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Abstract
Progesterone is the most concentrated maternal yolk steroid characterized to date in birds;

however, no information about it is available in ratite eggs. We collected freshly laid eggs from

zoo-housed Greater Rhea females (Rhea americana) bred under similar rearing conditions dur-

ing two breeding seasons to characterize concentration and distribution of maternal yolk pro-

gesterone. After high-performance liquid chromatography analysis, yolk hormone was measured

using a commercial electrochemiluminescence immunoassay. Progesterone concentrations were

found to vary significantly among the yolk layers, supporting a follicular origin for this steroid in

Greater Rhea eggs. Additionally, highly similar mean absolute yolk progesterone concentrations

were detected between2013 and2015breeding seasons (1,332.98±82.59 and1,313.59±85.19

ng/g, respectively). These values are also comparable to those found in some domestic carinate

species. Findings suggest that at population level, when rearing conditions are similar, mean abso-

lute yolkmaternal progesterone concentrations also appear bounded. Future research on the fac-

tors and mechanisms that regulate progesterone deposition in Greater Rhea eggs is needed to

better understandwhether its levels depend on different rearing conditions.
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1 INTRODUCTION

Freshly laid eggs, especially their yolks, contain substantial levels

of maternal hormones, which influence the offspring development

(see Groothuis & Schwabl, 2008, for a review). Several factors mod-

ulate the yolk hormone levels, such as the genetic background, the

female environment and quality, social interactions (Schwabl, 1997;

Whittingham & Schwabl, 2002; Pilz & Smith, 2004), and the male

quality (Gil, Graves, Hazon, & Wells, 1999; Gwinner, Yohannes, &

Schwabl, 2013). Furthermore, yolk hormone levels could also vary

among clutches (Gil, 2008), and even across the laying sequence

within a clutch (Eising, Eikenaar, Schwabl, & Groothuis, 2001; Schwabl,

1993, 1997). According to that, hormones in bird eggs are interesting

as a potential mechanism by which information experienced in one

generation can be transmitted to the next generation and thereby

allow flexible adjustment of development to prevailing environmental

conditions (reviewed by von Engelhardt &Groothuis, 2011).

Progesterone is the most concentrated yolk steroid characterized

to date in carinate species (Hackl, Bromundt, Daisley, Kotrschal, &

Möstl, 2003; Möstl, Spendier, & Kotrschal, 2001), and serves as a

precursor in the production of other steroids such as testosterone,

estradiol, and corticosterone (reviewed in Payne & Hales, 2004). As

both testosterone and progesterone can be metabolized by some of

the same steroidogenic enzymes, the amount of progesterone in the

yolk may influence testosterone metabolism due to enzyme kinetics

or competition for cofactors involved in steroid metabolism (Paitz &

Casto, 2012). Progesterone is produced in the follicle granulose cell

layers (Bahr, Wang, Huang, & Calvo, 1983) and because the steroido-

genic activity of the follicle wall changes with follicle maturation, pro-

gesterone concentrations are highly variable between the different

yolk layers (Lipar, Ketterson, Nolan, & Casto, 1999).

Although it is the principal hormone surrounding avian embryos in

the early stage of development, progesterone has not received much

research attention to date and little is known about its role in the
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development of the embryo. Recent studies have shown that steroid

metabolism takes place in avian eggs during the early part of develop-

ment (von Engelhardt, Henriksen, & Groothuis, 2009), and it has been

hypothesized that progesterone plays a role in regulating that process

(Paitz & Bowden, 2010). Moreover, in European starlings, it has been

demonstrated that yolk progesterone concentration during incuba-

tion depends on embryonic development (Paitz & Casto, 2012). Addi-

tionally, there is some evidence that progesterone affects the growth

of chick embryo (Ahmad & Zamenhof, 1979; Schär, 1967), influences

embryonic heart rate and prenatal perceptual learning, as well as emo-

tional reactivity after hatching (Bertin et al., 2015; Herrington, Vallin,

& Lickliter, 2015, 2016). Metabolites of progesterone, such as preg-

nanediol and pregnanolone, have also been shown to produce biolog-

ical effects such as increased porphyrin and hemoglobin synthesis in

bird embryos (Granick &Kappas, 1967; Irving,Mainwaring, & Spooner,

1976; Levere, Kappas, & Granick, 1967).

To our knowledge, corticosterone is the only maternal yolk steroid

quantified to date in ratite eggs (Della Costa et al., 2016), and no infor-

mation about yolk progesterone is available in this group of birds;

therefore, this study aims to characterize the distribution and concen-

tration of maternal yolk progesterone in freshly eggs laid by captive

GreaterRhea females bredunder similar rearing conditions during two

breeding seasons. First, for this purpose, we validated a commercial

electrochemiluminescence immunoassay kit for progesterone concen-

trationmeasurement.

2 MATERIALS AND METHODS

2.1 Animals and egg collection

We studied a population of Greater Rheas (Rhea americana) hatched in

captivity at the experimental farm at Córdoba Zoo, Argentina (31°S,

64°W). Greater Rhea is a South American ratite bird included in

the “Near threatened” IUCN category (IUCN Red List of Threatened

Species, 2017) that is usually reared in captivity for both commercial

and conservationpurposes (Navarro,&Martella, 2011).During3 years

(2013–2015), 14 adult birds (10 females and 4 males above 2 years of

age) were maintained under similar rearing conditions: all birds were

housed in 0.02-ha pens with bare ground, received Vasquetto R© pro-

cessed feed for chicken, chopped alfalfa and water ad libitum, and they

were also exposed to natural light and temperature conditions and had

access to a 10-m2 roofed shelter. The quality, quantity, and variety of

diet did not change during these years, nor did the group size, sex ratio,

protocols of cleaning of pens, veterinary controls, and handling.

During the 2013 and 2015 breeding seasons, freshly laid eggs from

all clutches were collected (27 and 16 eggs, respectively) by the same

experienced farmer. None of the eggs stayed in the nest for more

than 24 hs to prevent the metabolism of the hormone by the develop-

ing embryo (Groothuis & von Engelhardt, 2005). Egg sample size was

restricted to the maximum amount authorized in the Zoo, as the birds

were also included in a reintroduction program (Lèche et al., 2016;

Vera Cortez, Valdez, Navarro, & Martella, 2015). All eggs were col-

lected during the intermediate laying period of each season, when the

peak of egg production occurs (Lábaque, Martella, Maestri, Hoyos, &

Navarro, 2010). Although the identity of the laying females could not

be discerned, we estimated that 7 of the 10 females had laid the eggs

collected during this study, considering the total number of eggs laid

during each season, and the average number of eggs laid per female in

this Zoo as reference (21 ± 3.5 eggs per season; Lábaque et al., 2010).

The proposal of this workwas approved by the ethics committee of the

CONICET (Resolution 1047Annex II, 2005) before its implementation

as part of the author’s fellowship project.

2.2 High-performance liquid chromatography

analysis

We extracted steroids from egg yolk according to Rettenbacher,

Henriksen, Groothuids, and Lepschy (2013). Briefly, we homogenized

three egg yolks, and 5 gwasmixedwith 10mLof double-distilledwater

and stirred for 30 min. Then, 30 mL methanol (high-performance liq-

uid chromatography [HPLC] grade) dropwise was added in each sam-

ple and stirred for 30min. Sampleswere then centrifuged and 30mLof

the supernatant was diluted with 45 mL of double-distilled water and

then filtered through a C-18 matrix column (Supelclean, LC-18 Car-

tridges, Supelco) via air flow. Elution was dried at 60°C and suspended

in 0.1 mL methanol, centrifuged, and supernatant (20 𝜇L) was injected

into reverse-phase HPLC (Column Syncronis C18, 5 𝜇m, 250 × 4.6;

Perkin Elmer, serie 200, UV/VIS detector), to separate and determine

the presence of progesterone inGreaterRhea yolk.Wealso performed

these procedures adding steroid standards to the yolk before extrac-

tion to monitor the recovery and possible interferences during HPLC

analysis.

Because standards showed maximum absorbance at 223 nm for

progesterone and corticosterone, and 238 nm for cortisol and cor-

tisone, we operated the UV spectrometer at these wavelengths for

the simultaneous determination of steroid concentrations. Then, 20𝜇L

was eluted during 80min at a flow rate of 1 mL/min using a methanol–

water gradient (20–100%:80–0%). The retention time of the peak

coincident with the respective standard steroid was used to iden-

tify the steroid peak (Busso, Ponzio, Fiol de Cuneo, & Daniel Ruiz,

2007). Additionally, to assess immunoreactivity, 2 min fractions were

separately collected during the elution and dried for further hor-

monal analysis. Finally, all fractions were reconstituted in immunoas-

say buffer to assess immunoreactivity by electrochemiluminescence

immunoassay.

2.3 Quantification of yolk progesterone

As described by Lipar et al. (1999), the frozen yolk from the albumin

was separated by taking advantage of the fact that albumen thaws

more quickly than yolk. The yolk was then weighed and its diameter

was measured. Eggshells were also separated, washed with water to

remove the albumin, dried and weighed. We determined the weight

of the albumin by subtracting the weight of the eggshell and the yolk

from the total mass of the egg. We considered yolk, albumen, and

shell weight as indicators of egg quality. Following Lipar et al. (1999),

we prepared three layers from each yolk to assess the hormone con-

centrations in the exterior, intermediate, and interior layers of the
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yolk sphere: the frozen yolk was dissected with a knife, and a disk of

approximately 1-cm thick covering the core of the yolk was first

removed, the disk was then cut to a three-dimensional rectangular

structure, and yolk samples (0.30 g) were then excised from the inte-

rior, intermediate, and exterior portions of the yolk. According to Hen-

riksen, Groothuis, and Rettenbacher (2011), each layer sample was

extracted by mixing the 0.30 g of yolk with 1.2 mL of double-distilled

water, homogenized with a hand vortex, and frozen overnight. On the

next day, samples were shaken for 15 min before 6 mL of methanol

(100%)was added. The solutionwas shaken for 30min and centrifuged

at 2,500 g for 15min.

For the progesterone immunoassay analysis, the methanolic sus-

pensions were simply diluted with assay buffer (1:10). Progesterone

concentrations were measured using a commercial electrochemilu-

minescence immunoassay kit (Elecsys Progesterone II from ROCHE).

Samples were analyzed in COBAS 6001 equipment, with a module for

immunoassay e 601 (HITACHI High Technology Corporation-ROCHE

Diagnostic GmbH). Three samples were serially diluted in the assay

buffer, and their displacement curves were parallel to the standard

curve. Presence of progesterone was detected in samples of known

concentrations starting as low as 1.2 ng/g, whereas theminimumquan-

tifiable concentration was 4.8 ng/g. Mean intra- and interassay coeffi-

cients of variation were 4.9% and 6.5%, respectively.

For each egg, we calculated the absolute progesterone concentra-

tion of whole yolk by multiplying the measured concentration of each

layer with the calculated weight of the respective layer, as described

by Rettenbacher, Möstl, Hackl, and Palme (2005). Progesterone con-

centration was expressed as nanograms of hormone per gram of yolk

(ng/g).

Avian follicle cells have the enzymatic capacity to synthesize

a plethora of steroid hormones and hormone metabolites (Porter,

Hargis, Silsby, & Halawani, 1989), and it is therefore likely that yolk

contains steroids that have not yet been identified. Because the mea-

sured signal in the yolk could be caused by two or more hormones or

hormonemetabolites (other progestogens, in our case) that bind to the

antibody (Rettenbacher,Möstl, &Groothuis, 2009), wewill refer to the

immunoreactive substances detected by our progesterone antibody as

“yolk progesterone.”

2.4 Statistical analyses

We used the Infostat statistical software package (Di Rienzo et al.,

2012). A mixed general linear model was used to compare proges-

terone concentrations among exterior, intermediate, and interior yolk

layers, including egg as random factor. Hormonal concentration data

were transformed to natural logarithm for normality of residuals. We

also used mixed models to evaluate the effect of breeding season on

absolute yolk progesterone concentrations, and on yolk, albumen, and

shell weight, also including egg as random factor. Albumen weight

data were transformed to sequential ranks (Shirley, 1987) for normal-

ity of residuals. We tested data for normality of residuals using the

Shapiro–Wilks modified test. Means of main effects were compared

using Fisher’s least significant difference post hoc test. Values are

expressed as themean± SEMand the significance levelwas set at 0.05.

3 RESULTS AND DISCUSSION

HPLC analysis of yolk extracts fromGreater Rhea eggs revealed a peak

that coeluted with the reference standard progesterone (Fig. 1). The

immunoreactivity of the fractions obtained after HPLC showed that

the fraction80had themaximum immunoreactivity valueand the same

retention time as the external standard progesterone (Fig. 1). These

findings validated the electrochemiluminescence immunoassay proce-

dure as an accurate method for measuring maternal progesterone in

Greater Rhea eggs and that could (prior validation) also be used on

other bird species.

We observed significant variations in the concentration of proges-

terone among the yolk layers of Greater Rhea eggs (F2,94 = 418.31,

P < 0.01). Progesterone concentration in the exterior layer was signif-

icantly higher than those in both the intermediate and interior layers,

which also differed from one another (P < 0.05 in all cases, Fig. 2). This

pattern of hormone deposition observed in Greater Rhea eggs is con-

sistent with the steroidogenic activity of the follicle wall that depends

on follicle maturation (Bahr et al., 1983), and agrees with the pattern

F IGURE 1 High-pressure liquid chromatography (HPLC) separation
of yolk extract obtained from Greater Rhea eggs (open circle) and
immunoreactivity (filled circle) of each HPLC 2-min fraction measured
by an electrochemiluminescence immunoassay
Notes: Arrows indicate elution position of cortisone (C1), cortisol (C2),
corticosterone (C3), and progesterone (P) standards.

F IGURE 2 Mean (±SEM) progesterone concentration in the exte-
rior, intermediate, and interior layers of Greater Rhea egg yolk (n = 43
eggs)
Notes: Levels not connected by the same letter (a, b, c) are significantly
different (P< 0.05).
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TABLE 1 Absolute yolk progesterone concentration and weight of greater rhea egg components (yolk, albumen, and shell), in two breeding
seasons

2013 Breeding Season (n= 27) 2015 Breeding Season (n= 16) Statistic Values

Absolute yolk progesterone concentration (ng/g) 1,332.98± 82.59 1,313.59± 85.19 F1,9 = 0.02, P= 0.88

Yolk weight (g) 151.91± 3.19 158.93± 4.37 F1,9 = 1.73, P= 0.22

Albumenweight (g) 326.5± 9.26 328.74± 8.8 F1,9 = 0.02, P= 0.87

Shell weight (g) 81.95± 2.4 88.41± 2.23 F1,9 = 3.29, P= 0.10

In neither case, there were significant statistical differences.
n, number of eggs measured.

described in carinate species (Hackl et al., 2003; Lipar et al., 1999;

Möstl et al., 2001). As reported by Lipar et al. (1999), the presence of

variation in the concentrations of progesterone has implications for

the reliability of yolk sampling techniques, considering that the differ-

ent layers would contribute with highly different amounts of yolk if it

was homogenized prior to analysis.

Mean absolute yolk progesterone concentrations were the same

during the two breeding seasons (Table 1) suggesting that at a popu-

lation level, when rearing conditions are similar, mean absolute yolk

progesterone concentrations also appear bounded. Moreover, our

results showed that egg quality (measured in this study as yolk, albu-

men, and shell weight) did not change between seasons (Table 1). In

Greater Rheas, diet composition and traits of laying females have been

found to influence egg characteristics (Lábaque et al., 2010, 2013);

therefore, the stability that we found in egg quality during the breed-

ing seasons is in accordance with the idea that rearing conditions did

not change substantially across the years.

The mean absolute yolk progesterone concentration, considering

all eggs collected during the two breeding seasons, was 1,325.77 ±
60.15 ng/g (n = 43), and it was comparable to those found in other

domestic bird species (Bertin et al., 2013;Okuliarova, Kostal, & Zeman,

2011). According to the reported information revised in Groothuis

and von Engelhardt (2005), yolk progesterone levels quantified in this

study should have derived from the laying female, because the hor-

mone was detected in the yolk of freshly laid eggs, before the embryo

was able to start its own synthesis. Additionally, absolute yolk pro-

gesterone concentrations in all eggs collected ranged from 651.85 to

2,287.32 ng/g, and this variation was not associated with the yolk

weight (Fig. 3). In other bird species, it has been shown that yolk hor-

mone levels vary with the egg´s composition such as yolk mass or

carotenoid levels (von Engelhardt & Groothuis, 2011). Moreover, yolk

F IGURE 3 Absolute yolk progesterone concentration (ng/g) versus
yolk weight (g) in Greater Rhea eggs (n= 43)

hormone levels could vary between females and both between and

within clutches, according to the position in the laying order (Carere &

Balthazart, 2007; Schwabl, 1993). In this study, we could not include

female traits in the analysis, because we were not able to identify

the female that laid each egg; therefore, future studies are needed to

explain these hormonal variations in Greater Rhea eggs.

Many studies report variations in the yolk hormone levels when

environmental conditions change, such as temperature (Bertin et al.,

2013), food quality (Gasparini et al., 2007; Verboven et al., 2003),

breeding density (Groothuis & Schwabl, 2002), and social interac-

tions (Gil et al., 2006; Navara, Siefferman, Hill, & Mendonça, 2006).

These variable amounts of hormones deposited into egg yolk that

could potentially affect embryonic growth and development (von

Engelhardt & Groothuis, 2011), could be explained as the result of

context and dose-dependent optimal strategies to maximize offspring

fitness, in which the balance between costs and benefits depends on

the prevailing conditions (Muriel et al., 2015). Consistently, the vari-

ation in yolk corticosterone levels observed among eggs of Greater

Rhea females bred under different rearing conditions, such as size of

pens and presence or lack of natural pastures in the pens (Della Costa

et al., 2016), suggests that yolk steroids in this species could also func-

tion as indicators of relevant environmental conditions for the off-

spring development. Future experimental studies are needed to know

whether yolk progesterone levels in Greater Rheas are also regulated

under different rearing conditions. Nevertheless, our findings provide

the basis for future research on the regulation of progesterone depo-

sition in Greater Rhea eggs to contribute to enlighten its influence on

the offspring development.

4 CONCLUSIONS

Overall, in this study an electrochemiluminescence immunoassay

was validated as an accurate method for measuring maternal yolk

progesterone inGreaterRheaeggs. Thedistributionofprogesterone in

the yolk spheres supported a follicular origin for this hormone. Finally,

our finding of similar yolk progesterone levels in two nonconsecutive

breeding seasons suggests that when rearing conditions are similar,

yolk progesterone concentrations also appear bounded.

ACKNOWLEDGMENTS

We are grateful to the Jardín Zoológico de Córdoba (Argentina) for

allowing us to conduct this research. This work was made possible



DELLACOSTA ET AL. 147

because of the generous collaboration of L. Giojalas. G. Giacone helped

in English language. We are grateful to the anonymous reviewers

for their comments that helped improve a previous version of this

manuscript. N.S.D.C. is a student of the Doctorado en Ciencias Biológ-

icas, FCEFyN—UNC, and fellow from the Consejo Nacional de Investi-

gaciones Científicas y Técnicas (CONICET). J.L.N., J.M.B., R.H.M., and

M.B.M. are researchers of CONICET. This work was supported by

grants from the Secretaría de Ciencia y Tecnología of the Universi-

dad Nacional de Córdoba (SECyT-UNC) and the Agencia Nacional de

Promoción Científica y Tecnológica de Argentina (FONCyT, Proyecto

1170, PICT 2012), toM.B.M.

LITERATURE CITED

Ahmad, G., & Zamenhof, S. (1979). The effect of progesterone on brain and

body growth of chick embryos.Growth, 43, 58–61.

Bahr, J. M., Wang, S. C., Huang, M. Y., & Calvo, F. O. (1983). Steroid concen-

trations in isolated theca and granulosa layers of preovulatory follicles

during the ovulatory cycle of the domestic hen. Biology of Reproduction,
29, 326–34.

Bertin, A., Arnould, C.,Moussu, C.,Meurisse,M., Constantin, P., Leterrier, C.,

& Calandreau, L. (2015). Artificially increased yolk hormone levels and

neophobia in domestic chicks. Animals, 5, 1220–1232.

Bertin, A., Chanson, M., Delaveau, J., Mercerand, F., Möstl, E., Calandreau,

L., ... Collin, A. (2013). Moderate heat challenge increased yolk steroid

hormones and shaped offspring growth and behavior in chickens. PLoS
One, 8(2): e57670.

Busso, J.M., Ponzio,M., Fiol deCuneo,M., &Daniel Ruiz, R. (2007).Noninva-

sivemonitoring of ovarian endocrine activity in the chinchilla (Chinchilla
lanigera).General and Comparative Endocrinology, 150, 288–297.

Carere, C., & Balthazart, J. (2007). Sexual versus individual differentiation:

The controversial role of avianmaternal hormones. Trends in Endocrinol-
ogy &Metabolism, 18, 73–80.

Della Costa, N. S., Marin, R. H., Busso, J. M., Hansen, C., Navarro, J. L., &

Martella, M. B. (2016). Influence of the rearing system on yolk corti-

costerone concentration in captiveGreater Rheas (Rhea americana).Zoo
Biology, 35, 246–250.

Di Rienzo, J. A., Casanoves, F., Balzarini, M. G., Gonzalez, L., Tablada, M.,

& Robledo, C. W. (2012). InfoStat. Statistical software. Available from:

Retrieved from http://www.infostat.com.ar/

Eising, C.M., Eikenaar, C., Schwabl, H., &Groothuis, T. G.G. (2001).Maternal

androgens in black-headed gull (Larus ridibundus) eggs: Consequences
for chick development. Proceedings of the Royal Society B: Biological Sci-
ences, 268, 839–846.

Gasparini, J., Boulinier, T., Gill, V. A., Gil, D., Hatch, S. A., & Roulin, A. (2007).

Food availability affects the maternal transfer of androgens and anti-

bodies into eggs of a colonial seabird. Journal of Evolutionary Biology, 20,
874–880.

Gil, D. (2008). Hormones in avian eggs: Physiology, ecology and behavior.

Advances in the Study of Behavior, 38, 337–398.

Gil, D., Graves, J., Hazon, N., &Wells, A. (1999). Male attractiveness and dif-

ferential testosterone investment in zebra finch eggs. Science,286, 126–
128.

Gil, D., Ninni, P., Lacroix, A., De Lope, F., Tirard, C., Marzal, A., & PapeMøller,

A. (2006). Yolk androgens in the barn swallow (Hirundo rustica): A test of

some adaptive hypotheses. Journal of Evolutionary Biology, 19, 123–131.

Granick, S., & Kappas, A. (1967). Steroid control of porphyrin and heme

biosynthesis: A newbiological function of steroid hormonemetabolites.

Proceedings of the National Academy of Sciences of the United States of
America, 57, 1463–1467.

Groothuis, T. G. G., & Schwabl, H. (2002). Determinants of within- and

among-clutch variation in levels ofmaternal hormones in Black-Headed

Gull eggs. Functional Ecology, 16, 281–289.

Groothuis, T. G. G., & Schwabl, H. (2008). Hormone-mediated maternal

effects in birds: Mechanisms matter but what do we know of them?

Philosophical transactions of the Royal Society of London. Series B, Biologi-
cal sciences, 363, 1647–1661.

Groothuis, T. G. G., & von Engelhardt, N. (2005). Investigatingmaternal hor-

mones in avian eggs: Measurement, manipulation, and interpretation.

Annals of the New York Academy of Sciences, 1046, 168–180.

Gwinner, H., Yohannes, E., & Schwabl, H. (2013). Nest composition and yolk

hormones: Do female European starlings adjust yolk androgens to nest

quality? Avian Biology Research, 6, (4):307–312.

Hackl, R., Bromundt, V., Daisley, J., Kotrschal, K., & Möstl, E. (2003).

Distribution and origin of steroid hormones in the yolk of Japanese

quail eggs (Coturnix coturnix japonica). Journal of Comparative Phys-
iology B: Biochemical, Systemic, and Environmental Physiology, 173,
327–331.

Henriksen, R., Groothuis, T. G. G., & Rettenbacher, S. (2011). Elevated

plasma corticosterone decreases yolk testosterone and progesterone

in chickens: Linking maternal stress and hormone-mediated maternal

effects. PLoS One, 6, (8):e23824.

Herrington, J. A., Rodriguez, Y., & Lickliter, R. (2016). Elevated yolk proges-

terone moderates prenatal heart rate and postnatal auditory learning

in bobwhite quail (Colinus virginianus). Developmental Psychobiology, 58,
784–788.

Herrington, J. A., Vallin, C., & Lickliter, R. (2015). Increased yolk proges-

terone interferes with prenatal auditory learning and elevates emo-

tional reactivity in bobwhite quail (Colinus virginianus) chicks. Develop-
mental Psychobiology, 57, 255–262.

Irving, R. A., Mainwaring, W. I. P., & Spooner, P. M. (1976). The regulation of

hemoglobin synthesis in cultured chick blastoderms by steroids related

to 5-beta androstane. Biochemical Journal, 154, 81–93.

IUCN Red List of Threatened Species, (2017). Rhea americana (Greater

Rhea). Status: Near Threatened. Population trend: decreasing.

Retrieved from http://www.iucnredlist.org.

Lábaque, M. C., Martella, M. B., Maestri, D. M., Hoyos, L., & Navarro, J. L.

(2010). Effect of age and body weight of Greater Rhea (Rhea americana)
females on egg number, size and composition. British Poultry Science, 51,
838–846.

Lábaque, M. C., Martella, M. B., Maestri, D. M., & Navarro, J. L. (2013). The

influence of diet composition on egg and chick traits in captive Greater

Rhea females. British Poultry Science, 54, 374–380.

Lèche, A., Vera Cortez, M., Della Costa, N. S., Navarro, J. L., Marin, R. H., &

Martella,M. B. (2016). Stress response assessment during translocation

of captive-bred Greater Rheas into the wild. Journal of Ornithology, 157,
599–607.

Levere, R. D., Kappas, A., & Granick, S. (1967). Stimulation of hemoglobin

synthesis in chick blastoderms by certain 5-beta androstane and 5-beta

pregnane steroids. Proceedings of the National Academy of Sciences of the
United States of America, 58, 985–990.

Lipar, J. L., Ketterson, E. D., Nolan, V., & Casto, J. M. (1999). Egg yolk layers

vary in the concentration of steroid hormones in two avian species.Gen-
eral and Comparative Endocrinology, 115, 220–227.

Möstl, E., Spendier, H., & Kotrschal, K. (2001). Concentration of immunore-

active progesterone and androgens in the yolk of hens’ eggs (Gallus
domesticus).Wiener tierärztlicheMonatsschrift, 88, 62–65.

Muriel, J., Salmón, P., Nunez-Buiza, A., De Salas, F., Pérez-Rodríguez, L.,

Puerta, M., & Gil, D. (2015). Context-dependent effects of yolk andro-

gens on nestling growth and immune function in amultibrooded passer-

ine. Journal of Evolutionary Biology, 28, 1476–1488.

http://www.infostat.com.ar/
http://www.iucnredlist.org


148 DELLACOSTA ET AL.

Navara, K. J., Siefferman, L. M., Hill, G. E., & Mendonça, M. T. (2006). Yolk

androgens vary inversely to maternal androgens in Eastern Bluebirds:

An experimental study. Functional Ecology, 20, 449–456.

Navarro, J. L., &Martella,M. B. (2011). Ratite conservation: Linking captive-

release andwelfare. In P. Glatz, C. Lunam, & I. Malecki (Eds.), The welfare
of farmed ratites (pp. 237–258). Berlin andHeidelberg: Springer.

Okuliarova,M., Kostal, L., &Zeman,M. (2011). Effects of divergent selection

for yolk testosterone content on growth characteristics of Japanese

quail. Comparative Biochemistry and Physiology — Part A: Molecular & Inte-
grative Physiology, 160, 81–86.

Paitz, R. T., & Bowden, R. M. (2010). Progesteronemetabolites, “xenobiotic-

sensing” nuclear receptors, and the metabolism of maternal steroids.

General and Comparative Endocrinology, 166, 217–221.

Paitz, R. T., & Casto, J. M. (2012). The decline in yolk progesterone concen-

trations during incubation is dependent on embryonic development in

theEuropean starling.General andComparative Endocrinology,176, 415–
419.

Payne, A. H., & Hales, D. B. (2004). Overview of steroidogenic enzymes

in the pathway from cholesterol to active steroid hormones. Endocrine
Reviews, 25, 947–970.

Pilz, K. M., & Smith, H. G. (2004). Egg yolk androgen levels increase with

breeding density in the European starling, Sturnus vulgaris. Functional
Ecology, 18, 58–66.

Porter, T. E., Hargis, B. M., Silsby, J. L., & Halawani, M. E. E. (1989). Dif-

ferential steroid production between theca interna and theca externa

cells: A three-cell model for follicular steroidogenesis in avian species.

Endocrinology, 125, 109–116.

Resolution 1047 Annex II, (2005). Ministerio de Educación, Ciencia y Tec-

nología, SecretaríadeCiencia, Tecnología e InnovaciónProductiva,Con-

sejo Nacional de Investigaciones Científicas y Técnicas, Buenos Aires,

Argentina.

Rettenbacher, S., Henriksen, R., Groothuids, T. G., & Lepschy, M. (2013).

Corticosterone metabolism by chicken follicle cells does not affect

ovarian reproductive hormone synthesis in vitro. General and Compar-
ative Endocrinology, 184, 67–74.

Rettenbacher, S., Möstl, E., & Groothuis, T. G. G. (2009). Gestagens and

glucocorticoids in chicken eggs. General and Comparative Endocrinology,
164, 125–129.

Rettenbacher, S., Möstl, E., Hackl, R., & Palme, R. (2005). Corticosterone in

chickeneggs.Annals of theNewYorkAcademyof Sciences,1046, 193–203.

Schär, B. (1967). The effect of progesterone and progesterone metabolites

on the growth of embryonal cartilage in vitro. Experientia, 23, 716–717.

Schwabl, H. (1993). Yolk is a source ofmaternal testosterone for developing

birds. Proceedings of the National Academy of Sciences of the United States
of America, 90, 11446–11450.

Schwabl,H. (1997). Ahormonalmechanism for parental favouritism.Nature,
386, 231.

Shirley, E. A. C. (1987). Applications of rankingmethods ofmultiple compar-

ison procedures and factorial experiments. Journal of the Royal Statistical
Society. Series C, 36, 205–213.

Vera Cortez, M., Valdez, D. J., Navarro, J. L., & Martella, M. B. (2015). Effi-

ciency of antipredator training in captive-bred greater rheas reintro-

duced into the wild. Acta Ethologica, 18, 187–195.

Verboven, N., Monaghan, P., Evans, D. M., Schwabl, H., Evans, N.,

Whitelaw, C., &Nager, R. G. (2003).Maternal condition, yolk androgens

and offspring performance: A supplemental feeding experiment in the

lesser black-backed gull (Larus fuscus). Proceedings of the Royal Society B:
Biological Sciences, 270, 2223–2232.

vonEngelhardt,N., &Groothuis, T.G.G. (2011).Maternal hormones in avian

eggs. In D. O. Norris &K. H. Lopez (Eds.), Hormones and reproduction of

vertebrates (pp. 91–127). Amsterdam: Elsevier.

von Engelhardt, N., Henriksen, R., & Groothuis, T. G. G. (2009). Steroids in

chicken egg yolk:Metabolism and uptake during early embryonic devel-

opment.General and Comparative Endocrinology, 163, 175–183.

Whittingham, L. A., & Schwabl, H. (2002). Maternal testosterone in tree

swallow eggs varies with female aggression. Animal Behaviour, 63, 63–
67.

How to cite this article: Della Costa NS, Navarro JL, Busso

JM, Marin RH, Martella MB. Distribution and concentration of

maternal progesterone in the yolk of Greater Rhea eggs (Rhea

americana). J. Exp. Zool. 2017;327:143–148. https://doi.org/

10.1002/jez.2073

https://doi.org/10.1002/jez.2073
https://doi.org/10.1002/jez.2073

