
mall sampling size.

ESULTS

orthern Blot Analysis

A single primary band of approximately 5.8 kb was
ound in each of the T. scripta tissues examined: stages
5, 18/19, and 23 in the adrenal–kidney–gonad com-
lex (Fig. 1) and stage 18/19 in the brain (data not
hown), at both incubation temperatures. The b-actin

IG. 1. Northern blot analysis of SF-1 mRNA developmental
xpression in adrenal–kidney–gonad tissue of T. scripta. Lane 1:
arker. Lanes 2–7: approximate beginning of the TSP (stage 15),

uring the TSP (stages 18/19), and after the TSP (stage 23) tissue
rom male (26°C)- and female (31°C)-producing incubation tempera-

ures. Conditions of the experiment did not allow quantification.
esults indicated that quality of the RNA was pre-
erved and loading and transfer were approximately
ven (data not shown). SF-1 is strongly expressed in
drenal as well as in gonad (in situ hybridization
bservation), and band intensities reflect expression in
ombined tissue types. Therefore, quantification of
F-1 expression in individual tissues could not be done.

n Situ Hybridization

In the torso, SF-1 mRNA was detected in the adrenal
nd gonad of all stages assayed (stages 14, 16–18, and
3) and at both 26 and 31°C. No other tissues in the
orso showed signal above background. Signal in the
drenal, although more intense than in the gonad, ap-
eared the same at male- and female-producing tempera-

ures, indicating no sex bias in that tissue (data not shown).
In the gonad, SF-1 signal was clearly visible at both

ncubation temperatures in the earliest stage exam-
ned, stage 14, which occurs prior to the temperature-
ensitive period. Expression levels were nearly equiva-
ent at male- and female-producing temperatures (Fig.
). At this stage, gonads from both temperatures are
ipotential and gonadal sex is histologically indistin-
uishable; gonad and adrenal tissue are distinct.
At approximately stages 18/19, gonadal sex can first be

etected histologically in T. scripta embryos. Between
tages 17 and 18, SF-1 expression rose in putative testes but
ecreased slightly in putative ovaries (Fig. 2).
At stage 23, a stage well after the TSP, the largest

ifference in gonadal expression was seen. SF-1 mes-
age dropped close to background in gonads at the
emale-producing temperature but remained high at
he male-producing temperature.

A difference in the distribution of SF-1 in T. scripta
onad also emerged between sexes over time (Fig. 3).
t stage 14, SF-1 mRNA was evenly dispersed through-
ut the gonad at both incubation temperatures (Figs.
a and 3d). During stages 17 and 18, signal appeared
lustered into striations at the male-producing tempera-
ure (Fig. 3b), coincident with early organization of

edullary cords. SF-1 signal in most putative ovaries
as evenly dispersed at stages 17 and 18 (Fig. 3e),

hough signal in two individuals was organized in a
aint cord-like pattern. In T. scripta, medullary cords
egin forming in putative females as well as males
uring this time (Wibbels et al., 1991).

During stages 18 through 20, medullary cords prolif-

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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rate at male-producing temperatures and regress at
emale-producing temperatures (Wibbels et al., 1991).
y stage 23 in putative testes, medullary distribution
f SF-1 signal was clearly organized in or around
edullary cords (Figs. 3c and 4). In both compart-
ents of the testes—medullary cords and interstitial

pace—SF-1 signal was above background (Fig. 4b).
ignal in one of the compartments was clearly stronger
han in the other but markers to distinguish compart-

ents were not used in this experiment. In sharp
ontrast, SF-1 signal in putative ovaries at stage 23 was
lose to background and found only in the cortical
egion (Fig. 3f). Signal in the medullary region, which
s largely vacuolated by this stage, was below tissue-
ased background as measured in the kidney.
In sections of embryonic T. scripta head, SF-1 mRNA
as present (Fig. 5) in all developmental stages as-

IG. 2. SF-1 message expressed in developing gonad of T. scripta at
itu hybridization. Each data point represents a simple mean of th
tatistical comparisons are omitted because of small sample size. *
ommitment to gonadal sex at male (26°C)- and female (31°C)-produ
ayed (stages 13 through 19 plus 23) at both incubation 1

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
emperatures. Message was localized in the periventric-
lar region of the preoptic area and diencephalon

reference atlases were Harless and Morlock, 1979;
oung et al., 1994; Powers and Reiner, 1980; Kandel et
l., 1991). Signal in this region extended over many
issue sections, rostral to caudal, in each individual.
here was no apparent sex-based difference in amount
r distribution of SF-1 message. No signal above
ackground was seen in torso or head tissues probed
ith labeled sense strand.

ISCUSSION

Steroidogenic factor 1 has now been identified in
everal mammals (Lala et al., 1992; Morohashi et al.,

26°C)- and female (31°C)-producing temperatures, determined by in
ividuals (corrected for background). Ranges, standard errors, and
mparative purposes, we have included approximate timelines for
mperatures, based on Wibbels et al. (1991).
male (
ree ind
For co
992; Lynch et al., 1993; Wong et al., 1996; Pilon et al.,
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SF-1 Expression in Embryonic Turtle 341
998), the chicken (Kudo and Sutou, 1997; Smith et al.,
999), and two TSD reptiles—the American alligator
P. Western and A. Sinclair, personal communication)
nd T. scripta (Wibbels et al., 1998). The pattern of
F-1 expression in early T. scripta gonadal develop-
ent resembles that of all other amniotes examined to

ate: SF-1 message is present from the earliest urogeni-
al ridge throughout the bipotential (or indifferent)

IG. 3. In situ hybridization of SF-1 probe to embryonic gonada
emperature (26°C). (d, e, f) Female-producing temperature (31°C). (a
SP (stage 23). Bar, 100 µm.

IG. 4. Lightfield (a) and darkfield (b) in situ hybridization images o

cripta testis. Arrows indicate comparable points on a and b. Background sig
hase with no apparent sex bias (Ikeda et al., 1994;
atano et al., 1994; Smith et al., 1999; P. Western,
ersonal communication). This implies conserved func-

ion. In mammals and chickens, expression of SF-1 in
he gonad significantly precedes expression of known
F-1 target steroidogenic genes (Parker and Shimmer,
997; Smith et al., 1999), which suggests its involve-
ent in nonsteroidogenic functions during early devel-

e of T. scripta (cross section). (a, b, c) Male-producing incubation
ore the TSP (stage 14). (b, e) During the TSP (stage 18). (c, f) After the

RNA expression in the two compartments of post-TSP (stage 23). T.
l tissu
, d) Bef
f SF-1 m

nal is visible in upper left corner. Bar, 100 µm.

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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pment of the gonad. Two separate lines of research
ndicate that SF-1 may be involved in the primary
ifferentiation and/or maintenance of steroidogenic

issues. Stable expression of SF-1 in murine embryonic
tem cells induces cell differentiation to the point of
ynthesizing progesterone (Crawford et al., 1997). Ftz-
1-disrupted neonatal mice show complete agenesis of
onad and adrenal with indications of apoptosis (Luo
t al., 1994). In T. scripta, the period of bipotential gonad
evelopment extends into the approximate beginning
f the TSP (stages 15/16), during which stages there is
temperature effect, but commitment to gonadal sex

as not yet occurred (Wibbels et al., 1991).
As gonadal sex first becomes histologically distinct,

he pattern of SF-1 expression among amniotes ap-
ears to diverge. In T. scripta, gonadal sex can first be
istinguished at developmental stages 18/19. Between
tages 17 and 18, SF-1 message increases at the male-
roducing temperature while tapering off at the female-
roducing temperature. As found in a separate in situ
ybridization, this pattern continued at stage 19 (data
ot shown). At the male-producing temperature of
6°C, commitment to gonadal sex starts at approxi-
ately stage 17 (3% of individuals are committed) and

s fixed for 100% of individuals by stage 21. At the
emale-producing temperature of 31°C, the period of
ommitment also begins at stage 17 (20% are fixed), but

IG. 5. In situ hybridization analysis of the periventricular region
issue is from a male-producing incubation temperature (26°C) durin
00% of females are committed by stage 19 (Wibbels et d

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
l., 1991). These stages can vary slightly with the exact
ncubation regimen and due to clutch effect. Neverthe-
ess, differential expression of SF-1 appears to begin at
bout the time both morphological distinction and
ommitment to gonadal sex are occurring (Fig. 2). At
tage 23, after the TSP, SF-1 expression is markedly
igher in males than in females (Figs. 2, 3c, and 3f).
A similar pattern is found in mammals in that SF-1

xpression becomes differential in developing gonads
ust as testes and ovaries become distinguishable
Hatano et al., 1994; Ikeda et al., 1993). At embryonic
ay 12.5 (E12.5) in mice, expression is high in males
nd very low in females. This difference continues,
oincident with rapid testicular differentiation, until
ate in gonadal development (Ikeda et al., 1994).

SF-1 expression in T. scripta and mammals is evident
n both compartments of developing testes. In situ
ybridization darkfield images of mouse and rat indi-
ate a higher level of SF-1 in the interstitial space than
n testicular cords (Hatano et al., 1994; Ikeda et al., 1994)
nd appear quite similar to those of T. scripta (Fig. 4). In
ammals, SF-1 is thought to regulate transcription of
üllerian inhibiting substance (MIS) in Sertoli cells in

he testicular cords (Shen et al., 1994; Giuili et al., 1997)
nd synthesis of testosterone in Leydig cells in the
nterstitial space (Ikeda et al., 1993; Hatano et al., 1994).

IS has been cloned in T. scripta and, though its overall

diencephalon and preoptic area of T. scripta brain (coronal section).
SP (stage 18). (a) lightfield and (b) darkfield images. Bar, 100 µm.
of the
g the T
evelopmental expression pattern is not yet known, it
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SF-1 Expression in Embryonic Turtle 343
s present in putative testes at stage 23 (Wibbels et al.,
998), a time roughly comparable to its expression in
ammals. SF-1 expression in putative testes of T.

cripta is also high at this stage. The conserved pattern
f SF-1 expression in T. scripta and mammals suggests
omologous functions in male gonadal sex develop-
ent.
In chicken and alligator, SF-1 expression following

istological distinction of gonadal sex differs from that
n T. scripta and mammals. SF-1 levels become less
bundant in testes than ovary in the genetically sex-
etermined chicken (Smith et al., 1999) and tempera-

ure sex-determined alligator (P. Western, personal
ommunication).

In chicken, SF-1 message expression falls to an
lmost negligible level in males while remaining high
n females. Smith et al. (1999) found that increased SF-1
xpression in the chicken ovary correlates with its high
evel of aromatase expression (Andrews et al., 1997;
mith et al., 1997). Aromatase is regulated by SF-1 in
ammalian granulosa cells (Carlone and Richards,

997), where it converts testosterone to estrogen. Estro-
en is essential to development of chicken ovary,
here it is synthesized at high levels (Imataka et al.,

988; Woods and Erton, 1978). In eutherian mammals,
n the other hand, estrogen is apparently not essential
o ovarian development (Lubahn et al., 1993; Greco and
ayne, 1994), aromatase is rarely detected in the
eveloping ovary (Greco and Payne, 1994), and SF-1

evels are very low at this time (Hatano et al., 1994;
keda et al., 1994).

In alligator, the level of SF-1 mRNA is consistently
ower in putative males than females from the middle
f the TSP onward, as detected by RT-PCR (P. Western,
ersonal communication). Many lines of research im-
licate estrogen in female sex determination of TSD
eptiles (reviewed in Crews, 1996; Lance, 1997; Wibbels
t al., 1998), including alligators. The relative abun-
ance of SF-1 in putative female alligators compared to
utative males could regulate increased aromatase
xpression and subsequent estrogen synthesis. How-
ver, aromatase activity has not been detected in
eveloping female alligator adrenal–kidney–gonad
omplex until after the TSP and gonadal determination
Smith et al., 1995).

Estrogen is considered essential to female sex deter-

ination in T. scripta as well (Crews and Bergeron, o
994). However, SF-1 expression in developing ovaries
f T. scripta appears to decline, unlike that of chicken
nd alligator, as histological sex becomes distinct
stages 18/19). This is a critical point in T. scripta
emale sex determination, in that gonadal sex appears
ommitted in 100% of individuals at this time (Wibbels
t al., 1991). It may be that estrogen is required for only
short time as part of a female cascade, in which case

F-1 would not be needed for ongoing expression of
romatase. Indeed, a single dose of estrogen applied
xogenously at stage 17 to T. scripta eggs incubating at
n all-male-producing temperature results in all fe-
ale hatchlings (Crews et al., 1991). Here, we find

evels of SF-1 in putative ovary do not begin to fall
ntil after stage 17.
Interestingly, Majdic et al. (1997) report that subcuta-

eous injections of estrogen in pregnant rats at E11.5
nd E15.5 result in significant reduction of gonadal
F-1 message in genotypic male embryos recovered at
17.5. Were a related mechanism present in T. scripta,
xogenous application of estrogen or endogenous
roduction in ovary or other tissues could feed back
egatively on SF-1 expression in the ovary.
SF-1 is strongly expressed in the adrenal of T. scripta,

aising the question of estrogen synthesis in that tissue
ather than, or in addition to, gonad during female sex
etermination. We found no apparent sex bias in SF-1
xpression in the adrenal and, therefore, no direct
upport for differential aromatase expression in that
issue.

There is recent evidence suggesting the brain rather
han, or in addition to, gonad or adrenal may be
nvolved in sex determination in TSD turtles. Merchant-
arios (1998) found estrogen levels in midbrain of sea

urtle significantly higher at female- than at male-
roducing temperatures during the thermosensitive
eriod. Jeyasuria and Place (1998) found aromatase

ranscript in brain of putative male and female dia-
ondback terrapin before it was detectable in gonad,

nd more abundant in putative females than males
arly in the TSP. Here, we report SF-1 expression in
rain before, during, and after the TSP with no appar-
nt sex bias. If aromatase is differentially expressed in
. scripta brain at male- and female-producing tempera-
ures during the TSP, its regulation must involve
ifferential posttranscriptional regulation of SF-1 or

ther regulatory factor(s) altogether.
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SF-1 in developing T. scripta brain may be involved
n other functions. In Ftz-F1-disrupted mice, the struc-
ure of the ventromedial hypothalamus is malformed
Ikeda et al., 1995; Shinoda et al., 1995), implying a role
or SF-1 in neural development. We detected SF-1 in
his region of T. scripta brain. In the anterior pituitary
f wild-type adult mice, SF-1 has been implicated in
ranscriptional regulation of gonadotropins and the
nRH receptor (reviewed in Parker and Schimmer,

997). It is tempting to suggest fetal SF-1 regulation of
strogen by way of these proteins in T. scripta. How-
ver, no SF-1 expression was detected in the develop-
ng pituitary.

Is SF-1 involved in sex determination and/or differ-
ntiation in T. scripta? SF-1 is expressed at male- and
emale-producing temperatures prior to and early in
he TSP but it is differentially expressed only in gonad
nd only as gonadal sex becomes distinct. This sug-
ests that SF-1 is not, by itself, a sex-determining gene.
here is, however, enough evidence compiled to sug-
est that it may be one critical component in gonadal
ex development, perhaps regulating MIS expression
nd testosterone synthesis at male-producing tempera-
ures and aromatase expression at female-producing
emperatures.
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