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Embryonic modulation of maternal steroids
in European starlings (Sturnus vulgaris)

Ryan T. Paitz*, Rachel M. Bowden and Joseph M. Casto

School of Biological Sciences, Illinois State University, Normal, IL 61790, USA

In birds, maternally derived yolk steroids are a proposed mechanism by which females can adjust individ-

ual offspring phenotype to prevailing conditions. However, when interests of mother and offspring differ,

parent–offspring conflict will arise and embryonic interests, not those of the mother, should drive

offspring response to maternal steroids in eggs. Because of this potential conflict, we investigated the

ability of developing bird embryos to process maternally derived yolk steroids. We examined how pro-

gesterone, testosterone and oestradiol levels changed in both the yolk/albumen (YA) and the embryo of

European starling eggs during the first 10 days of development. Next, we injected tritiated testosterone

into eggs at oviposition to characterize potential metabolic pathways during development. Ether extrac-

tions separated organic and aqueous metabolites in both the embryo and YA homogenate, after which

major steroid metabolites were identified. Results indicate that the concentrations of all three steroids

declined during development in the YA homogenate. Exogenous testosterone was primarily metabolized

to an aqueous form of etiocholanolone that remained in the YA. These results clearly demonstrate

that embryos can modulate their local steroid environment, setting up the potential for parent–offspring

conflict. Embryonic regulation must be considered when addressing the evolutionary consequences of

maternal steroids in eggs.

Keywords: yolk steroids; embryonic development; sexual differentiation; steroid metabolism;

etiocholanolone
1. INTRODUCTION
Investigations into proximate causes of phenotypic vari-

ation have tended to focus on genetic factors, but a

larger emphasis is now being placed on how non-genetic

factors can shape phenotypic variation. Maternal steroids

are one such class of non-genetic factor that influences

developing offspring and may allow females to manipulate

offspring phenotypes to maximize reproductive success

[1,2]. However, when the interest of the mother does

not match the interest of the individual offspring, selective

pressures on maternal steroid transfer will differ from

those on offspring response, resulting in parent–offspring

conflict [3]. We must advance our knowledge of whether

embryos can regulate such non-genetic factors if we are to

understand the potential evolutionary consequences of

maternal steroids on offspring phenotype [4].

Most studies investigating the effects of maternal

steroids have been conducted in placental mammals,

where there is seemingly great potential for direct exposure

of the embryo to the maternal environment [5]. The pla-

centa develops from one or more extra-embryonic

membranes and forms an interface that facilitates the

transfer of substances between mother and offspring [6].

Because of its role in metabolizing steroids [7,8], the pla-

centa is a vital regulator of the endocrinological ‘cross

talk’ that occurs between mother and foetus [9]. Disrup-

tion of steroid metabolism in the placenta can lead to

both foetal [10] and maternal abnormalities [11], support-

ing the idea that the placenta serves as a buffer between the

maternal and foetal endocrine environments. Thus, in
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placental mammals, maternal steroid effects are the result

of a dynamic interplay between maternal production and

embryonic regulation.

In oviparous amniotes, maternal steroid signals are

transferred to the yolk during folliculogenesis (reviewed

by Paitz & Bowden [12]). At oviposition, the separation

of maternal and embryonic endocrine environments pro-

duces a discrete initial maternal steroid signal after which

there is no further endocrine interaction between mother

and embryo. Unfortunately, our understanding of how

embryos of oviparous amniotes regulate maternal steroids

is minimal, making it difficult to postulate how yolk

steroids may affect differentiation of some traits without

affecting others (reviewed by Carere & Balthazart [13]).

Our knowledge of how bird embryos may process

maternal steroids had been limited to several studies

that investigated the ability of early embryonic tissues to

metabolize steroids in vitro, where it was demonstrated

that, by 48 h of incubation, chicken blastoderms are

capable of metabolizing several steroids [14–16]. A

more recent in vivo study in chickens demonstrated that

metabolism of exogenous testosterone is initiated during

the first 24 h of incubation [17]. In all of these studies,

multiple metabolites (both conjugated and unconjugated)

were detected, suggesting the presence of numerous

metabolic enzymes during this period. The specific

tissue of origin for these enzymes remains to be

elucidated, but metabolic enzymes are expressed in

the chorioallantoic membrane [18] and embryo [19] of

the chicken. Additionally, very little is known about the

potential biological activity of these metabolites.

Conjugated steroids are typically viewed as metabolites

destined for clearance from the body because steroid
This journal is q 2010 The Royal Society
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conjugation results in a metabolite that is both biologi-

cally inactive and water-soluble [20]. However, during

embryonic development in mammals, conjugated steroids

are the primary precursors for steroid production by the

placenta, where enzymes capable of returning conjugated

steroids back to their active form are abundant [21]. The

importance of steroid conjugation during embryonic

development has recently been addressed in an oviparous

amniote, the red-eared slider turtle (Trachemys scripta)

[22]. This study specifically examined the conjugation

of oestradiol by the enzyme oestrogen sulphotransferase

and found that the activity of this enzyme significantly

increased in the yolk and extra-embryonic membranes

during the first 10 days of incubation. During this same

period, tritiated oestradiol is converted to a water-soluble

metabolite [22] and endogenous oestradiol concen-

trations in the yolk decline significantly [23]. Together,

these studies suggest that the extra-embryonic mem-

branes of oviparous amniotes may serve an important

role in metabolizing maternal steroids, just as they do in

placental mammals.

Given that embryos of several oviparous amniotes

appear to possess the ability to metabolize steroids

in vitro, we tested the hypothesis that bird embryos are

able to modulate maternal steroid signals in ovo. Embryo-

nic regulation of the local endocrine milieu may have

important implications for the evolutionary consequences

of maternally derived yolk steroids. Using the European

starling (Sturnus vulgaris), we characterized how pro-

gesterone, testosterone and oestradiol levels in the egg

change during development. We then used injections of

tritiated testosterone to examine metabolism of testoster-

one during development and identify major metabolites,

as testosterone is the primary yolk steroid reported to

influence offspring development in this species [24,25].
2. MATERIAL AND METHODS
(a) Egg collection

Eggs were collected from free-living European starlings

breeding in nest boxes at the Illinois State University farm

in Normal, IL, USA. Eighteen clutches of eggs, laid between

22 April 2008 and 27 May 2008, were used in the exper-

iments herein. Adults in this newly established colony were

unmarked, and individual females may have contributed up

to two clutches to these experiments. Based upon the

timing of egg-laying and assignment of clutches to each

experiment, no female contributed more than one clutch to

any experiment.

Laying was monitored and freshly laid eggs were collected

daily between 12.00 and 14.00 h. Eggs were replaced with

painted wooden decoys that approximated the size, shape,

mass and colour of an average starling egg. Decoy eggs

were left in first nests until laying ceased and were removed

5–11 days thereafter. Collected eggs were marked with per-

manent ink on the shell to uniquely identify the clutch and

egg number within a clutch. All eggs were weighed to the

nearest 0.01 g using an electronic balance and were assigned

to study and incubation treatment within approximately 1 h

of collection.

(b) Experiment 1: steroid levels during development

In the first experiment, eggs from five clutches were used to

characterize steroid concentrations throughout development.
Proc. R. Soc. B (2011)
Eggs were either frozen or placed into an incubator (Turn-X

Model TX7, Lyon Technologies Inc., Chula Vista, CA,

USA) at 37.58C with 60 per cent humidity. Eggs from each

clutch were randomly assigned to sampling groups to mini-

mize any potential laying order effects. One egg from each

clutch was then frozen on incubation day 0, 2, 4, 7 and 10.

Once all eggs had been frozen (n ¼ 25), they were dissected

to separate the embryo from the yolk/albumen (YA) fraction.

Eggs that did not possess a visible embryo resulted in a hom-

ogenate that included the yolk, albumen and embryo.

Embryos and the YA fraction were then homogenized inde-

pendently such that each egg which possessed an embryo

resulted in an embryo homogenate and a YA homogenate.

The YA homogenate ultimately included yolk, albumen

and all extra-embryonic membranes. These components

were combined into a single homogenate because it was

not feasible to separate them at all stages of development

[26]. Egg components were homogenized using a Tissue

Tearor homogenizer (BioSpec Products Inc., Bartlesville,

OK, USA). A 50 mg sample of homogenate was then

collected to quantify progesterone (PROG), testosterone

(T) and oestradiol (E2) concentrations.

(c) Experiment 1: steroid quantification via

radioimmunoassay

Steroid concentrations were quantified via radioimmunoassay

(RIA) [23,27,28]. Briefly, samples were diluted in 1 ml of

water and 2000 counts per minute (cpm) of steroid tracers

were added to each sample. Unconjugated steroids were

extracted twice with 3 ml of an ether extraction solvent (a mix-

ture of 30% petroleum ether and 70% diethyl ether). This

organic fraction was dried under nitrogen gas, reconstituted

in 90 per cent ethanol and stored at 2208C overnight to pre-

cipitate neutral lipids. Samples were fractionated via column

chromatography; samples were applied directly to the column

and eluted using hormone-specific ethyl acetate : isooctane

ratios (PROG ¼ 2%, T ¼ 20% and E2 ¼ 40%). Fractions

were then dried and steroid concentrations were measured

in competitive binding RIAs with tritiated steroid. Steroid

concentrations were calculated based on a standard curve

that ranged from 3.91 to 1000 pg for PROG and 1.95 to

500 pg for T and E2. Average recovery was 60 per cent for

PROG, 56 per cent for T and 58 per cent for E2. The

intra-assay coefficients of variation were 4 per cent for

PROG, 11 per cent for T and 8 per cent for E2. Antibodies

used were P 1604 (Wien Laboratories, Flanders, NJ, USA)

for PROG, T 3003 (Wien Laboratories) for Tand 7010 (Bio-

genesis, Kingston, NH, USA) for E2. The tritiated steroids

NET 381 (PROG), NET 553 (T) and NET 517 (E2) were

purchased from Perkin-Elmer (Boston, MA, USA).

(d) Experiment 2: radioactive testosterone distribution

In the second experiment, eggs from 13 clutches were used to

characterize the distribution of tritiated testosterone ([3H]T)

in the egg after 6 days of incubation. Eggs were randomly

divided among treatment groups such that each clutch had

at least one egg in each of the treatments. Each egg received

an injection of 50 000 cpm ([3H]T) into the albumen and

were then placed into the incubator for 6 days at 37.58C
with 60 per cent humidity; all eggs were frozen at the com-

pletion of incubation until analysis. This technique results

in incorporation of radioactivity into the yolk, as both the

oil bolus and the yolk float to the top of the egg and come

in close contact [17]. For the first treatment, eggs were

http://rspb.royalsocietypublishing.org/
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Figure 1. Schematic depicting the experimental techniques used to characterize radioactivity in experiment 2.

Embryonic steroid metabolism R. T. Paitz et al. 101

 on September 22, 2014rspb.royalsocietypublishing.orgDownloaded from 
immediately injected with 50 000 cpm ([3H]T). In the

second treatment, eggs were placed at 48C for 4 days

before injection with ([3H]T). This treatment was intended

to prevent embryonic development [26] in order to detect

if there was any maternal contribution to steroid metabolism.

The third treatment was identical to the second treatment

except that eggs were placed at 138C, the approximate ambi-

ent temperature that unincubated eggs would have

experienced in the nest, before injection. This treatment

was designed to test for any effect of holding eggs prior to

injection with ([3H]T).

(e) Experiment 2: quantification and identification

of radioactive T and metabolites

Frozen eggs were dissected into embryo and YA fractions and

homogenized in the same manner as described above. For

this study, only eggs containing embryos were used to deter-

mine the distribution of radioactivity within eggs (n ¼ 37).

Radioactivity levels in 100 mg samples of homogenate dis-

solved in 1 ml of water were quantified by extracting

steroids twice using 3 ml of ether extraction solvent

(figure 1). Following a snap-freeze of the aqueous fraction,

the organic fraction was decanted, dried and suspended in

1 ml of 90 per cent ethanol while the aqueous fraction

thawed. Two 200 ml aliquots of both the organic and aqueous

fractions were counted on a Beckman LS 6500 scintillation

counter. Total radioactivity of each homogenate was then cal-

culated by multiplying the mean cpm detected in the 100 mg

sample by the total component mass.

Fractions containing substantial amounts of radioactivity

were subjected to column chromatography to further charac-

terize the radioactivity. To accomplish this, 10 of the original

37 eggs were randomly chosen for chromatography. Two

500 mg aliquots of the YA homogenate from each egg were

put through the extraction process as described above and

organic phases were combined and dried under nitrogen

gas. Aqueous phases were dried separately under nitrogen

gas and subjected to acid solvolysis to convert the aqueous

conjugated steroids back to their free forms by adding

200 ml of 2.5 M H2SO4 and 400 ml of saturated NaCl
Proc. R. Soc. B (2011)
solution and incubating at 378C overnight [29]. These

newly freed steroids were then extracted twice in 3 ml ether

extraction solvent. The post-solvolysis organic fractions

from each of the two aliquots were then combined and

dried under nitrogen gas. This process resulted in one pre-

solvolysis fraction (containing steroids initially in a free

form) and one post-solvolysis fraction (containing steroids

initially in a conjugated form) that were each resuspended in

10 per cent ethyl acetate in isooctane, and fractionated via

celite chromatography (figure 1). Four ethyl acetate : isooctane

ratios (2, 10, 20 and 40%) were passed through the

column and collected. These ratios permit the separation

of several androgens and E2 (androstenedione ¼ 2%,

dihydrotestosterone ¼ 10%, T ¼ 20% and E2 ¼ 40%) [30].

Each eluate was dried under nitrogen gas, resuspended in

1 ml of ethanol and radioactivity was characterized in each

fraction by counting 100 ml of this suspension. Eluates

containing large proportions of radioactivity (the 10% frac-

tion: see §3 for more information) were subjected to

quantitative thin layer chromatography (TLC) to further

characterize the metabolites.

Samples containing radioactivity were spotted onto alumi-

num-backed silica TLC plates containing a fluorescent

indicator (Sigma, St Louis, MO, USA). Unlabelled standards

that included androstenedione (Sigma), etiocholanedione,

etiocholanediol and etiocholanolone (Steraloids, Newport,

RI, USA) were over-spotted onto the samples to characterize

the co-migration of radioactive metabolites with each stan-

dard. Testosterone was not included as a standard because it

is not present in the 10 per cent ethyl acetate : isooctane frac-

tion with the column chromatography procedure that we used

[30]. Plates were developed in cyclohexane : ethyl acetate

(1 : 1) [17]. Standards were visualized by fluorescence or

iodine vapour and were used to identify and sample (excise)

5 mm square inclusive regions of interest from the TLC

plate. Initially, excised samples from the plate that included

each lane’s origin as well as any portions of the lane that did

not include a steroid standard were also analysed in order to

confirm that radioactivity was not present within these areas

of the plates. The excised samples were each added to

http://rspb.royalsocietypublishing.org/
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3.5 ml of scintillation fluid and counted. Metabolites were

verified by repeated recrystallization with known standard to

a specific activity [31].

(f) Statistical analyses

Mixed model ANOVAs were used to compare steroid levels

in the YA and embryo homogenate for each sampling

period. For each steroid–homogenate combination, a separ-

ate ANOVA was used to compare steroid concentrations and

content across development. Day of development was

included as a fixed factor and clutch identity and its inter-

action with day of development were random factors. Total

radioactivity levels (cpm) within the YA and embryo hom-

ogenate of each egg were compared by a repeated

measures-multivariate analysis of variance (RM-MANOVA)

with radioactivity levels YA and embryo as response vari-

ables, treatment as a fixed factor and clutch of origin

included as a random factor. Radioactivity in aqueous

versus organic fractions within each tissue was compared

by a similar RM-MANOVA with organic radioactivity levels

and aqueous radioactivity levels as response variables and

clutch of origin included as a random factor. RM-

MANOVA was also used to compare radioactivity levels in

the different eluates from the column chromatography as

well as the radioactivity levels present with each steroid stan-

dard on the TLC plates. All statistical tests were performed

with SAS software (v. 9.1; SAS Institute, Cary, NC, USA).

throughout development.
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Figure 3. Radioactivity levels in both extraction phases of the

embryo and YA homogenate after 6 days of incubation. All
groups were significantly different from each other (p , 0.001).
3. RESULTS
(a) Experiment 1: steroid levels during

development

Initial concentrations of steroids within the YA homogen-

ate of unincubated eggs (day 0) were (means+ s.e.)

208.9+25.3 for PROG, 0.22+0.08 for T, and 0.1+
0.06 ng g21 for E2. PROG (F4,16 ¼ 9.45, p ¼ 0.0004),

T (F4,16 ¼ 7.92, p ¼ 0.0012) and E2 (F4,16 ¼ 3.52, p ¼

0.031) concentrations in the YA homogenate declined

across development. It was only possible to collect

embryos starting on day 4 of incubation. All three steroids

were detectable in the embryo homogenates, but these

concentrations did not change across development

(PROG: F2,5 ¼ 5.21, p ¼ 0.059; T: F2,5 ¼ 0.77, p ¼

0.513; E2: F2,5 ¼ 1.87, p ¼ 0.247). Additionally, the

absolute amount of all three steroids declined in the YA

homogenate (PROG: F4,16 ¼ 9.77, p ¼ 0.0003; T:

F4,15 ¼ 8.34, p ¼ 0.0009; E2: F4,16 ¼ 3.68, p ¼ 0.0261)

(figure 2). The patterns of decline in steroid concen-

trations and total content were similar. In embryo

homogenates, only the amount of PROG changed

during development (F2,5 ¼ 5.96, p ¼ 0.048; figure 2).

When considering content of the entire eggs (YA

content þ embryo content), the amount of PROG

(F4,16 ¼ 9.67, p ¼ 0.0004) and T (F4,15 ¼ 3.19, p ¼

0.044), but not E2 (F4,16 ¼ 2.31, p ¼ 0.102) declined

during development. Clutch identity was not a significant

source of variation in any analyses.

(b) Experiment 2: distribution of radioactivity

Our treatments were designed with the prediction that

holding eggs for 4 days at 48C would prevent embryonic

development as was previously reported in zebra finches

[26]. However, over 50 per cent of the eggs in each treat-

ment had an embryo present after 6 days of incubation.
Proc. R. Soc. B (2011)
Since the three treatments did not differ in survival

rates or radioactivity distribution (p . 0.1) as predicted,

all eggs that contained an embryo were combined into a

single analysis of testosterone metabolism. Total radioac-

tivity was higher in the YA homogenate (over 75%

of initial application) compared with the embryo

homogenate (F1,22 ¼ 1193, p , 0.001). Within the YA

homogenate, there was significantly more radioactivity

in the organic fraction than in the aqueous fraction

(F1,22 ¼ 182, p , 0.001; figure 3). Clutch identity was

not a significant source of variation in any analyses. The

total radioactivity detected within the embryo was only

0.5 per cent of the initial 50 000 cpm. The remaining

24 per cent of the radioactivity was unaccounted for

and was presumably lost during the extraction process.

Because most of the radioactivity was present in the

organic and aqueous phase of the YA homogenate

http://rspb.royalsocietypublishing.org/
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(figure 3), these two fractions were subjected to column

chromatography for further characterization. Significantly

more radioactivity was present in the post-solvolysis frac-

tion than the pre-solvolysis fraction (F1,2 ¼ 3970, p ¼

0.003), and within the post-solvolysis fraction most radio-

activity was present within the 10 per cent eluate

(figure 4). The unknown tritiated metabolite(s) from

the 10 per cent eluate of the post-solvolysis fraction was

subjected to quantitative TLC. More radioactivity

co-migrated with etiocholanolone than any other stan-

dard (all p , 0.001; figure 5). The identity of this

tritiated metabolite was confirmed as etiocholanolone by

consistent incorporation of radioactivity into crystals

formed during sequential recrystallizations with our

etiocholanolone standard [31].
4. DISCUSSION
The ability of yolk steroids to influence offspring develop-

ment has been well documented in avian systems [1],

while the lack of a mechanistic understanding of how

these effects are mediated has limited the ability of

researchers to explain functional relationships [4]. Several

studies have shown that yolk steroid levels decrease early in

embryonic development [26,32] but the reasons for such a

decline remain unidentified. Proposed explanations
Proc. R. Soc. B (2011)
include: dilution of yolk by albumen, leaching of steroids

from yolk to albumen and steroid metabolism [4,26].

Our results support the idea that the decline in yolk steroid

concentrations is the result of metabolism and not dilution

or leaching, since whole egg quantities decline during

development. Additional support comes from our finding

that exogenous testosterone is metabolized to a conjugated

form of etiocholanolone during this period. Together,

these data suggest that starling embryos are capable of

metabolizing maternal steroids.

In vitro studies have demonstrated that early chicken

embryos metabolize numerous steroids [14–16], with

5b reduction as the major metabolic pathway. Parsons

[14] and Antila et al. [16] demonstrated that chicken blas-

toderms that were less than 48 h old could metabolize

testosterone, and that the primary metabolite was etio-

cholanediol. Importantly, it was demonstrated that

unincubated fertile eggs were not capable of metabolizing

testosterone [14], indicating that there is probably no

maternal contribution of enzymes capable of metaboliz-

ing testosterone in the egg. Results from our study are

consistent with these studies in that testosterone is

reduced to a metabolite in the 5b configuration, but in

our in vivo study etiocholanolone is conjugated rather

than converted to etiocholanediol (figure 6). Our results

are also consistent with a recent in vivo study demonstrating

metabolism of exogenous testosterone over the first 6 days

of incubation [17]. While their study did not identify

specific metabolites, their TLC results suggest that

testosterone is converted to androstenedione and other

http://rspb.royalsocietypublishing.org/
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metabolites. Unfortunately, the methodology of that study

could not differentiate testosterone from etiocholanolone,

so it was not possible to determine precisely an end product

[33]. The use of column chromatography in the present

study allows us to separate these two steroids prior to

TLC, as etiocholanolone elutes in the 10 per cent ethyl

acetate : isooctane fraction, whereas testosterone does not

elute until the 20 per cent ethyl acetate : isooctane fraction.

The small amounts of radioactivity present in this 20 per

cent eluate in both the pre-solvolysis and post-solvolysis

fraction (figure 4) highlights just how little of the radioac-

tivity from the initial testosterone injection is still present

in the form of testosterone after 6 days of incubation.

Identification of etiocholanolone as the primary

metabolite of testosterone has important implications

for understanding the potential embryonic effects of

yolk testosterone. Etiocholanolone has been shown to

be a potent stimulator of erythropoiesis in mammals

[34] and birds [35,36]. The potency of etiocholanolone

is closely related to its 5b configuration, as several 5b

androgens and 5b pregnanes stimulate erythropoiesis,

while their respective 5a epimers are much less potent

[35,37]. The conversion of yolk testosterone, and pre-

sumably androstenedione, to etiocholanolone may

function to stimulate the production of erythrocytes

early in development. Chick blastoderms increase ery-

thropoiesis in response to exogenous etiocholanolone

[36], and data from the present study suggest that yolk

testosterone may serve as an endogenous precursor for

etiocholanolone production. The idea that erythropoiesis

may be increased in response to increased yolk androgens

is consistent with existing data, which suggest that higher

yolk androgen levels are associated with increased growth

[38–41] and decreased immune function (reviewed by

Navara & Mendonca [42]). Because all blood cells orig-

inate from haematopoietic stem cells [43], an increase

in erythrocyte production to facilitate the demands of

increased growth may come at a cost of leucocyte pro-

duction that might be manifested as decreased immune

function [44,45]. In fact, the stimulation of erythropoiesis

by etiocholanolone is attributed to effects on early blood

cell progenitors and is independent of erythropoietin

[34]. Additionally, the effects of etiocholanolone are inde-

pendent of the androgen receptor and are thought to be

modulated through ‘xenobiotic-sensing’ nuclear recep-

tors, such as the constitutive androstane receptor and

pregnane X receptor that can bind 5b steroids [46] and

induce a suite of enzymes related to erythropoiesis [47]

and steroid metabolism [12]. Future studies are required

to decipher how the effects of etiocholanolone may be eli-

cited, but several lines of research now suggest that the

effects attributed to yolk androgens may involve a suite

of enzymes, steroids and nuclear receptors.

In addition to characterizing the phase I metabolism of

testosterone to etiocholanolone, this study demonstrates

the prevalence of phase II conjugating enzymes during

embryonic development. The conjugation of yolk ster-

oids by the embryo is intriguing because it potentially

addresses several long-standing issues associated with

the actions of yolk steroids. By conjugating yolk steroids,

embryos create a metabolite that is both water-soluble

and inactive. The increased water solubility may facilitate

movement from the lipid-rich yolk to the aqueous

embryonic environment and address the issue of how an
Proc. R. Soc. B (2011)
initially highly lipophilic steroid could move from yolk

into the embryo [48]. Previous in vivo [17] and in vitro

[14,16] studies have also demonstrated that embryos are

capable of conjugating steroids. The specific mode of

conjugation remains to be determined, but the two

primary pathways for conjugation in vertebrates, glucuro-

nidation or sulphonation, create metabolites that could be

reactivated to the original unconjugated steroid. In mam-

mals, sulphonation is the primary means of conjugation

during embryonic development [7]. Steroid sulphatase,

the enzyme responsible for deconjugating sulphonated

steroids, has been characterized in several vertebrate

groups [21] and functions by removing a sulphonyl

group, thereby returning the steroid to an active form.

The importance of reactivation of sulphonated steroids

during embryonic development is highlighted by the

role of dehydroepiandrosterone sulphate (DHEA-S) in

placental steroid production. In humans, DHEA-S is

the chief product of the foetal adrenal gland and serves

as the primary precursor for oestrogen production in the

placenta [49]. Steroid sulphonation has also been demon-

strated in turtles, where E2 can be converted to oestradiol

sulphate by enzymes present in the yolk, extra-embryonic

membranes and embryo [22]. Since yolk steroids are con-

jugated by the developing embryo in birds, it suggests that

at least some of the yolk steroid effects reported for this

group could ultimately be the result of steroid reactivation

via enzymatic conversion.

Despite providing evidence for the embryonic regu-

lation of yolk steroids we cannot, at present, postulate

when yolk steroids are influencing development. After

6 days of incubation, the majority of the radioactivity

remained in the YA homogenate of starling eggs

suggesting that it had yet to reach the embryo, but we

could not identify the specific pattern of distribution of

the radioactivity because extra-embryonic membranes

were homogenized with the yolk and albumen. It is poss-

ible that some of the radioactivity was contained within

the allantois of the egg as steroid metabolites can be

detected in the allantoic waste of birds after hatching

[29]. However, we feel it is unlikely that the allantoic

waste contained much radioactivity in our eggs because

at incubation day 6 when we sampled our embryos, the

allantois was extremely small, if visible at all. Further,

any radioactivity contained within the allantois would

presumably be the result of embryonic clearance, still pro-

viding support for the idea that embryos modulate

maternal steroid signals early in development. Interest-

ingly, the initial sites of erythropoiesis within the egg are

the blood islands within the yolk sac membrane [43].

Thus, it may be possible for yolk androgens to elicit

their effects without ever reaching the embryo proper.

At this point more study is needed to identify the

timing and location of yolk steroids effects, as well as

steroid/metabolite(s) actually responsible for producing

the effects.

Results from the present study illustrate just how com-

plex the embryonic modulation of maternal steroids can

be. Most explanations of the potential adaptive signifi-

cance of maternal steroids are based on the idea that

females can use steroids to confer environmentally rel-

evant information to developing offspring to increase

her reproductive success. Embryonic modulation of

maternal steroids creates a situation where any effects of
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maternal steroids on offspring phenotype result from an

interaction between maternal and offspring physiology.

The evolution of these maternal effects would then pro-

ceed under selective pressures on both the mother and

her offspring, and any differences in selective pressures

between the two may result in parent–offspring conflict

[50]. Our results demonstrate that developing embryos

are capable of modulating maternal steroid signals and

highlight the importance of understanding embryonic

responses to maternal steroids when investigating the

evolutionary consequences of such a maternal effect.
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