
JOURNAL OF EXPERIMENTAL ZOOLOGY 290:439–448 (2001)

© 2001 WILEY-LISS, INC.

Alligator Aromatase cDNA Sequence and Its
Expression in Embryos at Male and Female
Incubation Temperatures

WILLOW N. GABRIEL,1 BRUCE BLUMBERG,2 STACY SUTTON,3
ALLEN R. PLACE,4 AND VALENTINE A. LANCE1*
1Center for Reproduction of Endangered Species, San Diego, California
92101

2Department of Developmental and Cell Biology, University of California,
Irvine, California 92697

3Molecular Diagnostic Services, San Diego, California 92121
4Center of Marine Biotechnology, University of Maryland Biotechnology
Institute, Baltimore, Maryland 21202

ABSTRACT In all species of crocodilians, sex is determined not by genetic mechanisms, but by
the temperature at which the egg is incubated. In the American alligator (Alligator mississippiensis)
the thermosensitive period (TSP) for sex determination is a 7- to 10-day window within stages 21–
24 of development, around the middle third of the incubation period. Treating embryos with estro-
gen during the TSP produces female offspring, even at male incubation temperatures. Conversely,
blocking embryonic estrogen synthesis at female-inducing temperature prevents development of
the female phenotype. Therefore, it has been suggested that estrogen plays a role in determination
of sex in the alligator. Estrogen is produced from an androgen substrate by cytochrome P450
aromatase (CYP19). If estrogen plays a critical role in sex determination, there should be differ-
ences in aromatase expression between embryos at male- and female-producing temperatures dur-
ing the TSP. Therefore, to address this question, we cloned and characterized the alligator CYP19
cDNA. Based on the sequence information, a quantitative kinetic reverse transcriptase–polymerase
chain reaction (TaqMan) assay was designed to measure expression of the alligator aromatase gene
in RNA extracted from the gonadal and brain regions of alligator embryos incubated at male- or
female-producing temperatures from prior to the TSP through hatching. Aromatase expression was
detected in the brain region from the earliest stage tested (stage 20) through hatching. The hypo-
thalamus had significantly higher expression than the forebrain or hindbrain in both male and
female embryos. Expression was not significantly different in the gonadal region between embryos
at male and female temperatures until after the TSP, when there was a dramatic increase in
expression at female temperature. These data indicate that aromatase expression and, thus, estro-
gen production, are not the initial trigger for sex determination but play an essential role in ova-
rian differentiation in the alligator. J. Exp. Zool. 290:439–448, 2001. © 2001 Wiley-Liss, Inc.

*Correspondence to: Dr. Valentine Lance, Center for Reproduction
of Endangered Species, P.O. Box 120551, San Diego, CA 92101.
E-mail: lvalenti@sunstroke.sdsu.edu

Received 19 September 2000; Accepted 30 April 2001

In mammals, birds, and some reptiles, sex is
determined by genetic mechanisms. Heteromor-
phic sex chromosomes are present in female birds,
some snakes and lizards, and male mammals. In
many species of reptiles, including most turtles
(Ewert and Nelson, ’91) and all crocodilians stud-
ied thus far (Lang and Andrews, ’94), there are
no discernible sex chromosomes. Sex is determined
not by the presence or absence of specific genes,
but by the temperature at which the eggs are in-
cubated—temperature-dependent sex determina-
tion (TSD). In the American alligator (Alligator
mississippiensis), 100% male offspring are pro-
duced by incubation at a constant temperature of

33°C and 100% female offspring are produced by
incubation at temperatures from 29°C to 31.5°C
(Ferguson and Joanen, ’82; Lang and Andrews,
’94). Increasing percentages of female offspring are
produced above 34°C, with 95% females being pro-
duced at 34.5°C. Survivorship decreases markedly
at temperatures above 34°C, until no embryos sur-
vive when incubated at 36°C (Lang and Andrews,
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’94). The critical period during which temperature
determines sex is 7–10 days between stages 21
and 24 of embryogenesis, referred to as the
thermosensitive period (TSP) (Lang and Andrews,
’94). The molecular mechanism by which tempera-
ture determines sex in crocodilians has not yet
been elucidated.

Histologically discernible differentiation of the
gonad begins during the TSP (Smith and Joss, ’93).
Treatment with estrogen of alligator embryos in-
cubated at a temperature that normally produces
100% males results in 100% female hatchlings
(Lance and Bogart, ’91). Treating eggs with an
aromatase inhibitor to block estrogen synthesis in-
hibits ovarian development in embryos incubated
at female-producing temperature, though the go-
nad is not totally masculinized (Lance and Bogart,
’92). In turtles (Dorizzi et al., ’94) and birds
(Elbrecht and Smith, ’92), however, complete mas-
culinization of the gonad has been achieved by
treating eggs with an aromatase inhibitor. These
data indicate that estrogen is necessary for female
gonadal development in these species and that, in
the absence of estrogen, a testis develops.

The enzyme that catalyzes estrogen production
from an androgen substrate is cytochrome P450
aromatase (CYP19) (Simpson et al., ’94). It was
suggested that, if estrogen plays a role in tem-
perature-dependent sex determination, there
should be differences in aromatase activity at
male- and female-producing temperatures during
the TSP (Bogart, ’87; Desvages and Pieau, ’92).
Smith et al. (’95) measured aromatase activity in
the adrenal-kidney-gonad complex (AKG; also
known as the gonad-adrenal-mesonephros, or
GAM) of developing alligator embryos by incubat-
ing the minced tissue with [1β-3H] androstenedi-
one and measuring tritiated water production.
Using this method, they found no significant dif-
ferences in aromatase activity in the AKGs of male
versus female embryos during the TSP. However,
after the TSP, there was a dramatic increase in
aromatase activity in the female AKG, but activ-
ity at male temperature remained low (Smith et
al., ’95). These results would suggest that arom-
atase and, thus, estrogen, does not play a role in
the initial determination of sex in the alligator,
but only comes into play later during differentia-
tion of the ovary. In contrast, differences in
aromatase activity in male and female gonad re-
gions have been detected toward the end of the
TSP in the European pond turtle, another spe-
cies with TSD (Desvages and Pieau, ’92).

It is possible that, early in the TSP, very small

amounts of estrogen are produced in the differen-
tiating gonad but act only in a local or paracrine
way. If this is the case, differences in aromatase
activity might be well below the threshold of de-
tection of the tritiated water assay. Very slight
differences in aromatase expression, on the other
hand, might be detectable by real-time quantita-
tive reverse transcriptase polymerase chain reac-
tion (RT-PCR), a very sensitive technique for
determining the amount of mRNA present for a
given gene (Lockey et al., ’98).

Aromatase transcripts have been detected in
significant amounts in the brain, as well as in the
gonad, of most vertebrate species (Simpson et al.,
’94). Jeyasuria and Place (’98) suggested that
aromatase expression in turtle brain might play
a role in TSD.

The aim of this study was to use RT-PCR to
measure aromatase expression in the AKG and
brain of alligator embryos incubated at male- or
female-inducing temperatures, thereby directly
answering the question of whether estrogen plays
an important role in the determination of sex in
this species.

MATERIALS AND METHODS
Alligator eggs (n = 230) were collected from the

Rockefeller Wildlife Refuge in Louisiana within
1–2 days of being deposited in the nest. Eggs were
transported to the San Diego Zoo, where they
were held at constant male (33°C) or female (29–
31°C) incubation temperatures (see Lance and
Bogart, ’92, for details). Embryos were sacrificed
at regular intervals from stage 10 of development
through hatching, and the AKG was dissected out,
immediately frozen in liquid nitrogen, and stored
at –80% until processed. For some early-stage em-
bryos, the whole embryo (n = 16) or the torso
region (n = 51) was collected, because of the diffi-
culty of fine dissection at early stages. For later-
stage embryos, the entire AKG was collected (n =
94), or the gonad was roughly separated from the
adrenal-mesonephros (n = 23). Alligator embryos
were sacrificed by decapitation in accordance with
a protocol approved by the animal use committee
of the Zoological Society of San Diego. Brains were
also collected from embryos beginning at stage
20 through hatching (n = 107), and 87 of these
were dissected into forebrain, hindbrain, and hy-
pothalamic regions. Heart, kidney, lung, stomach,
liver, fat body, and muscle tissues were also col-
lected from a hatchling. Tissues were homog-
enized using an Ultra-Turrax homogenizer and
TriPure isolation reagent (Boehringer-Mannheim,
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Indianapolis, IN) according to manufacturer’s pro-
tocol. First-strand cDNA synthesis was performed
on 1 µg of total RNA using MMLV-RT (Life Tech-
nologies, Gaithersburg, MD) and a poly dT primer
with a GC-clamp (5′-T(16)(ACG)N-3′) to reverse
transcribe polyA+ mRNA. All primers used in this
study were synthesized by the BioAnalytical Ser-
vices Laboratory at the Center of Marine Biotech-
nology in Maryland. Primer annealing was carried
out at 70°C for 10 min, before reverse tran-
scriptase was added. First-strand synthesis con-
ditions were 42°C for 50 min, followed by 15 min
at 70°C.

Ovarian tissue was collected from a female alli-
gator killed by a hunter in Louisiana and imme-
diately frozen in liquid nitrogen. The tissue was
stored at –80°C until processed. A cDNA library
from mRNA from the tissue was prepared in
lambda ZAP II (Stratagene, San Diego, CA) as
described (Blumberg et al., ’91). A degenerate oli-
gonucleotide (YTT CAT CAT NAC CAT NGC DAT)
corresponding to the reverse complement of a
highly conserved region of the published CYP19
sequences (I A M V M M K) was used to screen
the cDNA library using the tetramethylammo-
nium chloride method (Blumberg et al., ’91). The
identity of positive clones was verified by sequence
analysis using the degenerate oligonucleotide as
a primer.

As the cDNA library produced only truncated
clones of the gene (see Results), RACE (Rapid
Amplification of cDNA Ends) was used to obtain
a full-length coding sequence for the alligator
aromatase gene. Ovarian tissue harvested from a
wild-caught alligator during the breeding season
with high circulating levels of estradiol (390 pg/
ml) (Lance, ’89) was ground to a powder under
liquid nitrogen using a mortar and pestle. mRNA
was isolated with the Poly (A) Pure kit (Ambion),
and first-strand synthesis was performed using
500 ng of the mRNA and the 5′ RACE System for
Rapid Amplification of cDNA Ends (Life Technolo-
gies). An alligator aromatase gene-specific primer
(GSP 1 arom: 5′-GAATAGTGACCAAACCTG-3′)
was used for primer extension. Following reverse
transcription, the cDNA was purified and an oligo-
dC tail was added to its 5′ end as per manufac-
turer protocol.

PCR amplifications were performed using 2.5
U of AmpliTaq DNA polymerase in 1X buffer II,
200 µM dNTPs, 1.5 mM MgCl2, and 5 µl of the
dC-tailed RACE reaction in a final volume of 50
µl. Primers included 0.4 µM Abridged Anchor
primer (Life Technologies) and 0.4 µM alligator

aromatase gene-specific primer 2 (GSP 2 arom:
5′-TGACACTTGCCTGTAATGCTTC-3′). A hot
start method using AmpliWax PCR gems (Perkin
Elmer) was used to improve the specificity of the
reaction. The thermocycling profile was denatur-
ation at 94°C for 2 min, followed by 35 cycles of
94°C for 1 min, 55°C for 1 min, and 72°C for 2
min, and a final extension step at 72°C for 10 min.

Ten percent of the amplified product was elec-
trophoresed on a 1° agarose gel containing
ethidium bromide. The aromatase RACE PCR
product was excised from the gel, purified with
the UltraClean Gel Purification Kit (Mo Bio Labo-
ratories), and cloned into the TA vector pcR 2.1
(Invitrogen). Plasmid DNA was isolated from posi-
tive colonies using the SNAP MiniPrep kit (In-
vitrogen), and 1 mg was subjected to restriction
enzyme digestion in a reaction containing 10 U
Eco RI and 1X buffer H (Promega). Digested
plasmid DNA was run on a 1° agarose gel, then
transferred overnight to Hybond N+ membrane
(Amersham) using standard methods. The blot
was fixed in a UV Stratalinker (Stratagene) and
prehybridized in ECL gold buffer (Amersham) for
1 hr at 42°C. An 800-bp partial aromatase cDNA
clone isolated from the alligator ovarian library
was labeled using the ECL direct system (Amer-
sham) and hybridized overnight with the blot as
per manufacturer’s recommendations. The blot
was washed, reacted with ECL detection solution
(Amersham), and then exposed to Hyperfilm ECL
(Amersham).

Plasmids containing the longest RACE PCR
products were sequenced using the fluorescent dye
termination method on an Applied Biosystems 373
DNA sequencer. Both strands of DNA were com-
pletely sequenced using a primer walking tech-
nique. The forward primers were: T7 (Invitrogen),
5′ER 1 (5′-GTGCCCATACTCCTCCTCAT-3′), and
#187 (5′-ATGCGACCTTTCTTCACCAA-3′). The
reverse primers were: M13 Reverse (Invitrogen),
#117 (5′-TGGCAATAAACTTCCCTACA-3′), and
AR Rev (5′-GTTTGGCATGTCATCGCTCTGTA-3′).
Sequences were aligned using the AssembLIGN
program (Genetics Computer Group).

Primers for Quantitative PCR were designed
from the full-length alligator aromatase coding
sequence to amplify a region of 139 bp. A partial
sequence was also obtained for the alligator β-ac-
tin gene for the purpose of normalization, and
primers were designed based on this sequence to
amplify a region of 105 bp. TaqMan probes (PE
Biosystems) were also designed for β-actin (5′-VIC,
3′-TAMRA) and aromatase (5′-FAM, 3′-TAMRA)
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to hybridize across an inferred intron/exon bound-
ary to reduce the likelihood of amplifying genomic
DNA (Fig. 1). PCR was carried out in the ABI
prism 7700 according to manufacturer’s protocol,
with the exception that one fourth of the suggested
reaction volume (25 µl) was used. PCR conditions
were 2 min at 50°C, 95°C for 10 min and 50 cycles
at 95°C for15 sec, and 60°C for 1 min. All samples
were run in duplicate, and the mean CT (thresh-
old cycle) for actin was subtracted from the
aromatase mean CT for normalization. Results
were converted into fold change over basal expres-
sion, which was defined as the average expres-
sion in all of the gonad samples during the TSP,
since almost no expression was seen prior to the
TSP and there was no difference in expression be-
tween males and females until after the TSP (P =
0.37, during TSP between male and female tem-
peratures). A sample of pooled cDNA was included
as a calibrator in each TaqMan assay to ensure
constancy of results. The interassay variability
was low, since results varied no more than 1.1
cycles of PCR between assays. A sample contain-
ing no probe was also included in each run to con-
trol for contamination. No contamination was
noted in any of the runs.

Statistical analysis was carried out using Stat-
View SE+ Graphics statistical software. All sta-
tistics are factorial ANOVA at the 95% confidence
level. P-values given are from the F-test.

RESULTS
To identify the coding sequence of the alligator

aromatase gene, a cDNA library was constructed
from ovarian mRNA. The library was screened
with the degenerate oligonucleotide (YTT CAT
CAT NAC CAT NGC DAT) corresponding to the
reverse complement of a highly conserved region

of the published CYP19 sequences (I A M V M M
K). Sequence evaluation of the positive clones re-
vealed that they were all truncated, with the long-
est insert containing approximately 800 bp.
Therefore, to obtain the remainder of the 5′ gene
sequence, RACE PCR was performed. Following
the PCR amplification utilizing the RACE reac-
tions as templates, the products were purified and
cloned. To identify plasmids containing the full 5′
RACE PCR product, restriction digested plasmid
DNA was subjected to Southern blot analysis us-
ing the 800-bp alligator aromatase cDNA clone
as a probe. Plasmids containing appropriately hy-
bridizing restriction fragments were selected for
double-stranded cycle sequencing using a primer
walking strategy. The full-length alligator arom-
atase cDNA sequence (Accession # AY029233) is
1,542 nucleotides, coding for a protein of 504
amino acids (Fig. 2).

To gain further insight into the evolutionary re-
lationships between P450 aromatase proteins, a
phylogenetic tree was constructed using the Phy-
logeny Inference Program, Version 3.572c (Fig. 3)
(Felsenstein, ’93). The alligator aromatase falls
within the bird/reptile cluster and shares the high-
est homology with birds.

The results from the quantitative RT-PCR am-
plification of embryonic alligator mRNA indicate
that aromatase expression in the AKG was af-
fected by both stage of development and tempera-
ture at which the embryo was incubated (Table 1,
Fig. 4). There was very little aromatase expres-
sion in the AKG at either male or female tem-
perature prior to the TSP (average was 13.98-fold
higher than basal for female temperature and
1.75-fold higher than basal for male temperature),
and the difference between male and female tem-
perature expression was not significant at this
stage (P = 0.38). Expression in the AKG did not
increase significantly at female or male tempera-
ture during the TSP (P = 0.80 and 0.09 for female
and male, respectively, before vs. during the TSP).
After the TSP there was an increase in aromatase
expression at both female and male temperatures,
which was significant for both (P = 0.02), but much
larger at female-producing temperature (P = 0.04
for female vs. male expression after the TSP).

Average expression in female AKGs after the
TSP was 223.43 ± 100.39 times higher than that
of basal expression, while male expression was
only 11.77 ± 5.6 times that of basal. Of total AKG
samples collected after the TSP, 18 out of 20 fe-
male samples and only 7 out of 32 male samples
had expression at least two times that of basal

Fig. 1. Region of the aromatase gene amplified by TaqMan
PCR. The TaqMan Probe was designed to hybridize across
an intron/exon boundary.
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Fig. 2. Alligator aromatase cDNA and deduced amino acid
sequence. The message strand nucleotide sequence of the al-
ligator aromatase gene with its corresponding amino acid
translation is diagrammed. The amino acids are numbered
with the methionine of the translation initiation codon desig-

nated as 1. The stop codon is indicated by *. The shadowed
regions represent the helices in the predicted structure of
aromatase. The GenBank accession number of this sequence
is AY029233.
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expression. The fact that average aromatase ex-
pression at female-inducing temperature was
higher than at male-inducing temperature prior
to and during the TSP is due to only one indi-
vidual in each time period with expression over
300-fold higher than basal expression. All other
samples had expression less than 20-fold higher
than basal. Most female temperature embryos at

these stages had expression at similar levels to
the male temperature embryos. There was low but
detectable aromatase expression in the torso re-
gion of some of the earliest embryos collected
(stage 7), which had just been collected from the
nest and were not yet held at a male or female
temperature.

Data obtained by TaqMan assay of brain re-
gions indicate that aromatase expression was dif-
ferent in the three tissues, but it was not linked
to temperature of incubation. There were no sig-
nificant differences in expression in any of the
brain tissues between male and female incuba-
tion temperatures for any stage of development.
Expression in the hypothalamus appeared to in-
crease through the period of incubation (Fig. 4),
though this increase was not statistically signifi-
cant (P = 0.11). Across stages, expression in the
forebrain was higher than in the hindbrain (P =
0.02), and expression in the hypothalamus was
higher than for any of the other tissues (average
fold change = 190.74 ± 31.87 for hypothalamus,
79.95 ± 15.20 for forebrain, 38.06 ± 6.81 for hind-
brain, P = 0.0001) (Fig. 5). There was low but
detectable aromatase expression in the earliest
brain samples collected (stage 7). Brain expres-
sion at both male and female temperature after
the TSP was at levels similar to female AKG
aromatase expression (Fig. 6). Average brain ex-
pression was 103.97 ± 12.81 higher than basal
expression, while expression in the gonad was an
average of 49.85 ± 20.95 higher than basal. Lev-
els of aromatase expression in the liver, muscle,
heart, lung, and stomach did not exceed basal ex-
pression.

DISCUSSION
The deduced amino acid sequence of alligator

aromatase shows close homology to that of the
birds and the turtle. Paleontological and protein
sequence data strongly support the close affini-
ties of birds and crocodilians (Wang and Conlon,
’93), but the close relationship of the chelonians
and crocodilians is more controversial (Lee, ’97).

Fig. 3. Evolutionary relationships of the known P450arom.
The phylogenetic tree was calculated using the neighbor-join-
ing method based on the Kimura protein distance method
using the PHYLIP program (Felsenstein, ’93). Comparisons
were made to the amino acid sequences of human placenta/
ovary, bovine placenta/ovary, rabbit ovary, porcine ovary,
mouse ovary/placenta, rat ovary/placenta, chicken ovary,
zebrafinch ovary, turtle (Jeyasuria and Place,’98), Atlantic
stingray, Japanese eel ovary, and Gilthead seabream brain
and ovary (personal communication from Dr. Shigeho Ijiri).

TABLE 1. Fold change in aromatase expression in the alligator AKG during and after the TSP1

During TSP After TSP
n Mean ± SEM Range n Mean ± SEM Range

Female 28 19.76 ± 17.35 0–487 20 223.43 ± 100.39 0–1,863
Male 28 0.41 ± 0.21 0–4.94 21 11.77 ± 5.6 0–78.68
1Differences between expression in female temperature AKGs during and after the TSP were statistically significant (P = 0.02), as were
differences between male and female temperature AKGs after the TSP (P = 0.04). There were no significant differences in aromatase expres-
sion during the TSP (P = 0.12).
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There is, however, substantial molecular evidence
that the Chelonia and the Crocodilia are not, as
previously thought, distantly related separate lin-
eages, but are in fact derived from a common an-
cestor within the last 200 million years (Rieppel
and deBraga, ’96; Zardoya and Meyer, ’98; Hedges
and Poling, ’99; Mannen and Li, ’99). The close
sequence similarity of the turtle and alligator
aromatase supports this interpretation.

The data presented here demonstrate that ex-
pression of CYP19 is temperature and stage de-
pendent during embryogenesis in the American
alligator. Increased CYP19 expression corresponds
with the onset of female gonadal differentiation,
following the thermosensitive period (TSP). These
results agree with those obtained by Smith et al.
(’95) for aromatase activity in the developing go-
nadal region of the alligator, suggesting that in-
creased expression is, in fact, leading to increased
aromatase activity. Substantial amounts of test-
osterone and androstenedione have been found in

the yolk of alligator eggs; therefore, sufficient sub-
strate is potentially available for aromatase to act
on to form estradiol (Conley et al., ’97). Our ob-
servation that there is no significant difference
in aromatase expression between male and female
temperatures until after the TSP indicates that
aromatase is a downstream component of the fe-
male sexual differentiation process. Therefore,

Fig. 4. Aromatase expression in the AKG (or torso region,
for early embryos) of alligator embryos incubated at male-
and female-producing temperatures, as determined by
TaqMan RT-PCR. There was low but measureable expression
in this region for some of the earliest embryos collected, but,
with the exception of one AKG at female temperature with a
very high fold change in expression (319 times higher than
basal) and one male embryo with a fold change 17.19 times
higher than basal, no embryo had a fold change more than
five times over basal expression, and most (33/45) had ex-
pression less than one fold higher than basal expression.
There was no significant increase in aromatase expression in
the AKG until after the TSP, when aromatase expression in-
creased significantly at both female and male temperatures
(P = 0.02) but much more dramatically in female tempera-
ture embryos. It was only after the TSP that there was a
significant difference between aromatase expression in male
and female temperature embryos (P = 0.04 for female vs. male
expression after the TSP).

Fig. 5. Average aromatase expression in forebrain,
hindbrain, and hypothalamus during and after the TSP.
There were no significant differences in expression in any
of the brain regions corresponding to stage of incubation
(P = 0.11).

Fig. 6. Average aromatase expression in forebrain, hind-
brain, and hypothalamus regions during the entire incuba-
tion period. Expression in the hypothalamus was significantly
higher than in all other tissues (P = 0.0001). There were no
significant differences in expression between any of the other
tissues (P = 0.19).



446 W.N. GABRIEL ET AL.

there must be a mechanism which lies upstream
of aromatase transcription that is directly influ-
enced by incubation temperature to lead to the
stimulation of aromatase production in the female
or its corresponding suppression in the male de-
veloping gonad.

The fact that there were a few individuals at
female-inducing temperature which began to ex-
press high levels of aromatase before and during
the TSP could be due to the genetic differences in
response to temperature. There is evidence for ge-
netic differences in sensitivity to temperature
among alligator eggs. For instance, different
clutches show different hatchling sex ratios when
incubated at the pivotal temperature: a tempera-
ture that should produce a 50:50 sex ratio (Lang
and Andrews, ’94).

It was proposed by Smith et al. (’95) that
aromatase production occurs constitutively dur-
ing embryogenesis and that it is suppressed at
male-producing temperature. Since female devel-
opment occurs at both high and low incubation
temperatures, it is conceivable that there is some
factor that is turned on or off at intermediate
(male-producing) temperature during the TSP and
that suppresses post-TSP aromatase production
to allow development of the male phenotype. A
protein which may play a role in regulation of
aromatase production is the orphan nuclear re-
ceptor, steroidogenic factor 1 (SF1). Western et
al. (2000) found that while SF1 expression in A.
mississippiensis embryos, as determined by RT-
PCR, remained constant through stages 20–27 at
female incubation temperatures, levels in male
temperature embryos were downregulated during
stages 23–25 (Western et al., 2000). This corre-
sponds to the period during which aromatase
transcript levels are increasing. Furthermore,
SF1 is known to play a role in regulating arom-
atase in mammals (Fitzpatrick and Richards, ’93;
Lynch et al., ’93). Given that an SF1 binding re-
gion has been found in the aromatase gene of
mammals, birds, and fish (Matsumine et al., ’91;
Takayama et al., ’95; Tanaka et al., ’95; Parker
and Schimmer, ’97), it is likely that this motif
will also be found when the complete sequence is
obtained for the alligator aromatase gene. If this
is the case, downregulation of SF1 at male-pro-
moting temperatures during the TSP might
inhibit aromatase transcription that would oth-
erwise increase constitutively after the TSP. In
the absence of aromatase expression, testis dif-
ferentiation would occur.

Another possible regulator of aromatase is anti-

Müllerian hormone (AMH), which has been shown
to inhibit aromatase biosynthesis in rat (Clemente
et al., ’92), sheep, and rabbit ovarian tissue in vitro
(Vigier et al., ’89). In mammals, AMH is expressed
at much higher levels in male than in female go-
nadal tissue and has been shown to cause regres-
sion of the Müllerian duct. AMH is expressed
during embryogenesis in the alligator in the de-
veloping testis but not in the ovary (Western et
al., ’99). Since AMH expression in the male de-
veloping gonad slightly precedes the increased
aromatase expression seen in the female, it is pos-
sible that AMH is working to antagonize arom-
atase production that would otherwise also be
increased in the male.

It has been suggested that aromatase expres-
sion in the brain affects gonadal differentiation
in TSD reptiles (Jeyasuria and Place, ’98). When
alligator gonads were cultured independently of
the embryo and incubated at male or female tem-
perature, they showed no sign of differentiation
(Lance and Bogart, ’94). This result is consistent
with an extragonadal site of sex determination
and regulation. When gonads of the olive ridley
sea turtle were cultured independently of the em-
bryo and incubated at male- or female-producing
temperature, differentiation was consistent with
the temperature at which the whole embryo was
incubated before explantation, rather than differ-
entiating according to the temperature at which
just the gonad alone was cultured (Merchant-
Larios and Villalpando, ’90). The notion of the
brain being the site at which TSD occurs, how-
ever, remains controversial. Normal gonadal dif-
ferentiation has been seen after decapitation of
early embryos of two non-TSD lizard species (see
Raynaud and Pieau, ’85), indicating that the brain
is not necessary for gonadogenesis to occur in
these reptiles. The results presented here confirm
that aromatase is present throughout the TSP in
the brains of embryos incubated at both male and
female temperatures, but there are no significant
differences in aromatase expression between male-
and female-producing temperatures in any of the
regions of the brain. This is different than the case
of the diamond-back terrapin, in which sex-spe-
cific differences in aromatase expression in the
brain that correspond to the TSP have been found
(Jeyasuria and Place, ’98). The data presented
here for expression of aromatase in the brain of
A. mississippiensis are not consistent with tem-
perature-dependent control of aromatase expres-
sion in the developing alligator brain.

Sex determination is a complex process involv-
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ing the interaction of many gene products, some
of which are only just beginning to be understood.
Estrogen production by the enzyme aromatase
has been shown to play a crucial role in ovarian
differentiation in birds and in reptiles with tem-
perature-dependent sex determination. However,
expression of aromatase does not appear to be
the initial trigger for sex determination in these
species. It is more likely that some upstream
mechanism is directly affected by temperature to
initiate a gene cascade, leading to upregulation
of aromatase production in female embryos fol-
lowing sex determination. The study of upstream
activators of aromatase may lead to useful in-
sights in understanding temperature-dependent
sex determination.
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