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DECIPHERING THE CONSEQUENCES OF YOLK TESTOSTERONE METABOLISM IN BIRDS

NICOLE A. CAMPBELL
38 Pages
Maternal steroids transferred to eggs can elicit permanent effects on various aspects of
offspring phenotype. Although testosterone was thought to be a key mediator of maternal
effects in birds, we now know that vertebrate embryos actively regulate their exposure to
maternal testosterone through steroid metabolism, suggesting testosterone metabolites may
elicit the observed phenotypic effects. To address the role steroid metabolism plays in
mediating yolk testosterone effects, we used European starling (Sturnus vulgaris) eggs to
characterize the timing of testosterone metabolism and determine whether etiocholanolone, a
prominent testosterone metabolite in avian embryos, is capable of influencing early embryonic
development. Tritiated testosterone (3H-T) was injected into freshly laid eggs to characterize
the movement and metabolism during early development. Varying levels of etiocholanolone
were also injected into starling eggs and incubated for either three or five days to test whether
etiocholanolone influences the early growth of embryonic tissues. Interestingly, the conversion
of testosterone to etiocholanolone is initiated within the first 12 hours of embryonic
development, but the increase in etiocholanolone is transient; etiocholanolone is also subject
to metabolism, suggesting embryos are exposed to elevated levels of etiocholanolone for a
short period of time in early development. We found exogenous etiocholanolone manipulation
had no significant effect on the growth rate of the embryos or extra-embryonic membranes
early in development. These findings suggest the conversion of yolk testosterone to

etiocholanolone may be an inactivation pathway that buffers the embryo from the effects of
maternal steroids and the observed effects of yolk testosterone may be modulated by the
fraction of testosterone that escapes metabolism.
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CHAPTER I: TESTOSTERONE METABOLISM AND ETIOCHOLANOLONE EFFECTS
Introduction
Successful offspring development requires that the mother provides a variety of
resources (Starck and Ricklefs, 1998; Deeming and Reynolds, 2015), but the amount of these
resources can vary between offspring. When maternal resource variation occurs, maternal
effects, manifesting in phenotypic variation, can arise (Mousseau and Fox, 1998). One maternal
resource that has been implicated in mediating maternal effects is steroids (Eising et al., 2001;
Groothuis et al., 2005; von Engelhardt et al., 2009; Reidstra et al., 2013; Williams and
Groothuis, 2015). Much of the early interest in investigating maternal effects focused on
steroids, in part because steroids have long been known to influence developing tissues and
produce organizational effects that are permanent (Phoenix et al., 1959; Goy and McEwen,
1980). From this work, we recognize that steroids can coordinate sex-specific development of
target tissues including the brain and genitalia (Goy and McEwen, 1980; Jost, 1970).
Given that avian eggs contain testosterone at laying (or oviposition) (Schwabl, 1993; Groothuis
et al., 2005), it has been hypothesized females have the ability to alter testosterone levels in
their eggs, thereby influencing offspring development and phenotype. For example,
manipulations of maternal testosterone can affect the development of muscles associated with
hatching (Lipar and Ketterson, 2000; Lipar, 2001; Navara and Mendonça, 2008) and flight
(Navara and Mendonça, 2008; Chin et al., 2009). Skeletal development is also affected by
testosterone; nestlings from eggs injected with testosterone had larger tarsi (Navara et al.,
2005, 2006; Navara and Mendonça, 2008), although this increase has recently been found to
only occur in male offspring during the first half of embryonic development (Muriel et al.,
1

2013). Increased exposure to testosterone during development can lead to altered
development and functioning of the immune system. For example, both humoral (Groothuis et
al., 2005; Clairardin et al., 2011) and cellular (Navara and Mendonça, 2008) immunity are
suppressed by androgen exposure. With these findings, it is apparent that testosterone
exposure during early development does affect offspring phenotype; however, not all studies
report effects from early androgen exposure (Rubolini et al. 2006a), indicating these effects
may be context-or species-dependent. Although, one aspect of development in which all
studies report similar findings is the inability of yolk testosterone to affect the sexual
differentiation of tissues, such as the brain (Carere and Balthazart, 2007).
After studies on the effects of yolk testosterone began to accumulate, the question of
how effects of maternal testosterone in the yolk could arise without any apparent effects on
sexual differentiation, which was known to be modulated by testosterone (Carere and
Balthazart, 2007), quickly arose. A study performed in ring-necked pheasants found that
injections of testosterone into egg yolks prior to incubation did not affect sexual ornamentation
of the hatchlings (Rubolini et al., 2006b). However, in studies of Japanese quail, estradiol
benzoate (EB) injected into eggs prior to day 12 of incubation affects the sexual differentiation
of both male and female offspring (Adkins, 1979; Schumacher et al., 1989). Males hatched from
eggs injected before day 12 of incubation, showed a demasculinization of their sexual behavior
in adulthood, whereas males hatched from eggs injected after day 12 of incubation showed no
effect of EB treatment on behavior (Adkins, 1979). These findings suggest there is a critical
development window in the process of sexual differentiation by which steroid manipulations
can elicit activational effects later in life (Carere and Balthazart, 2007).
2

While a number of hypotheses have been put forth to address this issue (e.g. “temporal
dissociation” and “dose differences”), one question receiving increased attention is whether or
not developing embryos modulate the effects of maternal steroids in the yolk via steroid
metabolism (Paitz and Bowden, 2008, 2013; Paitz et al., 2011). For example, placental
vertebrates also develop in an environment rich in maternal steroids, yet steroids produced by
embryonic gonads, not from maternal circulation, direct sexual differentiation (Fuchs and
Klopper, 1971). In these taxa, the metabolism of maternal steroids by the placenta is critical to
maintaining an endocrine environment that allows developing gonads to properly direct sexual
differentiation (Pepe and Albrecht, 1995). In egg-laying species, the chorioallantoic membrane
(CAM), which is derived from the chorion and allantois like most placentas (Mossman, 1987), is
also capable of steroid metabolism (Paitz and Bowden, 2008; Albergotti et al., 2009).
Evidence is now accumulating to suggest embryos of egg-laying vertebrates modulate
their exposure to maternal steroids via steroid metabolism (reviewed in Paitz and Bowden,
2013). While dilution by albumen during development, or simply steroid movement from yolk
to the embryo, could explain a decline in yolk steroid levels during development (Groothuis and
Schwabl, 2008), many studies demonstrate this decline in yolk steroids is due to steroid
metabolism (Paitz and Bowden, 2008; von Engelhardt et al., 2009; Paitz and Casto, 2012). Birds
such as chickens (Gallus gallus) (von Engelhardt et al., 2009), Japanese quail (Coturnix japonica)
(Vassallo et al., 2014; Vassallo et al., 2018), and the starling (Paitz et al., 2011; Paitz and Casto,
2012) all metabolize yolk steroids early in development. In European starling eggs, yolk
testosterone levels decline rapidly during the first five days of development (Paitz et al., 2011).
In rock pigeons, a similar decrease in yolk progesterone, 17-hydroxyprogesterone,
3

androstenedione, and testosterone occurs after 4.5 days of development (Kumar et al., 2018).
Evidence of steroid metabolism in fertilized eggs, but not unfertilized eggs, of both starlings
(Paitz and Casto, 2012) and rock pigeons (Kumar et al., 2018), suggests the embryo plays a role
in steroid metabolism. Given the evidence that maternal steroids are metabolized during
development, one critical remaining question is whether or not the respective metabolites are
capable of influencing subsequent embryonic development.

Metabolic Fate of Yolk Steroids
The testosterone metabolites, dihydrotestosterone (DHT) and estradiol (E 2), influence
development through their role in sexual differentiation (Siiteri and Wilson, 1974; McEwen et
al., 1977). The conversion of testosterone to DHT or E2 is crucial to the development of the
brain and gonads of developing offspring in many taxa (Callard et al., 1978; Ball et al., 2014).
The enzyme 5α-reductase is responsible for converting testosterone to DHT while aromatase
converts testosterone into E2 (Andersson et al., 1991; Thigpen et al., 1992), and the localized
distribution of these two enzymes has a large effect on how the developmental effects of
testosterone are mediated. For example, androgen receptors have a much higher affinity for
DHT than testosterone (Siiteri and Wilson, 1974). So in a tissue that contains androgen
receptors, it is important that 5α-reductase is also present in order to convert testosterone to
its more potent form if needed. On the other hand, E 2 and other estrogens bind to estrogen
receptors to produce distinct biological effects, such as activating the neural pathway for the
elicitation of lordosis behavior in rats (McEwen et al., 1977). Therefore, it is crucial that
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aromatase is localized to tissues which respond best to estrogens, otherwise the steroids will
not be able to bind the proper receptor nor elicit their effects.
The metabolic fate of testosterone is not just limited to DHT or E 2. Another metabolite
of testosterone is etiocholanolone, which is created through the 5β-reduction pathway, and 5βreductase is one of the enzymes responsible for converting testosterone to etiocholanolone
(Steimer and Hutchison, 1981). 5β-reduction is the major pathway for testosterone metabolism
is chick blastoderms (Parsons, 1970), and 5β-reductase activity is high in recently hatched quail
chicks (Balthazart and Ottinger, 1984). In fact, major sites of 5β-reduction include the brain and
liver of both young and adult birds (Steimer and Hutchison, 1981), with 5β-reductase activity
being two to three orders of magnitude greater in the brain than either 5α-reductase or
aromatase activity (Vockel et al., 1990). The 5β-reduced metabolite, 5β-DHT, injected in eggs at
day nine of incubation elicited no effects on male sexual behavior after hatching (Schumacher
et al., 1989), suggesting that this metabolite is inactive with respect to the process of sexual
differentiation. Etiocholanolone has been identified as a major metabolite of yolk testosterone
in the starling (Paitz et al., 2011) and the rock pigeon (Kumar et al., 2018), where yolk
testosterone is converted to etiocholanolone by day five of embryonic development. Prior
research suggests that the 5β-reduction metabolism pathway may be crucial for early
development of multiple avian species (Aragonés et al., 1991). Therefore, understanding how
and when steroid metabolism and the conversion of steroids to other metabolites occurs in the
egg, we can enhance our current understanding of the mechanisms through which yolk
testosterone influences embryonic development.

5

Biological Effects of Etiocholanolone
Unlike testosterone metabolites produced by 5α-reductase and aromatase, which are
more biologically active than testosterone, 5β-reduction of testosterone has been implicated in
biological inactivation of testosterone (Balthazart et al., 1990). Research demonstrating
implants of 5β-reduced androgens appear to be inactive with respect to sexual differentiation
in bird embryos (Schumacher et al., 1989; Balthazart et al., 1990) supports this proposed role of
inactivation. One such study proposed that the high levels of 5β-reductase in the embryonic
brain serve as an inactivation shunt to protect specific areas of the brain from the
organizational effects of testosterone or its reduced metabolites (Balthazart et al., 1990).
While 5β-reduced androgens might not affect sexual differentiation, these metabolites
were shown to increase erythropoiesis (red blood cell production) during embryonic
development in birds (Levere et al., 1967). Previous work demonstrates that etiocholanolone
stimulates the formation of heme and hemoglobin directly in erythroid cells (i.e. not by
erythropoietin) (Levere et al., 1967). Additional evidence shows 5β-reduced compounds
influence the production of enzymes in the liver (Granick, 1966; Levere et al., 1967; Anderson,
et al., 1982; Aragonés et al., 1991) that increase cytochrome P450 activity in chick embryos
(Anderson et al., 1982). Therefore, it is possible that the 5β-reduced metabolite,
etiocholanolone, may elicit similar effects and influence offspring phenotype in birds.
Given the observation that maternal testosterone is metabolized to etiocholanolone in
several bird species (Paitz et al., 2011; Kumar et al., 2018), we hypothesized the phenotypic
effects of testosterone during early avian development are mediated by the response of the
embryos and their extra-embryonic membranes to the 5β-reduced metabolite,
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etiocholanolone. The objectives of this experiment were to determine when and where
testosterone is metabolized, and whether its major metabolite, etiocholanolone, affects the
growth of the embryo and extra-embryonic membranes.

Experimental Methods
Egg Collection
Eggs of European starlings (Sturnus vulgaris) were used in all experiments in this study,
as previous evidence demonstrates that starling mothers transfer testosterone to the yolks of
their eggs (Lipar 2001; Pilz et al., 2003), and that etiocholanolone is a metabolite of yolk
testosterone metabolism in starling eggs (Paitz et al., 2011). Starlings are abundant across the
Midwestern United States and readily occupy artificial nest boxes during the breeding season.
Eggs were collected from nests found in four nest box colonies in McLean County, Illinois,
located on properties owned by Illinois State University (see Eisner Pryor and Casto, 2015 for a
detailed description). As starlings are an introduced agricultural pest species, permits are not
required to collect their eggs, but monitoring of nests, collecting of freshly laid eggs, and use of
painted wooden decoy eggs to encourage normal patterns of egg laying was reviewed and
approved by the Illinois State University Institutional Animal Care and Use Committee.

In ovo Metabolism of 3H-Testosterone
Since previous work demonstrated that 3H-testosterone injected into starling eggs was
completely metabolized by day five of incubation (Paitz et al., 2011), our initial goal was to
more precisely determine when this metabolism occurs. In 2017, 38 starling eggs from 36
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different clutches were collected and taken to the laboratory. Eggs were then injected with
150,000 CPM of 3H-Testosterone (Specific activity = 100) (Perkin-Elmer, Waltham, MA, USA) in
5 μL of sesame oil with a Hamilton microliter syringe. Super glue (Henkel Corporation, Rocky
Hill, CT, USA) was used to seal the hole in each egg shell and allowed to dry. The eggs were then
placed in a rotating incubator (G.Q.F. Manufacturing Co., Savannah, GA. Model “1202” 280W
Circulated Air Incubator) at a constant 37.5 °C and 60% humidity. Eggs were removed at
designated sampling times: 12, 24, 48, 72, 96, or 120 hours of incubation. Following removal
from the incubator, all eggs were frozen at -20°C until analysis of steroids occurred. Frozen eggs
were thawed and the yolk was separated from the albumen and each component was weighed.
Some of the eggs incubated for more than 72 hours contained distinct blood pools from early
stage embryos and this tissue was included in the yolk mass recordings as it was not feasible to
separate it.
To extract testosterone and its metabolites, each yolk was then homogenized and 0.5 g
of the homogenate was placed in 4 mL methanol and vortexed for 10-15 seconds on a Vortex
(Fischer Scientific Model G-560). Samples were then frozen at -20˚C for at least 24 hours to
precipitate proteins and neutral lipids then removed from the freezer and centrifuged (Thermo
Scientific Sorvall R1 Centrifuge) at 2000 rpm for 15 minutes. The supernatant was collected and
solid phase extraction was used to separate free and conjugated steroids (Paitz et al., 2011).
Solid phase extraction was performed using Sep-Pak® cartridges (Waters, Ireland, Sep-Pak® Plus
single use C18 cartridges). Each Sep-Pak® cartridge was numbered to match a yolk/methanol
solution from the eggs sampled. Yolk extracts were diluted with 45 mL of water and run
through cartridges under vacuum pressure. Free steroids were then eluted with 5 mL of diethyl
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ether followed by conjugated steroids being eluted with 5 mL methanol. The conjugated
steroids from each cartridge were collected in separate numbered test tubes and later
characterized and quantified for radioactivity. In order to further separate free steroids, the
free steroid fraction was subjected to celite chromatography (Wingfield and Farner, 1975; Paitz
et al., 2011). Following this separation protocol, 5 mL of increasing concentrations of an ethyl
acetate:isooctane solution (0%, 10%, and 20%) were added to each column. Androstenedione
elutes in the 0% fraction, etiocholanolone in 10% fraction, and testosterone in the 20% fraction
(Paitz et al., 2011). Each fraction was then dried and quantified for radioactivity.
Because the results of the 2017 study suggested testosterone was already completely
metabolized prior to the 12 hour sampling period, we conducted a follow up study in 2018
using higher concentrations of exogenous testosterone and earlier sampling points. In the
summer of 2018, 25 freshly laid starling eggs were injected with 2x10 6 CPM of 3H-testosterone
in 5 μL of sesame oil with a Hamilton microliter syringe and sealed as mentioned previously.
The five eggs randomly selected to be sampled at hour zero were snap frozen immediately
following the injection on dry ice to prevent any steroid metabolism. The remaining 20 eggs
were then placed in a rotating incubator at a constant 37.5 °C and 60% humidity to be randomly
sampled at either four, eight, or 12 hours of incubation. Eggs were frozen upon sampling, but
unlike in 2017, we homogenized the yolk with the albumen and extracted steroids from 0.5 g of
this homogenate, as we wanted to recover as much of our injected 3H-testosterone as possible.
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In vitro Metabolism of 3H-Testosterone
Given that metabolism of 3H-testosterone occurred so early in development, we
wanted to examine which, if any, components of freshly laid eggs were capable of metabolizing
testosterone. To do this yolk, albumen, or a 1:1 mixture of the two were used as tissue sources.
We mixed 0.5 g tissue samples from freshly laid eggs and mixed with 100,000 CPM of 3Htestosterone in 200 µl of homogenization buffer (250mM sucrose, 5mM MgCl 2, 100mM TrisHCl), and ran 120-minute metabolism assays that were quenched by the addition of 4 mL of ice
cold methanol. These samples were then subjected to solid phase extraction and celite
chromatography as described above. To further verify that 3H-testosterone metabolism occurs
in the yolk of freshly laid eggs, a time course experiment was conducted in which the assays
described above were terminated at 0, 30, 60, 120 minutes respectively and samples from five
different eggs were tested at each time point.

Endogenous Etiocholanolone Levels
In addition to characterizing when testosterone is metabolized, we quantified the
endogenous levels of etiocholanolone in freshly laid eggs (presumably of maternal origin) and
examined how those levels change during development. To quantify endogenous
etiocholanolone levels present in starling eggs, 10 freshly laid starling eggs were frozen at -20°C
until steroid analysis was performed and 10 eggs were incubated for five days and then frozen.
To extract etiocholanolone, eggs were thawed and de-shelled as mentioned previously, and
yolk and albumen mass was recorded in order to back correct sample concentrations to the
total amount in the egg. Yolk fractions from all incubated eggs contained early stage embryos
10

that were not separated out, but included in the yolk mass. The yolks were homogenized and
0.5 g of the homogenate was mixed with 4 mL methanol as mentioned previously and was
subjected to the same solid phase steroid extraction technique as described previously.
Etiocholanolone levels were quantified using LC/MS/MS at the Metabolomics Center at
University of Illinois (Urbana-Champaign, IL, USA) using a 5500 QTRAP mass spectrometer (AB
Sciex, Foster City, CA, USA) . This technique has been used to quantify a variety of steroids in
the yolk of passerine eggs (Merrill et al., 2017; Merrill et al., 2018). Briefly, the LC separation
was performed on a Phenomenex C6 Phenyl column (2.0 × 100mm,3m.) with mobile phase A
(0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow rate
was 0.25 mL/min. The linear gradient was as follows: 0–1 min, 80%A; 10 min, 65%A; 15 min,
50%A; 20 min, 40%A; 25 min, 30%A; 30 min, 20%A; 30.5–38 min, 80%A. The autosampler was
set at 5˚C. The injection volume was 5 µL. Etiocholanolone had a retention time of 20.2 minutes
and was quantified on a 5500 QTRAP mass spectrometer (AB Sciex, Foster City, CA, USA) under
positive electrospray ionization (ESI) with the ion spray voltage of 5500V. The source
temperature was 500˚C. The curtain gas, ion source gas 1, and ion source gas 2 were 36 psi, 50
psi, and 65 psi, respectively. Multiple reaction monitoring (MRM) was used to measure
etiocholanolone with the Q1–Q3 transition of 291.0–255.0 (m/z).

Effects of Etiocholanolone on Embryonic Growth
In the spring of 2018, 133 starling eggs were collected on the day they were laid and
brought back to the lab. Clutches were divided among four different injection treatments:
sesame oil vehicle (control), 2.5 ng (low), 5.0 ng (medium), or 10.0 ng (high) injections of
11

etiocholanolone dissolved in sesame oil. Etiocholanolone doses were chose based on the data
on etiocholanolone levels in freshly laid starling eggs that were collected in 2017, where eggs
contained on average 4.6 ng of etiocholanolone ± 1.8 (mean ± SD). We chose these doses as
they represented an approximate increase in etiocholanolone of one, two, and four standard
deviations. In addition to the injected eggs, nine eggs were immediately frozen at -20˚C after
weighing to serve as controls for baseline steroid levels. Following injections, eggs were
incubated for either three or five days.
Following incubation, embryos and their extra-embryonic membranes were collected
and weighed to collect wet mass and the yolk and albumen were separated and stored frozen
for subsequent steroid analysis. Embryos and their membranes were then placed in a drying
oven at 37˚C and dried to a constant mass. After noting dried mass, the tissue was then used
for molecular sexing of the embryo (Nettle et al., 2013). Briefly, 50 µL of 0.2M Sodium
Hydroxide (NaOH) was added to each dried embryo, and placed in a 75˚C heat block for 20
minutes to promote cell lysis (Haunshi et al., 2008). Samples were removed from the heat block
and 300 μL of 0.04M Tris-HCl was added to neutralize the solution. Sex was determined by
amplifying the sexually dimorphic chromodomain-helicase-DNA binding (CHD) genes using CHD
forward primer (5’-GTTACTGATTCGTCTACGAGA-3’) and CHD reverse primer (5’AATTCCCCTTTTATTGATCCATC-3’) (Nettle et al., 2013). Each PCR reaction contained: 6.7 μL
nanopure water, 4.0 μL 5X GoTaq Flexi buffer (Promega, Madison, WI, USA), 1.6 μL 25mM
MgCl2, 1.0 μL 20mM CHD forward primer, 1.0 μL 20mM CHD reverse primer, 0.5 μL dNTPs, 0.2
μL Taq, and 5 μL (100 ng) DNA from each embryo sample for a final reaction concentration of
20 μL. Samples were visualized using gel electrophoresis (1.5% agarose gel) under UV light. The
12

gels ran for 90 minutes at 95 V. Using this protocol, male individuals show a single band while
females produced two bands.
We used a subset of eggs to confirm that our etiocholanolone manipulations were
within the physiological range. The subset contained nine freshly laid eggs, three oil-injected
eggs that were incubated for 3 days, six oil-injected eggs that were incubated for 5 days, six
high-dose etiocholanolone-injected eggs that were incubated for 3 days, and five high-dose
etiocholanolone-injected eggs that were incubated for 5 days. Because it was not feasible to
separate yolk and albumen while also sampling embryos during development, for all eggs, yolkalbumen homogenates were used for steroid quantification. Etiocholanolone was extracted
from 0.5 g of homogenate and quantified using LC/MS/MS as described above.

Statistical Analyses
All analyses were run using SAS statistical software (v. 9.4, SAS Institute, Cary, NC, USA).
Analyses of variance were used to examine how tritiated metabolite levels changed across
development in both the 2017 and 2018 in ovo metabolism studies. Separate analyses of
variance and post-hoc comparisons were performed for each metabolite. Concentrations were
log transformed prior to analysis to normalize the data as well as homogenize variances.
Sampling period was included as a fixed effect. Post-hoc comparisons (Tukey’s HSD) were
performed to test for differences between sampling periods.
An analysis of variance and post-hoc comparisons were used to compare the
concentrations of etiocholanolone produced from each tissue type in our in vitro metabolism
study. Tissue type was included as a fixed effect in this analysis. We also used an analysis of
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variance to examine the change in etiocholanolone produced over the course of two hours in
vitro. Post-hoc comparisons were performed for each 30 minute time point from zero to 120
minutes. The concentration of etiocholanolone was log transformed prior to analysis to
normalize the data and homogenize variances. Time point was included as a fixed effect. To
determine the change in endogenous etiocholanolone levels over the first five days of
development, an analysis of variance was used including the day of development as a fixed
effect.
Analyses of variance were used to analyze the treatment effects on mass of the embryo
and extra-embryonic membranes. Day of development, treatment, and sex of the embryo were
included as fixed effects, while clutch was included as a random effect. Masses of the
embryonic tissues were log transformed prior to analysis to normalize the data and
homogenize variances, as the raw data did not produce a normalized distribution.

Results
In ovo Metabolism of 3H-Testosterone
Our average recovery of radioactivity per egg was 68% (102,125 CPM per egg), which is
consistent with similar studies (Paitz and Bowden, 2008; von Engelhardt et al., 2009). We found
the concentration of the injected 3H-testosterone dropped over the course of development in
ovo (F5,29 = 5.27, p = 0.0015). Unexpectedly, the levels of testosterone recovered at the initial 12
hour sampling period (1535 ± 178 CPM) (mean ± SE) only represented 1% of the total
radioactivity recovered. We examined testosterone levels changed over the first five days of
development (F5,29 = 5.27, p = 0.0015) (Figure 1a). Other metabolism patterns, such as a change
14

in androstenedione levels (F5,29 = 26.35, p <0.0001) (Figure 1b) and an accumulation of the
conjugated steroid, etiocholanolone glucuronide (F5,29 = 30.31, p < 0.0001) (Figure 2d), were
shown to occur during this time period of development. Levels of etiocholanolone changed
over the first five days of development (F5,29 = 5.80, p = 0.0008), and this change resulted in a
transient peak occurring between days two and four of development (Figure 1c).
In our follow-up study in 2018, with increased 3H-testosterone and earlier sampling
periods, we were able to demonstrate that testosterone metabolism is occurring in the first 12
hours of development. We observed testosterone levels change over the first 12 hours of
development (F3,15 = 5.56, p = 0.0091) (Figure 2a) and again, observed changes in
androstenedione (F3,15 = 23.05, p < 0.0001) (Figure 2b) and etiocholanolone (F3,15 = 5.49, p =
0.0095) levels (Figure 2c) during this time.

In vitro Metabolism of 3H-Testosterone
We also sought to examine where in the eggs this metabolism takes place; either in the
yolk, the albumen, or both through in vitro testing. We determined the yolk is most capable of
producing etiocholanolone from testosterone. While there is a small amount of
etiocholanolone produced in the albumen, the yolk and mixed tissues produced significantly
more etiocholanolone (F2,12 = 97.42, p < 0.0001). Post-hoc comparisons show that both yolk and
mixed tissues produced significantly higher amounts of etiocholanolone than albumen (both p <
0.001); however, yolk did not differ from the mixed tissues in the amount of etiocholanolone
produced (p = 0.5169).
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The ability of yolk to convert testosterone to etiocholanolone was further verified with
the time course data (Figure 3). We determined there was significantly more etiocholanolone
produced in the yolk after two hours in vitro (F3,16 = 28.15, p <0.0001). Post-hoc comparisons
show that there is a significant change in etiocholanolone levels after just 30 minutes (p =
0.0032) and in the amount of etiocholanolone produced after 120 minutes of mixing with yolk
(p < 0.0001).

Endogenous and Manipulated Etiocholanolone Levels
Yolks from freshly laid eggs contained an average of 4.6 ng ± 1.8 of etiocholanolone
(mean ± SD). There was a significant increase in the amount of etiocholanolone present in eggs
after five days of incubation (F1,18 = 45.99, p <0.001) (Figure 4).
We then tested to see if etiocholanolone injections produced detectable increases in
etiocholanolone levels within various components of the egg. We measured the levels of
etiocholanolone between the freshly laid, control, and high etiocholanolone treatments. There
was a significant effect of day (F1,10 = 18.16, p = 0.0017) and treatment (F1,10 = 22.28, p = 0.0008)
on etiocholanolone levels (Figure 5). Sex of the embryo did not affect etiocholanolone levels (p
= 0.9411). We also evaluated the difference in etiocholanolone concentrations by incubation
duration between our frozen and control treatments and found that levels of etiocholanolone
changed across development in unmanipulated eggs (F2,15 = 15.30, p = 0.0002) (Figure 5) . Our
post-hoc comparisons show that levels on day three of incubation are higher than on days zero
and five (both p < 0.0004), while levels on day zero did not differ from day five of incubation (p
= 0.9602).
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Effects of Etiocholanolone on Embryonic Growth
We used tissue mass as a proxy for growth and found no significant effect of our
treatments on mass of the embryo and extra-embryonic membranes (F 3,12 = 0.73, p = 0.5347)
(Figure 6). There was a significant effect of day on growth (F 1,12 = 25.77, p < 0.0001), although
sex of the embryo did not affect mass (F1,12 = 0.22, p = 0.6405). Overall, the sex ratio was
approximately 50:50 with 49.5% males produced.

Discussion
Previous studies provide evidence for the metabolism of testosterone in bird eggs, but a
detailed understanding of when and where this metabolism takes place was lacking. We
determined testosterone metabolism occurs rapidly, essentially as soon as incubation begins,
and this metabolism results in the production of the metabolite, etiocholanolone. In vitro
assays, using freshly laid eggs, demonstrate the yolk possesses the enzymes necessary to carry
out this metabolism. Our investigations of 3H-testosterone metabolism in ovo, as well as
endogenous etiocholanolone levels, show an early rise and subsequent fall in etiocholanolone
levels over the first five days of development. We hypothesize the fall in etiocholanolone is due
to conversion to a conjugated form as our data illustrate an increase in conjugate concentration
that corresponds with the reduction in etiocholanolone levels (Paitz et al., 2011). The
metabolism of maternal testosterone creates a scenario whereby embryos are exposed to
potentially active, metabolites, such as etiocholanolone. A transient peak in etiocholanolone
was found during early development; however, we determined through our study that this
transient exposure does not affect the growth of the embryo or the extra-embryonic
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membranes. With this evidence, we propose testosterone metabolism to etiocholanolone is an
inactivation pathway which may serve to buffer the process of sexual differentiation in the
embryo from the effects of yolk testosterone.
Our findings are some of the first to provide a detailed characterization of what happens
to yolk testosterone during development. Studies have demonstrated testosterone is
metabolized in ovo very early in development (von Engelhardt et al., 2009) and that
etiocholanolone levels rise during this same developmental time period (Kumar et al., 2018). A
recent study also determined that this metabolism pathway occurs in chicken eggs during the
first five days of development (Kumar et al. 2019). Through the use of tritiated testosterone, we
were able to demonstrate this early metabolism of testosterone results in the production of
etiocholanolone as opposed to etiocholanolone produced from other potential precursors.
Several of our findings support the idea that maternally derived enzymes are present in the yolk
when eggs are laid and contribute to this metabolism. We showed testosterone metabolism
occurs by hour 12 of development, suggesting that this metabolism starts at the onset of
incubation. We also determined that the yolk of starling eggs is capable of metabolizing
testosterone, presumably through enzymes found in the yolk. Thus, these enzymes are likely to
originate from the mother, as ovarian follicles produce 5β-reductase (Wiebe et al., 1990);
however, we cannot ignore studies which report this metabolism does not occur without a
viable embryo (Paitz and Casto, 2012; Kumar et al., 2018). Therefore, it is possible maternal 5βreductase enzymes are transferred to the yolk during oogenesis, but the developing embryo
may either play a role in activating these enzymes or by creating an environment conducive to
metabolism since unfertilized eggs do not exhibit testosterone metabolism.
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Although testosterone metabolism results in an increase of etiocholanolone, we
observed that this increase was transient over the first five days of development. As
testosterone metabolism begins, we saw an increase in the amount of etiocholanolone
accumulating in the yolk; however, these levels quickly decline by day five due to conjugation
(Paitz et al., 2011). Our results indicate etiocholanolone is present not only at day five of
development, but at day zero as well, suggesting the embryo is likely exposed to these transient
etiocholanolone levels during the critical early stages of development. However, using mass as
a proxy for growth, we found no effect of etiocholanolone on the development of the embryo
or extra-embryonic membranes.
Etiocholanolone production has been attributed to a mechanism of inactivation of
testosterone (Balthazart and Ottinger, 1984). Evidence relating the activity of 5β-reduced
metabolites in young and adult birds may provide some insight into the importance of this
metabolic pathway. In 20 day old Zebra finches, 5β-reductase activity is two to three orders of
magnitude more active than both aromatase and 5α-reductase in selected brain regions of the
telencephalon, an area of the brain which regulates learning and birdsong (Vockel et al., 1990).
Developing quail also have high levels of 5β-reductase activity in their brains which is often 10
times more active than in adults (Balthazart and Schumacher, 1984) and these levels remain
elevated for the duration of the embryonic stage (Balthazart and Ottinger, 1984). The 5βreduced metabolite, 5β-DHT, had no effect on male sexual behavior post hatching (Schumacher
et al., 1989), confirming that 5β-reduced metabolites are inactive compounds with regards to
the process of sexual differentiation of the brain. Together, these findings regarding the activity
of 5β-reductase enzymes, reflect our own discovery of transient etiocholanolone levels found in
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the yolk of starling eggs during early embryonic development. The 5β-reduction pathway is
considered to be an inactivation pathway for testosterone (Balthazart and Ottinger, 1984), and
therefore it is possible that 5β-reductase “buffers” maternal steroids by rendering them as
inactive compounds which cannot influence sexual differentiation of the developing embryo.
Therefore, embryos may not be passive agents of maternal effects and seem to have the ability
to circumvent any early developmental effects of maternal testosterone through the
conversion of testosterone to etiocholanolone.
One question still remaining is how do effects of testosterone exist when it is
metabolized so early in development? We show testosterone is metabolized to etiocholanolone
at the onset of incubation, but effects on tarsus length (Navara et al., 2005, 2006; Navara and
Mendonça, 2008; Muriel et al., 2013) and the development of the musculus complexus (Navara
and Mendonça, 2008; Chin et al., 2009) have all been documented in birds following
testosterone manipulation. However, recent studies suggest these effects are tissue and
context-dependent (Muriel et al., 2015a,b), which may be attributed to an escape of
testosterone from metabolism, leading to the possibility that some yolk testosterone effects
may not arise until later stages of development (Muriel et al., 2015a). This escape could be due
to an overabundance of testosterone in the egg, or perhaps reduced activity of testosterone
metabolizing enzymes in the yolk.
Another possibility for these developmental effects could be due to etiocholanolone
effects that are independent of early growth. In the blastoderm stage of chicken development,
5β-reduced steroids, similar to etiocholanolone, induced erythropoiesis directly in cells (Levere
et al., 1967) and perhaps etiocholanolone is responsible for a similar process in the European
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starling. It is also possible that etiocholanolone may alter gene activation and expression during
early development which could lead to the development of phenotypic effects, such as
impaired or enhanced immune function and muscle development, post-hatch.
There may also be a critical window of development where maternal steroids and their
metabolites have the highest propensity to elicit phenotypic effects in offspring. A prior study
performed in Japanese quail (Coturnix japonica) eggs, between days 10 and 15 of embryonic
development, suggest injections of testosterone are most effective at altering offspring
phenotypes related to sexual differentiation (Adkins, 1979). Steroids are known to act during a
critical period to irreversibly organize tissues early in development and can act later in
development and elicit activational effects (Carere and Balthazart, 2007). Therefore, it is
possible that phenotypic effects mediated by etiocholanolone are present in the starling, but
may not arise until later in development after our sampling occurred and perhaps may not be
visible until after hatching.
Overall, with these findings, we show that testosterone is metabolized within the first
four hours of embryonic development. Additionally, the metabolism of testosterone is
associated with the accumulation of etiocholanolone, an inactive metabolite of the 5βreduction pathway. The clearance of this secondary metabolite is associated with increased
levels of the steroid conjugate, etiocholanolone glucuronide, which is also found in the yolk.
Recent work suggests this metabolism pathway occurs in multiple species of birds (von
Engelhardt et al., 2009; Kumar et al., 2018; Kumar et al., 2019; Paitz et al., 2011; Paitz and
Casto, 2012; Vassallo et al., 2014; Vassallo et al., 2018), suggesting this steroid metabolism is
conserved. Finally, the role of the 5β-reduction as an inactivation pathway (Balthazart et al.,
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1990) is further supported with our finding that etiocholanolone had no effect on the
development of the embryo and extra-embryonic membrane mass. Therefore, the in ovo
metabolism of testosterone to etiocholanolone may serve as a buffer mechanism to protect the
developing embryo from maternal steroids.
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Figure 1 Timing of In Ovo Testosterone Metabolism During the First Five Days of
Development: Concentration of 3H-Testosterone and its metabolites over the first five days of
incubation. Time points with the same letter do not significantly differ from each other. Error
bars denote the standard error for each time point.
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Figure 2 Timing of In Ovo Testosterone Metabolism During the First 12 Hours of
Development: Concentration of 3H-Testosterone and its metabolites over the first 12 hours of
incubation. Time points with the same letter do not significantly differ from each other. Error
bars denote the standard error for each time point.
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Figure 3 In Vitro Etiocholanolone Production: Production of etiocholanolone in vitro in 0.5 g
yolk over the course of two hours. Time points with the same letter are not significantly
different from each other. Error bars denote the standard error for each time point.
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Figure 4 Endogenous Etiocholanolone: Etiocholanolone levels within the yolks of unincubated
eggs and eggs that had been incubated for five days. Endogenous etiocholanolone levels are
significantly different on day five than on day zero of development (p < 0.005).
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Figure 5 Etiocholanolone Injections Introduced Higher Levels of Etiocholanolone to Eggs:
Treated verses untreated eggs and the amount of etiocholanolone present over the first five
days of development. Bars with the same letter are not significantly different from each other.
Day 3 eggs significantly differ from day 5 eggs as shown by the asterisk and high
etiocholanolone (High Etio) eggs significantly differ from control eggs on both day 3 and day 5
of development as indicated by the asterisk. Error bars denote the standard error for each
treatment.
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Figure 6 Etiocholanolone Effects on Embryo and Extra-embryonic Membrane Masses: Average
mass (in grams) of extracted embryo and extraembryonic membrane tissues from each
treatment on days three and five of development. There was a significant effect of day on mass
as denoted by the asterisk. Error bars denote the standard error for each treatment on each
sampling day.

28

REFERENCES
Adkins, E. K. (1979). Effect of embryonic treatment with estradiol or testosterone on sexual
differentiation of the quail brain. Critical period and dose-response relationships.
Neuroendocrinology, 29(3), pp. 178-185.
Albergotti, L. C., Hamlin H. J., McCoy M. W. and Guillette Jr., L. J. (2009). Endocrine activity of
extraembryonic membranes extends beyond placental amniotes. PLoS One 4, pp. e5452.
Anderson, K. E., Freddara, U. and Kappas, A. (1982). Induction of hepatic cytochrome P-450 by
natural steroids: Relationship to the induction of δ-aminolevulinate synthase and
porphyrin accumulation in the avian embryo. Arch. Biochem. Biophys., 217(2), pp. 597608.
Andersson, S., Berman, D. M., Jenkins, E. P. and Russell, D. W. (1991). Deletion of steroid 5αreductase 2 gene in male pseudohermaphroditism. Nature., 354, pp. 159–161.
Aragonés, A., Gonzales, C. B., Spinedi, N. C. and Lantos, C. P. (1991). Regulatory effects of 5βreduced steroids. J. Steroid Biochem. Mol. Biol., 39(2), pp. 253–263.
Ball, G. F., Balthazart, J. and McCarthy, M. M. (2014). Is it useful to view the brain as a
secondary sexual characteristic? Neurosci. Biobehav. Rev., 46, pp. 628–638.
Balthazart, J. and Ottinger, M. A. (1984). 5β-Reductase activity in the brain and cloacal gland of
male and female embryos in the Japanese quail (Coturnix japonica). J. Endocrinol., 102,
pp. 77–81.

29

Balthazart, J. and Schumacher, M. (1984). Organization and activation of behavior in quail: Role
of testosterone metabolism. J. Exp. Zool., 232, pp. 595–604.
Balthazart, J., Schumacher, M. and Evrard, L. (1990). Sex differences and steroid control of
testosterone-metabolizing enzyme activity in the quail brain. J. Neuroendocrinol., 2(5),
pp. 675-683.
Callard, G. V., Petro, Z. and Ryan, K. J. (1978). Conversion of androgen to estrogen and other
steroids in the vertebrate brain. Integr. Comp. Biol., 18(3), pp. 511–523.
Carere, C. and Balthazart, J. (2007). Sexual versus individual differentiation: the controversial
role of avian maternal hormones. Trends Endocrinol. Metab., 18(2), pp. 73–80.
Chin, E. H., Love, O. P., Verspoor, J. J., Williams, T. D., Rowley, K. and Burness, G. (2009).
Juveniles exposed to embryonic corticosterone have enhanced flight performance. Proc.
R. Soc. B Biol. Sci., 276(1656), pp. 499–505.
Clairardin, S. G., Barnett, C. A., Sakaluk, S. K. and Thompson, C. F. (2011). Experimentally
increased in ovo testosterone leads to increased plasma bactericidal activity and
decreased cutaneous immune response in nestling house wrens. J. Exp. Biol., 214, pp.
2778–2782.
Deeming, D. C. and Reynolds, S. J. (2015). Nests, Eggs, and Incubation: New Ideas about Avian
Reproduction. Oxford: Oxford University Press.

30

Eising, C. M., Eikenar, C., Schwabl, H. and Groothuis, T. G. G. (2001). Maternal androgens in
black headed gull (Larus ridibundus) eggs: consequences for chick development. Proc. R.
Soc. B Biol. Sci., 268(1469), pp. 839–846.
Eisner Pryor, L. J. and Casto, J. M. (2015). Blood-Feeding ectoparasites as developmental
stressors: Does corticosterone mediate effects of mite infestation on nestling growth,
immunity, and energy availability? J. Exp. Zool. Part A Ecol. Genet. Physiol., 323(7), pp.
466–477.
von Engelhardt, N., Henriksen, R. and Groothuis, T. G. G. (2009). Steroids in chicken egg yolk:
Metabolism and uptake during early embryonic development. Gen. Comp. Endocrinol.
Elsevier Inc., 163(1–2), pp. 175–183.
Fuchs, F. and Klopper, A. (1971). Endocrinology of pregnancy. New York: Harper & Row.
Goy, R. W. and McEwen, B. S. (1980). Sexual differentiation of the brain. Cambridge, MA: The
MIT Press.
Granick, S. (1966). The induction in vitro of the synthesis of δ-aminolevulinic acid synthetase in
chemical porphyria: A response to certain drugs, sex hormones, and foreign
chemicals. J. Biol. Chem., 241(6), pp. 1359–1375.
Groothuis, T. G. G. and Schwabl, H. (2008). Hormone-mediated maternal effects in birds:
mechanisms matter but what do we know of them? Philos. Trans. R. Soc. B Biol. Sci.,
363(1497), pp. 1647- 1661.

31

Groothuis, T. G. G., Müller, W., von Engelhardt, N., Carere, C. and Eising, C. (2005). Maternal
hormones as a tool to adjust offspring phenotype in avian species. Neurosci. Biobehav.
Rev., 29(2), pp. 329–352.
Haunshi, S., Pattanayak, A., Bandypadhaya, S., Saxena, S. C. and Bujarbaruah, K. M. (2008). A
simple and quick DNA extraction procedure for rapid diagnosis of sex of chicken and
chicken embryos. J. Poult. Sci., 45(1), pp. 75–81.
Jost, A. (1970). Hormonal factors in the sex differentiation of the mammalian foetus. Philos.
Trans. R. Soc. B Biol. Sci., 259(828), pp. 119–131.
Kumar, N., van Faassen, M., Kema, I., Gahr, M. and Groothuis, T. G. G. (2018). Early embryonic
modification of maternal hormones differs systemically among embryos of different
laying order: A study in birds. Gen. Comp. Endocrinol., (February). doi:
10.1016/j.ygcen.2018.08.014.
Kumar, N., van Dam, A., Permentier, H., van Faassen, M., Kema, I., Gahr, M. and Groothuis, T. G.
G. (2019). Avian yolk androgens are metabolized instead of taken up by the embryo
during the first days of incubation. J. Exper. Biol. doi: 10.1242/jeb.193961
Levere, R. D., Kappas, A. and Granick, S. (1967). Stimulation of hemoglobin synthesis in chick
blastoderms by certain 5β androstane and 5β pregnane steroids. Biochemistry., 58, pp.
985-990.
Lipar, J. L. (2001). Yolk steroids and the development of the hatching muscle in nestling
European Starlings. J. Avian Biol., 32, pp. 2238–2331.

32

Lipar, J. L. and Ketterson, E. D. (2000). Maternally derived yolk testosterone enhances the
development of the hatching muscle in the red-winged blackbird Agelaius phoeniceus.
Proc. R. Soc. B Biol. Sci., 267(1456), pp. 2005–2010.
McEwen, B. S., Lieberburg, I., Chaptal, C. and Krey, L.C. (1977). Aromatization: Important for
sexual differentiation of the neonatal rat brain. Horm. Behav., 9(3), pp. 249–263.
Merrill, L., Chiavacci, S. J., Paitz, R. T. and Benson, T. J. (2017). Rates of parasitism, but not
allocation of egg resources, vary among and within hosts of a generalist avian brood
parasite. Oecologia. Springer Berlin Heidelberg, 184(2), pp. 399–410.
Merrill, L., Chiavacci, S. J., Paitz, R. T. and Benson, T. J. (2018). Quantification of 27 yolk steroid
hormones in seven shrubland bird species: interspecific patterns of hormone deposition,
and links to life history, development, and predation risk. Can. J. Zool. doi: 10.1139/cjz2017-0351.
Mousseau, T. A. and Fox, C. W. (1998). Maternal effects as adaptations. New York: Oxford
University Press.
Mossman, H. W. (1987). Vertebrate fetal membranes. New Brunswick, NJ: Rutgers University
Press.
Muriel, J., Pérez – Rodríguez, L., Puerta, M. and Gil, D. (2013). Differential effects of yolk
testosterone and androstenedione in embryo development and nestling growth in the
spotless starling (Sturnus unicolor). Gen. Comp. Endocrinol. 194, pp. 175–182.

33

Muriel, J., Pérez – Rodríguez, L., Puerta, M. and Gil, D. (2015a). Diverse dose-response effects
of yolk androgens on embryo development and nestling growth in a wild passerine. J.
Exp. Biol., 218, pp. 2241-2249.
Muriel, J., Salmón, P., Nunez-Buiza, A., De Salas, F., Pérez – Rodríguez, L., Puerta, M. and Gil, D.
(2015b). Context-dependent effects of yolk androgens on nestling growth and
immune function in a multibrooded passerine. J. Evol. Biol. 28, pp. 1476–1488.
Navara, K. J., Hill, G. E. and Mendonça, M. T. (2005). Variable effects of yolk androgens on
growth, survival, and immunity in Eastern Bluebird nestlings. Physiol. Biochem. Zool.,
78(4), pp. 570–578.
Navara, K. J., Hill, G. E. and Mendonça, M. T. (2006). Yolk testosterone stimulates growth and
immunity in house finch chicks. Physiol. Biochem. Zool., 79(3), pp. 550–555.
Navara, K. J. and Mendonça, M. T. (2008). Yolk androgens as pleiotropic mediators of
physiological processes: A mechanistic review. Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol., 150(4), pp. 378–386.
Nettle, D., Monaghan, P., Boner, W., Gillespie, R. and Bateson, M. (2013). Bottom of the heap:
Having heavier competitors accelerates early-life telomere loss in the European starling,
Sturnus vulgaris. PLoS One., 8(12), p. e83617.
Paitz, R. T. and Bowden, R. M. (2008). A proposed role of the sulfotransferase/sulfatase
pathway in modulating yolk steroid effects. Integr. Comp. Biol., 48(3), pp. 419–427.

34

Paitz, R. T. and Bowden, R. M. (2013). Sulfonation of maternal steroids is a conserved
metabolic pathway in vertebrates. Integr. Comp. Biol., 53(6), pp. 895–901.
Paitz, R. T., Bowden, R. M. and Casto, J. M. (2011). Embryonic modulation of maternal steroids
in European starlings (Sturnus vulgaris). Proc. R. Soc. B Biol. Sci., 278(1702), pp. 99–106.
Paitz, R. T. and Casto, J. M. (2012). The decline in yolk progesterone concentrations during
incubation is dependent on embryonic development in the European starling. Gen.
Comp. Endocrinol., 176(3), pp. 415–419.
Parsons, I. C. (1970). The metabolism of testosterone by early chick embryonic blastoderm.
Steroids., 16(1), pp. 59–65.
Pepe, G. J. and Albrecht, E. A. (1995). Actions of placental and fetal adrenal steroid hormones
in primate pregnancy. Endocr. Rev., 16(5), pp. 608–648.
Pilz, K. M., Smith, H. G., Sandell, M. I. and Schwabl, H. (2003). Interfemale variation in egg yolk
androgen allocation in the European starling: do high-quality females invest more?
Anim. Behav., 65(4), pp. 841-850.
Phoenix, C. H., Goy, R. W., Gerall, A. A. and Young, W. C. (1959). Organizing action of
prenatally administered testosterone propionate on the tissues mediating mating
behavior in the female guinea pig. Endocrinology., 65, pp. 369–382.
Riedstra, B., Pfannkuche, K. A. and Groothuis, T. G. G. (2013). Increased exposure to yolk
testosterone has feminizing effects in chickens, Gallus gallus domesticus. Anim. Behav.
Elsevier Ltd, 85(4), pp. 701–708.
35

Rubolini, D., Romano, M., Martinelli, R. and Saino, N. (2006a). Effects of elevated yolk
testosterone levels on survival, growth and immunity of male and female yellow-legged
gull chicks. Behav. Ecol. Sociobiol., 59(3), pp. 344–352.
Rubolini, D., Romano, M., Martinelli, R., Leoni, B. and Saino, N. (2006b). Effects of prenatal
yolk androgens on armaments and ornaments of the ring-necked pheasant. Behav. Ecol.
Sociobiol., 59(4), pp. 549-560.
Schumacher, M., Hendrick, J.-C. and Balthazart, J. (1989). Sexual differentiation in quail: Critical
period and hormonal specificity. Hormones and Behavior, 23, pp. 130-149.
Schwabl, H. (1993). Yolk is a source of maternal testosterone for developing birds. Proc. Natl.
Acad. Sci. USA., 90, p. 11446-11450.
Siiteri, P. K. and Wilson, J. D. (1974). Testosterone formation and metabolism during male
sexual differentiation in the human embryo. J. Clin. Endocrinol. Metab., 38(1), pp. 113125.
Starck, J. M. and Ricklefs, R. E. (1998). Avian growth and development: Evolution within the
altricial precocial spectrum. New York: Oxford University Press.
Steimer, T. and Hutchison, J. B. (1981). Metabolic control of the behavioural action of
androgens in the dove brain: Testosterone inactivation by 5β-reduction. Brain Res., 209,
pp. 189–204.

36

Thigpen, A. E., Davis, D. L., Milatovich, A., Mendonca, B. B., Imperato-McGinley, J., Griffin, J.
E., Francke, U., Wilson, J. D. and Russell, D. W. (1992). Molecular genetics of steroid
5α-Reductase 2 deficiency. J. Clin. Invest., 90, pp. 799–809.
Vassallo, B. G., Paitz, R. T., Fasanello, V. J. and Haussmann, M. F. (2014). Glucocorticoid
metabolism in the in ovo environment modulates exposure to maternal corticosterone
in Japanese quail embryos (Coturnix japonica). Biol. Lett., 10(11), pp. 13–16.
Vassallo, B. G., Litwa, H. P., Haussmann, M. F. and Paitz, R. T. (2018). In ovo metabolism and
yolk glucocorticoid concentration interact to inﬂuence embryonic glucocorticoid
exposure pattern. Gen. Comp. Endocrinol. doi: 10.1016/j.ygcen.2018.11.013
Vockel, A., Pröve, E. and Balthazart, J. (1990). Sex- and age-related differences in the activity of
testosterone-metabolizing enzymes in microdissected nuclei of the zebra finch brain.
Brain Res., 511, pp. 291–302.
Wiebe, J. P., Buckingham, K. D., Zobell, R. L. and Hertelendy, F. (1990). Metabolism of
progesterone by avian granulosa cells in culture. J. Steroid Biochem. Molec. Biol., 37(1),
pp. 113-120.
Williams, T. D. and Groothuis, T. G. G. (2015). Egg quality, embryonic development, and posthatching phenotype: an integrative perspective. In Nests, Eggs, and Incubation: New
Ideas about Avian Reproduction. (ed. D. C. Deeming and S. J. Reynolds). pp. 113–126.
Oxford: Oxford University Press.

37

Wingfield, J. C. and Farner, D. S. (1975). The determination of five steroids in avian plasma by
radioimmunoassay and competitive protein-binding. Steroids., 26(3), pp. 311–327.

38

