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a b s t r a c t
The leopard gecko (Eublepharis macularius) exhibits temperature-dependent sex determination as well as
temperature-inﬂuenced polymorphisms. Research suggests that in oviparous reptiles with temperaturedependent sex determination, steroid hormones in the yolk might inﬂuence sex determination and sexual differentiation. From captive leopard geckos that were all from the same incubation temperature
regime, we gathered freshly laid eggs, incubated them at one of two female-biased incubation temperatures (26 or 34 °C), and measured testosterone content in the yolk-albumen at early or late development.
No differences in the concentration of testosterone were detected in eggs from different incubation temperatures. We report testosterone concentrations in the yolk-albumen were higher in eggs of late development than early development at 26 °C incubation temperatures, a ﬁnding opposite that reported in
other TSD reptiles studied to date.
Ó 2013 Published by Elsevier Inc.

1. Introduction
Yolk steroid hormones contribute to phenotypic plasticity by
modulating development. The function of yolk steroid hormones
has been described as providing information from the environment
via maternal effects. In birds, environmental factors correlated with
yolk steroid hormone ﬂuctuations include proximity to nesting conspeciﬁcs, maternal condition, and egg or clutch laying order (Gilbert
et al., 2005; Reed and Vleck, 2001; Groothuis et al., 2005). Yolk steroid hormone differences, natural and manipulated, can contribute
to differences in juvenile social rank, begging behavior, and growth
rate, as well as changed secondary sexual characteristics and behavior in adults (Adkins-Regan et al., 1995; Bonisoli-Alquati et al., 2011;
Partecke and Schwabl, 2008; Schwabl, 1993, 1996; Strasser and
Schwabl, 2004). In various lizard species with genotypic sex determination, sex can be correlated or uncorrelated to yolk steroid hormone concentrations (Lovern et al., 2001; Radder et al., 2007). In an
Australian montane skink species (Bassiana duperreyi), yolk dihydrotestosterone concentrations are higher in smaller eggs, and
smaller eggs are more likely to produce males (Radder et al., 2009).
In reptile species with temperature-dependent sex determination (hereafter TSD), gonadal sex is determined by incubation temperature during a thermosensitive period in development. Gene
expression patterns in the undifferentiated gonad is initiated by
incubation temperature at the beginning of the thermosensitive
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period, and is sex speciﬁc but varies across taxa (Matsumoto and
Crews, 2012; Shoemaker et al., 2007). After this window, the development of testes or ovaries is not affected by exogenous hormones
or temperature changes (Bull, 1987; Bull et al., 1988). The inﬂuence
of exogenous steroid hormones on gonadal sex has been studied in
various reptile species, mainly turtles. In painted turtles (Chrysemys picta), at a 28 °C incubation temperature, the ratio of testosterone:estradiol is correlated with the sex ratio of clutches and season
(Bowden et al., 2000). It has been noted in most oviparous species
regardless of the mode of sex determination that yolk steroid hormones declined during development (Bowden et al., 2002; Conley
et al., 1997; Elf et al., 2002), and the mechanism for yolk estradiol
metabolism has recently been described (Paitz et al., 2012). Jeyasuria and Place (1998) proposed that testosterone acts as a substrate for the enzymes aromatase or 5a-reductase that furthers
sexual differentiation in the brain, although the source, from local
production in the brain, gonads, or yolk, was not speciﬁed. Aromatase activity has been found in the whole brain during the thermosensitive period of TSD reptiles, although its function has yet to be
determined (Endo et al., 2008; Willingham et al., 2000).
In the leopard gecko (Eublepharis macularius), incubation temperature determines gonadal sex; low and high incubation temperatures (26 and 34 °C respectively) produce either only females or
female-biased sex ratios, (100 and 95% females, respectively),
while an intermediate temperature (32.5 °C) generates a malebiased sex ratio (approximately 75% males) (Viets et al., 1993).
The embryo is at developmental stage 28 at oviposition,
experiences a thermosensitive period from stages 32–37, and
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hatches at stage 42 (Bull, 1987; Wise et al., 2009). Incubation time
is temperature-dependent; embryos incubated at lower temperatures spend more time at each stage than those incubated at high
temperatures (Bull, 1987; Endo et al., 2008; Tousignant and Crews,
1994; Valleley et al., 2001).
Incubation temperature also contributes signiﬁcantly to adult
leopard gecko intrasexual polymorphisms; males and females from
each incubation temperature exhibit signiﬁcant within-sex variation hereafter called temperature morphs (Sakata and Crews,
2004). Animals of both sexes differ between male- vs. femalebiased incubation temperatures, as well as between two femalebiased incubation temperatures. Although the 26 °C and 34 °C
incubation temperatures produce exclusively or predominantly females, temperature morphs from the 34 °C incubation temperature
are more aggressive, reach sexual maturity later, and have higher
levels of circulating corticosterone relative to females from the
26 °C incubation temperature, but they do not differ in baseline circulating sex steroid hormones (Flores et al., 1994; Tousignant et al.,
1995). The two temperature morphs also differ in the metabolic
capacity of hypothalamic regions associated with male-typical
behavior (Coomber et al., 1997).
Studies demonstrate that steroid hormones activate sociosexual
behaviors in leopard geckos (Sakata and Crews, 2004), and relatively little is known about the levels of steroid hormones in the
egg (Elf, 2004; Rhen et al., 2006). Females treated with estradiol
in ovo did not display signiﬁcant growth differences at either a female-biased or male-biased incubation temperature (Tousignant
and Crews, 1995), though it is known that estradiol can reverse
the sex in these species (Bull et al., 1988). Like some other oviparous species, maternal condition does inﬂuence yolk steroid hormone concentration; in this species dihydrotestosterone
concentration has an inverse relation to female mass depending
on the laying season (Rhen et al., 2006).
It is important to note that there is no distinct separation between the yolk and albumen in leopard gecko eggs, therefore the extra-embryonic material is best described as yolk-albumen (YA). The
leopard gecko system provides a unique opportunity to look at YA
testosterone concentration across development within a sex, at
two female-biased incubation temperatures with an 8 °C difference.
Because of the large difference in incubation temperatures that both
produce putative females, any hormone difference detected would
be due to incubation temperature and less likely sex differences.
In this experiment, we measured testosterone concentrations in
the YA of eggs incubated at 26 or 34 °C collected in either early or
late in development to answer (1) how YA testosterone ﬂuctuates
during embryonic development, and (2) if the YA steroid hormone
concentration across development is temperature-dependent. We
predicted that YA testosterone levels would decrease during development, similar to most amniotes. Finally, we wanted to examine
how the hydric state of the YA varied between high and low incubation temperatures across development, as different YA water
content may provide a varying microenvironment in ovo (Reed
and Vleck, 2001). In other TSD species substrate moisture can inﬂuence sex determination at low incubation temperatures (Gutzke
and Paukstis, 1983). Despite the water exchange-conducive, parchment-like structure of leopard gecko eggshells, we predicted no
difference in YA water content between incubation temperatures
during early development due to the same initial hydric environment ex ovo (Werner, 1972).
2. Methods
2.1. Egg collection
Eggs and samples were collected in accordance of Institutional
Animal Care and Use Committee (IACUC) protocol AUP-2008-

00135. Eggs were collected from Tremper Leopard Gecko (Boerne,
TX, USA), a leopard gecko breeder in July 2009. Within each breeding group, eggs could not be attributed to individual geckos, but all
egg-laying females were of the same incubation temperature (26 °C
for 2/3 of their development time). Eggs collected and frozen within
4 days of oviposition were considered ‘‘oviposition’’ with embryonic
stages to be determined. The eggs were incubated for 7–30 days in a
commercial incubator (Precision Instruments, OH, USA) at either 26
or 34 °C. After incubation, eggs were frozen at 20 °C until YA collection. Eggs frozen after seven days incubating at 34 °C and 14 days
at 26 °C were categorized as ‘‘Early’’, and after 17 days incubating at
34 °C and 30 days at 26 °C were categorized as ‘‘Late’’. The days of
incubation that correspond with early and later developmental
stages including the thermosensitive period were estimated from
(Bull, 1987) and Endo et al. (2008). Frozen YA was separated from
embryos, which were staged according to Wise et al. (2009).

2.2. Radioimmunoassay
The yolk-albumen fraction collected from eggs was used to
measure testosterone concentrations using a competitive-binding
radioimmunoassay (RIA) with testosterone-speciﬁc antibody
(Wien Laboratories T3003, Flanders, NJ, USA). The samples were divided into two assays, with each assay containing an equivalent
number of samples from each treatment group. The RIA protocol
followed that of Schwabl (1993). For each egg, 50 mg YA was
weighed and homogenized in 1 ml water. To calculate recoveries,
2000 cpm of tritiated testosterone (Perkins Elmer NET553, Boston,
MA USA) was added per sample.
After equilibrating over night, samples were extracted with
6 ml diethyl ether/petroleum ether (70:30, v:v), dried with nitrogen and reconstituted in 1 ml ethanol in 20 °C overnight. To pellet neutral lipids, samples were spun at 2000 rpm for 5 min,
supernatants were dried with nitrogen at 37 °C. Samples were then
resuspended in 500 ml 10% ethyl acetate in isooctane (2,2,4-trimethylpentane) before being transferred to Celite columns consisting of water phase and a propylene glycol/ethylene glycol (1:1,
v:v) phase. After increasing concentrations of ethyl acetate in isooctane, testosterone samples were collected with 4.5 ml of 20%
ethyl acetate in isooctane. The average recovery rate of testosterone for the samples was 51%. The intra-assay coefﬁcients of variation were 26.6% and 13% respectively. The interassay coefﬁcient of
variation was 26.6%.

2.3. Yolk-albumen dehydration
Because YA water content can vary among eggs, with the possibility of dried YA mass increasing during development (Reed and
Vleck, 2001), dried weights of the samples were measured. To
determine how YA water content was related to embryonic development or incubation temperature, YA was aliquoted in a preweighed 1.5 ml Eppendorf centrifuge tubes (Eppendorf, Hamburg,
Germany), and dried overnight at 45 °C. The YA aliquot and tube
were collectively weighed before and after drying. Water content
was calculated as the difference between the before and after drying YA weight. The dry YA weight was the difference between the
after drying weight and the tube weight. The dry YA weight divided by the aliquot weight gave the proportion of YA as dry
weight. This fraction multiplied by 100 gave the percent dry
weight. As these aliquots were not taken at the same time as the
radioimmunoassay aliquots, some samples for RIA were not
available for dehydration.
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2.4. Statistics
R: A Language and Environment for Statistical Computing was
used for data analyses (R Foundation for Statistical Computing,
Vienna, Austria 2012). A Pearson product correlation test was performed on samples of all developmental stages to detect correlation between developmental stage and YA testosterone
concentration. Considering YA taken at the thermosensitive period,
two factors were considered as factors inﬂuential to YA testosterone concentration: development (Early vs. Late) and incubation
temperature (26 °C vs. 34 °C). The combination of factors generated four treatment groups: Early26, Early34, Late26 and Late34.
The combinations made four groups and each was normally distributed (Shapiro–Wilk p > 0.05). However, sample sizes were taken to account and the non-parametric analysis was used.
Kruskal–Wallis with post hoc pairwise Wilcoxon rank-sum test
with Benjamini-Hochberg corrections was used to detect the
effects of development and incubation temperature on YA testosterone and water content (Benjamini and Hochberg, 1995). To detect an inﬂuence of development on dry YA weight, a Pearson
product correlation test was performed.
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positive correlation between yolk-albumen testosterone concentration and developmental stage (df = 51, p = 4.2e 7 r2 = 0.40). During the thermosensitive period, YA testosterone concentrations
differed among the four treatment groups (Kruskal–Wallis
X2 = 14.801, p = 0.002). The ranges of stages in Early and Late
development were 33 to 35 and 36 to 37, respectively. A post hoc
pairwise Wilcoxon rank-sum test with Benjamini-Hochberg corrections indicated that the Early vs. Late development difference
in YA testosterone concentration was detected at 26 °C but not at
34 °C incubation temperature (p = 0.003, and p = 0.056,
respectively).
3.2. Dried yolk-albumen weight
There was a signiﬁcant positive correlation between the dry YA
weight and developmental stage (df = 50, p = 3.4e 4, r2 = 0.23), but
there was no signiﬁcant difference between 26 or 34 °C incubation
temperature at either early or late thermosensitive period (Kruskal–Wallis X2 = 0.8487, df = 3, p = 0.8378). Nor was there signiﬁcant correlation during the thermosensitive period between the
dry YA weight and YA testosterone concentration at either 26 or
34 °C (p = 0.085, p = 0.16, respectively).

3. Results
4. Discussion
3.1. Yolk-albumen testosterone concentration
Analysis of our radioimmunoassay data detected a signiﬁcant
difference in YA testosterone concentration between Early and Late
development but no difference between low and high femalebiased incubation temperatures (Fig. 1). One egg frozen in the ‘‘oviposition’’ category had a developmental stage in the thermosensitive period, and was excluded from analysis of thermosensitive
period because it did not undergo an incubation treatment. Some
eggs frozen at the ‘‘Late’’ interval (see 2.1) had embryos that had
developed beyond the thermosensitive period; these eggs were excluded when considering effects of thermosensitive period.
Including YA testosterone measurements from eggs at all recorded developmental stages (stage 28–41), there was a signiﬁcant
Early
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Fig. 1. In the leopard gecko, testosterone concentration in the yolk-albumen is
higher in Late vs. Early thermosensitive period at 26 °C incubation temperature.
Medians of four treatment groups ±1.5 interquartile ranges are represented;
numbers in boxes indicate sample size. Groups not sharing the same letters indicate
signiﬁcant difference (p < 0.05).

In order to describe changes in testosterone across development
in the leopard gecko, we measured egg YA testosterone concentrations Early and Late during the thermosensitive period. We had
predicted that, according to most other studies of oviparous animals with genetic and temperature-dependent sex determination,
testosterone concentration in the YA would decrease during
embryonic development, possibly as a consequence of steroid
metabolism. However, we detected the opposite, where concentration of testosterone in the YA was greater in eggs at the Late temperature-sensitive period than at the Early temperature-sensitive
period, speciﬁcally at the 26 °C incubation temperature. There
was a similar trend in YA testosterone concentration at 34 °C but
the difference between Early vs. Late was not signiﬁcant. Our data
suggest that females of this Eublepharid species with temperaturedependent sex determination experience an increase in the concentration of testosterone in YA during development. In addition,
although we detected a loss of YA water content across development, the YA water content remained similar during the thermosensitive period, and did not differ between incubation
temperatures.
Testosterone concentration in the YA of eggs did not differ between 26 and 34 °C incubation temperatures during development.
These ﬁndings complemented other studies of steroid hormone
exposure, such as hormone synthesis and sensitivity during development. In leopard gecko embryos from 26 and 34 °C incubation
temperatures, steroidogenic enzyme p450scc and androgen receptor expressions are detected in both the brain and gonad-adrenalmesonephric complex at all stages of the thermosensitive period,
but aromatase expression patterns across development are
different (Endo et al., 2008). Steroidogenic enzyme aromatase
expression is not detected in the gonad-adrenal-mesonephric complex of embryos at 26 °C incubation temperature until the late
thermosensitive period, unlike embryos of 34 °C incubation temperature. However, in other TSD species gonadal activity separate
from the adrenal and mesonephros have shown a different gene
expression timeline (Ramsey and Crews, 2007). Alternative explanations are that behavioral differences in 26 and 34 °C incubation
temperature females do not originate during the thermosensitive
period, or that the behavioral differences are not organized by
testosterone in the YA.
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The increase over time in testosterone concentrations in YA
suggests an increase in gonad steroidogenesis occurring in Early
vs. Late temperature-sensitive period, across ﬁve developmental
stages. Although YA water content decreased during development,
the decrease was not detected during the temperature- sensitive
period at either 26 or 34 °C. It is worth noting that the aliquots
were taken from the same stock sample but not taken at the same
time, but each egg YA was homogenized before collecting the stock
sample. Another possible shortcoming is that in Late thermosensitive period samples, the YA becomes vascularized and hormones in
circulating blood vessels could potentially contribute to an increase in testosterone concentration. However with frozen samples, it is easy to identify and remove the vessels from YA, so
there was minimal input in our samples from circulating steroids
present in the vasculature.
In the context of other species, the pattern of increasing YA testosterone is in the minority. In contrast to species with decreasing
yolk steroid hormone, it is suggested that developing leopard
gecko embryos may be generating testosterone during the thermosensitive period, in addition to metabolizing YA testosterone. A few
studies in species with genetic sex determination have reported an
increase in steroid hormones in later development, possibly attributing the increase to gonad and adrenal steroidogenesis or decrease in absolute yolk volume (Elf and Fivizzani, 2002; Lovern
and Wade, 2001). In other TSD species, estrogen metabolites move
between the yolk and embryo, suggesting that other steroid hormones, if conjugated and polar, can also move between yolk and
embryo during development (Paitz et al., 2012). Neither the absolute YA volume nor gonadal steroidogenesis for these leopard
gecko samples were quantiﬁed, so it is possible that both factors
can contribute to the measured increase in testosterone concentration across development. Recently, the yolk testosterone level of
another gecko species with TSD (Gekko japonicus) has been described across development among different incubation temperatures, with similar results; the two female-biased incubation
temperatures did not differ in yolk testosterone levels, but both
experienced an increase in testosterone from 1/3 to 2/3 of their
incubation time (Ding et al., 2012). It was suggested that the increased yolk testosterone concentration followed a proposed
mechanism in the GSD green anole (Anolis carolinensis), that nonpolar steroids generated by the embryo enter the lipophilic yolk
(Lovern and Wade, 2003), but steroidal movement is also possible
in a conjugated state (Paitz et al., 2012). Further work is needed to
determine whether the observed increase in YA testosterone is the
product of embryonic steroidogenesis, and to compare the mechanisms between opposing changes in YA steroid hormones.
In summary, the most important ﬁnding was that the YA testosterone concentration increased during development in eggs, speciﬁcally at the female-biased incubation temperature of 26 °C.
This is an uncommon examination of within-sex variation of YA
hormones in a species with TSD where a developmentally dependent increase was found, that there was no incubation temperature
difference in YA testosterone concentration, even considering a decrease in YA water content during development. Because it is possible to separate sex and temperature effects in this system, future
studies focused on determining the source of YA testosterone may
be particularly interesting.
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