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Genetic Network Underlying Temperature-
Dependent Sex Determination Is Endogenously
Regulated by Temperature in Isolated Cultured
Trachemys scripta Gonads
Christina M. Shoemaker-Daly,1 Kyle Jackson,2 Ryohei Yatsu,2 Yuiko Matsumoto,2

and David Crews2*

In reptiles with temperature-dependent sex determination, gonadogenesis is initially directed by the
incubation temperature of the egg during the middle third of embryonic development. The mechanism by
which temperature is transduced into a sex-determining molecular signal remains a mystery, and here we
examine the molecular network underlying sex determination in gonads in vitro. We use a whole organ
culture system to show that expression of putative members of the sex-determining network (Dmrt1, Sox9,
Mis, and FoxL2) are regulated by temperature endogenously within cells in the bipotential gonad and do
not require other embryonic tissues to be expressed in a normal pattern in the red-eared slider turtle,
Trachemys scripta. Furthermore, following a change in temperature, these factors exhibit temperature-re-
sponsive expression patterns that last for the duration of gonadogenesis. Finally, mosaic misexpression of
a fusion Sox9 construct demonstrates the ability to functionally manipulate the gonad at the molecular
level. Developmental Dynamics 239:1061–1075, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Sex determination in vertebrates can

be broadly categorized into two modes.

In genotypic sex determination (GSD),

a genetic factor directs the sexual fate

of the initially bipotential gonad (e.g.,
in mammals by means of Sry). Con-
versely, in organisms exhibiting envi-
ronmental sex determination, an envi-
ronmental factor determines the sex of
offspring. In some species with tem-

perature-dependent sex determina-
tion (TSD), the incubation tempera-
ture of the egg during the middle third
of development establishes sex, as
occurs in all crocodilians, many turtles
and some lizards. In all modes of SD,
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the process of forming a testis or an
ovary from its bipotential gonad pre-
cursor involves complex molecular
interactions and cellular behaviors.
This has been well-studied in verte-
brates with GSD (e.g., Brennan and
Capel, 2004; Fleming and Vilain, 2004;
Wilhelm et al., 2007; Blecher and
Erickson, 2007; Cederroth et al., 2007;
DiNapoli and Capel, 2008), and is an
emerging field in reptiles and fish with
TSD (e.g., Morrish and Sinclair, 2002;
Yao and Capel, 2005; Fernandino
et al., 2008a; Shoemaker and Crews,
2009; Ramsey and Crews, 2009; Bar-
oiller et al., 2009). While the initial
upstream factor determining sex dif-
fers between these modes, many of the
downstream genes used in the forma-
tion of the gonad are thought to be
conserved.

Numerous genes involved in mam-
malian gonadogenesis have now been
cloned in a variety of reptilian TSD
species and their expression patterns
have been examined to varying
degrees (for review, see Morrish and
Sinclair, 2002; Place and Lance, 2004;
Shoemaker and Crews, 2009; Ramsey
and Crews, 2009). However, under-
standing the specific functions of
members of the molecular network
that underlie TSD remains a chal-
lenge. Candidate gene approach stud-
ies have informed our knowledge of
the regulatory network putatively
involved in temperature-dependent
gonadogenesis, while embryonic tem-
perature shifts and hormone treat-
ments have begun to demonstrate
sensitivities of various genes to both
factors (Murdock and Wibbels, 2006;
Shoemaker et al., 2007a,b; Ramsey
et al., 2007; Ramsey and Crews,
2007). Nevertheless, progress in
understanding the function of gene
products has been hampered by tech-
nical challenges, particularly, a lack
of techniques to manipulate the gonad
at a molecular level. Furthermore,
whether the action of temperature in
determining sexual fate is mediated
directly at the site of the gonad or
indirectly through another embryonic
tissue was initially unclear. It was
originally suggested that the brain
may contain the primary tempera-
ture-sensing locus in organisms with
TSD and that innervation of the
gonad might mediate this signal dur-
ing development (Merchant-Larios

et al., 1989; Crews, 1993; Gutierrez-
Ospina et al., 1999). Initial evidence
that the gonad itself may be the site
of the temperature-sensing mecha-
nism came from a study of Sox9 in iso-
lated Olive Ridley sea turtle gonads
grown in culture (Lepidochelys oliva-
cae, Moreno-Mendoza et al., 2001).

In the red-eared slider turtle,
Trachemys scripta, we extend these
findings more broadly and examine
multiple members of the putative
sex-determining network governing
gonad development in both sexes. We
optimize and use an in vitro whole
organ culture system to show that the
putative sex-determining network is
regulated by temperature endoge-
nously within the cells of the gonad in
this species. Our data indicate that
the bipotential gonad is capable of
regulating expression of Dmrt1, Sox9,
Mis, and FoxL2 in response to tem-
perature changes in isolation from
surrounding embryonic tissues. Fur-
thermore, the explant culture system
facilitates manipulation of the gonad
at the molecular level, opening the
door to functional studies classically
used in traditional model organisms.

The slider turtle exhibits a form of
TSD in which cooler incubation tem-
peratures (26.0�C) produce all male
hatchlings and warmer temperatures
(31.0�C) result in all female hatch-
lings, with varying sex ratios pro-
duced by temperatures in between
(Wibbels et al., 1991). The embryo is
sensitive to the effect of temperature
beginning at approximately Green-
baum’s stage 14 and lasting through
stage 19 at female-producing temper-
ature (FPT) and through stage 20 at
male-producing temperature (MPT;
Wibbels et al., 1991; Greenbaum,
2002). Furthermore, embryos shifted
from one end of the temperature spec-
trum to the other during the tempera-
ture-sensitive period (TSP) respond
by complete sex-reversal (Crews
et al., 1994). Thus, the sex of a bipo-
tential gonad is thought to become
fated or ‘‘determined’’ near the begin-
ning of the TSP, but this decision
remains reversible until the close of
the TSP, when sex becomes ‘‘commit-
ted’’ to an ovarian or testicular fate
(Bull et al., 1990; Wibbels et al., 1991;
Shoemaker and Crews, 2009).

In mammals, gonad development
begins with the formation of the uro-

genital ridge and subsequent bipoten-
tial gonad from underlying mesoneph-
ric and coelomic epithelial tissues. In
XY individuals, Sry expression in
medullary somatic cells leads to accu-
mulation of a threshold number of
Sertoli cells thought to ‘‘tip the bal-
ance’’ and direct the gonad toward a
testicular fate (Ross and Capel, 2005).
Sertoli cells organize into medullary
sex cords, precursors to seminiferous
tubules, containing germ cells (for
review, see Brennan and Capel,
2004). In general, the process of form-
ing an ovary is less well understood
(for review, see Yao, 2005). Ovarian
development is characterized by a
proliferation of cells in the gonad cor-
tex where granulosa cells organize to
surround germ cells, concurrent
with medullary regression. Recently,
experiments examining ovotestes
have furthered understanding of the
genetic network underlying develop-
ment of these two compartments, the
ovarian cortex and the testicular me-
dulla (Wilhelm et al., 2009). Because
of their critical role in gonadogenesis
in organisms with GSD and their
clear sexually dimorphic patterns of
expression during gonad development
in the slider turtle, we examine Sox9,
Mis, Dmrt1, and FoxL2 in the follow-
ing study.

The transcription factor Sry-like
HMG-box 9 (Sox9) is the direct target
of Sry in mammals and is both neces-
sary and sufficient for normal testicu-
lar development (Vidal et al., 2001;
Sekido and Lovell-Badge, 2008). The
ability of Sox9 to ‘‘replace’’ the action
of Sry in mammals makes it an
obvious candidate to examine for an
early, critical role in testis develop-
ment in TSD organisms. Its expres-
sion pattern becomes sexually dimor-
phic in the developing gonad of five
reptile species with TSD at varying
points of development, ranging from
the end of the TSP to later during tes-
ticular differentiation (for review, see
Shoemaker and Crews, 2009). In both
humans and mice, Sox9 directly up-
regulates the expression of Müller-
ian-inhibiting substance (Mis or Anti-
Müllerian hormone; De Santa Bar-
bara et al., 1998; Arango et al., 1999).
MIS, a member of the transforming
growth factor-b (TGF-b) superfamily,
is secreted by differentiated Sertoli
cells in the testis and causes the
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regression of the Müllerian ducts,
anlagen which otherwise develop into
the uterus, cervix, and fallopian tubes
in females (Behringer et al., 1990).
However, the regulatory relationship
between Sox9 and Mis in mammals
may not be strictly conserved across
phyla or mechanisms of sex determi-
nation. Similar to the case in chicken,
two reptiles with TSD exhibit
strongly sexually dimorphic Mis
expression early in the sex-determin-
ing period, before sexually dimorphic
Sox9 expression (Shoemaker et al.,
2007b; Takada et al., 2004; Western
et al., 1999; Oreal et al., 1998; Smith
et al., 1999a). These data support a
role for both Sox9 and Mis in testicu-
lar development in organisms with
TSD, and suggests a divergence from
the relationship seen in mammals in
which Sox9 initially up-regulates Mis
expression.

Doublesex-, mab3-related transcrip-
tion factor 1 (Dmrt1) is one of the few
genes identified with homologs
involved in gonad development across
widely diverse taxa, including Dro-
sophila, C. elegans, mammals, fish,
and reptiles (Burtis and Baker, 1989;

Shen and Hodgkin, 1998; Raymond
et al., 1998; Smith et al., 1999b; Ket-
tlewell et al., 2000; Nanda et al.,
2002; Matsuda et al., 2002; Sreeniva-
sulu et al., 2002; Shoemaker et al.,
2007a,b). In mammals, Dmrt1 func-
tion is critical to testis differentiation
after sex has been determined (Veitia
et al., 1997; Raymond et al., 2000).
However, in both chicken and medaka
(Oryzias latipes) it has been proposed
to be an early-acting sex-determining
gene, i.e., a nonmammalian equiva-
lent of SRY (Nanda et al., 2002; Mat-
suda et al., 2002; Kobayashi et al.,
2004; Smith and Sinclair, 2004),
although further studies are needed
to confirm this role (e.g., Zhao et al.,
2007). In three reptiles with TSD,
Dmrt1 expression is enhanced at
MPT at varying times during gonad
development, implicating an involve-
ment in testis formation although its
functional role remains unknown
(Smith et al., 1999b; Kettlewell et al.,
2000; Torres Maldonado et al., 2002;
Murdock and Wibbels, 2003; Shoe-
maker et al., 2007a,b).

Forkhead box protein L2 (FoxL2) is
a single-exon transcription factor

required for ovarian development in
mammals (Crisponi et al., 2001; Udar
et al., 2003; Schmidt et al., 2004). A
FoxL2 binding ‘‘response element’’
has been identified that when
mutated, may be responsible for the
female-to-male sex-reversal observed
in FoxL2/Wnt4 double knockout XX
mice (Ottolenghi et al., 2007;
Benayoun et al., 2008). In two turtle
species with TSD, FoxL2 expression
becomes restricted to the developing
ovary during the end of the TSP (Lof-
fler et al., 2003; Shoemaker et al.,
2007b; Rhen et al., 2007), suggesting
a role in ovarian commitment or
differentiation.

The present study examines the
ability of temperature to regulate
expression of multiple components of
the putative sex-determining network
throughout gonadogenesis of the red-
eared slider turtle and demonstrates
the following. (1) Expression of Sox9,
Dmrt1, Mis, and FoxL2 is regulated
in ovo in response to sex-reversing
temperature shifts in a manner that
is sustained and lasts from the sex-
determining period through differen-
tiation; this reveals that temperature

Fig. 1. Experimental design. A: Developmental progression of red-eared slider turtle (Trachemys scripta) embryos incubating in ovo at male-pro-
ducing temperature (MPT) or female-producing temperature (FPT) was monitored. At Greenbaum’s embryonic stage 16 (¼ Day 0), some eggs
were shifted to the opposite temperature while others remained at constant temperature. After up to 20 days further in ovo incubation, embryos
were killed and gonads dissected for individual quantitative real-time polymerase chain reaction (qPCR) and histological analysis. B: Developmen-
tal progression of embryos incubating in ovo at MPT or FPT was monitored and at Greenbaum’s embryonic stage 16 (¼ Day 0), embryos were
killed, adrenal-kidney-gonads were dissected, and gonads were separated. Gonads from each original incubation temperature were cultured in
vitro at either constant and shifted temperature for up to 20 days and preserved for individual qPCR and histological analysis. C: Developmental
progression of embryos incubating in ovo at FPT was monitored and at Greenbaum’s embryonic stage 16 (¼ Day 0), embryos were killed and
gonads dissected. Gonads were electroporated with pCS107:GFP:Sox9 or pCS107:GFP, cultured in vitro for up to 3 days, and preserved for indi-
vidual qPCR analysis.
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both induces and represses their
expression. (2) In a whole-organ in
vitro culture system, the expression
patterns of these genes mimics the
patterns seen in ovo, revealing that
the isolated gonad itself senses and
responds to changes in temperature
by regulation of the molecular net-
work(s) governing sexual develop-
ment in both sexes. This indicates
that the members of the sex-deter-
mining network examined here are
regulated by temperature endoge-
nously in cells within the gonad and
do not require other embryonic tis-
sues to be expressed in a normal pat-
tern. (3) In vitro misexpression of a
fusion construct (green fluorescent
protein [GFP]:Sox9) by electropora-
tion into gonads demonstrates for the
first time in a reptile with TSD the
ability to manipulate the gonad at the
molecular level.

RESULTS

Rate of Development

Throughout Embryonic

Incubation

Embryos incubating in ovo were dis-
sected between 1 and 20 days postem-
bryonic stage 16 (¼ Day 0) for
analysis, allowing a comparison of de-
velopmental rate under various incu-
bation conditions (Fig.F1 1). Due to met-
abolic reasons, development at
warmer FPT occurs at a faster rate
than at cooler MPT (McCue, 2004).
After 20 days of development in the

egg post-Day 0, an FPT embryo has
reached stage 23, while an MPT
embryo has reached early stage 21
(Fig. F22). Embryos that are shifted at
Day 0 from one temperature to
the other respond to the new environ-
ment with altered morphological
rates of development. Developmental
rate decreased in embryos shifted
from FPT to MPT (FPT!MPT), and
accelerated in embryos shifted from
MPT to FPT (MPT!FPT). It took
approximately 12 days for this adjust-
ment period to occur, regardless of the
direction of shift (Fig. 2A). By Day 12,
MPT!FPT embryos reached the
same overall morphological pheno-
type as their FPT counterparts, and
FPT!MPT embryos arrived at the
same morphology as MPT embryos.
From Day 12 to Day 20, shifted
embryos developed at temperature-
typical rates. It is noted that the cor-
relation between days of development
and developmental stage of an
embryo in ovo is not applicable to in
vitro samples.

Morphological Development

of Gonads In Ovo and

In Vitro

The histology of gonads developing ei-
ther within the embryo (in ovo) or iso-
lated in culture (in vitro) under both
constant and shifted temperature con-
ditions was examined (Fig. F33).

In ovaries developing in ovo, so-
matic cells reorganized into two
regions by Day 20, the cortex and the

medulla, separated by the basal lam-
ina. While the medullary region
lacked obvious structure, primordial
germ cells and granulosa cells
migrated into the cortex where they
will develop into follicles in the adult
(Fig. 3A). This occurred in gonads
developing under either constant FPT
or MPT!FPT conditions (Fig. 3A, i
and iv), revealing the ability of an
embryo to sense and respond to its
temperature environment at the level
of gonadal morphological structure.
In gonads shifted MPT!FPT, cells
began to reorganize and move away
from male-typical morphology as
observed by degrading medullary sex
cords by 12 days post-shift (Fig. 3A,
iv). Remnants of sex cords were
observable at Day 16, as well as the
initial formation of a thickening cor-
tex. By Day 20 post-shift, sex cords
were no longer visible and the basal
lamina boundary between cortex and
medulla was distinct.

In testes developing in ovo, somatic
pre-Sertoli cells organize into medul-
lary sex cords surrounded by intersti-
tial tissue composed of Leydig cells
and peritubular myoid cells, and
eventually lack any substantial corti-
cal region (Fig. 3A). This occurred in
embryonic gonads developing at ei-
ther constant MPT or shifted FPT!
MPT conditions (Fig. 3A, iii and ii).
In response to a FPT!MPT shift,
male-typical sex cords formed as early
as 12 days post-shift (Fig. 3A, ii).
The sex cords continued to condense
through development, and by 20 days
post-shift, the cortex was fully dis-
solved and sex cords were distinct.

The morphological development of
gonads removed from embryos at de-
velopmental stage 16 (¼ Day 0) and
cultured in vitro for up to 20 days was
also examined (Fig. 3B). Transverse
sections of in ovo gonads are charac-
teristically round, and this morphol-
ogy changes during in vitro culture.
As the gonad becomes flattened from
resting on the culture membrane,
transverse sections taken along the
same axis appear more oval-shaped.
Following culture at FPT, a cortical
region began to emerge and the med-
ullary region showed signs of reorgan-
ization by Day 12 (Fig. 3B, v). Primor-
dial germ cells continued to migrate
to the cortex, visible at Day 16, and
by 20 days of culture, a more distinct

Fig. 2. Developmental rate variation at different incubation temperatures. Red-eared slider tur-
tle embryos developing in ovo were dissected and staged by a variety of morphological charac-
teristics, including digit, limb, eye, head, caruncle, carapace, plastron, and body size phenotype
(Greenbaum, 2002). The number of days development post-stage 16 (¼ Day 0) is plotted against
corresponding average developmental stage to show overall rate of embryonic morphological
development (n ¼ 5–8 per data point). A: Comparison of variation in rates of development
between male-producing temperature (MPT), female-producing temperature (FPT), MPT!FPT,
and FPT!MPT. B: Summary of average stages graphed in A is given for reference; data from
individuals and numerical averages are given in Supp. Table S1.
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Fig. 3. Morphological characteristics of gonad development in ovo and in vitro. A: Developmental progression of embryos incubating in ovo at male-pro-
ducing temperature (MPT) or female-producing temperature (FPT) was monitored. At Greenbaum’s embryonic stage 16 (¼ Day 0), some eggs remained at
constant temperatures (i and iii), while others were shifted to the opposite temperature (ii and iv). After up to 20 days further in ovo incubation, embryos were
killed and gonads preserved for standard hematoxylin and eosin (H&E) staining. B: Developmental progression of embryos incubating in ovo at MPT or FPT
was monitored, and at Greenbaum’s embryonic stage 16 (¼ Day 0), embryos were killed and gonads dissected. Gonads from each temperature were cul-
tured in vitro at either constant temperature (v and vii) or in a shifted regimen (vi and viii) for up to 20 days and preserved for H&E staining. m, medullary region;
c, cortex; pgc, primordial germ cell; sc, sex cord. Scale bar¼ 100 mm.
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Fig. 4. Localization of Sox9 expression in individual turtle gonads in
ovo. In situ hybridization of Sox9 at stage 15 in both female-producing
temperature (FPT) and male-producing temperature (MPT) embryos
shows localization of transcript in clusters of expressing cells that sur-
round nonexpressing cells. For example, typical sections shown here
contain n ¼ 5 (FPT) and n ¼ 4 (MPT) clusters of expressing cells. Scale
bar ¼ 50 mm.
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boundary between cortex and medulla
was apparent. These female-typical
changes were observable but less
apparent in gonads shifted from
MPT!FPT for the culture period; a
thickened outer cortex began to form
next to a disorganized medulla by
Day 20 (Fig. 3B, viii).

During gonad culture at MPT,
male-typical sex cords began to form
after 20 days of incubation (Fig. 3B,
vii). At this point, sex cord morphol-
ogy showed the expected migration of
somatic cell nuclei toward the outside
of the cord, leaving the cytosol of each
somatic cell toward the center. These
male-typical structures were not
apparent in cultured gonads shifted
from FPT!MPT (Fig. 3B, vi).

Localization of Sox9

Transcripts

To examine a previous finding that
Sox9 expression is sexually dimorphic
early in the TSP in the developing
gonad at the level of transcript local-
ization, whole-mount in situ hybrid-
ization was conducted on stage 15
AKGs at both FPT and MPT. Groups
of cells expressing Sox9 clustered
around nonexpressing cells were
observed in gonads developing at both
temperatures (Fig.F4 4). The total num-
ber of Sox9-expressing cell clusters in
the gonad were counted in all sections
per AKG and ranged from 0 to 7 clus-
ters/section/AKG for both MPT (n ¼
5) and FPT (n ¼ 10). The average
number of clusters per section per
AKG was also not different between
temperatures: FPT mean ¼ 3.7, MPT
mean ¼ 3.8 clusters/section/AKG.

Gene Expression Patterns at

Constant Incubation

Temperature In Ovo

The expression of putative members
of the sex-determining network in
individual gonads developing in ovo
at constant incubation temperatures
was analyzed by quantitative real-
time polymerase chain reaction
(qPCR; Fig.F5 5). The conventional use
of embryonic stage when examining
in ovo gene expression patterns
becomes nonsensical in the in vitro
culture system, as the morphological
characteristics of the embryo used to
assess stage no longer exist. There-

fore, both in ovo and in vitro expres-
sion data are plotted against days of
development for comparison.

From embryonic stage 16 (Day 0),
Sox9 expression levels at MPT
became significantly higher than FPT
at Day 4 and were subsequently
maintained (Fig. 5A). Sox9 expression
at FPT was initially higher than at
MPT, and decreased to negligible lev-
els by Day 8. Both Dmrt1 and Mis
expression at MPT was significantly
greater than FPT early in develop-
ment, beginning at Day 1 and 0,
respectively, and continued to
increase at MPT throughout gonado-
genesis (Fig. 5C,E). A second dra-
matic increase in Mis expression at
MPT occurred later in the sex-deter-
mining period from Day 12 to Day 20.
At FPT, expression of Dmrt1 and Mis
remained low, and Mis levels dropped
below qPCR detectability from Day 4
onward. While FoxL2 expression lev-
els were similar between MPT and
FPT early in the TSP (Day 0–4),
expression remained low at MPT and
increased significantly at FPT from
Day 12 onward (Fig. 5G).

Gene Expression Patterns in

Response to Sex-Reversing

Temperature Shifts In Ovo

The regulation of these four genes in
response to changes in temperature is
sustained for the duration of gonado-
genesis. In gonads developing in ovo
at MPT and shifted to FPT at stage
16 (MPT!FPT), Sox9 expression
decreased to baseline levels by Day 8
post-shift (Fig. 5A). In gonads shifted
in the opposite direction, FPT!MPT,
Sox9 expression was indistinguish-
able from FPT-typical levels through
Day 2, and were maintained at MPT-
typical levels through gonadogenesis,
becoming significantly greater than
decreasing FPT expression at Day 8.

Dmrt1 expression in gonads shifted
MPT!FPT responded rapidly to the
new FPT temperature environment;
expression was repressed signifi-
cantly below MPT-typical levels by
Day 2, and remained at baseline de-
spite a slight increase at Day 4 (Fig.
5C; Supp. Table S3, which is available
online). In the opposite shift
(FPT!MPT), Dmrt1 expression also
responded quickly. Increased expres-

sion was apparent by Day 1, was sig-
nificantly greater than FPT levels by
Day 4, and continued for the duration
of the period examined. While Dmrt1
expression in FPT!MPT gonads was
significantly higher than at FPT, it
did not reach MPT-typical levels at
the later time points (Days 16 and
20).

Repression of Mis in response to a
MPT!FPT shift occurred rapidly by
Day 2 post-shift and was maintained
through the in ovo incubation period,
except for a slight increase at Day 4
(Fig. 5E). Mis expression in
FPT!MPT gonads rose significantly
above FPT-typical levels by Day 4,
continuing at MPT-typical levels for
the duration of gonadogenesis.

FoxL2 expression was also regu-
lated by changes in temperature. In
gonads shifted from MPT!FPT,
FoxL2 expression increased signifi-
cantly above MPT levels by Day 12
and continued to increase (Fig. 5G).
In gonads shifted from FPT!MPT,
FoxL2 expression was maintained at
low levels typical of MPT for the dura-
tion of gonadogenesis, and was signifi-
cantly lower than increasing FPT
expression by Day 8.

Gene Expression Patterns

in Isolated Gonads Cultured

In Vitro

At embryonic stage 16, gonads were
dissected from embryos at both MPT
and FPT and incubated in an in vitro
culture system for up to 20 days at
constant and shifted temperatures.
Expression of Sox9, Dmrt1, Mis, and
FoxL2 in these gonads showed
strongly sexually dimorphic patterns
at constant temperatures and were
regulated in response to temperature
shifts.

Sox9 expression levels at MPT
became significantly higher than FPT
by Day 4 and continued to increase
through Day 12, reaching a peak
expression slightly higher than that
seen in ovo (Fig. 5B). Expression after
Day 12 declined, returning to levels
similar to MPT in ovo gonads. At FPT,
Sox9 expression decreased substan-
tially by Day 1 of in vitro culture, and
continued to decrease until reaching
baseline levels. Gonads that were
grown in ovo at MPT through stage
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Fig. 5. Expression of Sox9, Dmrt1, Mis, and FoxL2 in individual turtle gonads in ovo and in vitro. A–H: Embryos developed in ovo until Greenbaum’s stage
16 (¼ Day 0), at which point gonads either (A,C,E,G) continued developing in ovo or (B,D,F,H) were dissected and cultured in vitro. Following up to 20 days
additional development, gonads were preserved individually for quantitative real-time polymerase chain reaction (qPCR) analysis (n ¼ 7–10 gonads per data
point). Right y-axes correspond to relative transcript abundance normalized to constitutive PP1 expression, and left y-axes correspond to normalized values
calibrated to expression level at either (A–F) female-producing temperature (FPT) Day 20 in ovo or (G, H) male-producing temperature (MPT) Day 20 in ovo. X-
axes correspond to (A,C,E,G) days of development in the egg or (B,D,F,H) days of development in vitro. Statistical comparisons are all made within gene, within
day/stage, between temperatures. Expression points contained within the same gray shaded box are not significantly different from each other, while points in
separated boxes within a timepoint are significantly different. Points not contained in any shaded box are not statistically different from any other point within
the same timepoint. Asterisks indicate statistical relationships that were too complicated to be accurately described by this shading system and are presented,
along with statistical values for all comparisons, in Supp. Table S3.
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16 (¼ Day 0) and then shifted to FPT
for culture (MPT!FPT) responded
immediately to the new temperature
environment. After 1 day of in vitro
culture, Sox9 expression increased to
Day 0 FPT-typical levels, remained
there through Day 2, and then
decreased. Expression reached basal
levels not significantly different from
FPT expression, and significantly
lower than MPT levels, by Day 12. In
the opposite shift, gonads grown in
ovo at FPT through Day 0 and shifted
to MPT for culture (FPT!MPT)
exhibited a delayed response to the
new MPT environment. Through Day
4, Sox9 expression followed an FPT-
typical pattern of decline; from Day 8
onward, expression increased signifi-
cantly above FPT baseline.

Expression of Dmrt1 was signifi-
cantly greater at MPT than FPT for
all time points examined following
Day 0. Dmrt1 levels at MPT increased
quickly from Day 0 to 4, were main-
tained through Day 12, and then
decreased at the end of the culture pe-
riod (Fig. 5D). Peak MPT expression
in vitro was roughly 2 times lower
than peak levels observed in ovo
(Fig. 5C,D). Expression at FPT
remained low for the duration of the
culture period. In MPT!FPT gonads,
Dmrt1 expression was significantly
repressed below MPT levels by Day 4,
one time point later than the respec-
tive in ovo response. In FPT!MPT
gonads, an increase in Dmrt1 expres-
sion was also delayed compared
with in ovo development. Expression
remained at FPT-typical levels

through Day 4, increased significantly
above FPT by Day 8, and was subse-
quently maintained at MPT-typical
levels (Fig. 5D, Supp. Table S3).

In vitro gonads expressed Mis at
significantly greater levels at MPT
than at FPT for all time points exam-
ined (Fig. 5F). MPT gonads showed
an initial increase in Mis expression
from Day 2 through Day 8, which
then decreased, diverging from the in
ovo pattern. Furthermore, while in
vitro Mis expression at MPT was con-
sistently significantly greater than at
FPT, peak expression was 10 times
lower than that observed in ovo. FPT
expression in vitro was below the
level of qPCR detectability at all time
points examined. Gonads shifted
MPT!FPT revealed an immediate
down-regulation of expression that
was significantly less than MPT levels
by Day 1 and became undetectable by
Day 8. In FPT!MPT gonads, Mis
expression displayed a strong in-
crease in response to new MPT envi-
ronment significantly greater than
FPT levels by Day 8, delayed from the
respective increase in ovo. Expression
increased through Day 12, and was
then maintained for the duration of
culture.

FoxL2 expression in vitro at MPT
remained at baseline levels through-
out the culture period (Fig. 5H). At
FPT, cultured gonads showed a signif-
icant increase in expression above
MPT levels by Day 4, earlier than in
ovo, with a dip in expression at Day
20. Peak FoxL2 expression at FPT
was roughly 1.5 times greater in vitro

than that observed in ovo. Following
an MPT!FPT shift, FoxL2 expres-
sion remained at MPT-typical levels
through Day 8, and then increased
significantly by Day 12, at the same
time as the respective increase in ovo.
Expression then plateaued and was
maintained for the duration of the
culture period, rather than continu-
ing to increase. In FPT!MPT gonads,
expression remained at baseline lev-
els throughout the culture period,
with a slight increase observed at Day
20.

Misexpression of Sox9

Gonads were dissected from stage 16
embryos incubating at FPT and a
plasmid construct (pCS107:GFP or
pCS107:GFP:Sox9) was introduced by
electroporation. The gonads were sub-
sequently cultured in vitro for up to 3
days at FPT and preserved for gene
expression analysis. The efficiency of
electroporation was examined by fluo-
rescence microscopy and revealed a
mosaic GFP expression pattern
throughout the gonad (Fig. F66A,B).
Brighter GFP fluorescence was
observed in gonads electroporated
with control GFP plasmid as com-
pared to fusion GFP:Sox9.

At Day 1 after electroporation, Sox9
levels were significantly greater in
pCS107:GFP:Sox9 gonads as com-
pared to pCS107:GFP gonads (Fig.
6C). This increase was gone by Day 2.
At both Days 1 and 2, Dmrt1 expres-
sion in gonads electroporated with
pCS107:GFP:Sox9 was increased

Fig. 6. Misexpression of Sox9 in gonads developing in vitro at female-producing temperature (FPT). Gonads were dissected from embryos incu-
bating at FPT at stage 16, electroporated with a plasmid construct and cultured in vitro at FPT for up to three days. A,B: Electroporation efficiency
evaluated by green fluorescent protein (GFP) expression under fluorescence is shown in two typical gonads at Day 1 for pCS107:GFP (A) and
pCS107:GFP:Sox9 (B). C: Effect of plasmid electroporation on gene expression was measured by qPCR and average relative transcript abun-
dance is plotted with standard error bars (n ¼ 12 to 20 gonads per data point).
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above control levels. However, varia-
tion within these groups was substan-
tial and this increase was not statisti-
cally significant. Expression of FoxL2
was not different between gonads
electroporated with each plasmid.
Expression of Mis was below the level
of qPCR detectability for all gonads
(data not shown).

DISCUSSION

Sox9, Mis, Dmrt1, and FoxL2

Exhibit Sustained Responses

to Changes in Temperature

During In Ovo Development

The gene expression patterns ob-
served in individual in ovo gonads
reveals the ability of the embryo to
sense and respond to change in envi-
ronmental temperature by regulating
expression of the putative sex-deter-
mining molecular network. We previ-
ously investigated the ability of sex-
determining genes to respond rapidly
to changes in incubation temperature
at two early time points of the TSP
(Shoemaker et al., 2007b). Because we
were interested in the ability of the
expression of these genes to change
rapidly, the timeframe examined did
not facilitate elucidating downstream
responses. Here, we extend those
results to examine changes through-
out the entire sex-determining period
and reveal previously undetected sen-
sitivity to changes in temperature in
both shift directions in Dmrt1, Mis,
and FoxL2. Furthermore, we confirm
previous findings in another species
that Sox9 expression is also regulated
by temperature shifts in both direc-
tions (Moreno-Mendoza et al., 2001).

The regulation of Sox9 expression
by temperature was evident by
its repression in MPT!FPT shifted
gonads and up-regulation in FPT!
MPT shifted gonads. Furthermore,
the timing of these responses suggest
that in the slider turtle, Sox9 is not
involved early in the opening of the
temperature-sensitive window during
sex ‘‘determination,’’ the initial steps
that direct or fate a bipotential gonad
to a particular sexual trajectory.
Instead, our data are consistent with
the hypothesis that Sox9 may play a
role in this species in sex ‘‘commit-
ment,’’ the final commitment of the
bipotential gonad to a testicular fate.

As described above, gonadal sex in
TSD organisms remains plastic until
the end of the TSP. Therefore, dimor-
phic expression of genes involved in
commitment to a sexual fate would
not be necessary in the developing
gonad until the end of the TSP when
the window of sex-reversibility is
closing, as occurs with Sox9.

We reveal for the first time a signifi-
cant, rapid repression of Dmrt1 ex-
pression below MPT-typical levels in
response to a MPT!FPT temperature
shift. Furthermore, we show that the
previously demonstrated increase in
Dmrt1 expression in response to a
FPT!MPT shift at two early time
points during the TSP (Shoemaker
et al., 2007b) is maintained through
gonad differentiation. These results
confirm the temperature-sensitivity of
Dmrt1 and suggest a function in the
developing testis of the slider turtle.
The data indicate that it may be criti-
cal to repress this male-specific func-
tion in gonads at FPT to facilitate
ovary formation. The sexually dimor-
phic pattern of Dmrt1 expression from
very early in the TSP may suggest
that it plays a role in the upstream
process of sex determination in the
developing slider turtle testis, in con-
trast to its downstream role in mam-
malian testis differentiation.

Previously, a rapid repression of
Mis in MPT!FPT shifted gonads was
demonstrated (Shoemaker et al.,
2007b), and here we reveal that this
repression is sustained throughout
gonadogenesis. Additionally, we show
for the first time that Mis expression
is significantly up-regulated in
gonads shifted from FPT!MPT. This
increase continues through the sex
determining-period and into differen-
tiation. Taken together, these data
are consistent with the hypothesis
that Mis plays a role in the develop-
ment of the testis, and that this func-
tion is suppressed in developing ova-
ries. It would be productive to
investigate whether Mis is responsi-
ble for the inhibition of Müllerian
duct differentiation into female-spe-
cific ducts in developing male slider
turtles, as it does in mammals (Beh-
ringer et al., 1990).

We demonstrate that FoxL2 expres-
sion significantly increases in gonads
12 days following a MPT!FPT shift,
supported by a similar finding in the

snapping turtle (Rhen et al., 2007).
This up-regulation occurs at the same
time as the increase in expression
observed in unshifted FPT gonads,
indicating that the gonad maintains a
developmental clock even when
shifted between temperatures. Fur-
thermore, FoxL2 expression in gonads
shifted FPT!MPT remains low at
MPT-typical levels for the duration of
gonadogenesis. The timing of these
responses suggests a role for Foxl2 in
the developing ovary of slider turtles
either during the commitment of the
gonad to an ovarian fate or during
ovarian differentiation. In both mam-
mals and fish, FoxL2 up-regulates
aromatase expression, which is
required for estrogen production
(Pannetier et al., 2006; Wang et al.,
2007), and inhibiting aromatase
results in decreased FoxL2 expression
in chicken (Hudson et al., 2005).
These results indicate that a positive
feedback loop may exist between
FoxL2 and aromatase, and it is not
unlikely that estradiol plays a role in
modulating this interaction (Smith
et al., 2008). It was previously shown
in the slider turtle that strongly
dimorphic aromatase expression
between FPT and MPT appears by
stage 21, concurrent with dimorphic
FoxL2 expression (Ramsey et al.,
2007). Taken together with the data
presented in the current study, these
results are consistent with the hy-
pothesis that a similar mechanism
may occur in vertebrates with TSD.

Sex-Determining Response to

Temperature Is Regulated

Endogenously in the Cells

of the Gonad

Here, we show that in the red-eared
slider turtle, an isolated gonad endo-
genously retains the ability to sense
changes in environmental tempera-
ture and respond by regulation of the
gene network governing sexual devel-
opment. Importantly, individual cul-
tured gonads respond to temperature
with gene transcription changes in
the absence of other possible tempera-
ture-sensing systems (e.g., the brain,
Merchant-Larios et al., 1989; Gutier-
rez-Ospina et al., 1999). While the
morphology of gonads developing
in vitro is hindered by isolation,
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expression of the sex-determining
pathway closely mimics in ovo pat-
terns. Gene expression pathways ini-
tiated by either a maintained or a
shifted temperature progress nor-
mally for some time despite limits
placed on gonad development by
altered cellular behavior. Specifically,
in vitro molecular interactions pro-
ceed normally for at least 8 and up to
20 days, while cellular interactions
are more strongly hindered by the
gonad’s isolation from neighboring
tissues.

The timing of these gene expression
changes was generally similar
between in ovo and in vitro samples,
although the differences are illumi-
nating. Disparities include a delay in
the up-regulation of Dmrt1 and Mis
in FPT!MPT shifted gonads in vitro
as compared to in ovo. Thus, gonads
encountering a new male-producing
environment took longer to induce a
male-typical gene cascade in isolated
gonad tissue than when the gonad
was incubating within the embryo.
Furthermore, the repression of Sox9
and Dmrt1 in MPT!FPT gonads was
also delayed in vitro, indicating that
FPT repression of the male pathway is
delayed in isolated tissue. The excep-
tion to this is Mis, whose repression in
MPT!FPT gonads occurred one day
faster in vitro than in ovo. The timing
of FoxL2 expression changes in both
shift directions was identical in vitro
and in ovo, indicating that the expres-
sion of this gene is highly correlated
to an internal ‘‘developmental clock.’’
It is dangerous to make generaliza-
tions based on one marker, but accord-
ing to our findings of FoxL2 expres-
sion patterns, gonads encountering or
leaving a new female-producing envi-
ronment up-regulate or down-regu-
late, respectively, the female cascade
at the appropriate time.

Throughout the duration of the 20-
day culture period, the relative levels
of gene expression in vitro compared
with in ovo levels varied among the
markers examined. At constant tem-
peratures, Sox9 expression in vitro
was consistently similar to in ovo lev-
els throughout culture, except for a
brief spike in expression at MPT
above what was observed in ovo. In
contrast, Dmrt1 showed slightly de-
creased in vitro gene expression com-
pared with in ovo beginning at Day

16, and Mis decreased from Day 12
onward. Finally, FoxL2 expression
levels were similar in vitro and in ovo
through Day 16, at which point
expression at FPT began to decline.
Thus, the optimal length of culture
varies depending on which marker is
used for justification. The utility of
this culture system may be limited to
molecular changes observable in a 2-
week time period.

Functional Manipulation of

the Sex-Determining

Molecular Network

Gonads electroporated with either
control GFP or a fusion GFP:Sox9
construct exhibited mosaic GFP fluo-
rescence throughout the tissue. GFP
fluorescence was brighter in gonads
electroporated with control plasmid
than in samples electroporated with
GFP:Sox9. This could be due to sev-
eral reasons: electroporation effi-
ciency may differ between the two
plasmids, expression of the two plas-
mids may differ within gonadal cells,
or fusing Sox9 to GFP may inhibit
correct folding and thereby decrease
fluorescence. We were not able to dis-
tinguish between these possibilities in
this study, but future examination of
protein levels by Western blot or
immunocytochemistry as well as
analysis of GFP expression by qPCR
may elucidate this discrepancy. In
any event, it is clear that both con-
structs entered gonadal cells and
were misexpressed.

Sox9 expression was significantly
increased in gonads electroporated
with GFP:Sox9 over control gonads by
1 day later. Although there was no dif-
ference in FoxL2 or Mis expression
between gonads treated with either
plasmid, the effect of increased SOX9
on endogenous Dmrt1 expression is
unclear. An observable increase in
Dmrt1 expression at 1 and 2 days after
electroporation is not statistically sig-
nificant due to large variation between
individuals, and further optimization
of the culture technique to decrease
variation will clarify this response.

To our knowledge, this is the first
time that misexpression has been
used to examine the genetic network
underlying TSD. The ability to con-
duct both gain- and loss-of-function
studies using in vitro cultured gonads

will facilitate elucidating both the
functions of specific members of this
regulatory network as well as the
temporal hierarchy of their action
within the developing gonad.

Morphological Development

of Gonads Is Slower in

Isolated Tissues

Removing the gonad from its embry-
onic environment slows morphological
development in general, and specifi-
cally hinders sex cord formation. At
FPT and MPT!FPT, it takes longer
for ovarian-specific structures to form
in vitro, and at MPT and FPT!MPT,
sex cord formation is hindered by the
lack of supporting tissues. These
results may be due to the lack of
underlying mesonephric tissue that
the gonad is thought to require for
full differentiation. In the slider tur-
tle, the mesonephric coelomic epithe-
lium invaginates into the gonad and
appears to be required for fully
formed sex cords in the developing
testis (Yao et al., 2004). When this
coelomic epithelium is removed, the
formation of sex cords is likely inhib-
ited. Unfortunately, whole adrenal-
kidney-gonad complexes cultured
with underlying mesonephric tissue
intact undergo rapid degradation and
cell death, and development does not
proceed (N. Moreno-Mendoza, perso-
nal communication).

Sox9 Localization Early in

the Temperature-Sensitive

Period Is Not Sexually

Dimorphic

We previously reported a sexually
dimorphic localization of Sox9 early
in the TSP (Shoemaker et al., 2007a).
At stage 15, Sox9 transcripts were
found to be preferentially organized
in gonads developing at MPT in clus-
ters of cells surrounding nonexpress-
ing cells, while expression remained
diffuse at FPT (Shoemaker et al.,
2007a). Here, we clarify those results
and find that while Sox9 expression
does remain diffuse in some gonads at
FPT, other gonads at FPT exhibit
clusters of Sox9-expressing cells sur-
rounding nonexpressing cells similar
to the pattern seen at MPT. Overall,
there were no differences in the range
or average number of clusters found
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in gonads at MPT versus FPT. In light
of this new evidence, it is concluded
that Sox9 becomes sexually dimorphic
in the gonads of the red-eared slider
turtle after dimorphic Mis expression,
similar to the case in alligator and
chicken (Oreal et al., 1998; Smith
et al., 1999a, Western et al., 1999).
Furthermore, it confirms previous
evidence in the snapping turtle that
dimorphic Dmrt1 expression also
appears before dimorphic Sox9
expression (Torres-Maldonado et al.,
2002). This expression pattern is con-
sistent with the hypothesis that Sox9
plays a role in the commitment of the
developing gonad (Shoemaker and
Crews, 2009), and does not appear to
be involved early in the opening of the
temperature-sensitive window in the
slider turtle.

Evidence Sox9 May Not

Initially Up-regulate Mis in

the Slider Turtle Gonad

Sox9 directly up-regulates the initial
expression of Mis in the developing
mammalian testis, and this relation-
ship appears not to be conserved
throughout all taxa. In chicken, alliga-
tor and slider turtle, sexually dimor-
phic expression of Mis in developing
gonads precedes dimorphic Sox9, indi-
cating that the initial up-regulation of
Mis has likely been coopted by other
molecule(s) (Fig. 4; Oreal et al., 1998;
Western et al., 1999; Smith et al.,
1999a; Takada et al., 2004; Shoemaker
et al., 2007b). While any possible func-
tional relationship between these two
molecules in organisms with TSD is as
yet undescribed, the data here con-
tinue to support the hypothesis that
Mis is initially up-regulated by some-
thing other than Sox9 in the red-eared
slider turtle. It must be noted that
although gene expression patterns do
not dictate a hierarchy of gene action
(presence of transcript does not mean
transcript is functional, that it is
spliced consistently in different cellu-
lar environments, or that protein
splice forms are functionally equiva-
lent), they can be useful as a predictive
model.

First, in ovo gonads shifted FPT!
MPT exhibit significant up-regulation
of Mis above FPT levels by Day 4,
while up-regulation of Sox9 became
significantly greater than FPT by Day

8. Second, in vitro gonads shifted
MPT!FPT also reveal that Mis
expression responds more rapidly to
the new FPT environment than Sox9
expression. Mis is immediately down-
regulated by a shift to FPT, exhibiting
statistically lower expression by Day
1. The transient increase in Mis
expression in MPT!FPT gonads at
Day 4 is driven by one individual
gonad (n ¼ 8 total, data not shown). In
contrast, Sox9 expression in
MPT!FPT gonads showed an initial
increase at Days 1 and 2, followed by a
slow descent to baseline levels by Day
8. These data indicate that Mis has a
strong and rapid temperature sensi-
tivity in both directions (MPT!FPT
and FPT!MPT), and that regulation
of Mis is not due to a simple increase in
or lack of Sox9 transcript. In fact, if
Sox9 was responsible for the initial up-
regulation of Mis, the up-regulation in
vitro of Sox9 in MPT!FPT gonads
would be predicted to cause a corre-
sponding increase in Mis, which is not
observed.

Third, when exogenous Sox9 is mis-
expressed in gonads developing at
FPT in vitro, Mis expression remains
undetectable in all cases (data not
shown). Because Sox9 up-regulation
is transient and only lasts for 1 day, it
is possible that an effect on Mis is not
observed due to timing of the experi-
ment, and given stable expression of
Sox9 at FPT for a longer period, Mis
would be up-regulated. In this initial
study, however, the repression of Mis
by FPT was not altered by a signifi-
cant increase in SOX9 levels. There-
fore, although our data do not rule
out the possibility that Sox9 may help
to maintain the expression of Mis,
they do support the hypothesis that
some other factor upstream of Mis
controls its initial expression in the
gonad of the slider turtle. To further
confirm this, sustained misexpression
is a goal of future experiments.

In all likelihood, there are multiple
mechanisms regulating the expres-
sion of Mis. For example, Mis expres-
sion may be initially up-regulated by
an unknown male-typical factor,
maintained by Sox9, repressed by
estrogen, and repressed directly by
female-producing temperature or
indirectly by means of a female-typi-
cal factor. It is possible that Mis
directly senses temperature, or more

likely is being regulated by means of a
separate temperature-sensing mole-
cule; both hypotheses would be fruit-
ful to examine, beginning with a func-
tional analysis of the Mis promoter
and misexpression of various compo-
nents of the sex-determining network.

Interaction of the Genetic

and Hormonal Networks

Underlying Gonadogenesis

The pattern of expression of the genes
studied here do not conflict with the
hypothesis that their expression is
hormone-sensitive, and examining
the hierarchy of action of these vari-
ous players (temperature, hormones,
and genes) is critical to understand-
ing patterning of the vertebrate
gonad. It is now known that, in con-
trast to the case in mammals, estra-
diol is critical to early patterning of
the ovary in the red-eared slider tur-
tle (Pieau and Dorizzi, 2004; Ramsey
and Crews, 2009). Estradiol treat-
ment to the eggshell of developing
embryos overrides the effect of MPT
in ovo, feminizing the resulting gonad
(Crews et al., 1991). The interactions
between estradiol and the molecular
network underlying gonadogenesis
have begun to be explored in studies
examining ERa, ERb, aromatase, AR,
and Sf1 (Fleming and Crews, 2001;
Ramsey et al., 2007; Ramsey and
Crews, 2007). It is probable that es-
tradiol-induced sex-reversal is modu-
lated in part by the repression of gene
products required for testis develop-
ment, and these repressed factors
may include Sox9, Mis, and Dmrt1.

The ability of estradiol to regulate
expression of these four genes in an or-
ganism with TSD has been explored in
only a few cases. When estrogen is
applied to slider turtle eggshells incu-
bating at MPT before the TSP, expres-
sion of Dmrt1 is down-regulated to
FPT-typical levels; effect on other
genes were not examined (Murdock
and Wibbels, 2006). In a teleost fish,
treatment of an aromatase inhibitor to
embryos at a temperature that pro-
duces mixed sex ratios caused an
increase Mis expression (Fernandino
et al., 2008b). The modulation of these
interactions remains to be elucidated
but, as indicated by our data (Supp.
Fig. S1), it would be revealing to
expand hormone treatment studies of
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these components of the sex-determin-
ing pathway. In fact, during the publi-
cation of this manuscript, Barske and
Capel demonstrated the regulation of
SOX9 by estradiol in the slider turtle
(2010). It will be of critical importance
for future research on the TSD molec-
ular network to examine these inter-
actions downstream of temperature
between endogenous steroid hormones
and gene products. Understanding the
complex interactions of these two sys-
tems, hormonal and genetic, is neces-
sary to fully explain how a gonad is
patterned in organisms with TSD.

In summary, we demonstrate in the
red-eared slider turtle that expres-
sion of Sox9, Dmrt1, Mis, and FoxL2
exhibit sustained changes in expres-
sion in response to sex-reversing tem-
perature shifts that last through em-
bryonic gonadogenesis. We use a
whole-organ in vitro culture system
and show that when gonads are sepa-
rated from other embryonic tissues,
expression patterns of these four
genes mimic in ovo patterns at both
constant and shifted temperature
regimes. Isolated gonads retain the
ability to sense and respond to
changes in temperature and endoge-
nously regulate the putative molecu-
lar network governing sexual devel-
opment, demonstrating that this
process occurs within the cells of the
gonad of the slider turtle. Further-
more, we demonstrate the ability to
misexpress fusion plasmid constructs
introduced by electroporation into
gonadal cells, allowing functional
manipulation experiments that are
classic in more traditional model sys-
tems. These types of experiments
open the door to future studies eluci-
dating the function and temporal hi-
erarchy of action of the molecular cas-
cade underlying gonadogenesis in
organisms exhibiting temperature-de-
pendent sex determination.

EXPERIMENTAL

PROCEDURES

Embryos

Freshly laid red-eared slider eggs pur-
chased from Clark Turtle Farms (Ham-
mond, LA) were maintained as previ-
ously described (Wibbels et al., 1991), in
accordance with humane animal prac-
tices under IACUC protocol #03102301.
Briefly, viable eggs were randomized in

trays of moistened vermiculite and
placed in incubators (Precision, Chi-
cago, IL) at 26.0�C or 31.0�C. Incubator
temperatures were monitored daily
with HOBO data loggers (Onset Com-
puter Corp., Bourne, MA) and verified
with calibrated thermometers. For tem-
perature shift experiments, multiple
trays of 30 eggs/tray were shifted at de-
velopmental stage 16 from incubators
held at 26.0�C to 31.0�C and vice versa.
Progression of development was moni-
tored by staging external morphological
characteristics according to Green-
baum’s staging series (Greenbaum,
2002), with the addition of stage ‘‘16.5’’
as described previously (Shoemaker
et al., 2007b). Greenbaum’s staging se-
ries of Trachemys scripta embryos is
similar to Yntema’s staging series of
Chelydra serpentina, and the reader is
referred to the original papers for differ-
ences in specific stage comparisons
(Yntema, 1968). In this study, the terms
‘‘early’’ and ‘‘late’’ were used to describe
slight stage variations observed
between individual eggs laid on the
same day. For example, an ‘‘early’’ stage
16 embryo (quantified as 15.75 in Fig.
2) had younger morphology as com-
pared to an exact stage 16 embryo
(16.0), but an older phenotype than a
late stage 15 embryo (15.25). Individual
stage data collected throughout the
study are presented in Supp. Table S1.

Selection of Shift Timepoint:

Stage 16

In the temperature-shift studies, de-
velopment was allowed to proceed at
the initial incubation temperature
through stage 16, at which point the
embryo is in the middle of the TSP,
the gonad has begun to follow a par-
ticular sexual trajectory (testicular or
ovarian), and molecular differentia-
tion has begun. Gonads (in ovo or in
vitro) were then shifted to the oppos-
ing temperature regime and analyzed
at various subsequent time points to
assess altered gene expression pat-
terns. Shifting eggs at stage 16, there-
fore, represents a true change from
one initiated developmental trajectory
to the other, and is the latest known
stage at which 100% of shifted
embryos will respond to the new tem-
perature and undergo complete sex-re-
versal in both directions (MPT!FPT
or FPT!MPT; Wibbels et al., 1991).

In Ovo Tissue Collection

Eggs were incubated at 26.0�C (MPT)
or 31.0�C (FPT) until Greenbaum’s
stage 16 (¼ Day 0), at which point
some eggs were allowed to continue
developing at constant temperature,
while other eggs were shifted to the op-
posite temperature regime (MPT!FPT
or FPT!MPT). Following 1, 2, 4, 8, 12,
16, or 20 days of in ovo growth post-
Day 0, embryos were removed from the
egg, staged, and killed by rapid decapi-
tation. Adrenal-kidney-gonad com-
plexes (AKGs) were immediately dis-
sected and floated in sterile phosphate
buffered saline (PBS). Gonads were
carefully separated from underlying
mesonephric tissues using fine scissors
and a dissecting microscope and pre-
served immediately for histology or
gene expression analysis (Fig. 1A).

Whole-Gonad In Vitro

Organ Culture

Eggs were incubated at 26.0�C (MPT)
or 31.0�C (FPT) until Greenbaum’s
stage 16, at which point embryos
were removed from the egg and killed
by rapid decapitation. AKGs were im-
mediately dissected and floated in
sterile PBS. Gonads were separated
from underlying mesonephric tissues
and grown individually in culture on
a sterile, low protein-binding 0.4 mm
Biopore Millicell membrane (Milli-
pore, Billerica, MA) floating on 2 ml
culture medium. Culture medium ini-
tially contained Leibovitz’s L-15 me-
dium (þL-Glutamine, phenol red;
Gibco) supplemented with 10%
unstripped fetal bovine serum (FBS;
Sigma) and 0.2% Antibiotic/Antimy-
cotic (Gibco). However, gonads cul-
tured at MPT in the presence of phe-
nol red and fetal serum hormones
exhibited dramatic repression of
Sox9, Dmrt1, and Mis and slight up-
regulation of FoxL2 mRNA expression
(Supp. Fig. S1). Thus, a component of
this culture medium (likely phenol
red, a known estrogen mimic; Ber-
thois and Katzenellenbogen, 1986;
Welshons et al., 1988) repressed MPT-
typical patterns and induced FPT-typ-
ical patterns of expression. Subse-
quent studies used phenol red-free
culture medium containing Leibo-
vitz’s L-15 medium (þL-Glutamine;
Gibco) supplemented with 10%
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charcoal-stripped FBS (Sigma) and
0.2% Antibiotic/Antimycotic (Gibco).

Gonads were cultured in sterile cul-
ture plate wells (Corning) positioned
in a self-contained growth chamber
unit placed in large incubators main-
tained at 26.0�C or 31.0�C (Precision,
Chicago, IL). Incubator temperatures
were monitored daily with HOBO
data loggers (Onset Computer Corp.,
Bourne, MA) and verified with cali-
brated thermometers. Culture me-
dium was refreshed by replacing 1 ml
every 2 days for the duration of cul-
ture. Gonads were grown at either
constant temperatures (the same tem-
perature as before dissection) or
shifted temperatures (FPT!MPT and
MPT!FPT). Following 1, 2, 4, 8, 12,
16, or 20 days of culture, gonads were
preserved for histology or gene
expression analysis (Fig. 1B).

Histology

Gonads collected for histology were
stored in 1 mL of Bouin’s solution
(71% picric acid, 24% formaldehyde,
5% acetic acid) and subsequently
washed in 70% EtOH containing sev-
eral drops of ammonium hydroxide.
Gonads were dehydrated through an
increasing EtOH series, cleared in xy-
lene, and embedded in paraffin. Tis-
sue was sectioned on an American
Optical Company microtome at 6 mm,
stained using standard hematoxylin
and eosin (H&E) procedures, and pho-
tographed on a Nikon microscope.

RNA Extraction and

cDNA Synthesis

Following dissection from the egg or
in vitro culture, individual gonads
were placed immediately in 800 ml of
RNA Denaturing Solution (Promega),
vortexed for 1 min to dissociate, and
stored at �80�C. Total RNA was
extracted using the RNAgents Total
RNA Isolation kit (Promega) and
treated with DNA-Free Turbo DNase
I (Ambion, Austin, TX). All RNA
extracted from each individual gonad
was reverse-transcribed into cDNA
using the SuperScript First-Strand
Synthesis for reverse transcriptase-
polymerase chain reaction system
(Invitrogen, Carlsbad, CA) with both
oligo-(dT) and random hexamer pri-
mers and stored at �20�C for gene
expression analysis by qPCR.

Quantitative Real-Time PCR

Relative gene expression levels were
quantified using SYBR Green I dye
technology (Invitrogen) and an ABI
PRISM 7900HT real-time PCR cycler
(ABI SDS 2.2.1 software) as described
previously (Shoemaker et al., 2007a,b).
Briefly, samples were each run in trip-
licate and the median value was
adjusted for gene-specific PCR effi-
ciency and normalized to constitutive
expression of protein phosphatase 1
(PP1). To examine gene expression
fold changes both in ovo and in vitro,
values were calibrated to the lowest in
ovo expression value. These time
points were as follows: for FoxL2, in
ovo Day 20 MPT; for Sox9 and Dmrt1,
in ovo Day 20 FPT; for Mis, the value
of 0.00001. Mis expression at Day 20
FPT was below the level of detectabil-
ity; 0.00001 is the threshold of detec-
tion for Mis expression as determined
by the ABI 7900, and, therefore, is
used to approximate the lowest point
of detectable expression.

Whole-Mount In Situ

Hybridization

Turtle embryos were harvested from
eggs at Greenbaum’s stage 15 and
AKGs were dissected and fixed over-
night in 4% paraformaldehyde/PBS at
4�C (n ¼ 10 at FPT and n ¼ 5 at MPT).
Whole-mount ISH was performed as
by Andrews et al. (1997) with modifica-
tions described previously (Shoemaker
et al., 2007a). AKGs were subse-
quently embedded in OCT freezing
medium (Fisher Scientific, Hampton,
NH), sectioned on a 2800 Reichert-
Jung cryostat and photographed on a
Nikon microscope. Clusters of express-
ing cells were counted in a blind exper-
imental design by two independent
researchers for every readable section
per gonad and averaged. The total
number of cell clusters per section
were then analyzed to give a range
and mean for each gonad.

Plasmid Construction

An EcoRI restriction site was inserted
in frame by PCR into the 5’ UTR of
slider turtle Sox9 (GenBank accession
#EU914820). The full-length coding
region (1604 base pairs) was then sub-
cloned into pCS107:GFP:3stop con-
taining a simian CMV IE94 promoter
by restriction enzyme digest. The

plasmid was a kind gift from John
Wallingford, originally derived by the
Harland lab (http://mcb.berkeley.edu/
labs/harland/links.html) from Dave
Turner’s pCS2þ multipurpose expres-
sion vector (http://sitemaker.umich.
edu/dlturner.vectors).

In Vitro Electroporation

Eggs were incubated at 31.0�C (FPT)
until Greenbaum’s stage 16, at which
point embryos were removed from
the egg and killed by rapid decapita-
tion. AKGs were immediately dis-
sected and floated in sterile PBS.
Gonads were separated from underly-
ing mesonephric tissues and placed
on solidified Sylgard in a sterile
Petri dish in 7.5 ml of 0.8 mg /ml plas-
mid DNA (either pCS107:GFP or
pCS107:GFP:Sox9). Gonads were elec-
troporated (2 � 20 volts � 50 msec � 3
pulses with 100 msec interval) with
0.00200 bare platinum wires (A-M Sys-
tems, Inc., Carlsborg, WA) attached to
a BTX Electro Square Porator ECM
830 while floating in the solution of ol-
igonucleotides. Following electropora-
tion, the tissue was immediately
transferred to a fresh droplet of cul-
ture medium for several minutes.
Gonads were then transferred to a
0.4-mm Millicell membrane (Millipore)
and cultured for 1, 2, or 3 days as
above. Electroporation efficiency was
assessed by examining GFP fluores-
cence at day 1 on an Olympus SZX12
microscope. After 1, 2, or 3 days of cul-
ture, gonads were preserved for gene
expression analysis (Fig. 1C).

Statistical Analysis

For each gene, expression values
measured by qPCR relative to the
housekeeping gene (PP1) were tested
for normality and variance assump-
tions. Raw data were log-transformed
to meet the normality assumption
and a heterogeneous variance model
was selected that allows for variation
across groups (sex/day combinations)
within the model. For Mis, values
below the level of qPCR detectability
(¼ 0.0) were replaced with threshold
value 0.00001 (see above); maximum
likelihood did not converge with a het-
erogeneous variance model and so a
simpler model was chosen. A two-fac-
tor Mixed model (proc mixed) on all
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values tested for sex or day main
effects and a sex by day interaction
within each gene (SAS software pro-
gram, SAS Institute, Inc., Cary, NC).
Sex by day interactions were found to
be statistically significant for all genes
(Supp. Table S2). Simple pairwise com-
parison tests examined differences
within gene between sex within day,
and was corrected for multiple tests
(43 contrasts per model) using a step-
wise Bonferroni adjustment (Supp. Ta-
ble S3). Contrasts were considered
statistically significant at the a¼ 0.05
level. For electroporated gonads,
expression data were normalized to
the housekeeping gene PP1, and a
general linear model (proc glm) was
conducted analyzing effect of treat-
ment for each day for each gene (SAS
software program).
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