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Mothers can shape the developmental trajectory of their offspring through

the transmission of resources such as hormones, antioxidants or immuno-

globulins. Over the last two decades, an abundant literature on maternal

effects in birds has shown that several of these compounds (i.e. androgens,

glucocorticoids and antioxidants) often influence the same offspring pheno-

typic traits (i.e. growth, immunity or oxidative stress levels), making

interaction effects between egg components a likely scenario. However,

the potential interactive effects of maternally transmitted compounds on

offspring development and potential co-adjustment of these compounds

within an egg are still poorly understood. Here, we report the results of

an interspecific comparative analysis on birds’ egg yolk composition

(i.e. androgens and antioxidants) where we found that yolk carotenoid

and vitamin E concentrations are positively associated, supporting the

hypothesis that these two antioxidants act in synergy. The concentrations

of vitamin E also increased with increasing concentrations of testosterone.

This last result confirms the emerging idea that androgens and antioxidants

are co-adjusted within eggs and that maternally transmitted antioxidants

might limit the potential direct and indirect effects of prenatal exposure to

high testosterone levels on oxidative stress.
1. Introduction
Prenatal conditions are known to strongly influence developmental trajectories,

and to have organizational effects that can last until adulthood [1–3]. Mothers

can strongly influence these prenatal conditions through the transmission of

resources, such as hormones [4], antioxidants [5] or immunoglobulins [6].

The importance of these maternally transmitted compounds in transgenera-

tional developmental plasticity has been extensively studied in various taxa

and especially in birds [7], showing that several of them (e.g. androgens, gluco-

corticoids and antioxidants) often influence the same offspring phenotypic

traits (e.g. growth, immunity or oxidative stress levels). Whether and how

these maternally transmitted components may have interactive effects and are

co-adjusted within eggs remains however poorly understood.

In birds, prenatal exposure to high levels of androgens (i.e. testosterone or

androstenedione) stimulates faster growth and increases the vulnerability to

oxidative stress [8,9]. Maternally transmitted antioxidants such as carotenoids

or vitamin E, by scavenging the reactive oxygen species (ROS) produced

during development [10] and/or stimulating the set-up of an efficient antioxi-

dant system [3], might limit the consequences of this increased level of oxidative

stress. In line with this hypothesis, a positive correlation between levels of yolk

testosterone and antioxidants has been found in house finches (Haemorhous
mexicanus) [11], suggesting that mothers co-adjust the deposition of these
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Figure 1. Association between egg yolk concentration of carotenoids and
vitamin E (in micrograms per gram) in 103 bird species. pMCMC comes
from a model including clutch size and egg mass as covariables, and phylo-
geny as random variable (see the text and table 1 for details).
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components in eggs. By contrast, levels of yolk testosterone

and antioxidants were negatively correlated in lesser

black-backed gulls, Larus fuscus [12]. More recently, an exper-

imental approach used egg injections to manipulate yolk

testosterone and carotenoid levels in Japanese quail (Coturnix
japonica). Injections of either testosterone or carotenoid caused

a reduction of the hatching mass and an increase of reactive

oxygen metabolite (ROM) levels in chicks. However, when

both egg compounds were manipulated simultaneously,

these effects disappeared, suggesting that both antioxidants

and androgens lose their detrimental effects when the ratio

between the two compounds is balanced [3].

Based on the results of these studies, we made two main

predictions. First, given that antioxidants are thought to act in

synergy [13] and that carotenoids (i.e. beta-carotene) recycle

vitamin E in vitro [14], enhancing the antioxidant potential

of vitamin E, we predicted a positive relationship between

yolk carotenoids and vitamin E levels. Second, under the

hypothesis that antioxidants limit the negative effects of an

exposure to high levels of testosterone on oxidative stress

levels [3], we also predicted that yolk antioxidant levels

should increase with increasing levels of yolk androgens.

We tested these predictions in a comparative analysis of the

yolk biochemical composition of bird species for which

data on yolk antioxidant (i.e. carotenoids and vitamin E

[15]) and androgen (i.e. testosterone and androstenedione

[16] (hereafter A4)) concentrations were available.
2. Material and methods
Egg yolk concentrations in antioxidants (carotenoids and vitamin

E) were available for 112 bird species from Biard et al. [15],

and yolk concentrations in androgens (testosterone and A4)

for 101 species from Gil et al. [16], including 78 species that

were common to the two datasets (see the electronic supple-

mentary material). It should be noted that antioxidants and

androgens were measured in different eggs. To test for associ-

ations between concentrations in yolk components across bird

species, we built phylogenetic linear mixed models with

Markov chain Monte Carlo techniques using the R package

MCMCglmm. This allowed us to control for possible phylo-

genetic effects, using the phylogeny from Jetz et al. ([17]; see

the electronic supplementary material). We first tested for an

association between the two antioxidants (carotenoids and vita-

min E) using concentration of carotenoid as response variable,

and concentration of vitamin E as fixed effect. Then, we tested

for an association between the two androgens, including the con-

centration of testosterone as response variable, and of A4 as fixed

effect. Finally, we tested for associations between antioxidants

and androgens, including either carotenoid or vitamin E concen-

tration as response variables, and either testosterone or A4 as

fixed effects. Because clutch size, egg mass and adult body

mass have been shown to predict yolk androgen and/or anti-

oxidant concentrations [15,16], we included them as covariables

in our models (using data from Myhrvold et al. [18], Dunning

[19] and Jetz et al. [20]). Clutch size was not available for two

species and egg mass for another one, yielding a total of 75

species for which all data were available. Note that because

egg mass and adult body mass were strongly correlated (Pearson

correlation coefficient ¼ 0.987; p , 0.001), we built two models

for each comparison, considering either egg mass or adult

body mass. These models yielded similar results, and models

including body mass are thus presented in the electronic

supplementary material.
3. Results
Yolk carotenoid and vitamin E concentrations were positively

associated (table 1 and figure 1), as were yolk testosterone

and A4 concentrations (table 1; electronic supplementary

material, figure S1). Carotenoid concentration was not asso-

ciated with either testosterone or A4 concentration. Finally,

the concentration of vitamin E increased with the concen-

tration of testosterone (figure 2) but not A4. Clutch size and

egg mass did not affect carotenoid, vitamin E or testosterone

concentration (table 1).
4. Discussion
Our study provides two key results. First, the concentra-

tions of the two antioxidants considered here (vitamin E

and carotenoids) were positively correlated. Second, the

levels of yolk vitamin E were also positively associated

with the levels of testosterone.

The finding that species investing more carotenoids in

their eggs also allocate more vitamin E is in accordance

with the fact that antioxidants are connected to each other

and act in synergy. When neutralizing ROS, vitamin E is

turned into a radical, which is then reduced and repaired

by carotenoid molecules [21]. Thus, an increase in the concen-

tration of vitamin E beyond the levels that the carotenoid pool

can effectively recycle would reduce the overall antioxidant

system effectiveness [10,22]. Surprisingly, the consequences

of variations in the levels of these maternally transmitted

antioxidants on chick development and then on the adult

phenotype have been seldom considered in the literature.

The few studies that experimentally examined this question

manipulated the concentration of one antioxidant in isolation

through egg injections [3,5,23–26]. Other studies used dietary

carotenoid supplementation of females to indirectly manip-

ulate levels of yolk antioxidants [27–29]. Results of these

manipulations are however difficult to interpret as they

may induce other modifications of mothers’ physiology.

Our results, though at the inter-specific level, suggest that

these experiments might have disturbed the balance between

antioxidants, and call for simultaneous manipulations of

http://rsbl.royalsocietypublishing.org/


Table 1. Models testing for interspecific associations between yolk concentrations of carotenoids and vitamin E, and between yolk concentrations of testosterone
and A4 (androstenedione) (a), and models testing for interspecific associations between yolk concentrations of antioxidants (carotenoids and vitamin E) and
androgens (testosterone and A4) (b). We used the MCMCglmm R package and included phylogeny as random factor. See the main text for details. pm,
posterior mean; CI, credibility interval.

response variable explanatory variables pm CI pMCMC n

(a)

carotenoid concentration vitamin E 0.502 [0.282; 0.726] ,0.001 103

clutch size 0.049 [20.046; 0.145] 0.324

egg mass 20.001 [20.002; 0.002] 0.918

testosterone A4 0.268 [0.115; 0.420] 0.001 98

clutch size 20.028 [20.092; 0.035] 0.394

egg mass 0.000 [20.001; 0.002] 0.640

(b)

carotenoid concentration testosterone 0.125 [20.192; 0.443] 0.436 75

clutch size 0.086 [20.017; 0.194] 0.103

egg mass 20.000 [20.002; 0.002] 0.897

carotenoid concentration A4 20.040 [20.295; 0.211] 0.758 75

clutch size 0.087 [20.020; 0.192] 0.111

egg mass 20.000 [20.002; 0.002] 0.942

vitamin E testosterone 0.264 [0.038; 0.490] 0.027 75

clutch size 0.064 [20.021; 0.149] 0.139

egg mass 20.000 [20.001; 0.001] 0.473

vitamin E A4 0.063 [20.127; 0.255] 0.515 75

clutch size 0.070 [20.018; 0.158] 0.119

egg mass 20.000 [20.001; 0.001] 0.619
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Figure 2. Association between egg yolk concentration in vitamin E (in micro-
gram per gram) and testosterone (in micrograms per gram) in 75 bird species.
pMCMC comes from a model including clutch size and egg mass as covariables,
and phylogeny as random variable (see the text and table 1 for details).
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the entire pool of antioxidants (i.e. vitamins A, C and E,

carotenoids) within the natural range of variation.

We also found that the concentrations of yolk vitamin E

were positively associated with the levels of testosterone trans-

ferred by the mothers to their eggs. Recent evidence suggests

that higher concentrations of yolk testosterone might directly

or indirectly (i.e. through an increased growth rate [30])

impair antioxidant defences and increase the production of

reactive oxygen and nitrogen species [8,9]. For example,

chicks that have hatched from testosterone-injected eggs

suffered from reduced plasma antioxidant levels [8] (zebra
finch, Taeniopygia guttata) and DNA damage repair efficiency

in response to an oxidative challenge [9] (domestic chickens,

Gallus gallus). Our result suggests that species with a fast

growth stimulated by high levels of yolk testosterone might

counterbalance the negative effects of this developmental

strategy on oxidative stress levels by allocating high levels of

antioxidants, and particularly vitamin E, to their eggs. In line

with this hypothesis, faster-developing species allocate

higher levels of carotenoids and vitamin E to their eggs [31].

To conclude, our study shows for the first time that mater-

nally transmitted androgens and antioxidants are co-adjusted

within eggs across species, suggesting that these compounds

interact with each other to shape the offspring phenotype.

Future studies should analyse egg yolk composition for a

suite of molecules such as hormones (androgens, glucocor-

ticoids and thyroid hormones), antioxidants and antibodies

and immunoglobulins in species with various life-history

traits in order to improve our understanding of the evolution

of maternal effects and of the inter-relationships between

these molecules.
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