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1 DEVELOPMENTAL PLASTICITY AND PARENTAL EFFECTS  

To understand the influence of developmental plasticity in evolutionary processes is an 

outstanding challenge in evolutionary biology (West-Eberhard 2003). Developmental 

plasticity is the ability of a genotype to give rise to multiple phenotypes in different 

environmental conditions during development of an individual. In vertebrates, 

developmental plasticity frequently involves parental effects, which are the effects on the 

phenotype of offspring that are not determined by the offspring’s own genotype but by the 

phenotype of its parents, that can be influenced by their environment (Mousseau & Fox 

1998; Uller 2008; Youngson & Whitelaw 2008).  

Parental effects can influence the offspring fitness. For example, if exposed to natural 

enemies, degrading local conditions, or increased competition, mothers can produce 

offspring with more resistant, dispersive, and/or competitive phenotypes (Marshall & Uller 

2007). Parental effects can be particularly effective during prenatal development when the 

embryo is particularly sensitive for environmental influences, and during which time the 

fate of important phenotypic traits, such as formation of sex-specific gonads and neural 

circuitries, can be irreversibly affected. Mothers, in particular, can induce such (maternal) 

effects during prenatal development, leading to long-lasting stable modifications in 

offspring phenotype (Mousseau & Fox 1998).  

Although generally thought to be adaptive, parental effects can give rise to parent-offspring 

conflict (Godfray 1995; Trivers 1974) when the fitness outcome of these effects is 

suboptimal for the parent or the offspring or both (Marshall & Uller 2007). For example, as 

insulin hormone reduces blood glucose levels, in order to obtain more of maternal glucose 

the fetus can induce insulin resistance in the mother, which can have severe health 

consequences for the mother (Haig 1993). Likewise, to have increased flow of maternal 

resources to the fetus it can induce constriction of maternal blood vessels, which the 

mother can counteract by vasodilation that can put unnecessary strain on the mother’s 

heart (see review  by (Del Giudice 2012)). 

In almost all vertebrate taxa (e.g. fish (Brown et al. 2014; Guiguen et al. 2010; Pri-Tal et al. 

2011), reptiles (Clairardin et al. 2013; Paitz & Bowden 2011), birds (Gil 2008; Schwabl 1993; 

von Engelhardt & Groothuis 2011), mammals (Del Giudice 2012; Drea 2011; Harris & Seckl 

2011)), developing embryos are exposed to varying amounts of maternal hormones. The 

effects of this variation in prenatal hormone exposure on development and behaviour is a 

hot topic of research. Especially steroid hormones, and in particular the androgen 

testosterone (T) have received much attention over the last decades. 
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2 HORMONE MEDIATED MATERNAL EFFECTS: AVIAN MODEL  

 

2.1 Role of steroid hormones in maternal effects 

Steroid hormones in vertebrates can have a profound influence on phenotypic 

development. Early exposure to these hormones can result in long-lasting organizing effects 

on sexual differentiation of gonads, brain and behaviour, leading to individual variation both 

within same sex and between opposite sex individuals (Cooke et al. 1998; Rhen & Crews 

2002). Steroids can have multiple effects on phenotypic development by their action on 

multiple targets (developmental pleiotropy), and therefore they can provide a proximate 

basis for trade-offs, i.e. beneficial change in one trait that is causally linked to detrimental 

change in another trait (Ketterson et al. 1992). For example, steroid hormones when 

injected in freshly laid bird eggs were found to be correlated with a number of both early 

and long-term organizational effects on the offspring’s phenotype (reviewed by (von 

Engelhardt & Groothuis 2011)) such as hatching time, hatching success, metabolic rate, 

immune function, endocrine function, growth, competitiveness, reproduction, mate choice, 

and survival rate. 

The net outcome of increased hormone exposure is thus likely to depend on a complex 

trade-off between effects on several traits. Hence, steroid hormone actions may provide a 

bridge between proximate and ultimate approaches to study effects of prenatal exposure 

to maternal hormones, as physiological and behavioural targets of hormone actions can be 

studied together with their ecological functions. Moreover, as hormone levels in mothers 

can be systematically adjusted to the current environment (described below), they offer an 

excellent pathway to communicate the environment of the mother to the offspring. Hence, 

steroid actions may serve as a potential mechanism for maternal effects. 

 

2.2 The avian model 

Maternal effects are already well established in vertebrates (Mousseau & Fox 1998). Egg-

laying (oviparous) vertebrates have the following advantages to study hormone mediated 

maternal effects: (i) the development of the embryo occurs outside the body of the mother, 

i.e. inside the egg. Therefore, it enables relatively easy experimental manipulations without 

interfering with the mother, as well as adequate measurements; (ii) after egg-laying the 

mother cannot further influence the offspring prenatal development through hormonal 

provisioning, which occurs during a relatively small time-window of typically less than a 

week. This makes it possible to map environmental factors to maternal condition and 

hormone deposition, which facilitates establishing a direct link between maternal hormone 

provisioning and offspring phenotype development. 
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Among the oviparous vertebrates, birds are in particular an attractive model for studying 

hormone mediated maternal effects because (i) birds produce relatively large eggs, making 

it possible to study maternal effects for individual embryos, and (ii) bird ecology is often 

well-known and can be studied in the field, facilitating studies of the adaptive significance 

of maternal effects.  

 

2.3 Maternal steroids in bird eggs 

Hubert Schwabl discovered the presence of a substantial amount of steroid hormones – T, 

androstenedione (A4), dihydrotestosterone (DHT), estradiol (E2), and corticosterone 

(CORT) in avian eggs (Schwabl 1993). As unfertilized eggs also contain steroids, these 

hormones are certainly of maternal origin and are hence referred as maternal steroids. 

Since then, maternal steroids have been measured in eggs of a variety of bird species, and 

found to show systematic within-clutch, between-clutch, and between-species variations. 

For example, a systematic increase over egg laying order in yolk T concentrations in canary 

(Schwabl 1993), and black-headed gull (Eising et al. 2001) was found, but a systematic 

decrease over egg laying order in yolk DHT in zebra finch (Schwabl 1997a) (Fig. 1). 

 

 

Figure 1. Examples of systematic variation in yolk hormone deposition in relation to the laying order in bird eggs 

(graphs are adapted from the references cited in the text). 

 

The maternal steroid levels were also found to vary with the mother’s environment (Gil 

2008; Hahn 2011; von Engelhardt & Groothuis 2011; Welty et al. 2012). For example nest 

density, intrusions at nest sites and colony size (Gil et al. 2006b; Groothuis & Schwabl 2002; 

Mazuc et al. 2003; Pilz & Smith 2004; Reed & Vleck 2001; Schwabl 1997b; Whittingham & 

Schwabl 2002); mother’s social rank (Müller et al. 2002); male quality (Dentressangle et al. 

2008; Gil et al. 1999, 2004, 2006b; Gwinner & Schwabl 2005; Kingma et al. 2009; Loyau et 
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al. 2007; Michl et al. 2005; Tanvez et al. 2004); food (Gasparini et al. 2007; Verboven et al. 

2003); and parasite prevalence (Gil et al. 2006a; Tschirren et al. 2004). Together with the 

above mentioned results of the hormone injection experiments in ovo, this indicates  the 

correlational functional consequences of increased exposure of the embryo to maternal 

steroids, and provides a basis for the hypothesis of maternal hormone actions as a potential 

mechanism for maternal effects (reviewed by (Groothuis et al. 2005b)) (see Fig. 2). 

 

 

Figure 2. The most commonly used framework for studying hormone mediated maternal effects in birds that only 

shows correlations between maternal hormonal allocation (often mimicked by experimentally injecting hormone 

into the egg) and offspring phenotype. However, it does not explain what the underlying mechanisms are and 

neglects the role of the embryo in this process (as described in section 3), which are the key challenges in this field 

of research. 

 

 

3 KEY CHALLENGES IN THE RESEARCH FIELD (THESIS OVERVIEW) 

 

3.1 Maternal allocation 

A large number of studies have focussed on the factors affecting maternal hormonal 

allocation, but the following questions still need to be addressed, as their answers may 

affect the interpretation of hormone mediated maternal effects.  
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3.1.1 Are radioimmunoassay-based hormone measurements in eggs reliable? (chapter 2)  

In studies injecting hormones in the egg, the dose of hormone manipulation is calculated 

based on the levels in the egg that are mostly measured using radioimmunoassays (RIA’s). 

The kits and antibodies used in RIA’s are not standardized for measuring steroids in eggs. 

This can lead to unreliable hormone measurements with much exaggerated estimates due 

to antibody cross-reactivity with uncharacterized substances in the egg (i.e. matrix effect, 

where ‘matrix’ represents a particular tissue of a particular species). Even calibrating a RIA 

kit using steroid stripped egg matrix, such as by charcoal treatment, does not really solve 

the issue. This is because use of charcoal or any other such substance could potentially not 

only remove the hormone but also part of the matrix itself, so that the validation of the kit 

is then performed in a changed matrix that cannot be translated to the original matrix. 

Furthermore, it should also be noted that although RIA kits for measuring a target hormone 

may contain in the kit brochure the cross-reactivity values with non-target compounds, 

those cross-reactivity values would only be applicable for the same matrix for which the kit 

was optimized and not for the egg matrix. Additionally, even if the cross-reactivity were to 

be the same in the egg matrix, it would still be virtually impossible to correct for cross-

reactivity in order to accurately calculate the levels of the target compound due to unknown 

amounts of the cross-reacting substances in the egg matrix (Quillfeldt et al. 2011; 

Rettenbacher et al. 2009).  

Tandem mass spectrometry in combination with liquid chromatography (LC-MS/MS) on the 

other hand is a much more reliable method as discussed extensively in the literature 

(Shackleton 2010; Taylor et al. 2015; Wudy et al. 2018). Instead of using antibodies, mass 

spectrometry is based on detecting mass to charge ratio of fragmented ions of a target 

compound. This method interpolates the concentrations of a target steroid from a 

calibration curve prepared using the ratio of a known amount of an added stable isotope 

labelled analog as an internal standard to the unlabelled target compound. As the labelled 

internal standard is structurally and chemically nearly identical to the unlabelled target 

steroid, and is added before starting the procedures for hormone extractions, it corrects for 

matrix effects, and accounts for recovery losses during the sample preparation procedures 

and for possible ion suppression in the mass spectrometer.  

In chapter 2 we tested whether RIA’s measured higher T concentration compared to LC-

MS/MS when the same egg yolk samples were measured by both methods. We further 

tested whether the difference between the two methods depends on the species (between-

species effect), the type of matrix (between-matrix effect such as egg yolk and blood 

plasma), and the egg laying order (within-species effect on eggs from the same mother 

which differ in their laying order in the clutch, as the egg composition, and hence the matrix 

effect, might change per laying order). 
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The reason that we compared the two methods was because if RIA’s would give 

exaggerated values, this would question the reliability of previous hormone injection 

studies, as they would be using doses far outside the physiological range and thereby not 

necessarily reflecting biologically relevant effects. Further, if the extent to which RIA’s 

would give exaggerated measures would depend on the species and egg laying order, that 

would further indicate a possible misinterpretation of maternal allocation, embryonic 

modification of maternal hormones, as well as between-species comparisons (meta-

analyses) when using RIA’s.      

 

3.1.2 Do steroid levels in freshly laid eggs truly reflect maternal allocation? (chapter 3) 

The systematic variation in yolk hormone levels measured in freshly laid eggs (i.e. at 

oviposition) is assumed to be due to differential maternal hormone deposition depending 

on a certain context, for instance the laying order of eggs, mate quality, social hierarchy of 

the female in groups, seasonal variation in predation risk, food availability, parasite 

prevalent, etc. However, the yolk formation and hormone deposition in the yolk is finished 

by the time of ovulation as no more yolk can be added to the egg after ovulation, which 

typically occurs one or more days prior to egg laying. It has been shown that yolk hormone 

levels decline strongly already early during incubation of laid eggs (Eising et al. 2003; Elf & 

Fivizzani 2002; Paitz et al. 2011; Wilson & McNabb 1997). If the hormone levels also change 

already between the times of completion of yolk deposition and egg laying (while the egg is 

still inside the mother’s reproductive tract), the levels measured at oviposition might not 

reflect the actual maternal allocation. 

In chapter 3 we addressed the question: do hormone levels in bird eggs measured at 

oviposition truly reflect maternal allocation in the yolk deposited in mature follicles, both in 

terms of absolute levels as well as relative differences between eggs of different laying 

order. To this end, we used eggs of the rock pigeon (Columba livia). Rock pigeons lay two 

eggs per clutch, and at oviposition the second eggs contain systematically higher levels of 

yolk androgens compared to the first eggs (Hsu et al. 2016). This allowed us to test whether 

the relative differences in eggs based on the laying order remain the same at ovulation as 

at oviposition, the latter being the most commonly used time point for estimating maternal 

hormone allocation. 

If the hormone levels at oviposition do not reflect maternal allocation, including the relative 

difference between eggs that differ in laying order, this would indicate that the estimates 

of egg injection dose from oviposition are inadequate. This would have important 

consequences for the interpretation of both the results of such experiments and their 

ecological and evolutionary interpretations. This could also potentially explain the 

discrepancy in the outcomes of hormone injection experiments (that some studies find a 
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positive effect on a certain trait while others find no effect or even a negative effect) as the 

dose of hormone treatment might not reflect maternal allocation. Further, if laying order 

based relative differences in hormone metabolism between ovulation and oviposition were 

due to embryonic activity, this would open up new perspectives on hormone mediated 

family conflict already in this early phase of embryonic development, highlighting the 

importance to address questions such as whether this early hormone metabolism is 

maternal or embryonic. We partly addressed the latter question by experimentally testing 

whether maternal enzymes in the yolk were responsible for the very early hormone 

conversion. We did this by comparing hormone levels in follicular yolks incubated with or 

without proteinase-k treatment, an enzyme that degrades maternal enzymes in the yolk. 

The two treatment groups would differ in hormone levels after incubation only if maternal 

enzymes in the yolk were responsible for the very early hormone conversion.     

 

3.2 Role of the embryo 

Most studies on hormone mediated maternal effects use the framework that assumes a 

passive role of the embryo (Fig. 2). But recent developments in the field, mostly through 

some pioneering studies by Bowden and colleagues (Paitz & Bowden 2008, 2013; Paitz & 

Casto 2012; Paitz et al. 2011; Vassallo et al. 2014; von Engelhardt et al. 2009), point towards 

the importance to also focus on the embryo’s perspective. That is, the role of the embryo 

in translating maternal hormonal allocation to their phenotypic effects, or in circumventing 

such effects when they are unfavourable for the embryo, including underlying mechanisms, 

such as embryonic uptake and/or metabolism, as well as its adaptation to maternal 

hormone levels in the yolk. This alternative framework is depicted in Fig. 3, and is discussed 

in detail in the following sections, where we deal with three important questions. 

 

3.2.1 Are maternal androgens taken up by the embryo from the yolk in their original form? 

(chapter 4) 

In order to be functional, maternal egg hormones must reach the embryonic tissues. 

However, the embryo can produce steroids itself and therefore a target steroid found in 

embryonic tissue might not be of maternal origin. In order to distinguish between steroids 

of maternal and embryonic origin, radioactive steroids have been injected into bird egg 

yolks, and the radioactivity was found in the embryonic tissues (Benowitz-Fredericks & 

Hodge 2013; von Engelhardt et al. 2009). However, these studies did not verify the 

molecular identity of the radiolabelled compound in the embryonic tissues. The original 

hormones could have been metabolized by embryonic enzymes before being taken up by 

the embryo, as suggested by some pioneering studies (Paitz & Casto 2012, Paitz et al. 2011, 

Vassallo et al. 2014) and in chapter 5 of this thesis. 
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Figure 3. A comprehensive framework to study hormone mediated maternal effects, which not only takes into 

account the mother’s but also the embryo’s perspective (see Fig. 2 for a comparison), as well as the environment 

of the egg and the offspring. This includes an active role of the embryo in dealing with the maternal hormonal 

signals in (1) proximate manner: uptake and utilization, or degradation, of the maternal hormones at time, 

location, and amount as needed for the embryo itself; (2) ultimate manner: context-dependency of the role of the 

embryo, such as other environmental cues in the egg composition, trade-offs between the advantageous and 

detrimental effects of prenatal exposure to maternal hormones, family conflicts, etc. 

 

In chapter 4 we tested whether the injected stable isotope labelled T and A4, two prominent 

maternal androgens in the yolk, were taken up by the embryo. In contrast to the studies 

using radiolabelled steroids, we verified the molecular identity of the injected stable isotope 

labelled compounds and differentiated them from their metabolites using mass 

spectrometry, a method that can distinguish between naturally occurring and heavy isotope 

labelled compounds that differ only with respect to their mass. 

If maternal androgens do not reach embryonic tissues but only their metabolites, this would 

suggest that the effects of increased exposure to maternal hormones are either mediated 

by the metabolites (but most of them are generally thought to be much less potent), or the 

effects take place very early (before the maternal steroids are metabolized by the embryo), 

or perhaps both take place in a temporally regulated manner (early effects by the hormones 

and late effects by their metabolites). 
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3.2.2 Are maternal gonadal steroids metabolized by embryos differentially depending on 

egg laying order? (chapter 5) 

A few pioneering studies indicate metabolism of maternal yolk steroids by the embryo by 

conjugation, using conjugating enzymes such as sulphotransferase and 

glucuronosyltransferase (Paitz & Casto 2012; Paitz et al. 2011; Vassallo et al. 2014; von 

Engelhardt et al. 2009). By conjugating, the embryo can convert biologically active maternal 

hormones into their inactive forms, as conjugated steroids might not bind to steroid 

receptors; whereas embryonic de-conjugation, using enzymes such as sulphatase and 

glucuronidase, can convert them back to active forms. This way, the embryo can have an 

active control over when, and to what extent, to use maternal hormones. As suggested 

earlier by Paitz and Bowden (2008, 2013) and von Engelhardt (2009), this opens the 

possibility that embryos of oviparous species have in fact active control over their endocrine 

environment as in mammalian species (Cottrell & Seckl 2009) (reviewed by (Braun et al. 

2013; Del Giudice 2012)), which would be favoured by natural selection (Del Giudice 2012; 

Mock & Forbes 1994; Müller et al. 2007; Wilson et al. 2005; Winkler 1993).  

However, the detailed scope for such role of the embryo in translating maternal gonadal 

hormones is not well understood, especially in bird species, the most widely used model in 

the field. This includes the overall metabolic outcomes of the detailed steroid metabolic 

pathways (Fig. 4), such as conversion of less potent metabolites to more potent ones or 

vice-versa, the quantitative dynamics of embryonic metabolism (e.g. where, when, and to 

what extent conjugation/de-conjugation takes place), metabolic differences based on 

embryo’s laying order in the clutch, and hormone uptake and utilization by the embryo. 

The main aims of chapter 5 were to compare the metabolic profile of incubated fertilized 

and unfertilized eggs to discern the maternal and embryonic contribution to the steroid 

metabolism; and to compare the metabolic outcomes of maternal steroid hormones 

between fertilized eggs of first and last laying order, which would indicate scope for 

differential embryonic activity based on egg laying order. Here also we took advantage of 

the rock pigeon, in which the first and second embryos of a clutch are exposed to different 

levels of maternal androgens (Hsu et al. 2016). This provides an appropriate natural context 

to test whether the embryos of first and second eggs can utilize or metabolize maternal 

hormonal signals differently, as the initial hormone differences between different eggs of a 

clutch were found to be correlated with the chick development and behaviour (Eising et al. 

2001). We analysed a wide spectrum of hormone profiles and their metabolites (Fig. 4) in 

order to map the androgen and estrogen pathways of metabolism, including conjugated 

compounds.  
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Figure 4. The gonadal steroid metabolic pathways of the analysed compounds including 10 free and 8 conjugated 

forms. Only the compounds within the dashed boxes can be conjugated. Numbers represent the enlisted enzymes 

involved in the pathways with the following abbreviations – P450c17:  steroid 17 alpha-hydroxylase/17,20 lyase; 

HSD:  hydroxysteroid dehydrogenase. 

  

We analysed the metabolic outcomes over the first 4.5 days of incubation, as this is the 

timeframe before the embryo’s gonadal differentiation and start of its endogenous 

hormone production (Andrews et al. 1997; Woods et al. 1975; Yoshida et al. 1996). 

If embryos metabolize maternal hormones differently based on their laying order, this 

would indicate that the embryo is able to adjust its metabolic capacity according to the 

maternal signal, as maternal hormone deposition differs over the laying order. That would 

also suggest that embryos may play their own role in the hormone mediated family conflict. 

 

3.2.3 Does the embryo expresses steroid receptors in its extra-embryonic membranes and 

regulates their levels in response to yolk steroid levels?  (chapter 6) 

The mechanisms underlying hormone mediated maternal effects in birds are largely 

ignored, hampering further progress in this active field of research (Groothuis & Schwabl 

2008). A large number of studies have injected androgens into the egg yolk. In order to be 

functional, injected androgens must reach the embryonic tissues and those tissues must 

have androgen receptors (AR). In chapters 4 and 5 we showed that very early in incubation 

yolk androgens were substantially and rapidly metabolized to supposedly biologically 

inactive forms instead of being taken up by the embryo. Moreover, steroids are lipophilic, 

and how the embryo is able to take up these hormones in its circulation to exert their effects 

on body tissues remains an enigma. So how do maternal hormones in the yolk exert any 

effect on the offspring? 

In chapter 6 we tested the hypothesis that the embryo expresses androgen (AR) and/or 

estrogen (ER) receptors in its extra-embryonic membranes (EMs). The EMs are at the 
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immediate interface of the maternal egg yolk containing the maternal hormones and the 

circulation of developing embryo, making them a potential structure for mediating effects 

of maternal hormones. We also tested whether the egg androgen treatment induced 

changes in AR and/or ER expression levels in embryonic tissues, including the EMs, which 

would reflect embryonic adaptation to maternal yolk hormone levels. 

If the embryo expresses steroid receptors in the EMs very early, and if maternal steroids in 

the yolk can bind to those receptors, this could potentially explain how maternal steroids 

exert their effects even if they do not reach embryonic body tissues (see chapter 4) but are 

instead substantially metabolized very early (see chapter 5). This would also solve another 

long standing puzzle of how maternal gonadal steroids can exert effects without affecting 

embryonic sexual differentiation (Carere & Balthazart 2007). Additionally, if the embryo can 

adjust its receptor expression depending on yolk steroid levels, that would further indicate 

an active role of the embryo in translating maternal steroids to their effects. 

In summary, we highlight and address a number of challenges in studying hormone 

mediated maternal effects, with a specific emphasis on the role of the embryo in these 

processes. These concern – reliable measurements of egg steroids (chapter 2), correct 

determination of maternal hormonal allocation (chapter 3), a potential lack of embryonic 

uptake of maternal yolk androgens in their original form (chapter 4), differential embryonic 

metabolism of maternal hormones (chapter 5), and a potential mechanism of action of 

maternal steroids via steroid receptors and their regulation in the EMs (chapter 6). In 

chapter 7 we present a synthesis by summarising the key findings, drawing conclusions, and 

outlining future perspectives. 
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ABSTRACT 

Over the last two decades the study of hormone mediated maternal effects has flourished 

considerably, with using bird eggs as the predominant model. The most commonly used 

method for hormone measurements in bird eggs and calibrating hormone injections in ovo 

is by using commercially available radioimmunoassay (RIA) kits. However, RIA kit antibodies 

are characterized for usage in specific species’ serum or plasma and not for egg yolk or even 

plasma of other species. Due to matrix effects, RIA may therefore give unreliable estimates 

when not accompanied by extensive purification steps and validated for specificity of the 

kit antibodies. Therefore, we compared concentrations of testosterone (T), one of the most 

extensively studied hormones, measured both by using a commercial RIA kit and by liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS) from the same 

samples, as the latter method is highly specific. We used egg yolk of three bird species, and 

blood plasma of two bird species and a rodent species. The results demonstrate that the 

commercial RIA kit after classical ether extraction gives much higher values than LC-MS/MS. 

The difference between both analytical technics differs according to species, tissue, and egg 

laying order, and increases with increasing T concentrations. As most studies use 

commercial RIA kits for calibrating experimental manipulation of steroids without extensive 

extraction and purification steps and antibody characterization, their outcome may reflect 

unnatural pharmacological effects, which warrants caution for the eco-evolutionary 

interpretations of hormone mediated maternal effects and for reliability of comparative 

studies.  
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1 INTRODUCTION 

There is a strong interest in maternal steroid hormones as potential mediators of maternal 

effects in species across a wide array of taxonomic groups, including fish (Brown et al. 1988), 

reptiles (Radder 2007), birds (Gil 2008; Groothuis et al. 2005b; von Engelhardt & Groothuis 

2011), as well as mammals (Braun et al. 2013; Del Giudice 2012). Bird species have been 

used as a particularly suitable model because their embryos develop outside the mother’s 

body in the sealed egg environment, facilitating measurements and manipulation of 

maternal hormone deposition, while their ecology and evolution are well known (Groothuis 

et al. 2005b).  

Manipulating steroids in bird egg has revealed a wide array of effects on the offspring’s 

morphological, physiological, and behavioural traits (Gil 2008; von Engelhardt & Groothuis 

2011). The dose of steroid manipulation is calculated based on the natural levels that are 

mostly measured using radioimmunoassays (RIAs). However, the antibodies used in RIA kits 

are characterized for a particular tissue from a particular species, i.e. a particular matrix. 

Their use in any other matrix might give unreliable measures due to uncharacterized 

antibody cross reactivity with often unknown matrix substances. One possibility to deal with 

this matrix problem is to remove naturally occurring steroids from the egg matrix by using 

charcoal and then add a known amount of a target steroid to characterize the RIA kit for 

that particular steroid in that particular matrix. This has only been done in a few cases (e.g. 

(Hahn 2011; Navara & Pinson 2010; Williams et al. 2005)) and, more importantly, does not 

really solve the issue. The use of charcoal or any other such substance could potentially not 

only remove the hormone but also part of the matrix, so that the validation of the antibody 

is then performed in a changed matrix that cannot be translated to the original matrix. 

Tandem mass spectrometry in combination with liquid or gas chromatography (LC- or GC-

MS/MS) is a much more reliable method as discussed extensively in the literature 

(Shackleton 2010; Taylor et al. 2015; Wudy et al. 2018). Instead of using antibodies, mass 

spectrometry is based on detecting mass to charge ratio of fragmented ions of a target 

compound. This method interpolates the concentrations of a target steroid from a 

calibration curve using the ratio of a known amount of added stable isotope labelled target 

compound (deuterated or preferably 13-Carbon standards) as an internal standard to the 

unlabelled target compound. As the labelled internal standard is structurally and chemically 

nearly identical to the unlabelled target steroid and is added before starting the procedures 

for hormone extractions, it corrects for matrix effects and accounts for recovery losses 

during the sample preparation procedure and for possible ion suppression in the mass 

spectrometer.  

Though some studies have measured steroids in bird eggs by mass spectrometry (Chung & 

Lam 2015; De Baere et al. 2015; Hartmann et al. 1998; Larsen et al. 2015; Merrill et al. 2018; 

Mi et al. 2014; Sas et al. 2006; Tölgyesi et al. 2017; Wang et al. 2010; Xu et al. 2009; Yang et 
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al. 2008), the direct comparison of mass spectrometry data with RIA data to quantify the 

difference between the two methods in the same samples, for both within- and between-

species differences, as well as between-tissue effects (such as plasma versus egg) is lacking. 

Likewise, in spite of a growing literature on the differences between immunoassays and 

mass spectrometry analyses for serum/plasma, mostly done in clinical diagnostics (Büttler 

et al. 2014; Dorgan et al. 2002; Fitzgerald & Herold 1996; Taieb et al. 2003; Wang et al. 

2004), there is a lack of studies comparing the two methods for between-species and 

between-tissue effects. However, discrepancies between both methods may substantially 

influence the interpretation of the biological role of steroids, including the mechanism and 

function/evolution of hormone mediated maternal effects. We therefore compared the 

results from RIA and LC-MS/MS for the determination of T concentrations, as this hormone 

is one of the most commonly studied steroid. We initially focussed on bird eggs as, despite 

the very many papers on egg yolk testosterone, RIA’s are characterized for plasma and not 

yolk. We used eggs of three bird species that differ in their diet: the black-headed gull 

(hereafter referred simply as gull) (Chroicocephalus ridibundus), the rock pigeon (Columba 

livia), and the red jungle fowl (Gallus gallus), and also compared eggs of the same mother 

that differ in laying order within the same nest. Two recent studies reported a lack of 5α-

dihydrotestosterone (5α-DHT) in bird egg (Kumar et al. 2018a,b) when measured by mass 

spectrometry, even though RIA studies often report 5α-DHT in bird egg (e.g. (Elf & Fivizzani 

2002; Schwabl 1997a)). Therefore, we also analysed egg yolk samples from all three bird 

species for the presence of 5α-DHT. In addition, we analysed blood plasma (hereafter simply 

referred as plasma) samples from three species: red jungle fowl (Gallus gallus), homing 

pigeon (Columba livia domestica), and rat (Rattus rattus), to assess between-species effects 

for plasma T measures, as well as to compare effects due to different matrices in egg yolk 

and plasma.  

 

 

2 MATERIALS AND METHODS 

 

2.1 Sample collection 

To compare yolk T concentrations between results from RIA and mass spectrometry, we 

used yolk of freshly laid eggs collected from gull (16 eggs of 8 mothers), rock pigeon (12 

eggs of 8 mothers), and red jungle fowl (12 eggs of 12 mothers) from the breeding stocks 

housed at the University of Groningen. The birds were housed in the outdoor aviaries (45m 

long x 9.6m wide x 3.75m high) under natural light and temperature conditions, and with 

ad libitum access to food and fresh water. Gulls were provided food pellets which contained 

fish content, whereas the other bird species are grain eaters that differ slightly in diet (see 
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food composition below). Eggs were stored at -20ºC until sample preparation, hormone 

extraction, and assays took place. In addition, we compared T concentrations measured by 

the two methods in the plasma from males (housed separate from females) of homing 

pigeon (n = 8, aged between 9-10 years), red jungle fowl (n = 27, aged 2 years), and wistar 

rat (n = 8, aged between 3-9 months). Plasma samples were also stored at -20ºC until 

hormone extraction and assays took place. Pigeons were fed a mixture of commercial 

pigeon seeds (Kasper Faunafood, article number 6721 and Kasper Faunafood, article 

number 6712), P40 vitamin supplement (Kasper Faunafood, article number P40), and small 

stones or grit. Red jungle fowls were fed daily laying pellets (Kasper Faunafood, article 

number 601820), once a week mixed grains (Kasper Faunafood, article number 384020). 

Gulls were fed daily Skretting E-3P Stella (Trouw Nutritions Nederland BV), three times a 

week 1.2 kg standard cat food (Arie Blok Nutritions, 3-mix, article number 6550) soaked in 

warm water. Rats were fed daily standard chow (Altromin International, article number 

Altromin 1414 Mod., 141005). 

 

2.2 Sample preparation for hormone extraction 

Yolks were separated from eggs. Yolk and plasma samples were thawed. Yolk samples were 

diluted with milliQ water and thoroughly mixed by vortexing. Samples were prepared for T 

extraction and concentration determination by RIA and LC-MS/MS using the same aliquots 

of yolk and plasma at the same time.    

 

2.3 Hormone extraction and concentration determination by RIA 

The hormone extraction for RIA, and RIA procedure itself were followed based on our 

previously published work (e.g. (Hsu et al. 2016)). Egg yolk and plasma samples were 

extracted using the following identical procedure. Each yolk (200 mg yolk-milliQ water 

homogenate in weight ratio of 1:1) and plasma (average 500 µl for pigeon, 407 µl for red 

jungle fowl, and 237 µl for rat) sample was added with 300 µl of milliQ water, and 50 µl of 
3H-labelled T (NET 553, Perkin Elmer) was added with 15 minutes of incubation at 37ºC to 

trace the recovery during extraction procedure. Each sample was extracted three times in 

2.0 ml of a mixture of diethyl ether and petroleum benzene (volume ratio 7:3) by vortexing 

for 60 seconds (for 30 and 15 seconds respectively after second and third round of 

extraction), followed by centrifugation for 3 minutes at 2000 rpm at 4°C. The ether phase 

was decanted after snap freezing the tubes for 15 seconds in a mixture of ethanol-dry ice, 

and dried under a stream of nitrogen gas in the water bath at 37°C. The dried extract was 

resuspended in 2 ml of 70% methanol by vortexing and stored overnight at -20°C. Samples 

were centrifuged for 5 minutes at 2000 rpm at 4°C and the supernatant was dried under 

nitrogen gas in the water bath at 50°C.  
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The dried extracts were resuspended in phosphate buffered saline with gelatin (PBS-Gelatin 

buffer,5.30g NaH2PO4.H2O; 16.35g Na2HPO4.7H2O; 9.00 g NaCl; 1.00 g gelatin; 1.00 g NaN3, 

adjusted to pH 7.10 using NaOH pellets) by thorough mixing on a vortex, using different 

amounts of the buffer depending on expected hormone concentrations; pigeon eggs: 250 

µl for first eggs, 500 µl for last eggs (this species typically has a clutch size of two eggs per 

nest); red jungle fowl eggs: 450 µl; gull eggs: 2 ml for both first and last eggs (this species 

typically has a clutch size of three eggs per nest); pigeon plasma: 125 µl; red jungle fowl 

plasma: 125 µl; and rat plasma: 150 µl for samples from older rats and 200 µl from younger 

rats.  

Of the extracts, 25 µl were used for T concentration determination using a commercial kit, 

TESTO-CT2 (Cisbio Bioassays), following the kit instructions. This kit uses anti-testosterone 

rabbit polyclonal antibodies bound to the solid phase (coated tubes), with very low cross 

reactivity with other steroids as per the information provided in the kit manual for human 

antiserum: 5α-dihydrotestosterone 2.6%, androstenedione 1.7%, methyltestosterone 0.3%, 

and other steroids < 0.1%. The assay is based on the principle of competitive binding of the 

added radiolabelled testosterone and the unlabelled testosterone contained in the 

calibrators provided in the kit (to plot the calibration curve) and the test samples (egg yolk 

or plasma) against a fixed and limited number of anti-testosterone antibody. The amount 

of radiolabelled testosterone bound to the antibody is inversely related to the amount of 

unlabelled testosterone present in the sample, and the latter can be interpolated using the 

calibration curve. Recoveries of the initially added radiolabelled T were measured in a 

subsample of this solution using scintillation cocktail (Ultima Gold, Perkin Elmer) and 

radioactivity counted on a scintillation counter. Standards were prepared using dilution 

series from pre-prepared stock and ranged from 0.08-20.00 ng/ml T. The average recoveries 

ranged from 86-88% for egg yolks (2.0-3.7% intra-assay coefficient of variation for RIA) and 

65-86% for plasma (2.2-3.7% intra-assay coefficient of variation for RIA).   

 

2.4 Hormone extraction and concentration determination by LC-MS/MS 

For egg yolks, the hormone extraction for LC-MS/MS and the LC-MS/MS procedure itself 

were followed based on our previously published work (Kumar et al. 2018b,a). Each yolk 

sample (yolk-milliQ water homogenates in weight ratio of 1:1 for rock pigeon and red jungle 

fowl; 2:1 for gull) was added with an internal standard (25 µl of 30 nmol/L 13C3 labelled T in 

50% methanol, IsoSciences), thoroughly vortexed, and left for one hour at room 

temperature for equilibration. Since for each individual sample the ratio of the added 

internal standard to the target compound automatically corrected for any potential losses 

during extraction procedures as well as signal suppression due to differences in ionization 

efficiency in the mass spectrometer, hence the data were corrected for recovery losses. 

Each sample was extracted twice in 1 ml methanol by vortexing, followed by centrifugation 
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at 12000xg for 10 minutes at room temperature. The supernatant was transferred to tubes 

containing 200 mg of solid ZnCl2 for lipid precipitation. The total volume of the combined 

supernatants was made to 4 ml by adding 2 ml methanol, and centrifuged at 12000xg for 

10 minutes at 4°C. The supernatant was dried under nitrogen gas in a water bath at 50°C, 

re-suspended in 1 ml methanol, centrifuged at 12000xg for 10 minutes at room 

temperature, followed by addition of 1.8 ml water to the supernatant. This mixture was 

centrifuged at 12000xg for 10 minutes at 4°C. The supernatant was loaded on C18 SPE 

columns (3 ml, 500 mg, Grace Inc.) pre-equilibrated with 3 ml of methanol, followed by 3 

ml of water. After collecting flow through, columns were washed with 3 ml water, and then 

eluted with 2 ml methanol. The eluent was dried under vacuum, re-suspended in 150 µl 

methanol, followed by addition of 350 µl water to make a final concentration of 30% 

methanol. 

For plasma, 200 µL was added to a 2 mL 96-well polypropylene plate (Greiner Bio-One, 

Kremsmünster, Austria). To each well 25 µL of 30 nmol/L 13C3 labelled T in 50% methanol 

(IsoSciences) internal standard working solution was added together with 25 µL pepsin 

solution (Labor Diagnostika Nord, Nordhorn, Germany). The samples were mixed by 

vortexing for 1 minute, and after incubation for 30 minutes at room temperature, ultrapure 

water was added to each well to a final volume of 1 mL. Subsequently, the plate was 

centrifuged (1500xg, 4°C, 30 minutes). Following centrifugation, the plate was placed in the 

autosampler.  

All samples were analysed with a XEVO TQ-S tandem mass spectrometer (Waters Corp.), 

equipped with an Online SPE Manager and ACQUITY UPLC system (Waters Corp.). The UPLC 

flow rate was set at 0.4 ml/min using 10 mM ammonium acetate, 0.1% formic acid in water 

and methanol (containing 0.1% formic acid) as mobile phases A and B respectively. For each 

extract, 40 µl sample was injected for online SPE extraction on a XBridge C8 cartridge and 

chromatographic separation was performed on a Kinetex C18 column (2.1 x 100 mm, 2.6 

µm). The mass spectrometer was operated under electrospray ionization mode with 

following operating conditions: cone voltage of 30 V, desolvation temperature of 600°C and 

source temperature of 150°C, and collision energy of 35 eV. Quantitative calibration was 

performed by using a calibration curve using the internal standard. The analysis was 

performed by monitoring two mass transitions. The monitored multiple reaction monitoring 

(MRM) transitions (m/z) were: 289 > 97 and 289 > 109 for T, 292 > 100 and 292 > 112 for 
13C3-T, 291 > 159 and 291 > 255 for DHT, 294 > 258 and 294 > 258 for 13C3-DHT. The 

quantification limits were 0.025 nmol/L for T and 0.1 nmol/L for DHT. Inter-assay 

imprecision for human plasma was 2.8% at 0.37 nmol/L, 2.7% at 3.8 nmol/L, and 2.9% at 50 

nmol/L, respectively. The assay was validated according to the Dutch guidelines for 

validation of analytical methods in medical laboratories by the Dutch Society of Clinical 

Chemistry and Laboratory Medicine and ISO15189 guidelines (Wielders et al. 2017). 
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2.5 Statistical analyses 

First, it was determined whether the difference between the two methods (RIA values 

minus LC-MS/MS values) in the same samples of yolk and plasma was significantly different 

from zero by one-sample t-tests against zero value, after verifying the test assumptions. The 

effect sizes were calculated following Dunlap et al (Dunlap et al. 1996). For gulls, the 

averages of first and last laid eggs from each of the 8 individuals were used. For rock 

pigeons, out of the 8 individuals, both first and last laid eggs were available from 4 

individuals and their averages were used, for the remaining 4 individuals only one egg per 

clutch was available and therefore data from individual eggs were used. For red jungle 

fowls, single eggs were sampled from 12 birds as previous work indicated no clear hormone 

difference between eggs over the laying sequence in contrast to the other bird species used 

in this study, in which second or third eggs have much more T than first eggs (Eising et al. 

2001; Goerlich et al. 2009).  

Next, we tested whether the difference between the two methods was larger in the lipid 

rich yolks than in plasma, using the data of those two species of which we had both egg and 

plasma samples (red jungle fowl and pigeon). This was analysed using a general linear model 

(GLM) with tissue as dependent variable, after verifying the test assumptions. We also 

tested to what extent species affect the difference between the two methods by analysing 

each tissue (egg yolk or plasma) separately, using a GLM with species as predictor (gull, 

pigeon, and red jungle fowl for egg data; pigeon, red jungle fowl, and rat for plasma data). 

In order to explore whether the differences between RIA and LC-MS/MS methods vary with 

concentration levels, (for example, larger differences with higher concentrations), which 

might confound the matrix effects in the other comparisons, the models included as 

covariate the T levels measured by LC-MS/MS (the most reliable method). Post-hoc tests 

were used for multiple comparisons with Bonferroni correction over marginal means.  

Next, the within-species effect of egg laying sequence was determined in gulls for first (n=8) 

and last (n=8) laid eggs by controlling for nest (individual) identity as a random factor in a 

separate model, using T levels measured by LC-MS/MS as a covariate, after verifying the 

test assumptions.  

Finally, the correlation coefficients were calculated for egg yolk samples from all three 

species, and separately for plasma samples from all three species, to have an overall 

estimate of the correlation between the two methods, independent of scale variation 

across species, for which reason standardized T concentrations (Z scores) were used after 

standardizing the data for each species and tissue separately. 
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3 RESULTS 

Figure 1 shows a general trend of higher T concentrations when measured by RIA as 

compared to LC-MS/MS for egg yolk (panel A) and plasma (panel B) from three different 

species. Table 1 shows the difference between the two methods (RIA values minus LC-

MS/MS values) for egg yolks and plasma samples, including effect sizes, from three different 

species, which were all significantly different from zero.  

 

 

Figure 1. T concentrations measured by LC-MS/MS (labelled simply as MS) and RIA for (A) egg yolk and (B) plasma 

samples from three different species. Each line connects the samples from same individuals measured by both 

methods. Sample size is represented by n. Please note the differences in the scale of the y-axis, and that some of 

the lines overlap completely for egg yolks of pigeon and red jungle fowl, and plasma of red jungle fowl. 
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Table 1. One-sample t-tests depicting the difference between the two methods (RIA values minus LC-MS/MS 

values) being significantly different from zero for egg yolk, as well as for plasma, from each of the species. 

Species t df p-value 

Mean difference 

(pg/mg for egg yolks, 

ng/ml for plasma) 

95% confidence 

interval 
Effect 

size lower upper 

Egg yolks 

Gull 19.672 7 < 0.001 62.057 54.598 69.516 7.6 

Pigeon 5.339 11 < 0.001 10.756 6.322 15.190 0.4 

Red jungle fowl 19.015 11 < 0.001 5.500 4.863 6.137 5.7 

Plasma 

Pigeon 5.879 7 0.001 0.410 0.245 0.575 0.3 

Red jungle fowl 5.545 26 < 0.001 0.479 0.301 0.657 0.2 

Rat 4.567 7 0.003 2.260 1.090 3.430 0.2 

 

The GLM revealed that there was a significant effect of the tissue (p < 0.001), with the 

difference between the methods being much larger in egg yolk than in plasma (see Fig. 1), 

while the effect of the covariate itself was significant too (p < 0.001). When separate models 

were tested for egg yolks and plasma, the effect of species was significant for both egg yolks 

and plasma (p < 0.001), with a significant effect of the covariate for both egg yolks (p = 

0.001) and plasma (p < 0.001) samples. The post-hoc tests for yolk showed that gulls differed 

significantly both from pigeons and red jungle fowls (Table 2A), the difference between the 

two methods being much larger for gulls (see Fig. 1), while pigeons did not differ 

significantly from red jungle fowls (Table 2A). The post-hoc tests for plasma showed that 

red jungle fowls did not differ significantly from pigeons, while rats differed significantly 

from red jungle fowls but not pigeons (Table 2B), the difference being larger for rats than 

the bird species. 

There was a significant effect of the egg laying sequence (p = 0.022, Table 3), the difference 

between the two methods being much larger for the last laid eggs than the first.  

The Pearson correlation coefficient (r) was 0.641 for egg yolks from all three species, and 

0.988 for plasma from all three species, with the coefficient of determination (R2) being 

0.411 for egg yolks and 0.976 for plasma (Fig. 2). 

5α-DHT was below the quantification limit (0.1 nmol/L) in egg yolks from all three bird 

species.          
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Table 2. Post-hoc tests (Bonferroni correction) for the effect of species on the difference between the two methods 

when egg yolks and plasma samples are analysed in separate models, using T levels measured by LC-MS/MS as a 

covariate. 

(A) Egg yolks 

Species compared Mean difference Standard error p-value Standardized coefficient (beta) 

Gull – Pigeon 34.3 5.3 < 0.001 1.8 

Gull – Red jungle fowl 36.9 6.0 < 0.001 1.9 

Pigeon – Red jungle fowl 2.6 2.3 0.765 0.1 

 

(B) Plasma 

Species compared Mean difference Standard error p-value Standardized coefficient (beta) 

Red jungle fowl – Pigeon 0.17 0.1 0.289 0.01 

Pigeon – Rat  0.4 0.2 0.121 0.02 

Red jungle fowl – Rat  0.5 0.2 0.005 0.03 

 

 

 

 

Figure 2. Scatterplot showing correlation between standardized (Z scores) T concentrations for the two methods 

– RIA and LC-MS/MS (labelled simply as MS), for (A) egg yolk and (B) plasma samples. The abbreviation RJF stands 

for red jungle fowl. 
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Table 3. The within-species effect of the egg laying sequence on the difference between the two methods in gull 

eggs, using T levels measured by LC-MS/MS as a covariate. 

Egg laying order 

compared 

Mean difference Standard error p-value Standardized coefficient (beta) 

Last – first 19.1 7.3 0.022 1.4 

  

 

4 DISCUSSION 

The results show that the RIA kit that we used, after applying very commonly used 

extraction procedures that typically do not include chromatographic purification steps such 

as solid phase extraction, measured substantially higher T concentrations as compared to 

LC-MS/MS and that this difference increased with higher T concentrations. The difference 

in T concentrations between the two methods cannot be attributed to the differences in 

recoveries during extraction procedures because T concentration values were corrected for 

recovery losses for each sample and for both methods. Another reason for higher RIA values 

could be due to use of tritium labelled T compared to 13C3 labelled T in LC-MS/MS, where 

tritium label being relatively less stable could detach from T molecules, leading to 

underestimation of recoveries, and thus overestimation of corrected T values in RIAs. 

However, this seems not be the case as the recoveries for RIAs (reported above) were above 

80% in most cases. The differences between the methods, even when corrected for T 

concentrations as measured with LC-MS/MS, indicate strong matrix effects, with a possible 

cross reactivity of the RIA antibodies with other steroids and/or other matrix substances. 

Interestingly, the difference between the methods was largest in gull eggs compared to 

pigeon and red jungle fowl eggs (Table 2A). The latter two species are seed eaters, whereas 

gulls were fed with trout pellets, containing much more fat, that is known to disturb RIA 

assays (Von Engelhardt & Groothuis 2005). Similarly, the difference between the methods 

is larger in yolk than in plasma (Fig. 1, Table 2), with the former containing much more fat. 

Apparently, fat is not sufficiently removed by the commonly used extraction methods. 

Therefore, it might be advantageous not only to include chromatographic purification but 

also additional lipid precipitation step such as using ZnCl2, while using RIAs. The coefficient 

of determination (R2) was much lower for egg yolks (0.411) than for plasma (0.976). 

Interestingly, the difference between the two methods is also much larger in last eggs than 

first eggs while controlling for baseline T concentrations and nest identity (Table 3). 

5α-DHT, the most potent androgen (Fang 2003), is often reported to be present in the egg 

yolk in the studies based on RIAs (e.g. (Elf & Fivizzani 2002; Schwabl 1997a)). Intriguingly, 

5α-DHT was not detectable in the egg yolk of any of the three bird species when analysed 

by LC-MS/MS, in spite of its quantification limit being as low as 0.1 nmol/L, warranting 

another caution for the reliability of classical radioimmunoassays for hormone analyses of 
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eggs. Although we did not test the recoveries for DHT, a previous study showed a similar 

level of recoveries for T and DHT when extracted in methanol (Upreti et al. 2015). 

Our findings have several important implications. First, hormone manipulation based on 

their concentrations or total amount in the yolk or plasma as measured by commonly used 

RIAs, without extensive extraction and purification as well as antibody characterization, 

leads to a pharmacological dose and thus makes the biological interpretations of these 

manipulations unreliable. This is a serious issue as, since the discovery of T in bird eggs 

(Schwabl 1993), many hormone manipulations have been done in ovo based on RIA’s, 

leading to an extensive body of literature (e.g. reviewed in (Gil 2008; von Engelhardt & 

Groothuis 2011). Likewise, even many more studies have been conducted in which T 

concentrations in plasma were manipulated by injections or hormone releasing 

implantations, to analyse its effect on a wide array of traits (Adkins-Regan 2005; Nelson 

2011). Our results warrant reinterpretation of such studies, especially when interpreting 

the results in a functional or evolutionary framework. One could argue that pharmacological 

doses may still induce normal effects due to a ceiling effect when all receptors are occupied 

by the hormone, but dose dependent effects have been demonstrated in many cases 

(Muriel et al. 2015; Podmokła et al. 2018; von Engelhardt & Groothuis 2011). Second, as the 

over-estimation by commonly used invalidated RIAs depends on the species as well as 

baseline levels of the hormone of interest, this makes between-species comparisons, 

including both ecological and evolutionary approaches and meta analyses, unreliable. Third, 

even when working with the same species, the effect of egg quality as indicated by the 

laying order effect, and the effect of base levels for yolk can still lead to serious 

misinterpretations when using invalidated RIA. 

We used a RIA kit designed for human serum. As RIA kits are mostly validated for 

serum/plasma samples, it might often be assumed that they are suitable to use for plasma 

samples from any species and not even standard extraction protocols are always applied. 

Intriguingly, we show that RIAs give higher estimates as compared to LC-MS/MS even for 

plasma samples of birds as well as rats when measured by using a kit for human serum, 

partly due to baseline differences in the hormone levels between different species and 

partly due to other matrix effects. Perhaps the difference between the two methods would 

have been smaller if we would have used separate RIA kits with their antibodies designed 

for plasma of the rat and of the bird species. Therefore, RIA kits, including their antibodies, 

should be tested and optimized for species- and tissue-specific use. For plasma, the effect 

sizes for the difference between the two methods itself (Table 1) as well as for the effect of 

species (Table 2) are small, and the coefficient of determination is large (Fig. 2). 

Nevertheless, even after applying a standard extraction procedure, which is not even always 

done in case of plasma hormone concentration determination using RIAs, RIAs give 

substantially larger estimates, especially with higher hormone concentrations (Fig. 1). 
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In conclusion, we report that the use of RIAs, when not cautiously validated, is unreliable 

for experimental manipulation of hormones in plasma and especially in the egg, for 

interpretations of variations in maternal hormone allocation and the natural relation 

between plasma or yolk T and other traits, as well as between-species comparisons. Such 

effects shall be verified by using more reliable LC-MS/MS methods. 
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ABSTRACT 

Maternal hormones deposited in the egg can provide a powerful model for the study of 

maternal effects. The differential amount of maternal hormones in the yolk of freshly laid 

eggs is assumed to represent differential maternal allocation. However, some evidence 

suggests that these amounts do not reflect maternal allocation that in fact takes place 

before ovulation. We compared the amounts of a wide array of gonadal steroids and their 

metabolites in the yolk of pre-ovulatory follicles with those of freshly laid eggs of rock 

pigeons using mass spectrometry. We found that between the follicle and egg stages the 

levels of progesterone increase whereas androstenedione and testosterone decrease in 

which the strength of decrease was dependent on the laying order of the egg. For 

conjugated estrone the change between follicle and egg differed in direction for first and 

second laying position yielding a significant interaction effect. For conjugated testosterone 

the interaction did not reach but was close to significance. This extremely early steroid 

metabolism was not due to maternal enzymes in the yolk as indicated by incubation of pre-

ovulatory yolks treated with proteinase-K, a protein digesting enzyme. The results have 

significant consequences for the functional and evolutionary interpretation as well as 

experimental manipulation of hormone mediated maternal effects. 
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1 INTRODUCTION 

Maternal hormone deposition in eggs of oviparous species is recognized as a maternal tool 

to adjust offspring phenotype to the current or future environment of the offspring (Gil 

2008; Groothuis et al. 2005b; Schwabl 1993; von Engelhardt & Groothuis 2011). Most 

studies on maternal hormones have been performed with bird species as their embryos 

develop outside the mother’s body in a sealed environment facilitating measurements and 

manipulation of maternal hormone deposition while their ecology and evolution are well 

known. Maternal hormone concentrations in the eggs, mostly measured in yolks, show clear 

and systematic variation among species, females of the same species, nests of the same 

mother, and eggs of the same nest. Effects of these yolk hormones have been demonstrated 

on physiology, morphology, and behaviour of the offspring (reviewed in (von Engelhardt & 

Groothuis 2011)). 

The variation in yolk hormone levels is assumed to be due to differential maternal hormone 

deposition depending on some context, for instance the laying order of eggs, mate quality, 

social hierarchy of the female within a group, seasonal variation in predation risk, food 

availability, etc. Yolk hormone levels are often measured at the time of oviposition or a few 

days later. However, the yolk formation and hormone addition to the yolk is finished by the 

time of ovulation, as no more yolk can be added to the egg after ovulation. Intriguingly, 

some studies show that the concentrations of androgens decline significantly already 

between the time of ovulation and oviposition (Egbert et al. 2013; Goerlich et al. 2010) and 

one study showed an increase in progesterone between pre- and post-ovulatory follicles 

(Bowden et al. 2002a).  However, the cause and consequence of this different pattern of 

change among different classes of steroids are unknown. 

The above-mentioned decline in some yolk hormone concentrations between the time of 

ovulation and oviposition could potentially be explained by (1) simply the addition of 

albumen and water, diluting the maternal deposited hormone concentrations, or (2) very 

early metabolic processes. Such metabolic processes have been found after oviposition by 

developing embryos upon egg incubation (Paitz & Casto 2012; Paitz et al. 2011; Vassallo et 

al. 2014; von Engelhardt et al. 2009) but whether this occurs already before oviposition in 

the reproductive track of the mother has not yet been tested. The enzymes for this could 

then be deposited by the mother in the egg or the enzymes could already be from 

embryonic origin. We tested the two hypotheses with the following experiments and 

predictions. We analysed total amounts of the hormones both in follicles and in the 

complete egg at oviposition. If the early decrease in hormone concentrations before 

oviposition is due to dilution with albumen and water, the total amount of hormones 

deposited in the ovarian follicle should be the same as in the whole egg (yolk plus albumen) 

at oviposition, only its concentration should decrease. If, however, this is not the case and 

the total amounts of hormones decrease, that would indicate hormone metabolism. In 
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addition, we analysed the potential decline in maternally deposited hormones by adding 

proteinase-K, a protein digesting enzyme, to the follicle yolk. If this would block the decline 

in maternally deposited hormones it would confirm a role for enzymatic processes 

deposited by the mother in the yolk.  

Since other studies have found hormone metabolism after oviposition (see above), we 

anticipated that such metabolism would also occur before oviposition, raising the question 

which hormones are converted to which metabolites and to which extent. Therefore, we 

compared the hormone levels of 18 targeted hormones (10 free, 8 conjugated) of the 

steroid metabolic pathway of gonadal hormones (Fig. 1) at both the pre-ovulatory follicle 

and oviposition stage in eggs of the rock pigeon (Columba livia). The advantage of using this 

species is that they lay two eggs per nest and at oviposition the second eggs contain 

systematically higher levels of yolk androgens as compared to the first eggs (Hsu et al. 2016). 

This allowed us to test whether the differences in eggs based on the laying order remain 

the same at ovulation as at oviposition, the latter being the most commonly used time point 

for estimating maternal hormone allocation. For identification and quantification of 

hormones, liquid and gas chromatography combined with tandem mass spectrometry was 

used. Measuring all the components of the pathway shown in Fig. 1 also made it possible 

to monitor the metabolic outcomes. Furthermore, we also investigated the role of maternal 

enzymes in the yolk for the postulated early steroid metabolism by incubating follicle yolks 

treated with Proteinase-K that digests the maternal protein enzymes.  

 

 

Figure 1. The gonadal steroid metabolic pathway of the analysed compounds including 10 free and 8 conjugated 

forms. Only the compounds within the dashed boxes can be conjugated. Numbers represent the enlisted enzymes 

involved in the pathway with the following abbreviations- P450c17:  steroid 17 alpha-hydroxylase/17,20 lyase; 

HSD:  hydroxysteroid dehydrogenase.  
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2 RESULTS 

The results comparing follicles (yolk of mature pre-ovulatory follicles) and eggs (yolk plus 

albumen) for the hormones that were detectable are shown in Fig. 2, with the statistical 

parameters shown in Table 1 

.  

Table 1. Statistical parameters corresponding to Fig. 2. 

Steroid Statistical parameters 

Time (pre-ovulatory follicle vs egg) 

Interaction 

for laying order 

fist 

for laying order 

second 

Progesterone Coefficient (beta) 1.585 1.897 -0.312 

Std Error 0.175 0.316 0.362 

p value <0.001 <0.001 0.393 

17-Hydroxyprogesterone Coefficient (beta) 0.323 -0.315 0.638 

Std Error 0.183 0.458 0.493 

p value 0.093 0.502 0.204 

Androstenedione Coefficient (beta) -0.170 -0.925 0.755 

Std Error 0.087 0.332 0.343 

p value 0.059 0.015 0.035 

Testosterone Coefficient (beta) -0.297 -1.103 0.806 

Std Error 0.092 0.321 0.334 

p value 0.005 0.003 0.021 

Estrone Coefficient (beta) 0.298 0.529 -0.231 

Std Error 0.266 0.468 0.538 

p value 0.263 0.288 0.672 

Estradiol Coefficient (beta) -0.139 -0.539 0.400 

Std Error 0.290 0.483 0.563 

p value 0.626 0.308 0.519 

Conjugated testosterone Coefficient (beta) 0.220 -0.750 0.970 

Std Error 0.309 0.386 0.495 

p value 0.461 0.081 0.058 

Conjugated estrone Coefficient (beta) -0.667 0.925 -1.592 

Std Error 0.389 0.546 0.670 

p value 0.097 0.117 0.023 

 

The levels of progesterone increase similarly for both first and second eggs as compared to 

the levels in first and second follicles respectively (p < 0.001, Table 1, Fig. 2a). There is no 

change in the levels of 17-hydroxyprogesterone between follicle and egg for each laying 

order (Fig. 2b). The levels of androstenedione and testosterone decrease between follicle 

and egg stage for each laying order with a significant interaction (p < 0.05, Table 1, Fig. 2c, 

d), with the decline for the second laying order being larger than for the first laying order. 

For conjugated testosterone there is a non-significant increase between follicle and egg for  
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Figure 2. The difference in the amount of detectable gonadal steroid hormones in yolks of mature pre-ovulatory 

follicles compared with eggs (yolk plus albumen) for first and second eggs of the rock pigeon. The boxplots 

represent 25th and 75th percentiles as lower and upper boundaries of the box with median values as central 

tendencies, and the error bars represent 1.5 times of the interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001; 

ns – not significant. 

 

the first laying order and a non-significant decrease for the second laying order (Fig. 2e), 

leading to an interaction close to significance (p = 0.058). There is no change in the levels of 

estrone and estradiol (Fig. 2f, g). The pattern of change between follicle and egg for 

conjugated estrone follows the opposite trend for first and second laying order:  although 

not significantly, the levels tend to decrease for the first laying order, and increase for the 

second laying order, with a significant interaction (p < 0.05, Table 1, Fig. 2h). The levels of 

etiocholanolone were below the quantification limits (1.0 nmol/L) for most of the samples 

except a few follicle samples, and thus excluded from statistical analysis. However, it 
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suggests that the levels of etiocholanolone are either remaining the same or decline 

between ovulation and oviposition. Table 1 summarizes the relative effect (the 

standardized effect size in terms of coefficients (beta) from the statistical model) of time 

(pre-ovulatory follicle versus egg) for each hormone.  

Figure 3 shows the digestion of maternal enzymes in the yolk by Proteinase-K, indicating 

that the treatment indeed breaks down proteins. The levels of androstenedione and 

testosterone decline significantly (p < 0.01 and <0.05 respectively; Fig. 4) when follicular 

yolks are incubated for 48 hours at 41.4ºC, which mimics the internal body temperature 

and time difference between ovulation and oviposition in rock pigeons. However, when 

follicular yolks were treated with proteinase-K prior to incubation, and thus devoid of any 

activity of maternal enzymes, the levels of androstenedione and testosterone still declined 

(p < 0.01 and p < 0.05 respectively). This suggests that the decline is not due to maternal 

yolk enzymes. However, in terms of effect size the level of decline is much smaller with 

incubation of yolks alone than observed in natural egg development in maternal 

reproductive tract with the addition of albumen and egg shell (Supplementary Tables 2-3), 

indicating involvement of maternal (other than deposited in the yolk) and/or embryonic 

enzymatic processes instead of simply non-enzymatic degradation of hormones. There was 

no effect of maternal enzymes in the yolk on progesterone levels. 

 

 

Figure 3. Digestion of yolk proteins with proteinase-K at a final concentration of 2.0 mg/ml for 3 hours at 37ºC as 

visualized on 12% Tris-Glycine gel. Lane 1 shows bands of a commercial protein molecular weight marker 

(ThermoFisher Scientific). Yolk proteins are shown before (lanes 2, 4, 6) and after (lanes 3, 5, 7) proteinase-K 

treatment for three fractions – crude (lanes 2 and 3), supernatant (lanes 4 and 5), and pellet (lanes 6 and 7). Lanes 

1 and 2-7 are cropped from the same gel which is provided in Fig. S1 in the supplementary information. 
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Figure 4. Effect of incubation duration, equivalent to the time difference between ovulation and oviposition on 

follicular yolk hormone levels with and without Proteinase-K treatment prior to incubation. n = 7; *p < 0.05; **p < 

0.01 

 

 

3 DISCUSSION 

Hormone mediated maternal effects have received a lot of attention in the past two 

decades, with the majority of studies having used bird species. By studying changes in 

gonadal hormones in mature first and second follicles and first and second freshly laid eggs 

of rock pigeons and by using a treatment aiming at removing action of steroidogenic 

enzymes in the yolk, we aimed to answer the following questions: (1) Do hormone levels at 

oviposition indeed indicate maternal hormone allocation or do these levels change between 

ovulation (directly after hormones are deposited by the mother in the yolk) and oviposition 

that takes place 48 hours later? (2) If there is a change, which hormones are converted to 
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which other hormones? (3) Is this caused by maternal yolk enzymes; (4) Is this change 

similar or different for eggs of a different laying order. The results can have consequences 

for the interpretation of maternal hormone allocation, the role of the embryo and parent-

offspring conflict, and experimental manipulation of egg hormones. 

Earlier we reported the laying order difference for androgens in rock pigeon eggs at 

oviposition using radioimmunoassays (Hsu et al. 2016). Here we confirmed these findings 

using LC-MS/MS and found a laying order difference in the levels of 17-

hydroxyprogesterone too (Supplementary Table 4).  

The levels of progesterone increased whereas androstenedione and testosterone 

decreased over egg development between ovulation and oviposition (Fig. 2a, c, d). This 

indicates that concentrations of these hormones in eggs at oviposition may not reflect 

maternal allocation (see below). There was no change in the levels of estrone and estradiol 

(Fig. 2f, g). Levels of estradiol were extremely low (0.02 - 0.42 ng in entire follicle/egg; 0.003 

- 0.177 pg/mg) as compared to other steroids. Further downstream metabolites- 

dihydrotestosterone (5α or 5β), etiocholanolone, and pregnanolone were not detectable, 

except etiocholanolone in some follicles. Therefore, the decline in androstenedione and 

testosterone levels cannot be explained by their conversion to their downstream 

metabolites (see Fig. 1). One possibility is that androgens are converted back to 

progesterone in bird eggs through a yet undiscovered metabolic pathway, or there are 

other, not yet detected metabolites. As we have analysed the known gonadal steroids with 

well-known biological functions as well as their known metabolites it is likely that other 

metabolites will have no important biological function, but this requires further research. 

Bowden et al (Bowden et al. 2002a) previously found an increase in yolk progesterone 

concentration between pre- and post-ovulatory follicles in a turtle species. We found that 

the amount of progesterone in freshly laid bird eggs was significantly higher than even the 

mature follicles. In contrast to the Bowden study, we found a decrease in androgens, the 

primary hormones that are very frequently measured in the large literature on hormone 

mediated maternal effects in birds, but the extent of the decline differs based on egg laying 

order. Our data indicate that the levels of the most frequently analysed hormones in freshly 

laid eggs, testosterone, androstenedione, and progesterone, cannot be accurately used as 

indicator of maternal allocation. This is because the actual maternal allocation in the follicle 

stage can be different both in absolute levels as well as in indicating differences between 

laying order. 

Conjugation of active steroids has been proposed as a mechanism by which the embryo 

could regulate its exposure to maternal hormones (Paitz & Bowden 2013). Out of the eight 

conjugated steroids that we investigated (see Fig. 1), only two were detectable: conjugated 

testosterone and conjugated estrone. Clairardin et al. (2013), and Paitz & Bowden (2015) 

have suggested conjugation of estrone as a potential pathway for estrogen metabolism in 
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a turtle species, with its relevance to environmental endocrine disruptors. We found a trend 

for a decrease in the levels of conjugated estrone in first eggs as compared to first follicles, 

whereas an increase in second eggs. There was no change in conjugated testosterone in 

first eggs and a non-significant decrease in second eggs. Therefore, steroid conjugation 

cannot explain our observed change in steroid levels between follicle formation and 

oviposition. The free as well as conjugated dehydroepiandrosterone were below the 

quantification limit (2.0 nmol/L), suggesting that the steroidogenic pathway in bird eggs 

mainly involves 17-hydroxyprogesterone (see Fig. 1). 

The increase of progesterone in both the first and second eggs (as compared to respective 

follicles) could either be due to de novo synthesis from its precursors (cholesterol and/or 

pregnenolone) in the yolk, or due to conversion of androgens to progesterone as already 

suggested above.  

Since the decline in androstenedione and testosterone was found in the entire yolk-

albumen homogenates, this excludes the possibility of simple migration of hormones from 

yolk to albumen or dilution due to mixing of yolk and albumen during incubation (Groothuis 

& Schwabl 2008), and rather suggests metabolism too. We excluded the possibility of 

metabolism due to maternal enzymes in the yolk as there is no difference in the decline of 

androstenedione and testosterone or increase in progesterone when follicular yolks are 

incubated with or without the activity of maternal enzymes in the yolk (Fig. 4). It remains 

unknown whether this early metabolism is due to embryonic enzymes including those 

present in the extra-embryonic membranes (Paitz & Bowden 2008), or maternal enzymes 

in the egg other than in the yolk, such as in yolk membrane, albumen, eggshell membrane, 

or eggshell, as suggested by Paitz & Bowden (2015) for turtle eggs.  

The rate of decline in androstenedione and testosterone amounts is different between first 

and second eggs, i.e. there is a significant interaction between the egg laying order and time 

of egg development (Fig. 2c, d). The interaction was also close to significance for conjugated 

testosterone (p = 0.058, Fig. 2e), and significant for conjugated estrone (Fig. 2h). It might be 

that the first and second embryos possess different metabolic capacity for conjugation 

already during early developmental phases. Alternatively, the mother might be depositing 

different amount of enzymes involved in conjugation and/or deconjugation. 

In an interesting similar study on domestic quail (Okuliarová et al. 2010) no change in total 

amount of testosterone was found between ovulation and oviposition. There are two 

differences between this study and ours: first, the method of hormone determination is 

different, being radioimmunoassay in the Okuliarova study whereas more specific and 

reliable mass spectrometry (Shackleton 2010; Taylor et al. 2015; Wudy et al. 2018) in ours. 

Second, the Okuliarova study used the domestic quail, a highly domesticated species that is 

selected to lay eggs every day instead of well-defined clutches with a limited number of 

eggs like in rock pigeon and wild birds in general. This calls for more comparative studies on 
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hormone dynamics in developing eggs in order to establish how general the patterns are 

that we report in this study.  

Hormone injections into the egg have revealed inconsistency in the magnitude and direction 

of hormone mediated maternal effects (von Engelhardt & Groothuis 2011). Differences in 

early metabolism of hormones between species, egg position, or ecological context may 

potentially explain these differences. Moreover, it may reveal the extent of parent-offspring 

conflict as suggested by several authors (see above). If the early steroid metabolism found 

in this study was due to the embryonic activity, then our results indicate a differential role 

of the embryo based on its laying order already before the egg laying as in theory the 

maternal allocation and embryonic metabolism of hormones could work antagonistically in 

different ecological contexts (Groothuis et al. 2005b). The role of the embryo can be simply 

analysed by repeating the study with unfertilized eggs. 

Our results do pose a potential problem for further research in this field as hormone 

amounts in freshly laid eggs do not adequately reflect maternal allocation. Ideally, one 

would first make for each species under study a comparison between hormone amounts in 

follicles and freshly laid eggs to calibrate further studies on the latter. A first step would be 

to do at least a few of such studies to clarify how general our conclusions are. In addition, 

methodology can be developed for assessing via biopsies and manipulating hormones 

directly in the follicles by applying small surgery that is used in field studies to assess the 

developmental stage of the gonads or by using ultrasound for taking biopsies from the yolk 

at the right place without the need for major surgery. Such approaches may help the field 

also in solving the problem of inconsistencies in the literature concerning effects of 

maternal hormones in the experimental studies on birds, a better understanding of eco-

evolutionary effects and mother-offspring conflict. Finally, it should be realized that our 

findings have no bearing on the results of experimental manipulation of hormones in the 

egg and that the differences in hormone amount between follicles and freshly laid eggs are 

mostly quantitative and not qualitative, certainly for eggs within the same laying position. 

In conclusion, our findings that maternal hormones in bird eggs are metabolized already 

between ovulation and oviposition, and that the rate and direction of metabolism differ 

between eggs that differ in their position within the laying order, adds a new layer of 

complexity to the understanding of hormone mediated maternal effects and makes it clear 

that the estimates of maternal allocation from oviposition are inadequate. Since we do not 

know whether this early metabolism is maternal or embryonic, we cannot yet correctly 

interpret the role of the mother and of the offspring in this process and thereby the role of 

parent-offspring conflicts in hormone mediated maternal effects. Moreover, the 

demonstration of differential early metabolism of egg hormones before oviposition may 

explain discrepancies in the literature on the effect of hormone injections into the egg. 

These new results do not make the field of hormone mediated maternal effects in egg laying 
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species obsolete: our results still demonstrate systematic differences in hormone amounts 

between eggs at oviposition, and hormone injections in eggs have convincingly 

demonstrated that egg androgens have a wide array of effects on the embryo, and chick 

and even into adulthood (von Engelhardt & Groothuis 2011). But the study does 

demonstrate the relevance of mechanistic approaches for the functional and evolutionary 

interpretation of biological phenomena. 

 

 

4 METHODS 

 

4.1 Animal housing 

All animal procedures were carried out at the animal facility of the University of Groningen. 

The procedures were in accordance with the relevant guidelines and regulations of the 

animal welfare committee of the University of Groningen and were approved by the 

committee under license 6835B. Breeding stock was housed in outdoor aviaries under 

natural light and temperature conditions, ad libitum access to food (a mixture of 

commercial pigeon seeds (Kasper Faunafood, product 6721 and 6712), P40 vitamin 

supplement (Kasper Faunafood, product P40), and small stones or grit), fresh water, and 

nest boxes (60cm x 50cm x 36cm) with breeding bowls and nesting material. Each bird had 

a unique combination of coloured leg bands for identification. Daily observations were 

made for food and water availability, pair formation, nest building, and egg laying. 

 

4.2 Follicle and egg collection 

Follicles and eggs were collected from separate females. For egg collection nests were 

checked twice daily for egg laying and both first and second freshly laid eggs of a clutch 

were used for hormone analyses. Follicles were dissected after euthanasia using carbon 

dioxide from a separate group of females. As it required killing of the females to collect 

follicles, it was not possible to collect both first and second mature follicles from the same 

females, hence separate females were used. Time of production of first follicles was 

estimated based on laying intervals between clutches. As this was hampered by variation in 

inter-clutch intervals (6-15 days) we increased our sample size by using follicles from both 

adult females which had hatched from control eggs and testosterone injected eggs as part 

of another study, which had no effect at all on the statistical outcomes. The follicles were 

weighed immediately and stored at -20ºC until hormone extractions took place. Weight-
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matched first (n=12) and second follicles (n=12) were used for comparing steroid levels 

between follicles and that with first (n=8) and second eggs (n=8).  

 

4.3 Extraction and mass spectrometric analyses of steroids 

We targeted 10 free steroids – progesterone, 17-hydroxyprogesterone, 

dehydroepiandrosterone, androstenedione, testosterone, pregnanolone, etiocholanolone, 

dihydrotestosterone, estradiol, and estrone. We also analysed their conjugated form as all 

of them can form conjugates except progesterone and androstenedione (as they lack a free 

hydroxyl group in their structure). Thus, in total we analysed 18 compounds (Fig. 1). 

However, the following 10 compounds were below their quantification limits in all samples: 

(a) the free forms of dehydroepiandrosterone, pregnanolone, etiocholanolone, and 

dihydrotestosterone, (b) the conjugated compounds of 17-hydroxyprogesterone, 

dehydroepiandrosterone, pregnanolone, etiocholanolone, dihydrotestosterone, and 

estradiol.  

Follicles were thawed, yolks were separated from the follicular membranes, and diluted 

with water (1:3) by vortexing with glass beads. From the resulting mixture, 200 mg was used 

for steroid extractions for mass spectrometric analysis by liquid chromatography combined 

with tandem mass spectrometry (LC-MS/MS) and 600 mg by gas chromatography combined 

with tandem mass spectrometry (GC-MS/MS). From entire egg homogenates (except 

shells), 300 mg was used for LC-MS/MS and 600 mg for GC-MS/MS. Methanol was used as 

organic solvent for the extractions. Details on extraction and mass spectrometry procedures 

can be found in the supplementary information. 

 

4.4 Effect of maternal enzymes in the follicular yolk on steroid metabolism 

To test whether the change in yolk hormone (progesterone, androstenedione, and 

testosterone) concentrations between ovulation and oviposition is due to maternal 

enzymes in the yolk, follicular yolks were thawed and incubated at 41.4°C for 48 hours, 

which mimics the conditions in the oviduct during egg development until oviposition. These 

follicles were not the exact same set of follicles as used for comparison with eggs as the 

latter had to be weight matched with the first follicles. One freeze thaw cycle is a common 

procedure to test the enzymatic activity of frozen tissues (e.g. (Martel et al. 1994)) and we 

did not expect that to affect the activity of yolk enzymes. Follicular yolks excluded extra-

embryonic membranes as they were collected prior to fertilization. Aliquots of 210 mg yolk 

diluted with water (1:3) from seven second follicles were added with either 23.4 µl of 

Proteinase-K (final concentration of 2.0 mg/ml) or buffer, and incubated in a shaker at 37°C 

for 3 hours with gentle mixing (250 rpm), followed by 48-hours incubation at 41.4°C. 
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Conditions for use of proteinase-K were optimized by testing the enzyme activity in a pilot 

experiment at three different final concentrations (0.5, 1.0, and 2.0 mg/ml) and two 

different temperatures (37ºC and 50ºC) and were found to be optimum at 37°C at a final 

concentration of 2 mg/ml for 3 hours of incubation. Proteinase-K is a protein-digesting 

enzyme, thus if the change in hormone concentration was due to maternal enzymes there 

should be no change in proteinase-K treated samples, whereas it should be significantly 

different than non-treated samples. Target steroids were extracted using 200 mg samples 

from the incubation mixture while 12 µl sample aliquots were stored for protein analysis on 

Tris-Glycine gel. The effect of treatment on protein degradation was visualized on gels by 

fractionating the samples in three parts- the hydrophobic fraction, the hydrophilic fraction, 

and the total (Mann & Mann 2008). For the hydrophobic and hydrophilic fractions, 3 µl of 

sample was washed with 72 µl of acidic water (pH 5.0) by shaking gently for one hour at 

4°C. The resulting mixture was centrifuged at 12,000xg for 10 minutes at 4°C. The pellet and 

the vacuum-dried supernatant were re-suspended separately in 30 µl of SDS gel loading 

buffer, of which 5 µl was loaded on 12 % Tris-Glycine gel. To visualize the entire protein 

fraction, approximately 1 µl of sample was directly re-suspended in 30 µl of SDS gel loading 

buffer, of which 5 µl was loaded on the gel. 

 

4.5 Statistical analyses 

All the data were analysed using IBM SPSS software, version 23. 

(a) Comparison of follicles and eggs (Fig. 2; Table 1): data were analysed using the weighted 

least square method (so as not to assume equal variances across groups) in general linear 

models taking egg laying order and time (representing follicle and egg stages) and their 

interaction as fixed factors. As first follicles, second follicles, and eggs were obtained from 

separate females (thus, three out of four groups were independent), and since all the data 

were analysed in same statistical model, samples were treated as independent. Most of the 

residuals from the statistical model were normally distributed for all analysed steroids 

except estradiol and conjugated estrone. Therefore, the statistical outcomes for these two 

compounds were further verified and confirmed by Gamma distribution models. The 

standardized effect estimates were obtained using linear regression. Out of the total 320 

data points, 7 data points with extreme values were excluded as outliers.    

(b) Effect of maternal enzymes in the follicular yolk (Fig. 4): out of the three hormones 

analysed for the effect of maternal enzymes in the yolk on their metabolism, only 

androstenedione data was normally distributed and hence the difference between 

proteinase-K and control treatment analysed by paired t-tests. The other two hormones – 

progesterone and testosterone, were analysed by ‘Related Samples Wilcoxon Signed Rank’ 

tests. One sample being an outlier was excluded from statistical analysis of testosterone. 
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The effect sizes (Supplementary Table 2) were calculated after Nakagawa and Cuthill 

(Nakagawa & Cuthill 2007).  
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SUPPLEMENTARY INFORMATION 

 

Steroid extraction 

To each sample either 50 µl (mixture of 13C3 labelled progesterone, 17-

hydroxyprogesterone, androstenedione, and testosterone in 50% methanol); or 200 µl (2H5 

labelled etiocholanolone in pure methanol) of an internal standard was added and left for 

one hour at room temperature for equilibration. Internal standards for estrone and 

estradiol (13C3 labelled) were added after the extractions. Each sample was extracted twice 

in 1 ml methanol by vortexing, followed by centrifugation at 12000xg for 10 minutes at room 

temperature. The supernatant was transferred to tubes containing 200 mg of solid ZnCl2 for 

lipid precipitation(Wang et al. 2010). The total volume of the combined supernatants was 

made to 4 ml by adding 2 ml methanol, and centrifuged at 12000xg for 10 minutes at 4°C. 

The supernatant was dried under nitrogen gas in a waterbath at 50°C, re-suspended in 1 ml 

methanol, centrifuged at 12000xg for 10 minutes at room temperature, followed by 

addition of 1.8 ml water to the supernatant. This mixture was centrifuged at 12000xg for 10 

minutes at 4°C. The supernatant was loaded on C-18 SPE columns (3 ml, 500 mg, Grace Inc.) 

pre-equilibrated with 3 ml of methanol, followed by 3 ml of water. After collecting flow 

through, columns were washed with 3 ml water, and then eluted with 2 ml methanol. The 

eluent was divided in two equal parts, one part was analyzed without hydrolysis and the 

other part after hydrolysis, the difference between the two representing the conjugated 

steroids as hydrolysis converts conjugated compounds to their free forms (e.g. (Mi et al. 

2014)).  

(a) Sample preparation without hydrolysis: 1 ml eluent was dried under vacuum, re-

suspended in methanol, followed by addition of water to make a final concentration of 30% 

methanol.  

(b) Sample preparation with hydrolysis: 1 ml eluent was dried under vacuum, and re-

suspended in 2 ml acetate buffer (0.5 M sodium acetate with 15 g/l sodium ascorbate, pH 

4.8). 100 µl of Helix Pomatia (Brunschwig Chemie) was added, vortexed, and incubated at 

46°C for 2 hours. The hydrolyzed samples were cooled at room temperature and purified 

on HLB SPE columns (3ml, Waters Inc) pre-equilibrated with 2 ml of methanol, followed by 

2 ml of water. After collecting flow through, columns were washed with 2 ml water, and 

then eluted with 2 ml methanol. The eluent was dried under vacuum, re-suspended in 

methanol, followed by addition of water to make a final concentration of 30% methanol. 
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Mass Spectrometry 

(a) LC-MS/MS  

All extracts were analyzed with a XEVO TQ-S tandem mass spectrometer (Waters Corp.), 

equipped with an Online SPE Manager and ACQUITY UPLC system (Waters Corp.). The UPLC 

flow rate was set at 0.4 ml/min using 10 mM ammonium acetate, 0.1% formic acid in water 

and methanol (containing 0.1% formic acid) as mobile phases A and B respectively. The 

analysis of estradiol and estrone consisted of 0.2 mM ammonium fluoride in 10 % methanol 

in water and 0.2 mM ammonium fluoride in methanol as mobile phase A and B respectively. 

For each extract, 40 µl sample was injected for extraction on XBridge C8 cartridge and 

chromatographic separation was performed on a Kinetex C18 column (2.1 x 100 mm, 2.6 

µm). The mass spectrometer was operated under electrospray ionization mode with 

following operating conditions: cone voltage of 30 V, desolvation temperature of 600°C and 

source temperature of 150°C, collision energy between 15-40 eV optimized for different 

analytes. Quantitative calibration was performed by using a calibration curve using the 

internal standards for each of the analyte. The analysis was performed by monitoring two 

mass transitions for each analyte. The monitored multiple reaction monitoring (MRM) 

transitions (m/z) are shown in the Supplementary Table 1. The quantification limits were 

0.01-0.05 nmol/L, except for dehydroepiandrosterone (2.0 nmol/L) and 

dihydrotestosterone (0.1 nmol/L). 

 

(b) GC-MS/MS 

Etiocholanolone and pregnanolone were measured using gas chromatography combined 

with tandem mass spectrometry (GC-MS/MS)(Jong et al. 2017). The steroids were extracted 

using the same procedure as for LC-MS/MS except that HLB cartridges (3 ml, 60 mg) were 

used for cleanup before hydrolysis, instead of C-18. Steroids were derivatized using 150 µl 

of methoxyamine (stock solution of 1 g methoxyamine.HCl in 50 ml pyridine) by incubating 

samples at 80°C for 1 hour. After evaporating the solvent at room temperature under 

nitrogen gas, samples were incubated with 200 µl N-trimethyl silyl imidazole overnight. 

Derivatized samples were washed with 4 ml n-heptane in 3 ml of 0.1 M HCl by vortexing. 

Upper heptane layer was collected, first by centrifuging for 4 minutes at 1200xg, and then 

cryo-phase separation by incubating samples for 1 minute at -45°C. This upper n-heptane 

layer was washed with water, and then evaporated and re-suspended in 200 µl n-heptane. 

Steroids were chromatographically separated on a J&W CP-Sil 5 CB column (15 m x 250 μm 

x 0.25 μm). A 7890A GC with 7000 Triple Quadrupole Detector (Agilent) was used for 

separation and detection using electron impact and multiple reaction monitoring. Nitrogen 

was used as collision gas (flow 1.5 mL/min), Helium as quench gas (flow 2.25 mL/min) and 



Chapter 3 

54 

 

carrier gas (2 mL/min). For each sample 5 µl was injected at 65°C, with the MS source at 

270°C and both quadrupoles at 150°C. Chromatography was performed using a 

temperature program for optimal separation: 1 min 50°C, ramp 50°C/min until 200°C, and 

finally ramp 2.5°C/min until 230°C. Electron impact was performed at 70 eV. The monitored 

MRM transitions (m/z) are shown in the Supplementary Table 1. The quantification limit for 

etiocholanolone was 1.0 nmol/L, and for pregnanolone 10.0 nmol/L. 

 

 

Figure S1. The complete gel from which lanes 1 and 2-7 were cropped in Fig. 3, corresponding to the conditions 

which were used to test the effect of maternal enzymes in follicular yolk on steroid metabolism. 
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Supplementary Table 1. Multiple Reaction Monitoring (MRM) transitions. 

Compound m/z Cone voltage 

(V) 

Collision energy 

(eV) 

P4 - (QN) 315 > 97 30 40 

P4 - (QL) 315 > 109 30 40 

P4 - 13C3 (QN) 318 > 100 30 40 

P4 - 13C3 (QL) 318 > 112 30 40 

17-OH-P4 - (QN) 331 > 97 30 25 

17-OH-P4 - (QL) 331 > 109 30 28 

17-OH-P4 - 13C3 - (QN) 334 > 100 30 25 

17-OH-P4 - 13C3- (QL) 334 > 112 30 28 

DHEA - (QN) 253 > 197 30 22 

DHEA - (QL) 271 > 213 30 15 

A4 - (QN) 287 > 97 30 35 

A4 - (QL) 287 > 109 30 35 

A4 - 13C3 (QN) 290 > 100 30 35 

A4 - 13C3 (QL) 290> 112 30 35 

T - (QN) 289 > 97 30 35 

T - (QL) 289 > 109 30 35 

T - 13C3 (QN) 292 >100 30 35 

T - 13C3(QL) 292 > 112 30 35 

DHT - (QN) 291> 159 30 20 

DHT - (QL) 291 > 255 30 15 

DHT - 13C3 (QN) 294 > 162 30 20 

DHT - 13C3 (QL) 294 > 258 30 15 

E1 - (QN) 269 > 145 30 40 

E1 - (QL) 269 > 159 30 40 

E1 - 13C3 (QN) 272 > 148 30 40 

E1 - 13C3 (QL) 272 > 162 30 40 

E2 - (QN) 271 > 145 30 40 

E2 - (QL) 271 > 183 30 40 

E2 - 13C3 (QN) 274 > 148 30 40 

E2 - 13C3 (QL) 274 > 186 30 40 

P 388 > 298 - 10 

E 360 > 270 - 5 

m/z, mass-to-charge ratio; V, volt; eV: electron-volt; P4, progesterone; QN, quantifier; QL, qualifier; 17-OH-P4, 17-

hydroxyprogesterone; DHEA, dehydroepiandrosterone; A4, androstenedione; T, testosterone; DHT, 

dihydrotestosterone; E1, estrone; E2, estradiol; P, pregnanolone; E, etiocholanolone (more detailed information 

can be found for P and E in ref 3 in the supplementary information). 
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Supplementary Table 2. Descriptive statistics, p-values, and effect size for metabolism of follicular yolk hormones 

corresponding to Fig. 4. Mean values are given for androstenedione (A4) as the data was normally distributed, and 

median values are given for testosterone (T) and progesterone (P4) as the data were not normally distributed for 

these two hormones.  

Hormone Comparison Mean (for A4) and 

median (for T and P4) 

values (ng) 

p-value Effect Size 

(Cohen’s d)  

Progesterone 

0 hrs: 48 hrs (no treatment) 0 hrs: 2379.80 

48 hrs: 2220.89  

0.499 0.03 

0 hrs: 48 hrs (Proteinase-K 

treatment)  

0 hrs: 2379.80  

48 hrs: 2124.59 

0.310 0.02 

interaction (48 hrs 

Proteinase-K treatment : 48 

hrs no treatment) 

48 hrs Proteinase-K 

treatment: 2124.59 

48 hrs no treatment: 

2220.89 

0.499 0.01 

Androstenedione 

0 hrs: 48 hrs (no treatment) 0 hrs: 385.82 

48 hrs: 336.25 

0.004 0.32 

0 hrs: 48 hrs (Proteinase-K 

treatment)  

0 hrs: 385.82  

48 hrs: 336.26 

0.002 0.32 

interaction (48 hrs 

Proteinase-K treatment : 48 

hrs no treatment) 

48 hrs Proteinase-K 

treatment: 336.26 

48 hrs no treatment: 

336.25 

0.999 0.00 

Testosterone 

0 hrs: 48 hrs (no treatment) 0 hrs: 8.42  

48 hrs: 8.31 

0.046 0.13 

0 hrs: 48 hrs (Proteinase-K 

treatment)  

0 hrs: 8.42  

48 hrs: 8.23 

0.028 0.15 

interaction (48 hrs 

Proteinase-K treatment : 48 

hrs no treatment) 

48 hrs Proteinase-K 

treatment: 8.23 

48 hrs no treatment: 

8.31 

0.249 0.01 

 

 

Supplementary Table 3. Effect sizes (Cohen’s d) for comparisons of second follicles with second eggs for levels of 

progesterone, androstenedione, and testosterone. 

Hormone Cohen’s d 

Progesterone 3.19 

Androstenedione  1.14 

Testosterone  1.41 
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Supplementary Table 4. Statistical parameters for comparisons of first and second follicles (column 3), and first 

and second eggs (column 4). 

Steroid Statistical parameters 

Laying order (first vs second) 

for pre-ovulatory 

follicles 

for eggs 

Progesterone Coefficient (beta) 0.138 0.450 

Std Error 0.148 0.330 

p value 0.341 0.218 

17-Hydroxyprogesterone Coefficient (beta) 1.539 0.901 

Std Error 0.323 0.373 

p value <0.001 0.032 

Androstenedione Coefficient (beta) 1.771 1.016 

Std Error 0.281 0.197 

p value <0.001 <0.001 

Testosterone Coefficient (beta) 1.736 0.930 

Std Error 0.264 0.204 

p value <0.001 <0.001 

Estrone Coefficient (beta) 0.228 0.459 

Std Error 0.490 0.222 

p value 0.651 0.053 

Estradiol Coefficient (beta) 0.475 0.075 

Std Error 0.479 0.296 

p value 0.367 0.745 

Conjugated testosterone Coefficient (beta) 0.844 -0.126 

Std Error 0.484 0.102 

p value 0.097 0.233 

Conjugated estrone Coefficient (beta) -0.819 0.773 

Std Error 0.361 0.565 

p value 0.032 0.202 
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ABSTRACT 

Several studies show effects of yolk androgens in avian eggs on the phenotype of the 

offspring. Yolk hormone concentrations decline strongly within the first few days of 

incubation. Although early embryonic uptake of yolk androgens is suggested by the 

presence of radioactivity in the embryo when eggs are injected with radiolabelled 

androgens, these studies do not verify the chemical identity of radioactive compound(s), 

although it is known that these androgens can be metabolized substantially. By using stable 

isotope-labelled testosterone and androstenedione in combination with mass 

spectrometry, enabling verification of the exact molecular identity of labelled compounds 

in the embryo, we found that after 5 days of incubation the androgens were not taken up 

by the embryo. However, their concentrations in the entire yolk albumen homogenates 

declined strongly, even when corrected for dilution by albumen and water. Our results 

indicate metabolism of maternal androgens, very likely to 5β-androstane-3α,17β-diol, 

etiocholanolone and their conjugated forms. The results imply that the effects of increased 

exposure of the embryo to maternal androgens take place either before this early 

conversion or are mediated by these metabolites with an as yet unknown function, opening 

new avenues for understanding hormone mediated maternal effects in vertebrates.  
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1 INTRODUCTION 

Exposure of the vertebrate embryo to maternal hormones can have long-lasting effects on 

offspring morphology, physiology, and behaviour in a wide array of taxa, including fish 

(Brown et al. 2014; Guiguen et al. 2010; Pri-Tal et al. 2011), reptiles (Clairardin et al. 2013; 

Paitz & Bowden 2011; Radder 2007), birds (Gil 2008; Schwabl 1993; von Engelhardt & 

Groothuis 2011), and mammals (Del Giudice 2012; Drea 2011; Harris & Seckl 2011). In egg-

laying vertebrate species, such as birds, almost the entirety of embryonic development 

occurs outside the mother’s body, facilitating measurement and manipulation of this 

prenatal hormonal exposure. Steroid hormone deposition by the avian mother into her eggs 

varies with environmental cues (Eising et al. 2001; Gil 2008; Hahn 2011; Müller et al. 2002; 

Schwabl 1993, 1997a; von Engelhardt & Groothuis 2011; Welty et al. 2012). Hormone 

manipulation of avian eggs revealed a wide array of phenotypic effects on the offspring, 

including traits such as hatching time, hatching success, metabolic rate, immune function, 

endocrine function, growth, competitiveness, reproduction, mate choice, and survival rate 

(von Engelhardt & Groothuis 2011). It is generally thought that these hormone mediated 

maternal effects are adaptive, providing a maternal “weather forecast” for the chick to 

adjust its phenotype to the environment that it will experience after hatching (Groothuis et 

al. 2005b). However, despite the many descriptive and functional studies in this field, 

underlying mechanisms of how and when the embryo is able to react to the maternal 

hormones are still not known. This hampers progress in the research field (Carere & 

Balthazart 2007; Groothuis & Schwabl 2008), for example, in understanding the role of the 

offspring in family conflict (Müller et al. 2007). 

In order to be functional, these maternal egg hormones must reach the offspring’s tissues, 

but whether this is indeed the case is as not yet clear. Several studies indicate a strong 

decrease of yolk hormone concentrations already within the first few days of egg incubation 

(Bowden et al. 2002b; Eising et al. 2003; Elf & Fivizzani 2002; Feist & Schreck 1996; Paitz & 

Bowden 2009; Wilson & McNabb 1997) and one study showed that this is not due to mixing 

of yolk with albumen (Paitz et al. 2011), raising the question as to whether this is due to 

embryonic uptake or metabolism, and to what extent and which metabolites really reach 

the embryo. One explanation for the decrease in androgens and estrogens during early 

incubation is that conjugation of active steroids takes place facilitating uptake of these 

hormones from the lipophilic environment (the yolk), after which the embryo may 

deconjugate the hormone when and where it is required (Paitz & Bowden 2008, 2013).  

Additional complexity is added by the fact that a steroid of interest found in embryonic 

tissue might not be of maternal origin but could be synthesized de novo by the embryo 

itself. Such de novo synthesis may be due to the activity of maternal or embryonic enzymes 

in the egg using maternal steroids and/or cholesterol in the yolk as a substrate (Bruggeman 

et al. 2002; Nomura et al. 1999). Therefore, any steroids detected in the embryonic tissues 
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even in early development could have been derived de novo from precursors. In order to 

resolve this problem, radioactive steroids have been injected into egg yolk, followed by 

detection of radioactivity in the embryonic tissues (Benowitz-Fredericks & Hodge 2013; von 

Engelhardt et al. 2009). However, these studies could only detect radioactivity originating 

from the labelled hormones in embryonic tissues and did not verify the molecular identity 

of the radio-labelled compound. A few other studies analysing steroid metabolism in 

incubated eggs suggested that maternal steroids were metabolized and conjugated (Paitz 

et al. 2011, 2012; Vassallo et al. 2014). This indicates that radioactive compound(s) in the 

embryonic tissue could have been a different metabolite, or even a biologically inactive 

form of it, rather than the originally injected steroid. 

In order to study early hormone metabolism and embryonic uptake, and to differentiate 

maternal from other newly synthesized compounds, we injected a stable isotope labelled 

form of the most frequently studied steroid in this field, testosterone ([2H3]T), and its 

precursor androstenedione ([13C3]A4), into chicken egg yolk, and incubated the eggs for 

either zero or five days. The advantage of using stable isotope labels is that the metabolic 

outcome can be tracked using liquid chromatography combined with tandem mass 

spectrometry (LC-MS/MS), a method that is very accurate for molecular identification and 

can distinguish between naturally occurring and the heavy isotope labelled compounds that 

differ only with respect to their mass. The incubation time of five days was chosen because 

the gonadal differentiation (Smith et al. 1997; Yoshida et al. 1996) and the surge of the 

endogenous steroid production (Woods et al. 1975) in chicken embryos starts only after five 

days of egg incubation. The injected hormone values were within two standard deviations 

of the mean yolk hormone concentrations (T = 0.74 ± 0.13 pg/mg;  A4 = 23.24 ± 2.20 pg/mg; 

means ± s.d.) obtained by mass spectrometry in unincubated eggs (day 0) laid on the same 

day.  

We characterized the in ovo dynamics of the labelled T and A4 over the first five days both 

in the yolk-albumen homogenate and in the embryo, separating the embryo itself and its 

extra-embryonic membranes, including the yolk sac membrane where the uptake of yolk 

and its hormones to the circulation of the embryo is likely to take place. The chicken embryo 

expresses the steroidogenic genes P-450scc, 3β-HSD, P-450c17 and 17β-HSD, but not 

aromatase (Nomura et al. 1999) before day 5, which is necessary to convert androgens into 

estrogens, so we only investigated the androgen pathways. The majority of maternal 

hormones are deposited in the yolk, but the yolk becomes mixed with albumen early during 

incubation. Therefore, the decline in yolk hormone concentrations reported in the literature 

(Bowden et al. 2002b; Eising et al. 2003; Elf & Fivizzani 2002; Feist & Schreck 1996; Paitz & 

Bowden 2009; Wilson & McNabb 1997) might be due not to metabolism but rather to the 

dilution of yolk, for which no evidence was found in European starling (Paitz et al. 2011) and 

rock pigeon (Kumar et al. 2018b) eggs, but is as yet unknown for chicken eggs. Therefore, 

we performed the study in the yolk-albumen homogenate, enabling us to distinguish 
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between both hypotheses. The embryonic tissue and its extra-embryonic membranes were 

analysed separately. 

 

 

2 MATERIALS AND METHODS  

 

2.1 Animal ethics 

This study used 5-day-old chicken embryos, and thus does not require an ethical license or 

approval from an animal experimentation committee. 

 

2.2 Experimental design 

Fertile chicken eggs of Lohman Brown Classic strain [Gallus gallus domesticus] were 

randomly collected from a local chicken farm. Eggs were randomly assigned to three weight-

matched groups and incubated for five days at 37°C with relative humidity of 60%, either 

untreated or after injecting 100 µl of sterilized sesame oil with 0.2 µg/ml [2H3]T or 0.58 

µg/ml [13C3]A4 into the yolk, following the same procedure as in our previous study (von 

Engelhardt et al. 2009). These concentrations were within the physiological range (two 

times of the standard deviations) of the naturally present (unlabelled) T and A4 levels, which 

were determined using 200 mg homogenates of yolk plus albumen from unincubated eggs 

of the same batch. Although injection into the yolk at one particular spot may not 

adequately represent the distribution of maternal hormones over the different yolk layers, 

these layer structures quickly disappear after a few days of incubation. Moreover, most 

studies inject hormones dissolved in oil into the yolk as we did, so we can directly compare 

our findings with these studies. To determine the concentrations of labelled hormones, 

each treated egg was separated into three fractions: yolk-albumen, decapitated embryo 

(embryo heads were used for determination of steroid receptor expression as part of 

another study), and extra-embryonic membranes. Each fraction was homogenized 

separately and used for hormone extractions. Labelled hormones were extracted from 200 

mg homogenates of yolk plus albumen of unincubated [day (d)0, n = 3) and incubated (d5, 

n = 3) eggs, individual decapitated embryos (E, n = 3), and 200 mg of extra-embryonic 

membranes (EM, n = 3) for each treatment. Because of small sample sizes (n = 3), no 

statistical tests were performed. To convert conjugated steroids to their free forms, single 

extracts were hydrolysed from 200 mg of yolk-albumen homogenate of incubated eggs, 100 

mg of decapitated embryo homogenates, and 200 mg of extra-embryonic membranes for 

each treatment. To exclude the possibility that the lack of labelled androgens in the 
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decapitated embryonic tissues could be due to decapitation itself, T and A4 concentrations 

were determined using eggs from the same batch and the same analytical technique over 

the same time-period for intact embryos (head plus the rest of the body) using 100 or 300 

mg homogenates. 

 

2.3 Extraction of steroids 

Each sample was extracted twice in 1 ml methanol by vortexing, followed by centrifugation 

at 12000xg for 10 minutes at room temperature. The supernatant was transferred to tubes 

containing 200 mg of solid ZnCl2 for lipid precipitation (Wang et al. 2010). The total volume 

of the combined supernatants was made to 4 ml by adding 2 ml methanol, and centrifuged 

at 12000xg for 10 minutes at 4°C. The supernatant was dried under nitrogen gas in a 

waterbath at 50°C, re-suspended in 1 ml methanol, centrifuged at 12000xg for 10 minutes 

at room temperature, followed by addition of 1.8 ml water to the supernatant. This mixture 

was centrifuged at 12000xg for 10 minutes at 4°C. The supernatant was loaded on C18 SPE 

columns (3 ml, 500 mg, Grace Inc.) pre-equilibrated with 3 ml of methanol, followed by 3 

ml of water. After collecting flow through, the column was washed with 3 ml water, and 

then eluted with 2 ml methanol. The average recovery for extraction was 85.1 ± 4.3% (mean 

± s.d.) as measured for testosterone. 

The conjugated steroid levels can be estimated as the difference between hydrolysed and 

non-hydrolysed extracts from the same samples as the hydrolysis converts a conjugated 

steroid into its free form (e.g. (Mi et al. 2014)). For hydrolysis of conjugates, the extract was 

dried under vacuum and re-suspended in 2 ml acetate buffer (0.5 M sodium acetate with 

15 g/l sodium ascorbate, pH 4.8). 100 µl of commercial extract of Helix Pomatia (Suc d’Helix 

Pomatia, Brunschwig Chemie) was added, vortexed, and incubated at 46°C for 2 hours. The 

hydrolysed sample was cooled at room temperature and purified on HLB SPE columns (3ml, 

Waters Inc) pre-equilibrated with 2 ml of methanol, followed by 2 ml of water. After 

collecting flow through, the column was washed with 2 ml water, and then eluted with 2 ml 

methanol.  

The eluent was dried under vacuum, re-suspended in 150 µl methanol, followed by addition 

of 350 µl water to make a final concentration of 30% methanol, and was analysed by mass 

spectrometry.   

 

 

 

 



Yolk androgens are not taken up by the embryo 

65 

 

2.4 LC-MS/MS 

The extracts were analysed by LC-MS/MS using the following two approaches. Firstly,  HPLC 

was performed using a Shimadzu LC system, consisting of a SIL-20AC autosampler and two 

LC-20AD gradient pumps. Chromatographic separation was achieved at 30°C on a Alltima 

C18 column (2.1x150 mm 5 µm, Grace Davison Discovery Sciences). Eluent A was 100% H2O 

and eluent B was 100% methanol without formic acid. The elution was performed starting 

at 10% B, followed by a linear gradient to 80% B in 2 minutes followed by a linear gradient 

to 95% B in 3 minutes. Then, the column was washed at 95% B for 7 minutes after which it 

was returned to the starting conditions. The flow rate was 0.25 mL/minute. The injection 

volume was 30 µL. The HPLC system was coupled to an API 3000 triple-quadrupole mass 

spectrometer (Applied Biosystems/MDS Sciex). For positive ionization, the mass 

spectrometer was equipped with an atmospheric pressure chemical ionization (APCI) 

source. For negative ionization, a TurboIonSpray electrospray ionization (ESI) source was 

coupled to the mass spectrometer and a 1% ammonia solution in 50% methanol was 

introduced post-column with a flow rate of 0.05 mL/min. The source temperature was 

450°C. Nitrogen was used as turbo heater gas, nebulizer gas and curtain gas. Tuning 

parameters were optimized for the selected reaction monitoring (SRM) ion pairs of the 

steroids for which standards were available. For the isotopically labelled compounds SRM 

ion pairs were calculated (see Supplementary Table S1). For each compound, two SRM ion 

pairs were determined, where the most intense was selected as quantifier while the other 

served as qualifier. For quantitation of the isotopically labelled compounds the standard 

addition method was applied using the non-labelled forms of the compounds. Data were 

collected and analysed with Analyst 1.5.2 software (Applied Biosystems/MDS Sciex). 

In the second method, 25 µl of 13C3 labelled 17-hydroxyprogesterone (30 nmol/L in 50% 

methanol, IsoSciences) was added as an internal standard and analysed with a XEVO TQ-S 

tandem mass spectrometer (Waters Corp.), equipped with an Online SPE Manager and 

ACQUITY UPLC system (Waters Corp.). The UPLC flow rate was set at 0.4 ml/min using 10 

mM ammonium acetate, 0.1% formic acid in water and methanol (containing 0.1% formic 

acid) as mobile phases A and B respectively. For each extract, 40 µl sample was injected for 

extraction on a XBridge C8 cartridge and chromatographic separation was performed on a 

Kinetex C18 column (2.1 x 100 mm, 2.6 um). The mass spectrometer was operated under 

electrosprayionization mode with following operating conditions: cone voltage of 30 V, 

desolvation temperature of 600°C and source temperature of 150°C, collision energy of 15-

40 eV optimized for different analytes. Quantitative calibration was performed by using a 

calibration curve using the internal standards for each of the analyte. The analysis was 

performed by monitoring two mass transitions for each analyte. The multiple reaction 

monitoring (MRM) transitions (m/z) are shown in the Supplementary Table S2. The 

quantification limit was 0.01 pg/mg of yolk or embryonic tissues for A4 and T; and 0.02 

pg/mg for dihydrotestosterone (DHT). 
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3 RESULTS  

Naturally occurring (unlabelled) T, 5α- or 5β-DHT, or their conjugated forms were not 

detectable in the intact chicken embryo (head plus rest of the body, excluding extra-

embryonic membranes) after five days of egg incubation, and A4 was present at an 

extremely low concentration of 0.02 pg/mg. The levels of injected [2H3]T (Fig. 1A) and 

[13C3]A4 (Fig. 1B) declined strongly in the yolk-albumen homogenates during the first five 

days of incubation. Labelled T was no longer detectable after 5 days of incubation in the 

yolk-albumen homogenate, extra-embryonic membranes, or the embryo itself (Fig. 1A). 

Labelled A4 was present in only very low concentrations and only in the yolk-albumen 

homogenate after five days (Fig. 1B). Moreover, no labelled forms of neither DHT (one of 

the two biologically active metabolites of T), conjugated T or conjugated DHT were 

detectable in any egg fraction. 

 

 

Figure 1. Concentration dynamics of injected stable isotope labelled [2H3]T and [13C3]A4 in fertilized chicken eggs. 

(A) [2H3]T and (B) [13C3]A4 concentrations assessed in yolk-albumen homogenates at day 0 (d0), day 5 (d5), in 

decapitated embryos (E) and in extra-embryonic membranes (EM). Values are means±s.e.m. of sample size of three 

per group. Labelled forms of DHT, conjugated T and conjugated DHT were not detectable in any fraction. Raw data 

are available in Table S3. 

 

 

4 DISCUSSION 

We found a lack of labelled T in all three egg fractions, and of labelled A4 in embryonic 

fractions, after five days of incubation. The use of internal standards and sample purification 

during extraction procedures using ZnCl2 and solid phase extraction columns ensured that 

the lack of labelled compounds in embryonic fractions could not be due to matrix effect 

(affecting differences in ionization efficiency in the mass spectrometer among samples from 

different tissues). If there was an uptake of even 10% of the injected labelled hormones by 

the embryo, as suggested in previous studies based on the radioactivity transfer to 

embryonic chicken tissues (Benowitz-Fredericks & Hodge 2013; von Engelhardt et al. 2009), 

we would expect about 10 pg/mg [2H3]T and 50 pg/mg [13C3]A4 in the embryonic fractions 
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based on embryonic weight. However, after five days of incubation, no labelled T or A4 was 

found at all, despite quantification limits being as low as 0.01 pg/mg. This indicates that in 

the previous studies the labelled signal in embryonic tissue may either be due to conversion 

of injected androgens to other metabolites or may not have been from steroid hormones 

at all if the radioactive label detached from the hormone by metabolic processes.  

Since the decline of androgen concentrations was found throughout the egg, it cannot be 

due to dilution with albumen or water, or embryonic uptake. This indicates that the 

maternal T and A4 are metabolized by embryonic and/or maternal enzymes, which is in line 

with the suggestions made in other studies (Gilbert et al. 2007; Kumar et al. 2018b; Paitz et 

al. 2011; Parsons 1970; Vassallo et al. 2014), as explained below. This raises the intriguing 

question as to which metabolic products these androgens are converted to, as this will 

determine the biological significance of maternal hormone deposition. Since the 

concentrations of both labelled T and A4 declined, interconversion of these two androgens 

cannot explain their decrease. Furthermore, neither of these steroids was converted to 

DHT, the androgen with the highest affinity for androgen receptor (Fang 2003) among the 

naturally occurring androgens, or the biologically inactive conjugated forms of T and DHT. 

Although our sample sizes are low (we were not aiming at quantitative differences between 

groups, but only at the verification of the uptake of injected yolk androgens by the embryo), 

such sample sizes have been used convincingly in other studies (Benowitz-Fredericks & 

Hodge 2013; von Engelhardt et al. 2009), and our results are very consistent within each 

group. 

Although Benowitz-Fredericks and Hodge (2013) indicated conjugation of A4,  A4 cannot be 

directly conjugated due to lack of a hydroxyl group, suggesting that it must have been 

conjugation of a metabolite of A4 in their study. It is noteworthy that DHT, which is often 

reported to be present in the yolk at day 0 in studies using radioimmunoassays (e.g. (Elf & 

Fivizzani 2002; Schwabl 1997a)), was not even detectable using mass spectrometry at day 0 

or day 5, in spite of its very low limit of quantification (0.02 pg/mg), warranting some 

caution for the reliability of classical radioimmunoassays for hormone analyses of eggs. 

Androgens are unlikely to be aromatized into estrogens (Fig. 2) at such an early stage of 

embryonic development as aromatase is expressed only after day 5 of incubation in chicken 

(Nomura et al. 1999), which is also experimentally supported by the lack of such early 

androgen conversion to estrogens (Parsons 1970). Parsons (1970) suggested 5β-

androstane-3α, 17β-diol as the main metabolite in an in vitro study on metabolism of 

radiolabelled T by the two-day old chicken embryo; Paitz et al. (2011) suggested conjugated 

etiocholanolone as the main metabolite in the yolk-albumen homogenates of European 

starling eggs incubated for six days; and Kumar et al. (2018a) showed etiocholanolone and 

its conjugate as main androgenic metabolites in rock pigeon eggs incubated for 4.5 days. 
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These studies indicate a 5β-reduction, followed by 3α-hydroxylation metabolic route for 

maternal T and A4 (Fig. 2). 

Considering the available information from above and based on the known metabolic 

pathways of functionally relevant androgens (Fig. 2), the following picture emerges: early in 

incubation, the maternal and/or embryonic enzymes are already metabolizing yolk T and 

A4 into 5β-androstane-3α, 17β-diol and/or etiocholanolone, and their conjugated forms. 

 

 

Figure 2. Suggested metabolic pathways for maternal T and A4 in the avian egg during early incubation. Double 

arrows represent reversible pathways and single arrows represent irreversible pathways, implying that the 

metabolites cannot be converted back to primary androgens during later stages of embryonic development. The 

pathways with interconversion between A4 and T, conversion of T into DHT, and conjugation of T and DHT were 

undetectable in the present study; whereas conversion to estrogens is very unlikely due to a lack of expression of 

the aromatase gene. All these non-detectable or improbable pathways are marked with a large cross. Key to 

steroidogenic enzymes: 1a, 5α-reductase; 1b, 5β-reductase; 2, 3α-hydroxysteroid dehydrogenase (HSD); 3, 

sulfotransferase/glucuronosyltransferase; 4, sulfatase/glucuronidase; 5, 17β-HSD; 6, aromatase. 

 

The functional aspects of this metabolism are intriguing and create a paradox. Despite the 

well documented effects of avian yolk hormones on the embryo, chick and adult, the above-

mentioned metabolites are thought to be biologically inactive. Both 5β-androstane-3α, 17β-

diol and etiocholanolone are androgens with very weak binding affinity to the rat androgen 

receptor (Fang 2003). A high degree of sequence similarity in the ligand-binding domain of 

the mammalian and chicken androgen receptor (Katoh et al. 2006) suggests that these 

metabolites would not activate the chicken receptors. Conjugated androgens are thought 

to have no biological effect as they do not bind to androgen receptors but may rather be a 

way to inactivate the active forms. There are two ways for resolving this paradox. First, it 

has been argued that 5β-androstane-3α, 17β-diol and etiocholanolone may act 

independently of binding to androgen receptors and contribute to erythropoiesis (Paitz et 

al. 2011). This may explain the wide diversity of yolk androgen effects, as such a process 

may influence many developmental processes. Second, the conjugated metabolites may be 

de-conjugated back to their free forms of these metabolites in embryonic tissues, for which 
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some evidence was found for conjugated estrogen in turtle egg (Paitz & Bowden 2011). Both 

possibilities are open for experimental testing. 

Recent studies on rock pigeon found no evidence for contribution of maternal yolk enzymes 

to early steroid metabolism (Kumar et al. 2018a,b), but perhaps there could be maternal 

enzymes in other egg components contributing to some extent to the early metabolism. 

Regardless of whether the enzymes are of maternal or embryonic origin, these could be an 

evolutionary adaptation to use maternal hormones prior to development of the embryonic 

endocrine systems at the optimal time and amount needed for the embryo itself, and/or to 

avoid detrimental effects of the relatively high yolk hormone concentrations (Groothuis & 

Schwabl 2002), as also suggested by Vassalo et al (Vassallo et al. 2014) for the stress 

hormone regulation in the later developmental stages. If the enzymes are of maternal 

origin, this would open the possibility that it reflects a maternal strategy by which the 

mother deposits different amounts of metabolizing enzymes depending on the 

environmental context. If the enzymes are of embryonic origin, it may reflect the 

evolutionary arms race between mother and offspring, as maternal hormone deposition 

may not always be advantageous to the chick (Groothuis et al. 2005b; Müller et al. 2007).   

In conclusion, we have shown that when injected within a physiological range, the elevated 

yolk androgens (T and A4) are not taken up by the embryo but rather metabolized very early 

during incubation. It remains to be explored further whether the elevated androgen levels, 

before their depletion, could still exert any physiological effect on the embryonic 

development, for instance via receptor-mediated regulation of gene expression or by 

directly intercalating with DNA. If not, that would suggest that embryos have evolved the 

capacity to metabolize maternal hormones into biologically inactive or less potent 

metabolites, so that they can buffer their developing endocrine system against any 

detrimental consequences of such early exposure to maternal hormones, potentially 

playing a role in parent-offspring conflict. Alternatively, the metabolites themselves could 

be functional, a possibility that needs further exploration by simply injecting eggs with these 

metabolites and assessing their effects. 
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SUPPLEMENTARY INFORMATION 

 

Supplementary Table S1. SRM ion pairs and retention time of compounds measured by positive APCI. The first ion 

pair of each compound was used as quantifier and the second as qualifier. 

Compound SRM ion pairs 

(m/z) 

Retention time 

(minutes) 

A4 287.2/109.2 5.9 

 287.2/97.1  
13C3-A4 290.2/112.1 5.9 

 290.2/100.1  
T 289.2/109.2 6.06 

 289.2/97.1  
2H3-T 292.3/97.2 6.06 

 292.3/109.2  
13C3-T 292.2/112.1 6.06 

 292.2/100.1  
DHT 291.2/255.1 6.46 

 291.2/273.1  
2H3-DHT 294.2/258.1 6.46 

 294.2/276.1  
13C3-DHT 294.2/258.1 6.46 

 294.1/276.1  
m/z, mass-to-charge ratio; A4, androstenedione; T, testosterone; DHT, dihydrotestosterone. 
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Supplementary Table S2. MRM transitions monitored. The first ion pair of each compound was used as quantifier 

and the second as qualifier. 

Compound  m/z Cone voltage 

(V) 

Collision energy 

(eV) 

17-OH-P4 331/97 

331/109 

30 

30 

25 

28 
13C3-17-OH-P4 334/100 

334/112 

30 

30 

25 

28 

A4 287/97 

287/109 

30 

30 

35 

35 
13C3-A4 290/100 

290/112 

30 

30 

35 

35 

T 289/97 

289/109 

30 

30 

35 

35 
13C3-T 292/100 

292/112 

30 

30 

35 

35 

DHT 291/159 

291/255 

30 

30 

20 

15 
13C3-DHT 294/162 

294/258 

30 

30 

20 

15 

m/z, mass-to-charge ratio; V, volt; eV: electron-volt; 17-OH-P4, 17-hydroxyprogesterone; A4, androstenedione; T, 

testosterone; DHT, dihydrotestosterone. 

 

 

Supplementary Table S3. Hormone concentrations (pg/mg) corresponding to Fig. 1. 

  d0 d5 E EM 

[2H3]T 

  

  

0.31 < 0.01 < 0.01 < 0.01 

0.29 < 0.01 < 0.01 < 0.01 

0.38 < 0.01 < 0.01 < 0.01 

[13C3]A4 

  

  

1.02 0.15 < 0.01 < 0.01 

0.93 0.17 < 0.01 < 0.01 

0.99 0.12 < 0.01 < 0.01 
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ABSTRACT 

Vertebrate embryos are exposed to maternal hormones that can profoundly affect their 

later phenotype. Although it is known that the embryo can metabolize these maternal 

hormones, the metabolic outcomes, their quantitative dynamics and timing are poorly 

understood. Moreover, it is unknown whether embryos can adjust their metabolic activity 

to, for example, hormones or other maternal signals. We studied the dynamics of maternal 

steroids in fertilized and unfertilized rock pigeon eggs during early incubation. Embryos of 

this species are naturally exposed to different amounts of maternal steroids in the egg 

according to their laying position, which provides a natural context to study differential 

embryonic regulation of the maternal signals. We used mass spectrometric analyses to map 

changes in the androgen and estrogen pathways of conversion. We show that the active 

hormones are heavily metabolized only in fertilized eggs, with a corresponding increase in 

supposedly less potent metabolites already within one-fourth of total incubation period. 

Interestingly, the rate of androgen metabolism was different between embryos in different 

laying positions. The results also warrant a re-interpretation of the timing of hormone 

mediated maternal effects and the role of the supposedly biologically inactive metabolites. 

Furthermore, the results also provide a potential solution as to how the embryo can prevent 

maternal steroids in the egg from interfering with its sexual differentiation processes as we 

show that the embryo can metabolize most of the maternal steroids before sexual 

differentiation starts. 
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1 INTRODUCTION 

Over the last decades there is a growing interest in the exposure of the vertebrate embryo 

to maternal hormones as a potential pathway for adaptive maternal effects. Egg laying 

species, especially birds (Gil 2008; Groothuis et al. 2005b; von Engelhardt & Groothuis 

2011), but also fish (Brown et al. 1988) and reptiles (Paitz & Bowden 2008, 2011; Radder 

2007) have been used extensively to study the effects of maternal hormones, especially 

steroids, in the egg yolk since in oviparous species the embryo develops outside the body 

of the mother facilitating such manipulations. This has revealed a wide array of effects on 

the offspring phenotype, ranging from morphology to physiology and behaviour (Groothuis 

et al., 2005; Schwabl, 1993; von Engelhardt and Groothuis, 2011). Furthermore, systematic 

variation is found in egg steroid levels associated with the laying order as well as 

environmental variation surrounding the mother (Eising et al. 2001; Schwabl 1993, 1997a; 

von Engelhardt & Groothuis 2011), including biotic and abiotic factors (Gil 2008; Hahn 2011; 

Müller et al. 2002; Welty et al. 2012). However, how, when and which hormones reach the 

embryo is as yet unclear. 

In the course of egg incubation the hormone concentrations in the yolk decline rapidly (birds 

(Eising et al., 2003; Elf and Fivizzani, 2002; Wilson and McNabb, 1997), reptiles (Bowden et 

al., 2002; Paitz and Bowden, 2009), fish (Feist & Schreck 1996)). One study showed that 

hormone levels decline in yolk-albumen homogenates (Paitz et al. 2011) suggesting that the 

decrease in yolk hormone concentrations is not entirely due to yolk dilution by mixing 

and/or water influx with albumen, and a few pioneering studies indicate metabolism of 

maternal yolk steroids by the embryo by conjugation (Paitz et al., 2011; Paitz and Casto, 

2012; Vassallo et al., 2014; von Engelhardt et al., 2009). As suggested by Paitz and Bowden 

(2008, 2013) and von Engelhardt (2009), this opens the possibility that embryos of 

oviparous species have in fact active control over their endocrine environment like in 

mammalian species (Braun et al. 2013; Cottrell & Seckl 2009; Del Giudice 2012) which would 

be favoured by natural selection (Del Giudice, 2012; Mock and Forbes, 1994; Müller et al., 

2007; Wilson et al., 2005; Winkler, 1993). This is because of potential parent-offspring 

conflicts in which the endocrine environment created by the mother might be primarily in 

the interest of the mother but not always be in the best interest of the offspring as they 

share only half of their genes. For example, by distributing maternal androgens over the 

laying order mothers may favour certain offspring over others, creating a conflict with the 

latter. However, the detailed scope for such role of the embryo in translating maternal 

hormones is not well understood, especially in bird species, the most widely used species 

in this field. This includes the timing and quantitative dynamics of embryonic metabolism, 

metabolic differences based on embryo’s laying order in the clutch, the overall metabolic 

outcomes concerning detailed steroid metabolic pathway such as conversion of less potent 

metabolites to more potent ones or vice-versa, and their uptake and utilization by the 

embryo.  
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The aims of this study were (i) To verify which of the steroids of the androgenic and 

estrogenic pathway differ in maternal deposition between first and second eggs including 

the conjugated forms; (ii) To investigate to what extent the decline in yolk hormone levels 

during the first days of incubation is due to hormone conversion by analysing the decline in 

hormone amounts of the entire egg between oviposition and 4.5 days of incubation in the 

unfertilized eggs; (iii) To compare the metabolic profile of incubated fertilized and 

unfertilized eggs to discern the maternal and embryonic contribution to the steroid 

metabolism; (iv) To compare the metabolic outcomes of maternal steroid hormones 

between fertilized first and second eggs that would indicate scope for differential 

embryonic activity. To this end, we used rock pigeon species (Columba livia) because it 

provides an appropriate natural context to test whether the embryos of different laying 

order can utilize or metabolize maternal hormonal signals differently as the first and second 

embryos of a clutch are exposed to different levels of maternal androgens (Hsu et al. 2016). 

We analysed a wide spectrum of hormone profiles and their metabolites (Fig. 1) over the 

first 4.5 days of incubation to identify patterns of conversion to biologically active or inactive 

compounds, including conjugated forms. 

 

 

Figure 1. The analysed compounds of the steroid metabolic pathway. All the compounds shown within the dashed 

boxes can be conjugated. The numbers represent the enzymes involved in the pathway. 
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2 MATERIALS AND METHODS 

 

2.1 Animal housing 

All animal procedures were approved by the animal welfare committee of the University of 

Groningen under license 6835B. The procedures were carried out at the animal facility of 

the University of Groningen according to the guidelines and regulations of the committee. 

Rock pigeons (80 pairs) were housed in outdoor aviaries (45m long x 9.6m wide x 3.75m 

high) under natural light and temperature conditions, and ad libitum access to food and 

fresh water. All eggs (whether unfertilized or fertilized) were collected under exactly the 

same housing conditions. Some clutches consisted of unfertilized eggs although all female 

birds had access to male birds. The food consisted of a mixture of commercial pigeon seeds 

(Kasper 6721 and Kasper 6712), P40 vitamin supplement (Kasper P40), and small stones or 

grit. Each bird had a unique combination of coloured leg bands for identification. Nest boxes 

(60cm x 50cm x 36cm) were provided along with the breeding bowls and nesting material. 

Daily observations were made for food and water availability, nest building, and egg laying. 

 

2.2 Egg collection and Sample preparation  

Eggs were collected during months of August-September. Nests were checked twice daily 

to monitor egg laying. For hormone measurements at oviposition, yolk and albumen of 

freshly laid eggs (n=8 for both positions in the laying order) were homogenized and the 

homogenates were weighed and stored at -20°C until hormone extractions took place. For 

incubated fertilized and unfertilized groups, eggs were collected from separate birds and 

were artificially incubated at 37.8°C with 60% relative humidity for four and a half days. The 

eggs were monitored for the development of the embryo. In case of fertilized eggs, yolk, 

albumen, and embryo were homogenized (n= 8 for both positions in the laying order) and 

the homogenates were weighed and stored at -20°C until hormone extractions took place. 

We expected the embryonic endogenous hormone production to be minimum by 4.5 days 

of incubation in comparison to larger maternal amounts in the egg as the gonadal 

differentiation begins only around the sixth day of incubation after which embryonic 

endogenous hormone production takes place (Andrews et al. 1997; Woods et al. 1975; 

Yoshida et al. 1996). In case of unfertilized eggs yolk and albumen were homogenized (n = 

8 for both positions in the laying order) and the homogenates were weighed and stored at 

-20°C until hormone extractions took place.  
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2.3 Extraction and mass spectrometric analyses of steroids 

Out of the targeted compounds of the steroidogenic pathway (Fig. 1), etiocholanolone and 

pregnanolone were analysed by gas chromatography (GC) and the other compounds were 

analysed by liquid chromatography (LC), combined with tandem mass spectrometry 

(MS/MS). For LC-MS/MS steroids were extracted from 300 mg homogenates and for GC-

MS/MS from 600 mg, using methanol as organic solvent.  Details on extraction and mass 

spectrometry procedures can be found in the electronic supplementary material (ESM). 

 

2.4 Statistical analyses 

Statistical analyses were performed using general linear model in IBM-SPSS software 

(version 23). To test for differences in maternal deposition of hormones between eggs of 

different position in the laying order, data were analysed taking egg laying order as a fixed 

factor. To examine the role of maternal factors in the egg in steroid dynamics during early 

incubation, independent of embryonic activity, we compared steroid levels at oviposition 

before incubation with levels after four and a half days of incubation in the unfertilized eggs. 

These data were analysed taking egg laying order (first or second), incubation (day 0 or day 

4.5 unfertilized), and their interaction as fixed factors. To examine the role of the embryo 

itself in steroid dynamics during early incubation, levels of steroids were compared between 

unfertilized and fertilized eggs, both incubated for 4.5 days. These data were analysed 

taking egg laying order (first or second), fertilization (unfertilized or fertilized), and their 

interaction as fixed factors. We re-run both models without interactions in case interaction 

effects were not significant (otherwise main effects are not meaningful) to estimate the 

main effects more reliably, and only in case the p-values were qualitatively different these 

are explicitly mentioned. The weighted least square method was used that does not assume 

equal variances across groups. Out of the total 480 data points, 17 data points (3.5%) with 

extreme values (more than three times of the interquartile range (Hoaglin & Iglewicz 1987)) 

were excluded as outliers. Conjugated etiocholanolone, conjugated pregnanolone, and 

conjugated estradiol were detectable only in some of the fertilized incubated eggs, and thus 

were excluded from the statistical analyses due to too few data points. 
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3. RESULTS 

 

3.1 Differential maternal deposition: day 0 eggs  

At the time of oviposition (Fig. 2: day 0, table 1), second eggs had higher levels of 17-

hydroxyprogesterone (p = 0.032), androstenedione (p < 0.001), and testosterone (p < 

0.001), confirming earlier studies on androgens (Hsu et al. 2016). The levels did not differ 

between first and second eggs for progesterone, estradiol, and estrone. There was some 

conjugated estrone and conjugated testosterone already present at oviposition which also 

did not differ between the egg laying order. Dihydrotestosterone (5α or 5β), 

etiocholanolone, pregnanolone, and their conjugated forms, as well as conjugated estradiol 

were all undetectable at oviposition, although with high limit of detection for 

etiocholanolone (1.0 nmol/L) and pregnanolone (10 nmol/L). 

 

3.2 The role of maternal factors in the egg in steroid dynamics during early incubation: 

incubation effect on unfertilized eggs 

After four and a half days of incubation, hormone amounts in the unfertilized eggs did not 

significantly differ from eggs at oviposition for any of the analysed steroids (Fig. 2, table 2: 

column 3). Only the incubation effect for progesterone (p = 0.052) became just significant 

when the interaction effect was removed from the model (p = 0.043). There was no 

significant interaction between egg laying order and incubation except for androstenedione 

(table 2: column 4), where in first eggs its amount slightly increased (p = 0.032) and in 

second eggs slightly decreased but not significantly (p = 0.259) (Fig. 2c).  

 

3.3 The role of the embryo in steroid dynamics during early incubation: different effect of 

incubation in fertilized and unfertilized eggs 

To examine the role of the embryo in steroid dynamics, levels of steroids were compared 

between unfertilized and fertilized eggs, both incubated for four and a half days (Fig. 2; table 

3: column 3). As compared to the unfertilized eggs, in the fertilized eggs there was a highly 

significant decrease in progesterone, 17-hydroxyprogesterone, androstenedione, and 

testosterone; and a highly significant increase in etiocholanolone, pregnanolone, and 

estradiol. The decline in estrone just did not reach statistical significance, but became 

significant when the interaction was removed from the model (p < 0.01).  Among conjugated 

forms, there was no change in conjugated estrone but an increase in conjugated 

testosterone (p = 0.01). Conjugated etiocholanolone, conjugated pregnanolone, and 

conjugated estradiol were not detectable in the unfertilized eggs but only in some of the 
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fertilized eggs. Together the results indicate that only in fertilized but not in unfertilized 

eggs hormone amounts change during early incubation mostly in such a way that 

unconjugated hormones are metabolized to hormones that are supposed to be biologically 

inactive. 

 

3.4 Differences between first and second eggs in metabolic activity 

There was a significant interaction between egg laying order and fertilization for the 

decrease of androstenedione (p = 0.003, table 3: column 4). It was almost significant for 

testosterone too (p = 0.053, table 3: column 4). The increase in etiocholanolone was also 

highly significant depending on laying order (p < 0.001, table 3: column 4). This indicates 

differential hormone conversion rate between first and second eggs with a stronger decline 

in the unconjugated primary androgens and a stronger increase in etiocholanolone in 

second eggs.  

 

 

4 DISCUSSION  

We analysed for the androgenic pathway the role of the embryo in the decline of androgens 

during the first days of incubation and to what extent this may be different between 

embryos of eggs that differ in laying position. As the decline was measured in the entire 

fertilized egg, including the embryo, the changes in amounts of steroids over incubation 

cannot be attributed to mixing of yolk-albumen or water influx into yolk or embryonic 

uptake over the course of incubation, as suggested in the literature (Groothuis & Schwabl 

2008) but rather indicates metabolism as has been demonstrated for European starling 

(Paitz et al. 2011). Because the steroid levels do not change in the unfertilized eggs (Fig. 2, 

table 2) but only in the fertilized eggs (Fig. 2, table 3), this indicates that the steroid 

metabolism is due to very early embryonic activity confirming the suggestions made by 

earlier studies in chicken (von Engelhardt et al. 2009), European starling (Paitz & Casto 2012; 

Paitz et al. 2011), Japanese quail (Vassallo et al. 2014), and red-eared slider turtle (Paitz & 

Bowden 2008, 2009, 2013). However, as mixing of yolk, albumen and water occurs in 

fertilized but not in unfertilized eggs this difference may potentially also explain the 

decrease in hormone levels occurring only in fertilized eggs in case the metabolic enzymes 

are deposited by the mother in the albumen. However, this mixing is only very minor at this 

early stage in the incubation process and may therefore only contribute to a minor extent. 

Alternatively, the embryonic activity could have been responsible for activating maternal 

enzymes in the yolk. However, in another study on rock pigeon we did not find any evidence 

for presence of maternal enzymes in the yolk (Kumar et al. 2018a). 
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Figure 2. Metabolism of steroids in rock pigeon eggs. The amounts (nanogram per egg) of analysed steroids in 

entire egg homogenates (except eggshell) at oviposition (day 0) and after 4.5 days of incubation in unfertilized and 

fertilized eggs of rock pigeon, which produce two-egg clutch (first eggs- white box, second eggs- grey). Panels k, l, 

and m were not analysed statistically due to too few data points (sample size of detectable and non-zero levels for 

first eggs was 3, 4, and 5; and for second eggs was 6, 7, and 6 respectively for k, l, and m panels). Significant 

differences are shown by $ between first and second eggs at oviposition, and by * between unfertilized and 

fertilized eggs both incubated for 4.5 days. The interaction effects are shown by Δ for the interaction between the 

egg laying order and incubation in unfertilized eggs, and by # for the interaction between the egg laying order and 

fertilization. #p = 0.053, $, *, Δp < 0.05, **, ##p < 0.01, $$$, ***, ###p < 0.001. 
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Table 1. p-values tested for the effect of laying order for the differences in maternal steroids in the egg at 

oviposition. Significant effects are indicated in bold. NA= not available (not detected). 

Steroid Laying order 

Progesterone 0.218 

17-Hydroxyprogesterone 0.032 

Androstenedione < 0.001 

Testosterone < 0.001 

Etiocholanolone NA 

Pregnanolone NA 

Estradiol 0.791 

Estrone 0.053 

Conjugated estrone 0.202 

Conjugated testosterone 0.233 

 

Table 2 Statistical results of comparisons of steroid amounts in rock pigeon eggs at oviposition (day 0) with 

unfertilized eggs incubated for 4.5 days: p-values for the effect of laying order, incubation, and their interaction 

were tested. Significant effects are indicated in bold. NA= not available (not detected). 

Steroid Laying order Incubation Interaction 

(laying order x incubation) 

Progesterone 0.046 0.052 0.931 

17-Hydroxyprogesterone 0.009 0.710 0.180 

Androstenedione < 0.001 0.871 0.045 

Testosterone < 0.001 0.608 0.524 

Etiocholanolone NA NA NA 

Pregnanolone NA NA NA 

Estradiol 0.231 0.154 0.443 

Estrone 0.622 0.689 0.227 

Conjugated estrone 0.545 0.543 0.121 

Conjugated testosterone 0.511 0.627 0.488 

 

Table 3. Comparisons of steroids in unfertilized and fertilized eggs after 4.5 days of incubation. p-values are 

presented for the effect of laying order, fertilization, and their interaction. Significant effects are indicated in bold. 

Steroid Laying order Fertilization Interaction 

(laying order x fertilization) 

Progesterone 0.163 < 0.001 0.123 

17-Hydroxyprogesterone 0.233 < 0.001 0.221 

Androstenedione 0.002 < 0.001 0.003 

Testosterone 0.007 0.003 0.053 

Etiocholanolone < 0.001 < 0.001 < 0.001 

Pregnanolone 0.011 < 0.001 0.310 

Estradiol 0.047 < 0.001 0.086 

Estrone 0.845 0.052 0.375 

Conjugated estrone 0.903 0.542 0.260 

Conjugated testosterone 0.161 0.010 0.168 



Embryonic modification of egg hormones differs per laying order 

83 

 

In addition, we could show for the first time that the hormone dynamics over the first 4.5 

days of incubation differed between fertilized eggs of the first and last laying order position.  

Whether this is a function of initial differences in hormone levels or due to differences in 

enzymatic activity is as yet unclear. This discovery is important since parent-offspring 

conflict theory (Godfray, 1995; Trivers, 1974; Wilson et al., 2005; Wolf and Wade, 2001) 

predicts that embryos that actively respond to or modulate maternal signals in a context-

dependent manner are favoured by natural selection (Del Giudice, 2012; Müller et al., 2007; 

Winkler, 1993). Indeed, the high level of conjugation we demonstrated for the pigeon 

embryo has also been proposed as a mechanism by which the embryo can regulate action 

of maternal steroids as conjugated steroids might not bind to the steroid receptors (Paitz & 

Bowden 2013).   

The levels of progesterone, and its downstream metabolites- 17-hydroxyprogesterone, 

androstenedione, and testosterone, declined over early incubation in fertilized eggs. As 

there was no increase in the levels of estrone or its conjugate, and dihydrotestosterone or 

its conjugate and conjugated 17-hydroxyprogesterone were undetectable, none of these 

downstream metabolites can explain the decline in their precursors. However, the levels of 

etiocholanolone, pregnanolone and their conjugated forms, none of which were even 

detectable at oviposition, were very high in the fertilized eggs. Indeed, the decrease in 

androstenedione and testosterone is quantitatively reflected by the increase in 

etiocholanolone and its conjugate (table 4). The decrease in progesterone is quantitatively 

only partly reflected by the increase in pregnanolone and its conjugate (table 4), suggesting 

formation of other metabolites of progesterone that we did not measure. There was a slight 

increase in the levels of estradiol and its conjugate.  Finally, the laying order difference in 

the decrease of androstenedione and testosterone levels is reflected by the laying order 

difference in the formation of etiocholanolone but not in estradiol levels in the fertilized 

incubated eggs. 

It is noteworthy that the absolute levels of active hormones such as testosterone and 

progesterone decline substantially and extremely early during the incubation. Therefore, if 

the differential maternal hormonal allocation were indeed responsible for differential 

offspring phenotype development, such effects are likely to take place on the embryonic 

tissues within this early incubation period. This highlights that the early incubation period 

is extremely important to investigate further the mechanisms of action of maternal 

hormones. Whether the active hormones could already induce receptor-mediated changes 

in the epigenome and/or transcriptome profile in the embryonic tissues is as yet unknown. 

For instance, it is unclear whether the embryo already expresses steroid receptors at earlier 

stages of development than 4.5 days. These receptors are known to be present in the 

chicken embryonic body tissues only after 4.5 days of incubation for androgens (Endo et al. 

2007), 3.5 days for estrogens (Andrews et al. 1997; Smith et al. 1997), and 4 days for 

progesterone (Guennoun et al. 1987). Although in both species chicks hatch around 21 days 
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after start of incubation, the pigeon is an altricial species whereas the chicken is a precocial 

species so that receptor development in the pigeon is expected to be even later in 

development than in the chicken. It might be possible that the hormones act on the embryo 

via non-genomic receptors, as has been extensively described for adult birds (Balthazart et 

al. 2009). 

 

Table 4. Median values (ng/egg) of steroids corresponding to Fig. 2. 

egg laying order 

day 0 day 4.5, unfertilized day 4.5, fertilized 

first second first second first second  

Progesterone 2803.31 3077.12 2107.39 2887.76 141.17 56.38 

17-hydroxyprogesterone 3.22 4.90 4.00 4.26 < 0.61 < 0.57 

Androstenedione 28.21 153.91 46.58 108.32 0.77 1.14 

Testosterone 1.26 8.97 1.13 4.28 0.07 0.98 

Etiocholanolone < 19.83 <18.03 <19.23 <18.72 71.68 142.10 

Pregnanolone < 217.39 < 197.69 < 210.84 333.36 959.32 1208.98 

Estradiol 0.06 0.06 0.03 0.07 0.39 0.75 

Estrone 6.36 7.68 7.47 8.47 5.69 7.34 

Conjugated estrone 0.76 2.24 2.58 1.38 1.45 2.07 

Conjugated testosterone 7.67 7.35 7.06 7.29 8.06 9.13 

Conjugated etiocholanolone 0 0 0 0 0 15.67 

Conjugated pregnanolone 0 0 0 0 0 0 

Conjugated estradiol 0 0 0 0 0.43 0.33 

 

Alternatively, since the levels of the metabolites etiocholanolone and pregnanolone 

increase rapidly during this early incubation period, these metabolites might be responsible 

for mediating the maternal effects, but that remains to be studied. Pregnanolone, for 

instance, could play a role as a potential neurodevelopmental regulator (Matsunaga et al., 

2004; Pignataro et al., 1998; Viapiano and De Plazas, 1998). Etiocholanolone and its 

conjugate were already suggested as androgen metabolites based on metabolism of 

injected radiolabelled testosterone in the eggs of European starling upon incubation for six 

days (Paitz et al. 2011). Etiocholanolone has extremely low binding affinity for androgen 

receptors in mammals (Fang 2003), but nevertheless it has been suggested to influence 

erythropoiesis in mammals and birds (Gordon et al. 1970; Irving et al., 1976; Levere et al. 

1967; Paitz et al., 2011), which could be mediated via non-classical receptors (Losel and 

Wehling, 2003; Meyer, 2007; Moore et al., 2000; Paitz and Bowden, 2010). Such effects may 

likely not be limited to any particular target tissue such as brain or gonads and may 

therefore be responsible for the wide array of effects on the chick phenotype. Finally, there 

is the possibility that the embryo can convert the conjugated metabolites back to their 

unconjugated forms at the time and amount needed for the embryo itself. This has been 
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suggested by Paitz and Bowden, who found that in ovo injection of estradiol sulphate did 

affect the sex ratio in a turtle species (Paitz & Bowden 2011).   

It remains a puzzle why the maternal gonadal steroids in the egg do not interfere with the 

sexual differentiation of the developing embryo (Carere & Balthazart 2007). This study 

shows that the embryo is capable of metabolizing most of the active steroids of maternal 

origin even prior to beginning of sexual differentiation processes, as hypothesised earlier 

via embryonic 5β-reduction pathways (Paitz & Bowden 2010), and thus provides a potential 

solution to this problem.   

Finally, the difference in maternal hormone levels found between first and second eggs at 

oviposition is assumed to provide the mother an upperhand in parent-offspring conflict 

contexts. For example, the higher levels in second eggs have been demonstrated to boost 

competitive ability of the last hatched chick in the sibling rivalry, but would go at the cost 

of the older sibling (e.g. (Eising et al., 2001; Hsu et al., 2016; Schwabl, 1993)). This might 

induce selection on the embryo to enhance or counteract the maternal signal depending on 

the position in the laying and hatching order. Embryos may detect this position by the 

differences in egg composition between eggs of different laying order, either in hormone 

concentration or in the many other compounds in the yolk. Our results show that incubated 

fertilized eggs of first and second laying position do differ in hormone dynamics. Initial 

differences between the eggs in maternal hormone concentrations of 17-

hydroxyprogesterone and androstenedione tend to diminish during very early incubation 

of fertilized eggs. However, after 4.5 days of incubation of fertile eggs there are still 

differences in testosterone with higher levels in second eggs (p = 0.006) while large 

differences in etiocholanolone develop with significantly higher levels in second eggs too (p 

< 0.001).  

 

 

5 CONCLUSION 

In conclusion, we experimentally demonstrate that the absolute levels as well as the relative 

differences in maternal hormones at oviposition tend to diminish very early during 

incubation due to embryonic metabolism, with the rate of androgen metabolism being 

higher in latter laid eggs. This creates a paradox as it is well known that initial differences in 

these hormones can have substantial effects on the chick, whereas we show that at 4.5 days 

of incubation these differences are hardly present anymore. This paradox can be solved in 

three ways: first, the active hormones can already induce receptor-mediated genomic 

and/or non-genomic changes in embryonic tissues before their depletion; second, steroids 

may intercalate with DNA and thereby have non-receptor mediated genomic effects; third, 
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the embryo can convert the inactive metabolites in the course of development back to their 

biologically active forms. These possibilities are promising avenues for further research. 
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SUPPLEMENTARY MATERIAL 

 

Extraction of gonadal steroids from the egg  

 To each sample (300 mg homogenates for LC-MS/MS and 600 mg for GC-MS/MS) either 50 

µl (mixture of 13C3 labelled progesterone, 17-hydroxyprogesterone, androstenedione, and 

testosterone in 50% methanol, each 30 nmol/L, IsoSciences); or 200 µl (2H5 labelled 

etiocholanolone in pure methanol, 6.7 µmol/L, IsoSciences) of an internal standard was 

added and left for one hour at room temperature for equilibration. Since for each individual 

sample the ratio of the added internal standard to the target compound automatically 

corrected for any potential losses during extraction procedures as well as signal suppression 

due to differences in ionization efficiency in the mass spectrometer, hence the data were 

corrected for recovery losses. Internal standards for estrone and estradiol (25 µl of 13C3 

labelled estrone and estradiol, each 1.0 nmol/L, IsoSciences) were added after the 

extractions. Each sample was extracted twice in 1 ml methanol by vortexing, followed by 

centrifugation at 12000xg for 10 minutes at room temperature. The supernatant was 

transferred to tubes containing 200 mg of solid ZnCl2 for lipid precipitation (Wang et al. 

2010). The total volume of the combined supernatants was made to 4 ml by adding 2 ml 

methanol, and centrifuged at 12000xg for 10 minutes at 4°C. The supernatant was dried 

under nitrogen gas in a waterbath at 50°C, re-suspended in 1 ml methanol, centrifuged at 

12000xg for 10 minutes at room temperature, followed by addition of 1.8 ml water to the 

supernatant. This mixture was centrifuged at 12000xg for 10 minutes at 4°C. The 

supernatant was loaded on C18 SPE columns (3 ml, 500 mg, Grace Inc.) pre-equilibrated 

with 3 ml of methanol, followed by 3 ml of water. After collecting flow through, columns 

were washed with 3 ml water, and then eluted with 2 ml methanol. The eluent was divided 

in two equal parts, one part was analyzed without hydrolysis and the other part after 

hydrolysis, the difference between the two representing the conjugated steroids as 

hydrolysis converts conjugated compounds to their free forms (e.g. (Mi et al. 2014)).  

For sample preparation without hydrolysis 1 ml eluent was dried under vacuum, re-

suspended in 150 µl methanol, followed by addition of 350 µl water to make a final 

concentration of 30% methanol. For sample preparation with hydrolysis 1 ml eluent was 

dried under vacuum, and re-suspended in 2 ml acetate buffer (0.5 M sodium acetate with 

15 g/l sodium ascorbate, pH 4.8). 100 µl of Helix Pomatia (Brunschwig Chemie) was added, 

vortexed, and incubated at 46°C for 2 hours. The hydrolyzed samples were cooled at room 

temperature and purified on HLB SPE columns (3ml, Waters Inc) pre-equilibrated with 2 ml 

of methanol, followed by 2 ml of water. After collecting flow through, columns were washed 

with 2 ml water, and then eluted with 2 ml methanol.  The eluent was dried under vacuum, 

re-suspended in 150 µl methanol, followed by addition of 350 µl water to make a final 

concentration of 30% methanol. 
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Mass Spectrometry 

(a) LC-MS/MS  

The extracts were analyzed with a XEVO TQ-S tandem mass spectrometer (Waters Corp.), 

equipped with an Online SPE Manager and ACQUITY UPLC system (Waters Corp.). The UPLC 

flow rate was set at 0.4 ml/min using 10 mM ammonium acetate, 0.1% formic acid in water 

and methanol (containing 0.1% formic acid) as mobile phases A and B respectively. The 

analysis of estradiol and estrone consisted of 0.2 mM ammonium fluoride in 10 % methanol 

in water and 0.2 mM ammonium fluoride in methanol as mobile phase A and B respectively. 

For each extract, 40 µl sample was injected for extraction on a XBridge C8 cartridge and 

chromatographic separation was performed on a Kinetex C18 column (2.1 x 100 mm, 2.6 

µm). The mass spectrometer was operated under electrospray ionization mode with 

following operating conditions: cone voltage of 30 V, desolvation temperature of 600°C and 

source temperature of 150°C, collision energy between 15-40 eV optimized for different 

analytes. Quantitative calibration was performed by using a calibration curve using the 

internal standards for each of the analyte. The analysis was performed by monitoring two 

mass transitions for each analyte. The monitored multiple reaction monitoring (MRM) 

transitions (m/z) are shown in the supplementary table S1. The quantification limits were 

0.01-0.05 nmol/L, except for dihydrotestosterone (0.1 nmol/L). 

 

(b) GC-MS/MS 

The steroids were extracted using the same procedure as for LC-MS/MS except that HLB 

cartridges (3 ml, 60 mg) were used for cleanup before hydrolysis, instead of C-18. Steroids 

were derivatized using 150 µl of methoxyamine (stock solution of 1 g methoxyamine 

hydrochloride in 50 ml pyridine) by incubating samples at 80°C for 1 hour. After evaporating 

the solvent at room temperature under nitrogen gas, samples were incubated with 200 µl 

N-trimethyl silyl imidazole overnight. Derivatized samples were washed with 4 ml n-heptane 

in 3 ml of 0.1 M HCl by vortexing. The upper heptane layer was collected, first by 

centrifuging for 4 minutes at 1200xg, and then cryo-phase separation by incubating samples 

for 1 minute at -45°C.  This upper n-heptane layer was washed with 3 ml water by vortexing, 

centrifuging for 4 minutes at 1200xg, and followed by cryo-phase separation by incubating 

samples for 1 minute at -45ºC. The upper n-heptane layer was transferred to a fresh tube, 

evaporated and then re-suspended in 200 µl n-heptane. 

Steroids were chromatographically separated on a J&W CP-Sil 5 CB column (15 m x 250 μm 

x 0.25 μm). A 7890A GC with 7000 Triple Quadrupole Detector (Agilent) was used for 

separation and detection using electron impact and multiple reaction monitoring. Nitrogen 

was used as collision gas (flow 1.5 mL/min), Helium as quench gas (flow 2.25 mL/min) and 

carrier gas (2 mL/min). For each sample 5 µl was injected at 65°C, with the MS source at 
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270°C and both quadrupoles at 150°C. Chromatography was performed using a 

temperature program for optimal separation: 1 min 50°C, ramp 50°C/min until 200°C, and 

finally ramp 2.5°C/min until 230°C. Electron impact was performed at 70 eV. The monitored 

MRM transitions (m/z) are shown in the supplementary table S1. The quantification limit 

for etiocholanolone was 1.0 nmol/L, and for pregnanolone 10.0 nmol/L. The higher limit of 

detection is a technical challenge associated with measuring these steroids in the gas phase 

in GC procedure. 

 

Supplementary Table S1. Multiple Reaction Monitoring (MRM) transitions. 

Compound MRM I MRM II 

Progesterone 315 > 97 315 > 109 

17-Hydroxyprogesterone 331 > 97 331 > 109 

Dehydroepiandrosterone 253 > 197 271 > 213 

Androstenedione  287 > 97 287 > 109 

Testosterone  289 > 97 289 > 109 

Pregnanolone 388 > 298   - 

Etiocholanolone 360 > 270 360 > 213 

Dihydrotestosterone 291 > 159 291 > 255 

Estrone 269 > 145 269 > 159 

Estradiol 271 > 145 271 > 183 
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Supplementary Figure 1. Chemical structures of the compounds listed in supplementary table S1. 
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ABSTRACT 

Exposure of the vertebrate embryo to maternal hormones can have long-lasting effects on 

its phenotype, which has been studied extensively by experimentally manipulating maternal 

steroids, mostly androgens, in bird eggs. Yet, there is a severe lack of understanding of how 

and when these effects are actually mediated, hampering both underlying proximate and 

ultimate explanations. Here we report a novel finding that the embryo expresses androgen 

receptor (AR) and estrogen receptor (ERα) mRNA in its extra-embryonic membranes (EMs) 

as early as before its own hormone production starts, suggesting a novel substrate for 

action of maternal hormones on the offspring. We also report the first experimental 

evidence for steroid receptor regulation in the avian embryo in response to yolk steroid 

levels: the level of AR is dependent on yolk androgen levels only in the EMs but not in body 

tissues, suggesting embryonic adaptation to maternal hormones. The results also solve the 

problem of uptake of lipophilic steroids from the yolk, why they affect multiple traits, and 

how they could mediate maternal effects without affecting embryonic sexual 

differentiation. 
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1 INTRODUCTION 

In many animal taxa, including vertebrates, the embryo is exposed to maternal hormones, 

which can have long-lasting effects on its phenotype (fish (Brown et al. 1988), reptiles 

(Radder 2007), birds (Gil 2008; Groothuis et al. 2005b; von Engelhardt & Groothuis 2011), 

mammals (Braun et al. 2013; Del Giudice 2012)). Several studies have injected steroids, 

mostly androgens, into bird eggs, the most widely used model, mimicking variation in 

maternal yolk deposition and finding a wide array of effects on the offspring phenotype (Gil 

2008; Groothuis et al. 2005b; Schwabl 1993; von Engelhardt & Groothuis 2011). The 

mechanisms underlying such effects are largely ignored, hampering further progress in this 

prevalent field of research (Groothuis & Schwabl 2008). In order to be functional, the 

androgens must reach the embryonic tissues and those tissues must have androgen 

receptors (AR). However, very early in incubation, yolk androgens seem to be rapidly 

metabolized to inactive forms by the embryo (Kumar et al. 2018b, 2019; Paitz et al. 2011). 

Moreover, in spite of being polar, steroid hormones are lipophilic and do not easily dissolve 

in water. Therefore, it remains an enigma how the embryo is able to take up these 

hormones from the lipid rich yolk into its watery circulation for their transport to body 

tissues where they can exert their effects.  

We tested the hypothesis that the embryo expresses AR and/or estrogen receptors (ERα, 

as alpha is the most commonly studied isoform in bird species) in the extra-embryonic 

membranes (EMs) where maternal hormones could act without the need to reach to body 

tissues. The embryo produces EMs – yolk sac, amnion, chorion, and allantois, that support 

embryo’s nutrition, physical protection, respiration, and excretion (Ferner & Mess 2011), 

having similar functions as the fetal placenta in mammals. The EMs are at the immediate 

interface of the maternal egg yolk containing the maternal hormones and the circulation of 

developing embryo (Fig. 1), making these a potential candidate for mediating effects of 

maternal hormones on the embryo. 

It has been shown earlier that yolk androgens can affect AR expression in the brain of the 

young chick (Pfannkuche et al. 2011). However, it remains unknown to what extent such 

receptors are present and influenced by yolk hormones at the interface of the yolk and 

embryonic circulation, already early in embryonic development, before these hormones are 

metabolized during the first days of incubation. Therefore, we also tested the hypothesis 

whether the androgen treatment could induce changes in AR and/or ERα expression in 

embryonic tissues. If so, this would indicate that the embryo is an active player in the 

translation of the maternal signal. 
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Figure 1. A schematic representation of development of chicken embryo and its extra-embryonic membranes after 

five days of egg incubation (redrawn with modifications after (Patten 1920)). 

 

We assessed the effect of elevated yolk testosterone (T) and, in other eggs, 

androstenedione (A4), within the physiological range of the species on AR and ERα 

expression in the EMs and in embryonic body tissues (the head and the decapitated body) 

analysed by quantitative PCR (qPCR), using chicken eggs incubated for five days. This time-

period was chosen because the gonadal differentiation (Smith et al. 1997; Yoshida et al. 

1996) and the surge of the endogenous steroid production (Woods et al. 1975) in the 

chicken embryo starts only after this period. 

 

 

2 RESULTS 

AR mRNA was expressed in all three embryonic fractions: head, decapitated body, and EMs 

(Fig. 2a-c). It shall be noted that the receptor expression levels are inversely related to the 

normalized threshold cycle (Ct) values of the qPCR procedure. There was no significant 

overall effect of the egg treatment on AR expression levels (F2,48 = 0.011, p = 0.989), but 

there was a significant interaction effect between egg treatment and embryonic tissue (F4,48 

= 3.266, p = 0.019). Tukey’s post-hoc comparisons revealed a significant downregulation of 

AR expression under A4 treatment only in the EMs (p = 0.016, Table 1). 

ERα mRNA was also expressed in all three embryonic fractions, but to much lower levels 

than AR (Fig. 2d-f). There was no significant overall effect of the egg treatment on ERα 

expression levels (F2,48 = 0.754, p = 0.476), and neither was any significant interaction effect 

between egg treatment and embryonic tissue (F4,48 = 1.737, p = 0.157).  
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Figure 2. qPCR analysis for receptor mRNA expression. The comparison of androgen (AR, panels a-c) and estrogen 

(ERα, panels d-f) receptor mRNA expression plotted as normalized Ct values (individual data plotted together with 

mean and standard deviation) in embryonic head, decapitated body, and extra-embryonic membrane tissues from 

chicken eggs injected with T, or A4, or oil as a control, followed by incubation for five days. The receptor expression 

levels are inversely related to the normalized Ct values. The numbers in parentheses represent sample sizes, *p < 

0.05. 

 

Table 1. Tukey’s post-hoc comparisons for the effect of egg treatment (A4, T, or Oil) on AR expression in embryonic 

tissues (head, decapitated body, and extra-embryonic membranes). 

 Estimate Standard error p-value 

embryonic head 

A4 vs T -0.290 0.261 0.511 

A4 vs Oil -0.338 0.272 0.433 

T vs Oil -0.048 0.272 0.983 

embryonic decapitated body 

A4 vs T -0.258 0.298 0.664 

A4 vs Oil -0.437 0.272 0.252 

T vs Oil -0.179 0.288 0.809 

extra-embryonic membranes 

A4 vs T 0.517 0.272 0.148 

A4 vs Oil 0.813 0.282 0.016 

T vs Oil 0.296 0.272 0.525 
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3 DISCUSSION 

It is generally assumed that avian maternal hormones in the egg can be functional only if 

they reach embryonic body tissues. Here we report that both ARs and ERs are expressed in 

avian EMs (Fig. 2) as early as approximately one-fourth of the entire egg incubation period 

until hatching, before the embryo’s own hormone production starts (Smith et al. 1997; 

Woods et al. 1975; Yoshida et al. 1996), opening up a novel, potential pathway for hormone 

mediated maternal effects. The EMs, particularly the yolk sac, provide potent sites for 

embryonic contact with yolk contents due to their relatively larger surface area and denser 

blood vessel networks, compared to the embryonic body tissues (Fig. 1). Furthermore, we 

found that AR expression is dependent on yolk A4 levels only in the EMs, suggesting 

embryonic adaptation to its exposure to maternal androgens in the egg as the EMs are right 

at the interface of maternal yolk environment and embryonic circulation. The importance 

of the EMs for yolk hormones have also been shown by the fact that the EMs express 

enzymes that are important for regulating steroid metabolism, as found in a turtle species 

(Paitz & Bowden 2008; Paitz et al. 2017). One of the steroid metabolites is etiocholanolone, 

which is an androgen metabolite formed during egg incubation (Kumar et al. 2018b; Paitz 

et al. 2011), and it has been suggested that etiocholanolone might influence erythropoiesis 

via yolk sac membrane (Paitz et al. 2011), but for which there is as yet no experimental 

evidence. There was no effect of T treatment on AR expression in the EMs, which could 

simply be due to the fact that the amount of injected T was much lower than A4. 

There was no effect of increased T or A4 yolk levels on the AR and ERα mRNA expression in 

the embryonic body tissues (Fig. 2a–b, d-e). This suggests it is unlikely that elevated 

concentrations of maternal yolk androgens affect offspring phenotype by their effect on 

early embryonic responsiveness to its own endogenous steroids later in development (i.e. 

after five days of incubation). However, it should be studied further whether the androgen 

treatment might affect the embryonic AR and ERα receptor expression in the body tissues 

at later developmental stages. The levels of the ERα mRNA expression were much lower 

than the AR in all the embryonic fractions examined (Fig. 2). 

Though several studies have previously reported steroid receptors in avian embryonic body 

tissues (AR (Endo et al. 2007; Gasc et al. 1979), ER (Andrews et al. 1997; Endo et al. 2007; 

Gasc 1980; Pfannkuche et al. 2011), progesterone receptor (PR) (Albergotti et al. 2009; 

Guennoun et al. 1987), glucocorticoid receptor (GR) (Pavlik et al. 1986)), the data on 

receptors in the EMs are scarce. Two of these membranes, chorion and allantois, in 

combination form a tissue lining at the inner surface of the eggshell, known as the 

chorioallantoic membrane. Chorioallantoic membrane tissue was found to express AR 

(Griffith et al. 2017), ER (Grzegorzewska et al. 2016), and PR (Albergotti et al. 2009) in 8 to18 

days old chicken embryos, chicken embryos partly cultured in petri dishes (McNatt et al. 

1999), as well as in reptiles (Cruze et al. 2013; Griffith et al. 2017). However, the 
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chorioallantoic membrane starts to develop only after day 4 and at a very slow rate (Nowak-

Sliwinska et al. 2014), contributing less than 5% to the total EMs dry weight by day 5 (Byerly 

1932). This indicates that the high receptor expression that we found is very likely to be 

localized in the yolk sac membrane itself and should be further verified. The yolk sac 

membrane is in a much better position than the chorioallantoic membrane for translating 

yolk hormones to the embryo as the chorioallantoic membrane does not have direct access 

to the yolk and hence maternal hormones. The mammalian fetal placenta, an equivalent of 

part of the avian EMs, has also been found to express AR (Hsu et al. 2009), ER (Kim et al. 

2016), and GR (Filiberto et al. 2011; Mparmpakas et al. 2014; Saif et al. 2016), mediating 

effects of maternal condition, however their presence has always been measured at much 

later stages of embryonic development. That is typically at the time of delivery with only 

one exception of about 55% completion of fetal development (Kim et al. 2016) while we 

measured the receptors already at 24% of the total embryonic development period. 

Another long-standing question in the field is how the gonadal sex-steroids in the egg 

mediate maternal effects without interfering with embryonic sexual differentiation 

processes (Carere & Balthazart 2007). One potential explanation is very early embryonic 

metabolism of maternal steroids, i.e. prior to the critical time-window for sexual 

differentiation (Kumar et al. 2018b; Paitz & Bowden 2010). Our proposed mechanism, 

activating ARs in the EM very early, provides an additional potential solution to this problem 

as we postulate that maternal steroids need not reach embryonic body tissues to mediate 

maternal effects. Furthermore, maternal hormones could induce receptor mediated 

transcription long before organs that undergo sexual differentiation, such as the 

hypothalamus, are developed. Additionally, the activation of the receptors in the EMs so 

early in the process of building a new organism and its expression not being limited to 

specific brain or other tissues might also explain the wide array of maternal hormone effects 

observed in the literature.  

The location of these receptors may explain how the lipophilic hormones in the yolk that 

would be difficult to extract and taken up in the embryo’s circulation, can affect the embryo. 

However, it remains to explore further what kind of molecular and physiological effects are 

elicited via AR activation in the EMs. Finally, the receptor downregulation caused by 

increased yolk A4 levels indicates that the embryo can to some extent negate potential 

effects of elevated hormone exposure, suggesting that the embryo is not simply a passive 

receiver of the mother’s signals but may play its own role in mother-offspring conflict (Mock 

& Forbes 1994; Müller et al. 2007; Wilson et al. 2005; Winkler 1993). 
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4 METHODS  

 

4.1 Animal ethics 

This study used five days old chicken embryos, which does not require an ethical license or 

approval from an animal experimentation committee. 

 

4.2 Experimental design 

Fertilized unincubated chicken eggs of Lohman Brown Classic strain were randomly 

collected from a local chicken farm, and randomly allocated to the three weight-matched 

treatment groups. Each egg was injected with 100 µl of sterilized sesame oil with either 0.2 

µg/ml stable isotope labelled T, or 0.58 µg/ml stable isotope labelled A4, or only oil as a 

control, with seven eggs per group. Stable isotope labelled androgens were used in order 

to track steroid metabolism using mass spectrometry as part of another study. Due to a lack 

of prior studies on the effect of egg hormone treatment on the embryonic receptor 

expression, it was not possible to make a reliable estimate of the effect size for sample size 

prediction. Therefore, a sample size of seven was chosen which is just above the minimum 

required sample size to perform statistical tests. The injected hormone values were within 

two standard deviations of the mean yolk hormone concentrations found in our earlier 

study(Kumar et al. 2019) (T=0.74±0.13 pg mg−1; A4=23.24±2.20 pg mg−1; means±s.d.). The 

eggs were subsequently incubated for five days at 37°C at a relative humidity of 60% in an 

incubator (Brinsea Ova-Easy Advance). At the end of five days of incubation each individual 

embryo (of either sex) was separated into three fractions: embryonic head, decapitated 

body, and EMs, which were frozen at -80°C until AR and ERα mRNA expression analysis took 

place. 

 

4.3 AR and ERα mRNA expression analysis 

The receptor mRNA expression was analysed by qPCR by a technician blind to the treatment 

groups. We started with seven different embryos for each of the three treatments (T, A4, 

oil) per tissue type (embryonic head, decapitated body, and EMs). Tissue was homogenized 

(Tissue Ruptor, Qiagen). Total RNA was isolated from deep frozen tissue according to the kit 

instructions (RNeasy Mini kit, Qiagen). RNA Quality was measured using Bioanalyzer 2100 

(Agilent) and quantified using Nanodrop (Peqlab), of which the descriptive statistics 

(average, standard deviation, and range per treatment group for each tissue type) is 

provided in Supplementary Table 1. Out of 63 samples, 6 did not yield sufficient RNA and 

thus could not be analysed further. For the remaining 57 samples, cDNA was synthesized 
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from total RNA according to the kit instructions (SuperScriptIII, Invitrogen) and was diluted 

1:5 in water as template in qPCR experiment. Power SYBr green qPCR mastermix was used 

from Thermo Fisher Scientific. PCR protocol included the following steps: denaturation at 

95°C for 30 seconds; annealing at 60°C for 60 seconds; elongation at 72°C for 30 seconds; 

cycle repeat for 35 times. The primers used are listed in Table 2. The primer efficiency was 

tested by a dilution series and their amplicons were sequenced (MWG Operon Eurofins 

Genomics). The Ct values were normalized using GenEx6 software for the efficiency of 

primers, sample amount (RNA input into cDNA synthesis), qPCR repeats (duplicates), and 

for two reference genes – hydroxymethylbilane synthase (HMBS) and tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase (YWHAZ). There was no significant effect of 

egg treatment (F2,15.5 = 0.686, p = 0.518 for HMBS; F2,16.8 = 1.890, p = 0.182 for YWHAZ) or 

interaction effect between egg treatment and embryonic tissue (F4, 30.7 = 1.319, p = 0.285 

for HMBS; F4,31.5 = 0.291, p = 0.881 for YWHAZ) for either of the reference genes (data is 

provided in Supplementary Table 2). All samples were run on one plate. The intra-assay 

coefficient of variation was 7.3% for AR and 5.5% for ERα. 

 

Table 2. Primer pairs used for qPCR. 

Gene  forward primer reverse primer 

AR gatggcctgaagaaccagaa gaaatgatggccgagatca 

ERα ttcaaggggaggaatttgtg tgtccagaacacggtggata 

HMBS cctcagctagaattcagggatatt gattctcccagcccattctc 

YWHAZ gttgctgctggagatgacaa atctgatcggatgtgttggc 

 

 

4.4 Statistics  

The data were analysed by linear mixed model using IBM-SPSS (version 23) and R (R Core 

Team 2013) (version 3.5.3) software. The normalized Ct values were analysed for each 

receptor gene (AR or ERα) and reference gene (HMBS or YWHAZ) by taking the Ct value as 

a dependent variable, egg treatment (three levels: oil, T, and A4) and embryonic tissue 

(three levels: head, decapitated body, and EMs) as well as their interaction as fixed factors, 

and the embryo identity as a random factor, followed by Tukey’s post-hoc tests for multiple 

comparisons. 
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SUPPLEMENTARY INFORMATION 

 

Supplementary Table 1. The descriptive statistics of RNA quality and quantification parameters. 

  RNA Integrity Number (RIN) RNA concentration (ng/µl) A260/A280 

 Tissue average SD range average SD range average SD range 

Treatment: A4  

1 9.66 0.15 9.5 - 9.9 1219.94 241.19 918.11 - 1616.32 2.06 0.01 2.05 - 2.09 

2 7.55 1.29 5.1 - 8.6 158.18 124.31 4.85 - 389.74 2.07 0.15 1.96 - 2.41 

3 7.97 0.43 7.3 - 8.5 58.50 28.50 8.81 - 100.93 2.15 0.14 2.06 - 2.46 

Treatment: T  

1 9.47 0.24 9.2 - 9.8 1333.72 222.72 1023.79 - 1552.74 2.07 0.01 2.06 - 2.08 

2 8.93 0.42 8.1 - 9.4 148.13 93.95 11.58 - 240.25 2.09 0.17 1.93 - 2.36 

3 8.49 0.32 8.0 - 8.8 109.87 32.44 69.27 - 144.51 2.06 0.03 2.04 - 2.11 

Treatment: Oil  

1 9.33 0.36 8.6 - 9.7 1130.44 179.16 870.67 - 1378.13 2.06 0.01 2.05 - 2.07 

2 8.03 0.72 6.9 - 9.1 143.28 20.26 112.63 - 168.92 2.02 0.02 1.99 - 2.04 

3 8.80 0.45 8.1 - 9.3 75.90 39.59 7.77 - 130.71 2.08 0.07 1.99 - 2.21 

 

Tissue: 1 = embryonic head, 2 = embryonic decapitated body, 3 = extra-embryonic membranes  

SD = standard deviation   
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Supplementary Table 2. The Ct values for the two reference genes (HMBS and YWHAZ) which were used to 

normalize the AR and ERα receptor expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment: 1 = A4, 2 = T, 3 = Oil 

NA = data not available   

Egg Treatment HMBS YWHAZ  
head decapitated body EMs head decapitated body EMs 

1 29.17 29.10 32.85 28.00 29.82 37.79 

1 28.64 27.81 26.66 27.97 27.09 30.22 

1 28.31 29.14 27.45 27.40 28.18 31.11 

1 28.04 28.23 28.33 27.20 27.58 31.89 

1 28.20 28.78 27.11 27.28 27.50 30.10 

1 28.40 28.30 27.13 27.73 26.53 29.99 

1 28.46 NA 26.99 27.88 NA 29.72 

2 28.39 28.46 26.15 27.07 27.60 28.74 

2 27.97 27.69 26.96 27.52 26.72 29.27 

2 28.56 27.50 28.14 26.98 26.13 30.03 

2 27.54 27.61 27.46 27.03 27.60 30.90 

2 28.18 28.21 27.76 27.17 27.05 30.19 

2 28.84 NA 28.47 28.26 NA 30.06 

2 28.32 NA 27.90 27.36 NA 30.47 

3 28.83 27.39 26.94 27.37 26.45 28.06 

3 28.46 28.74 27.62 27.57 27.43 29.53 

3 28.79 28.19 26.93 27.58 27.51 29.42 

3 27.99 28.04 27.71 27.00 27.65 30.89 

3 29.10 29.45 27.65 27.60 28.69 31.47 

3 28.43 28.28 27.52 27.09 27.48 30.64 

3 NA 28.06 NA 
 

27.39 NA 
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This thesis investigated so far neglected aspects of hormone mediated maternal effects in 

birds. Vertebrate embryos are exposed to maternal hormones that can have consequences 

for the offspring phenotype, thus possibly mediating maternal effects (hormone mediated 

maternal effects). Egg laying species have been used extensively to study such effects as the 

embryo develops inside the egg, where the mother deposits her hormones, facilitating 

experimental manipulations of this exposure without interfering with the mother. Bird 

species are a particularly suitable model since bird ecology is often well-known and can 

easily be studied in the field, facilitating studies of the adaptive significance of maternal 

effects.  

Several studies have injected steroids, mostly androgens, into bird eggs, mimicking variation 

in maternal yolk deposition, and found a wide array of effects of the treatment on the 

offspring. The phenotypic effects include traits such as hatching time, hatching success, 

metabolic rate, immune function, endocrine function, growth, competitiveness, 

reproduction, mate choice, and survival rate. This suggests that the mother is able to adjust 

the offspring phenotype adaptively to the current environment via her steroid hormones, 

but the underlying mechanisms are unknown, importantly (i) the maternal hormone 

allocation is often not determined correctly, and (ii) the embryo is often seen as a passive 

player and assumed to be a ‘slave’ to the maternal signals, but its actual role in translating 

maternal hormonal signals in proximate and ultimate manners (see Fig. 3 in chapter 1) is 

poorly understood. Below I summarize the main results of the different studies that I 

performed, how the different studies relate to each other, and future perspectives. 

 

CHAPTER 2 

The dose of steroid manipulation used in experimental studies is based on the natural levels, 

which are mostly measured by radioimmunoassays (RIA’s). In chapter 2 we addressed the 

question: are RIA-based hormone measurements in eggs reliable? We found that commonly 

used RIA method, i.e. without extensive extraction and purification steps as well as antibody 

characterization, gave much exaggerated hormone measures compared to a more reliable 

mass spectrometry method. Therefore, the findings from RIA-based experimental 

manipulation of egg hormones seem unreliable due to use of pharmacological doses instead 

of the intended manipulation in the physiologically occurring range. Further, as the extent 

to which RIA’s gave exaggerated measures depends on the species as well as egg laying 

order for the same species, RIA-based studies also seem to be inadequate for 

interpretations of within species variations in maternal hormone allocation, as well as 

between-species comparisons, affecting the eco-evolutionary explanations for hormone 

mediated maternal effects. 
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Therefore, hormone mediated maternal effects should be verified using biologically 

relevant (i.e. within physiological range per species) hormone doses based on mass 

spectrometry measures. This could also potentially explain the discrepancy reported in the 

literature (some studies find a positive effect of hormone injections on a certain trait while 

others find no effect or negative effects) as the extent to which different studies injected 

pharmacological doses might differ per species and egg laying order, and the characteristics 

of the RIA used.  

Furthermore, 5α-dihydrotestosterone (DHT), the most potent androgen (Fang 2003), is 

often reported to be present in the egg yolk in the studies based on RIA’s (e.g. (Eising et al. 

2008; Elf & Fivizzani 2002; Groothuis & Schwabl 2002; Schwabl 1997a)). Intriguingly, 5α-

DHT was not even detectable in the egg yolk of any of the three bird species that we studied 

(black headed gull, rock pigeon, and red jungle fowl), when analysed by LC-MS/MS, in spite 

of its quantification limit being as low as 0.1 nmol/L, warranting another caution for the 

reliability of classical radioimmunoassays for hormone analyses of eggs. 

 

CHAPTER 3 

The differential amount of maternal hormones in the yolk of freshly laid eggs as per the 

maternal environment as well as the egg laying order is assumed to represent differential 

maternal allocation. Several studies have injected hormones in bird eggs mimicking this 

differential embryonic exposure to maternal hormones. However, this approach has 

revealed inconsistencies in the magnitude and direction of hormone mediated maternal 

effects (see above). We found that (1) maternal hormones in bird eggs are metabolized 

already surprisingly early, between ovulation and oviposition, (2) the rate and direction of 

metabolism differs between eggs that differ in their position within the laying order, and (3) 

this is not due to maternal enzymes in the yolk.  

These findings have important consequences for the field of hormone mediated maternal 

effects: (1) since the estimates of maternal hormone allocation from oviposition for egg 

injections are inadequate, the interpretation of both the results of such experiments and 

their ecological and evolutionary interpretations requires validation, and (2) different eggs 

of the same species show systematic differences in hormone metabolism, potentially 

explaining discrepancy in the outcomes of hormone injection experiments as well as 

opening up new perspective on family conflict if this extremely early metabolism is 

embryonic. 
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CHAPTER 4 

It is generally thought that maternal egg steroids must reach embryonic body tissues in 

order to be functional. But how and when this happens remains unclear, including whether 

maternal androgens reach embryonic tissues in their active form or are metabolized 

instead. We injected stable isotope labelled primary androgens, testosterone (T) and 

androstenedione (A4), into chicken egg yolks and tested their presence in embryonic tissues 

after five days of incubation. Using mass spectrometry, a highly reliable method for correct 

molecular identification, we found that injected androgens are almost completely cleared 

from the yolk-albumen homogenates but were not found in embryonic tissues, indicating 

their conversion to other substances. We also showed that these androgens are not 

conjugated or converted into a more potent downstream metabolite, DHT, or its conjugate. 

Furthermore, androgens are unlikely to be aromatized into estrogens, such as estradiol (E2), 

at such an early stage of embryonic development as aromatase (the enzyme necessary for 

aromatization) is expressed only after day 5 of incubation in chicken (Nomura et al. 1999), 

which is also experimentally supported by the lack of such early androgen conversion to 

estrogens (Parsons 1970).  

Our findings indicate that egg androgens are converted into metabolites of which the 

biological functions are yet uncharacterized. These findings also suggest that the maternal 

effects of increased hormone exposure of the embryo are either mediated by the 

metabolites themselves, or the effects take place very early (before active hormones are 

metabolised), perhaps by receptor-mediated gene regulation, or by non-genomic pathways 

during early embryonic development. Thus, our findings open up new research avenues for 

mechanisms underlying hormone mediated maternal effects. Furthermore, the results may 

also explain how maternal gonadal steroids could exert their effects without interfering 

with sexual differentiation as they are metabolized even before the sexual differentiation 

of gonads and brain, and embryo’s own hormone production starts.  

 

CHAPTER 5 

It is often assumed that in hormone mediated maternal effects the embryo only plays a 

passive role, but some studies indicate otherwise (Paitz & Casto 2012; Paitz et al. 2011; von 

Engelhardt et al. 2009). To study the role of the embryo, we analysed the dynamics of a 

wide range of gonadal steroid hormones over the early incubation phase (first 4.5 days) in 

rock pigeon eggs, where latter laid eggs of a clutch receive more maternal androgens. We 

found that (1) the active maternal hormones such as progesterone (P4) and T were 

substantially and rapidly metabolized, with a corresponding increase in supposedly less 

potent metabolites, such as pregnanolone and etiocholanolone, already within one-fourth 

of the total incubation period, (2) this only occurred in fertilized and not in unfertilized eggs, 
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and (3) the dynamics of androgen metabolism was different between eggs of different 

laying position – latter laid eggs had a higher androgen metabolism.  

Our results not only confirm a few earlier studies on the role of the embryo in translating 

maternal hormonal signals, but also show that eggs differ systematically (higher metabolism 

in the latter laid eggs of a clutch) in the hormone conversion according to their position in 

the laying order within the clutch. This suggests that the embryo might be able to adjust its 

metabolic capacity according to maternal signals, as maternal hormone deposition differs 

over the laying order. This also suggests that embryos are active players in dealing with 

maternal signals instead of having a passive role, as is widely assumed, and thus may play 

their own important role in the family conflict. For instance, the mother might manipulate 

egg hormones in order to enhance her own fitness over her offspring’s fitness depending 

on factors such as quality of the father and sex of the offspring, in combination with other 

environmental cues. Thus, embryos that can actively regulate their endocrine environment 

will be favoured by natural selection. Our results indicate that in studies of hormone 

mediated maternal effects the role of the embryo has not received the attention it deserves.  

However, the results also create an apparent paradox, as it is well known that initial 

differences in these hormones can have substantial effects on the chick, whereas we show 

that at 4.5 days of incubation these differences are hardly present anymore. This paradox 

can be solved in three ways: first, the active hormones can already induce receptor-

mediated genomic and/or non-genomic changes in embryonic tissues before their 

depletion; second, steroids may intercalate with DNA and thereby have nonreceptor 

mediated genomic effects; third, the embryo may convert the conjugated metabolites back 

to their unconjugated forms in the course of development, and these metabolites 

themselves might be biologically active and may act non-genomically (i.e. by affecting not 

directly the gene expression but other cell-signalling pathways). Alternatively, because the 

findings that initial egg differences in maternal hormones can have substantial effects on 

the chick development and behaviour were performed using pharmacological doses (see 

chapter 2) and measured at seemingly inappropriate time-points (see chapter 3), those 

findings themselves might be biologically irrelevant. These possibilities are promising 

avenues for further research.  

The findings further solve a long-standing puzzle of how maternal gonadal steroids in the 

egg can induce maternal effects without interfering with embryonic sexual differentiation, 

as we show that the embryo is capable of metabolizing most of the active maternal steroids 

as early as even before the process of sexual differentiation starts. These findings are in our 

view important for guiding the mechanistic studies that are urgently needed for correct 

functional interpretations of hormone mediated maternal effects, at the same time 

opening-up new research possibilities from ecological perspectives as well. 

 



Chapter 7 

112 

 

CHAPTER 6 

In order to be functional, the androgens must reach the embryonic tissues and those tissues 

must have androgen receptors (AR). However, very early in incubation, yolk androgens are 

substantially and rapidly metabolized to supposedly less potent forms by the embryo (see 

chapters 4 and 5). Moreover, the steroids are lipophilic, and how the embryo is able to take 

up these hormones from the yolk in its watery circulation to exert their effects on body 

tissues remains an enigma. Using chicken eggs, we discovered for the first time that the 

embryo expresses AR and estrogen receptors (ER) in its extra-embryonic membranes (EMs), 

already as early as one-fourth of the total egg incubation period until hatching, before its 

own hormone production starts, providing a novel pathway for action of maternal 

hormones. Lastly, we show that the embryo downregulates AR expression in the EMs with 

increased yolk androgen levels, showing that the embryo can adapt to maternal signals.  

The results move the research field forwards by providing solution to three long-standing 

problems in the field: (1) the problem of hormone uptake from lipophilic yolk into 

embryonic circulation, since we show that the uptake might not be necessary – the 

hormones can act on the receptors of EMs, which are just at the interface of yolk and 

embryonic circulation, (2) the question whether the embryo is just a passive receiver of the 

mother’s signals, giving the mother the upper hand in family conflict. As we show an active 

role of the embryo in adapting its receptor expression in the EMs to yolk hormone levels, it 

indicates that the embryo is not just a slave to maternal signals, and (3) maternal gonadal 

steroids can exert their effects without interfering with embryonic sexual differentiation as 

the hormones need not reach embryonic body tissues but can act via EMs. Such early and 

non-specific action of maternal hormones can also explain why their effects on the offspring 

are so diverse in nature, as the effects would take place very early during building of an 

organism, and hence broad, instead of being limited to a particular tissue, such as brain or 

gonads.  

These findings open up a new avenue not only for other oviparous species but also for 

mammalian research, where the expression of steroid receptors in the fetal placenta nor 

their expression in relation to maternal hormones has been studied in such early phase. The 

results also open up new research directions concerning mechanisms for hormone 

mediated maternal effects, such as activation of the EM receptors and their downstream 

cellular and physiological effects in the embryo. 
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1 SYNTHESIS 

  

1.1 Interrelations between the findings of different chapters 

The main implications of my studies are listed below (A-F) and in Table 1 the evidence for 

these are listed per chapter.  

 

Table 1. The key findings presented in this thesis and their potential implications.  

Chapter Key findings Implications 

2 (i) The levels of maternal steroids in the egg are actually much lower than 

previously thought. 

(ii) This difference is dependent on species and egg laying order.   

A, B 

3 The actual maternal allocation around the time of ovulation is different than found 

at oviposition, and the level of difference depends on egg laying order. 

B 

4 Yolk androgens are not taken up but metabolized substantially and rapidly by the 

embryo into supposedly much less potent metabolites. 

C, D 

5 (i) Same as (4) above.  

(ii) The extent of embryonic metabolism is higher in eggs which received higher 

maternal deposition. 

C, D, E, F 

6 (i) Maternal hormones may act via their receptors in the EMs and need not 

necessarily reach embryonic body tissues. 

(ii) The embryo can adjust its AR expression in the EMs in response to yolk 

androgen levels.  

D, E, F 

 

A. RIA-based hormone injection experiments in ovo are unreliable due to use of 

extremely high (pharmacological) hormone dose, the effects shall be verified using 

physiological dose. Also, RIA-based descriptive and comparative studies are 

unreliable, and thereby their eco-evolutionary explanation. This conclusion is 

based on the fact that such experiments are calibrated using RIA measurements of 

hormone levels in unmanipulated eggs whereas LC-MS/MS measurements indicate 

that these are substantially over-estimated (chapter 2). Though it could be argued 

that pharmacological doses may still induce normal effects due to a ceiling effect 

when all receptors are occupied by the hormone, but dose dependent effects have 

been demonstrated in many cases (Muriel et al. 2015; Podmokła et al. 2018; von 

Engelhardt & Groothuis 2011). Therefore, dose-response curves should be 

established in order to discern these possibilities.    

B. Using hormone concentrations in the egg at oviposition is the golden standard for 

measuring maternal hormone allocation to her eggs. However, this is incorrect, as 

hormone concentrations differ between the time around ovulation (the time 

directly after the mother deposited the hormones in the yolk) and oviposition 

(chapter 3). This jeopardizes potentially many adaptive explanations as these may 
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be based on wrong data. Moreover, the hormone conversion in the oviduct differs 

among eggs (chapter 3), potentially explaining the discrepancy in the magnitude 

and direction of injection effects reported in the literature, as eggs of different 

laying order might have been injected with inappropriate doses. 

C. Effects of increased hormone exposure of the embryo are either mediated very 

early, before conversion of active hormones has taken place (possibly via receptors 

in the EMs), or by the metabolites themselves, or perhaps by both in a temporally 

coordinated manner. This is because the free hormones are almost completely 

metabolized in the first 4 to 5 days after incubation (chapter 4 and 5). These 

possibilities can be discerned by examining the changes in embryonic physiology 

at several time points in response to injected steroids or their metabolites.  

D. Maternal gonadal steroids in the egg can mediate maternal effects without 

interfering with the embryonic sexual differentiation processes. This is because 

sexual differentiation is mediated by gonadal hormones of the embryo whereas 

the maternal gonadal hormones are already substantially metabolized before the 

process of differentiation occurs (chapter 4 and 5). The conversion of active 

hormones to the less potent metabolites is thought to be irreversible, which could 

be experimentally verified using isotope labelled forms.  

E. The embryo may not simply be a slave to the maternal signals but may play its own 

role in family conflict. This is because hormone conversion is dependent on laying 

order (chapter 5) and the embryo can modify its sensitivity to the hormone by 

adjusting its receptor levels (chapter 6). Whether the differences in hormone 

conversion based on egg laying order are a function of initial differences in 

hormone levels or due to differences in embryonic enzymatic activity is yet to be 

studied. This can be studied by adding hormones of interest to the first eggs to 

raise their levels to that of later laid eggs and then comparing their metabolism 

upon incubation.        

F. The findings solve the problem of embryonic uptake of lipophilic hormones from 

the lipid rich yolk as (i) the hormones are partly converted to water soluble 

(conjugated) metabolites (chapter 5) and (ii) hormone receptors can be expressed 

at the interface between yolk and the embryo’s circulation (chapter 6). Concerning 

the functions of steroid receptors in the extra-embryonic membranes, the 

following shall be studied further: (i) expression of steroid receptors in the extra-

embryonic membranes at protein level, (ii) binding of yolk hormones to these 

receptors, (iii) subsequent cellular and physiological effects, (iv) in a control group 

blocking these receptors, but which depends on whether embryonic endogenous 

hormones also bind to these receptors and whether the blocker would enter 

embryonic body tissues, as these would interfere with functioning of embryonic 

endogenous hormones.    
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1.2 Eco-evolutionary significance of the mechanistic findings reported in this thesis 

The active role of the embryo reported in this thesis may be significant for eco-evolutionary 

interpretations of hormone mediated maternal effects in following ways. 

Since the time of discovery of systematic variation in maternal hormone deposition over 

the laying order and its correlation with variation in offspring behaviour (Schwabl 1993), it 

has been postulated that family conflict is likely to take place over function of maternal egg 

hormones (Groothuis et al. 2005b; Müller et al. 2007; Reed & Clark 2011; Winkler 1993) 

(also see (Del Giudice 2012; Godfray 1995; Trivers 1974; Wolf & Wade 2001)). Since these 

ideas have already been discussed extensively in the cited literature, here I would only 

highlight some key aspects of it.  

As pointed by Müller et al (2007), the relationship between maternal hormones, offspring 

development and the environment is determined by (a) the relationship between the 

amount of maternal hormones deposited in the egg and the environment, which depends 

on maternal physiology and (b) the relationship between offspring development and the 

amount of maternal hormones in the egg, which depends on the offspring (embryonic) 

physiology and whether this is environmentally dependent. Variation in component (b) 

could be mediated already during embryonic development through processes such as up- 

or downregulation of hormone receptor density; conversion of a hormone to less or more 

potent metabolites; selective uptake of hormones, their metabolites, and other substances 

from the yolk; and increase or decrease of endogenous hormone production. The net 

outcome of the function of maternal egg hormones will thus depend not only on the costs 

and benefits for component (a) but also for component (b), and surprisingly, hardly any 

experimental information is available regarding the latter. The offspring is thought to 

benefit by differentially regulating its physiological processes in dealing with maternal 

hormonal signals under different environmental contexts in case the cost-benefit outcome 

is different between mother and offspring. Brood culling (Mock & Forbes 1994) and 

hatching asynchrony (Reed & Clark 2011) are classical examples where this might be the 

case, as explained below together with other contextual scenarios. 

Under restricted resources, such as food, it might enhance the overall fitness of the mother 

to optimize the maximum brood size that she can raise, at the cost of one or more of the 

last hatched chicks that might be produced either because the food situation is difficult to 

establish at the time of egg production, or for insurance if one of the other eggs do not 

hatch. One possibility to achieve brood reduction is by hatching asynchrony. The eggs in a 

single clutch may hatch simultaneously or over an extended period of time, depending upon 

the onset of incubation by mothers. When incubation begins prior to laying of the later eggs 

of the clutch, it would lead to asynchronous hatching, which may lead to monopolisation of 

parental resources by the earlier hatched chicks. In species with hatching asynchrony, such 

as the rock pigeon and black headed gull, the mother might mitigate or reinforce the effects 
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of hatching asynchrony through variations in deposition of androgens, thereby maximizing 

her own fitness. In such a context, it might benefit the embryo that is the target for brood 

culling to mitigate the maternal effect and regulate the maternal hormonal signals for its 

own fitness if its exposure to maternal hormones would be unfavourable. This could be the 

case due to pleiotropic effects of hormones with potentially multiple costs and benefits for 

the offspring. Although the increased exposure to maternal hormones is mostly seen as 

advantageous for the offspring, it can confer costs too. For instance, an increased exposure 

of the embryo to maternal hormones could be beneficial for its growth and competitive 

abilities, but it could infer costs via suppressed immunity (Andersson et al. 2004; Groothuis 

et al. 2005a; Müller et al. 2005; Navara et al. 2005; Sandell et al. 2009) and/or oxidative 

damage (Galvan & Alonso-Alvarez 2010; Tobler & Sandell 2009; Tobler et al. 2013; Treidel 

et al. 2013). It has been argued that such cost-benefit outcomes of functions of maternal 

hormones are likely to be environmentally dependent (Hsu 2016, PhD thesis). For instance, 

a combination of parasite load and food abundance might be a more relevant cue, than 

either of them alone, for the offspring to allocate its own resources to growth or immunity, 

and hence it might optimize the use of maternal hormonal signals accordingly.  

Another layer of complexity is added when the chick’s inclusive fitness (i.e. the fitness of 

the entire current or future siblings, which will be genetically related to the focal chick) is 

considered, where the direct benefit of its own fitness might come at the cost of the fitness 

of its kin. At the same time, sibling conflict will arise through the relatedness asymmetries: 

individual offspring is more related to itself than to its siblings. Thus, the optima for effects 

of maternal egg hormones for the individual will not only depend on mother-offspring 

conflict, but also on the intricate balance between its individual fitness, inclusive fitness, 

and sibling competition. The extent of sibling rivalry will also depend on whether the costs 

and benefits of hormone mediated effects on any chick are felt by that chick alone or by the 

whole brood. For example, an increase in hormone mediated competitiveness (Groothuis 

& Schwabl 2002; Lipar et al. 1999) of an individual chick can be beneficial for the chick itself 

but can either divert food and other forms of parental care from the other chicks in the 

brood or increase the efforts of the parents in caring for the entire brood, which will carry 

costs to an individual offspring’s inclusive fitness by reducing the number of surviving 

siblings produced from the current brood or from future broods. As another example, when 

an individual chick begs more (Smiseth et al. 2011), that chick may be fed more (an 

individual benefit), or the parents may bring more food but divide it between all offspring 

without reference to the begging behaviour of the focal chick. Similarly, the costs of begging 

may fall on the chick that is begging or on the entire brood, for example by attracting 

predators. Hence, in this latter example, the predator density or predation risk will be a 

relevant factor for overall effect of maternal hormone functions. 

Additionally, because of possible sex differences in parental care, females may increase 

male parental investment by modifying begging behaviour, competitiveness, pre- and 



Synthesis 

117 

 

postnatal growth of their offspring through the transfer of hormones to the egg (von 

Engelhardt & Groothuis 2011). Thus, the cost-benefit balance of function of maternal egg 

hormones may differ for components (a) and (b) (see above) contextually between species, 

such as species with or without hatching asynchrony, sex differences in parental care, 

altricial or precocial (precocial chicks being more independent than altricial from the time 

of hatching, thus potentially affecting the cost-benefit balance for the family), etc. Other 

examples of such contexts could be the quality of the father, sex of the offspring, parasite 

abundance, predation risk, etc. For instance, the mother might be depositing hormones 

differentially in relation to the quality of her mate and sex of the offspring (e.g. increased 

hormone deposition in sons of high-quality father), in which case there might be differences 

in the offspring’s regulation of maternal hormonal signals based on its own sex and quality 

of its father.  

To what extent maternal egg hormones and embryonic regulation of their effects actually 

play a role in such contexts is open for exploration. If the embryo were to play an important 

role in such contexts, an important question is how the embryo would perceive such 

contexts at such early stages of development. One speculation is that the information about 

such contexts might be perceived by the embryo in the form of egg composition itself other 

than hormones, such as nutrients (indicating food availability), antibodies (indicating 

parasite load), other hormones (indicating, for example, maternal stress level via stress 

hormone), and imprinting pattern of paternal alleles (indicating father’s quality), etc. All 

these possibilities are open for experimental testing. 

Finally, from the offspring’s perspective, there might be substantial costs of the effect of 

maternal steroids if these affect the offspring’s endocrine system, interfering with 

important processes such as sexual differentiation and/or reproductive performance later 

in life (Carere & Balthazart 2007). Our studies indicate that the embryo can potentially 

evolve mechanisms to protect itself from such effects when they are unfavourable. 

 

1.3 Relevance of the findings in birds to other vertebrate taxa 

In addition to the findings reported in this thesis on birds, a potential role of the embryo in 

regulation of maternal egg hormones has been extensively studied in reptiles (Bowden et 

al. 2002b,a; Paitz et al. 2012, 2017; Paitz & Bowden 2008, 2009, 2010, 2011, 2013, 2015; 

Paitz & Casto 2012; Paitz et al. 2011) and  fish (Brown et al. 1988; Pri-Tal et al. 2011; Sopinka 

et al. 2017). The use of reptilian and avian species simplifies understanding the role of the 

embryo as, unlike in fish and mammals, there is no direct hormone transfer between the 

mother and the embryo after egg laying. It remains to examine further how the findings 

from the oviparous species would translate to mammalian species, including humans. For 

instance, it has been experimentally demonstrated in mammals that prenatal exposure to 



Chapter 7 

118 

 

excess glucocorticoids can affect the offspring physiology, leading to reduction in birth 

weight, increased likelihood of disorders of cardiovascular function, glucose homeostasis, 

activity of hypothalamic–pituitary–adrenal (HPA) axis and anxiety (Cottrell & Seckl 2009). 

The fetus can negate such effects to some extent by use of placental 11β-hydroxysteroid 

dehydrogenase type 2 (11β-HSD2) enzyme (reviewed by (Del Giudice 2012)). In this regard, 

our findings of embryonic conversion of active hormones to less potent metabolites and 

downregulation of steroid receptors in the extra-embryonic membranes provide potential 

mechanisms by which the embryo can negate effects of maternal signals when they are 

unfavourable.  If the metabolising enzymes are produced by the extra-embryonic 

membranes, this would suggest that functionally the extra-embryonic membranes in 

oviparous species may act similar to fetal placenta in mammals (also see (Cruze et al. 2012, 

2013)).  

Our findings of an early expression and regulation of steroid receptors in the EMs (chapter 

6) have not yet been examined in mammalian placenta during very early developmental 

phases, and so is the effects of embryo’s position in the litter (similar to laying order effect) 

in these processes. On the other hand, as in mammals both the embryo and the mother can 

affect each other throughout the fetal development (some examples of which were given 

on page 6), this might limit the comparative studies between birds and mammals. However, 

there might be a possibility that the avian embryo and the mother might be affecting each 

other behaviourally and physiologically not directly via transfer of hormones and/or their 

metabolising enzymes, but other traits such as vocalization and incubation behaviour 

(Dmitrieva & Gottlieb 1992, 1994; Gottlieb 1963, 1965, 1968; Gottlieb & Kuo 1965; Gottlieb 

& Vandenbergh 1968; Reed & Clark 2011). 

 

 

CONCLUSION 

In conclusion, I report the findings on so far neglected aspects of hormone mediated 

maternal effects in birds, both for maternal deposition and for embryonic modulation of 

egg gonadal steroids. Further, I discuss the results of these mechanistic studies for their 

potential implications in eco-evolutionary explanations of hormone mediated maternal 

effects. I hope that this work will stimulate further research for integrating proximate and 

ultimate approaches towards understanding the functions of maternal egg hormones, since 

mechanistic studies in this field have been lacking but are indispensable for making further 

progress and also for understanding the eco-evolutionary consequences of maternal egg 

hormone functions.
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HOOFDSTUK 1 

Dit proefschrift focust op aspecten van hormoongemedieerde maternale effecten bij vogels 

die tot noch toe niet onderzocht zijn. Embryo’s van gewervelden worden al vroeg 

blootgesteld aan moederhormonen. Dit kan gevolgen hebben voor het fenotype van het 

nageslacht (hormoongemedieerde maternale effecten). Eieren leggende soorten zijn vaak 

gebruikt om deze effecten te bestuderen, daar het embryo ontwikkelt in het ei, waar de 

moeder haar hormonen afzet. Hierdoor zijn experimentele manipulaties van deze 

blootstelling mogelijk, zonder de moeder daarbij te hinderen. Vogelsoorten zijn een 

bijzonder geschikt model omdat de ecologie van vogels vaak bekend is en gemakkelijk in 

het veld kan worden bestudeerd, waardoor studies naar de adaptieve betekenis van 

maternale effecten mogelijk worden.  

Verschillende studies hebben steroïden, meestal androgenen, geïnjecteerd in vogeleieren, 

waardoor de variatie in de afzetting van hormonen in de dooier door de moeder wordt 

nagebootst. Daarbij is een breed scala aan effecten van de behandeling op de nakomelingen 

gevonden. De fenotypische effecten omvatten kenmerken zoals de broedtijd, het succes 

van het uitkomen, de stofwisseling, de immuun functie, de endocriene functie, de groei, het 

concurrentievermogen, de voortplanting, de keuze van de partner en de overlevingskans. 

Dit suggereert dat de moeder in staat is om het fenotype van het nageslacht aan te passen 

aan de huidige omgeving via haar steroïde hormonen, maar de onderliggende 

mechanismen zijn to noch toe onbekend. In voorgaande studies werd (i) de toewijzing van 

het moederhormoon vaak niet correct bepaald, en (ii) het embryo vaak gezien als een 

passieve speler en verondersteld een 'slaaf' te zijn van de signalen van de moeder, maar zijn 

eigenlijke rol in het vertalen van de hormonale signalen van de moeder; de acceptatie en 

de uiteindelijke omzetting van deze signalen (zie Fig. 3 in hoofdstuk 1) is onvoldoende 

bekend.  

 

HOOFDSTUK 2 

De dosis aan steroïden die voor manipulatie in de experimentele studies is gebruikt, is 

gebaseerd op de fysiologische niveaus, die vaak gemeten wordt met behulp van 

radioimmunoassays (RIA's). In hoofdstuk 2 hebben we de vraag behandeld: zijn RIA-

gebaseerde hormoonmetingen in eieren betrouwbaar? We vonden dat de veelgebruikte 

RIA-methode, d.w.z. zonder uitgebreide extractie- en zuiveringsstappen en 

antilichaamkarakterisering, afwijkende hormoonmetingen gaf in vergelijking met de meer 

betrouwbare massaspectrometriemethode. Daarom lijken de voorgaande bevindingen van 

RIA-gebaseerde experimentele manipulatie van ei-hormonen onwaarachtig mede door het 

gebruik van farmacologische doses in plaats van de beoogde manipulatie in het fysiologisch 

voorkomende bereik. Aangezien de mate waarin RIA’s afwijkende meetingswaarden gaven, 

afhankelijk is van de soort en de volgorde waarin de eieren gelegd zijn, lijken op RIA 

gebaseerde studies ook inadequaat voor de interpretatie van variaties binnen een soort, in 

de hormoontoewijzing van het moederdier, alsook voor vergelijkingen tussen soorten, die 
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de eco-evolutionaire verklaringen voor hormoongemedieerde maternale effecten 

beïnvloeden. 

Daarom moeten hormoongemedieerde maternale effecten worden geverifieerd met 

behulp van biologisch relevante (d.w.z. binnen het fysiologische bereik van elke soort) 

hormoondoses op basis van massaspectrometrische metingen. Dit zou ook een mogelijke 

verklaring kunnen zijn voor de discrepantie die in de literatuur wordt gerapporteerd 

(sommige studies vinden een positief effect van hormooninjecties op een bepaalde 

eigenschap, terwijl andere geen effect of negatieve effecten vinden), aangezien de mate 

waarin verschillende studies de geïnjecteerde farmacologische doses per soort en 

legvolgorde kunnen verschillen, alsook de kenmerken van de gebruikte RIA.  

Bovendien wordt in de studies op basis van RIA's vaak melding gemaakt van 5α-

dihydrotestosteron (DHT), het krachtigste androgeen, dat in de eidooier aanwezig is. 

Intrigerend genoeg was 5α-DHT niet waarneembaar in de eidooier van één van de drie 

bestudeerde vogelsoorten (kokmeeuw, rotsduif en rode kamhoen), bij analyse door LC-

MS/MS, ondanks het feit dat de kwantificatielimiet van 5α-DHT zo laag is als 0,1 nmol/L, 

wat een voorzichtigheid rechtvaardigt bij aannames over de betrouwbaarheid van de 

klassieke radio-immunoassays voor de hormoonanalyses van de eieren. 

 

HOOFDSTUK 3 

De differentiële hoeveelheid moederhormonen in de dooier van pas gelegde eieren naar de 

omgeving van het moederdier en de legvolgorde worden verondersteld een differentiële 

toewijzing van de moeder te vertegenwoordigen. Verschillende studies hebben hormonen 

in vogeleieren geïnjecteerd die deze differentiële embryonale blootstelling aan 

moederhormonen nabootsen. Deze benadering heeft echter inconsistenties aan het licht 

gebracht in de omvang en richting van hormoongemedieerde maternale effecten (zie 

hierboven). We vonden dat (1) moederhormonen in vogeleieren al verrassend snel 

gemetaboliseerd worden, namelijk tussen ovulatie en ovipositie, (2) de snelheid en richting 

van metabolisme verschilt tussen eieren die een andere positie hebben binnen de legorde, 

en (3) dat dit niet te wijten is aan van de moeder afkomstige enzymen in de dooier.  

Deze bevindingen hebben belangrijke gevolgen op het gebied van hormoon gemedieerde 

maternale effecten: (1) aangezien de schattingen van de hormoontoewijzing van het 

moederdier vanuit de ovipositie voor injecties inadequaat zijn, vereist de interpretatie van 

zowel de resultaten van dergelijke experimenten als hun ecologische en evolutionaire 

interpretaties validatie, en (2) verschillende eitjes van dezelfde soort vertonen 

systematische verschillen in hormoonmetabolisme, wat mogelijk een verklaring kan zijn 

voor de discrepantie tussen de resultaten van hormooninjectie-experimenten en een nieuw 

perspectief geeft op gezinsconflicten wanneer dit extreem vroege metabolisme embryonaal 

is. 
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HOOFDSTUK 4 

Over het algemeen wordt gedacht dat ei steroïden van het moederdier de embryonale 

lichaamsweefsels moeten bereiken om functioneel te zijn. Maar hoe en wanneer dit 

gebeurt blijft onduidelijk, ook of moeder androgenen in hun actieve vorm in embryonale 

weefsels terechtkomen of reeds gemetaboliseerd zijn. We injecteerden met stabiele 

isotopen gelabelde primaire androgenen, testosteron (T) en androstenedione (A4), in 

kippeneidooiers en testten hun aanwezigheid in embryonale weefsels na vijf dagen 

incubatie. Met behulp van massaspectrometrie, een zeer betrouwbare methode voor de 

moleculaire identificatie, vonden we dat geïnjecteerde androgenen bijna volledig geklaard 

waren uit het homogenaat van de dooier, maar niet werden gevonden in embryonale 

weefsels, wat duidt op hun omzetting naar andere stoffen. We hebben ook aangetoond dat 

deze androgenen niet worden geconjugeerd of omgezet in een meer krachtige downstream 

metaboliet, DHT, of het conjugaat ervan. Bovendien is het onwaarschijnlijk dat androgenen 

worden gearomatiseerd in oestrogenen, zoals oestradiol (E2) in zo een vroeg stadium van 

embryonale ontwikkeling. Omdat aromatase (het enzym dat nodig is voor aromatisatie) 

komt pas na dag 5 van de incubatie in kip tot expressie, hetgeen experimenteel ondersteund 

is door het ontbreken van een dergelijke vroege omzetting van androgeen naar 

oestrogenen.  

Onze bevindingen duiden dat de androgenen worden omgezet in metabolieten waarvan de 

biologische functies nog niet gekarakteriseerd zijn. Het suggereert ook dat de maternale 

effecten van verhoogde hormoonblootstelling van het embryo ofwel gemedieerd worden 

door de metabolieten zelf, ofwel de effecten zeer vroeg plaatsvinden (voordat de actieve 

hormonen gemetaboliseerd worden), misschien door receptor-gemedieerde genregulatie, 

of via een niet-genetisch route tijdens de vroege embryonale ontwikkeling. Zo openen onze 

bevindingen nieuwe onderzoeksmogelijkheden voor mechanismen die ten grondslag liggen 

aan hormoon gemedieerde maternale effecten. Bovendien zouden de resultaten kunnen 

verklaren hoe gonadale steroïden van de moeder hun effecten kunnen uitoefenen zonder 

de seksuele differentiatie te verstoren, aangezien ze worden gemetaboliseerd nog voor de 

seksuele differentiatie van de gonaden en de hersenen, en de eigen hormoonproductie van 

het embryo begint.  

 

HOOFDSTUK 5 

Vaak wordt aangenomen dat bij hormoon gemedieerde maternale effecten het embryo 

slechts een passieve rol speelt, maar sommige studies wijzen anders uit. Om de rol van het 

embryo te bestuderen, analyseerden we de dynamiek van een breed scala aan gonadale 

steroïde hormonen tijdens de vroege incubatiefase (eerste 4,5 dagen) in eieren van de 

rotsduif, waarbij de laatste gelegde eieren van een leg meer maternale androgenen krijgen. 

We vonden dat (1) de actieve moederhormonen zoals progesteron (P4) en T substantieel 

en snel gemetaboliseerd werden, met een overeenkomstige toename van zogenaamd 

minder krachtige metabolieten, zoals pregnenolon en etiocholanolon, al op een kwart van 
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de totale incubatieperiode, (2) dit gebeurde enkel in bevruchte en niet in onbevruchte 

eieren, en (3) de dynamiek van de androgeenstofstofwisseling verschilde tussen de eitjes 

met een verschillende legorde - de later gelegde eieren hadden een hoger androgeen 

metabolisme.  

Onze resultaten bevestigen niet alleen eerdere studies over de rol van het embryo bij de 

vertaling van hormonale signalen van de moeder, maar tonen ook aan dat de eieren 

systematisch verschillen (hogere stofwisseling in de laatste legpositie van een legsel) in de 

hormoonomzetting naargelang hun positie in de legvolgorde in de legvolgorde binnen een 

leg. Dit suggereert dat het embryo in staat zou kunnen zijn om zijn metabole capaciteit aan 

te passen aan de signalen van de moeder, aangezien de hormoonafzetting van de moeder 

over de legvolgorde verschilt. Dit suggereert ook dat embryo's actieve spelers zijn in de 

omgang met maternale signalen in plaats van een passieve rol te spelen, zoals eerder is 

aangenomen, en dus hun eigen belangrijke rol kunnen spelen binnen gezinsconflicten. Zo 

kan de moeder bijvoorbeeld ei-hormonen manipuleren om haar eigen fitheid over die van 

haar nakomelingen te vergroten, afhankelijk van factoren zoals de kwaliteit van de vader en 

het geslacht van de nakomelingen, in combinatie met andere omgevingsfactoren. Zo zullen 

embryo's die hun endocriene omgeving actief kunnen reguleren door natuurlijke selectie 

bevoordeeld worden. Onze resultaten tonen aan dat in studies naar hormoon gemedieerde 

maternale effecten de rol van het embryo niet de aandacht heeft gekregen die het verdient.  

De resultaten creëren echter ook een schijnbare paradox, aangezien het bekend is dat de 

vroege verschillen in deze hormonen aanzienlijke effecten kunnen hebben op het kuiken, 

terwijl we ook aantonen dat deze verschillen bij 4,5 dagen incubatie nauwelijks meer 

aanwezig zijn. Deze paradox kan op drie manieren worden opgelost: ten eerste kunnen de 

actieve hormonen al voor hun uitputting receptor-gemedieerde genetische en/of niet-

genetische veranderingen in embryonaal weefsel induceren; ten tweede kunnen steroïden 

intercaleren met het DNA en daardoor niet-receptor gemedieerde genetische effecten 

hebben; ten derde kan het embryo de geconjugeerde metabolieten tijdens de ontwikkeling 

weer omzetten in hun niet-geconjugeerde vormen en kunnen deze metabolieten zelf 

biologisch actief zijn en niet-genetisch werken (bijv. door niet rechtstreeks de genexpressie 

maar andere cellulaire signaalroutes te beïnvloeden). Tegelijk, omdat de bevindingen dat 

de verschillen in moederhormonen aanzienlijke effecten kunnen hebben op de 

ontwikkeling en het gedrag van het kuiken, zijn uitgevoerd met behulp van farmacologische 

doses (zie hoofdstuk 2) en gemeten op ogenschijnlijk verkeerde tijdstippen (zie hoofdstuk 

3), kunnen die bevindingen zelf biologisch irrelevant zijn. Dit biedt meerdere opties voor 

vervolgonderzoek.  

De bevindingen lossen verder een reeds lang bestaande raadsel op over hoe gonadale 

steroïden van de moeder in het ei maternale effecten kunnen induceren zonder de 

embryonale seksuele differentiatie te verstoren, aangezien we aantonen dat het embryo in 

staat is om de meeste van de actieve moedersteroïden te metaboliseren nog voordat het 

proces van seksuele differentiatie begint. Deze bevindingen zijn naar onze mening een 
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belangrijke leidraad voor mechanistische studies die dringend nodig zijn voor correcte 

functionele interpretaties van hormoon gemedieerde maternale effecten, en tegelijkertijd 

bieden ze vanuit ecologisch perspectief opties voor nieuwe onderzoeksmogelijkheden. 

 

HOOFDSTUK 6 

Om functioneel te zijn, moeten de androgenen de embryonale weefsels bereiken en die 

weefsels moeten androgeenreceptoren (AR) hebben. Echter, zeer vroeg in de incubatie, 

worden androgenen in de dooier door het embryo snel gemetaboliseerd naar zogenaamd 

minder krachtige vormen (zie hoofdstuk 4 en 5). Bovendien zijn de steroïden zijn lipofiel, en 

hoe het embryo in staat is om deze hormonen op te nemen van de dooier in de hydrofiele 

circulatie om hun effecten op het lichaamsweefsel uit te oefenen blijft vooralsnog een 

raadsel. Met behulp van kippeneieren ontdekten we voor het eerst dat het embryo AR en 

oestrogeenreceptoren (ER) tot expressie brengen in de extra-embryonale membranen 

(EM's), al op een kwart van de totale incubatietijd tot het uitkomen, voordat de eigen 

hormoonproductie begint, een nieuwe optie voor de werking van moederhormonen biedt. 

Ten slotte laten we zien dat het embryo met een verhoogd gehalte aan androgeen in de 

dooier de AR-expressie in de EM's downreguleert, wat erop duidt dat het embryo zich kan 

aanpassen aan de signalen van de moeder.  

De resultaten brengen het onderzoeksveld vooruit door een oplossing te bieden voor drie 

reeds lang bestaande vragen in het veld: (1) de vraag  van de hormoonopname van lipofiele 

dooier naar embryonale circulatie, omdat we laten zien dat de opname eventueel niet nodig 

is - de hormonen kunnen namelijk werken op de receptoren van EM's, die zich op het 

grensvlak van dooier en embryonale circulatie bevinden, (2) de vraag of het embryo slechts 

een passieve ontvanger is van de signalen van de moeder, wat de moeder de overhand zou 

geven in een familiaal conflict. Aangezien we een actieve rol van het embryo laten zien in 

de aanpassing van zijn receptor expressie in de EM's aan de hormoonspiegels van de dooier, 

duidt dit erop dat het embryo niet alleen een slaaf is van de signalen van de moeder, en (3) 

moedersteroïden van de gonaden hun effecten kunnen uitoefenen zonder de seksuele 

differentiatie van het embryo te beïnvloeden, aangezien de hormonen niet het embryonale 

lichaamsweefsel hoeven te bereiken, maar ook via EM's kunnen werken. Dergelijke vroege 

en niet-specifieke werking van maternale hormonen kan ook verklaren waarom hun 

effecten op de nakomelingen zo divers van aard zijn, aangezien de effecten zeer vroeg 

tijdens de ontwikkeling van een organisme zouden plaatsvinden en dus weid kunnen reiken, 

in plaats van beperkt te blijven tot een bepaald weefsel, bijv. de hersenen of gonaden.  

Deze bevindingen bieden nieuwe mogelijkheden, niet alleen voor andere ovipareuze 

soorten, maar ook voor onderzoek bij zoogdieren, waarbij noch de expressie van steroïde 

receptoren in de foetale placenta noch hun expressie in relatie tot moederhormonen in een 

zo vroeg stadium is bestudeerd. De resultaten openen ook nieuwe onderzoeksrichtingen 

met betrekking tot mechanismen voor hormoon gemedieerde maternale effecten, zoals de 

activering van de EM-receptoren en hun cellulaire en fysiologische effecten in het embryo. 
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HOOFDSTUK 7 

Naast deze samenvatting hierboven per hoofdstuk, rapporteer ik verder in hoofdstuk 7 hoe 

deze verschillende studies zich tot elkaar verhouden, een mogelijke eco-evolutionaire 

betekenis van de in dit proefschrift gerapporteerde mechanistische bevindingen, de 

relevantie van de bevindingen bij vogels voor andere gewervelde taxa, en een algemene 

conclusie. 
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