
Vitamins, stress and growth: the availability of antioxidants in
early life influences the expression of cryptic genetic variation

S.-Y. K IM* , J . C. NOGUERA*† , A . TATO* & A. VELANDO*

*Departamento de Ecolox�ıa e Biolox�ıa Animal, Universidade de Vigo, Vigo, Spain

†College of Medical, Veterinary and Life Science, University of Glasgow, Glasgow, G12 8QQ, UK

Keywords:

corticosterone;

full-sibling model;

genetic variance;

heritability;

malondialdehydes (MDA);

reactive oxygen metabolites (ROMs);

vitamin supplement;

yellow-legged gull.

Abstract

Environmental inputs during early development can shape the expression of

phenotypes, which has long-lasting consequences in physiology and life his-

tory of an organism. Here, we study whether experimentally manipulated

availability of dietary antioxidants, vitamins C and E, influences the expres-

sion of genetic variance for antioxidant defence, endocrine signal and body

mass in yellow-legged gull chicks using quantitative genetic models based

on full siblings. Our experimental study in a natural population reveals that

the expression of genetic variance in total antioxidant capacity in plasma

increased in chicks supplemented with vitamins C and E despite the negligible

effects on the average phenotype. This suggests that individuals differ in

their ability to capture and transport dietary antioxidants or to respond to

these extra resources, and importantly, this ability has a genetic basis. Corti-

costerone level in plasma and body mass were negatively correlated at the

phenotypic level. Significant genetic variance of corticosterone level

appeared only in control chicks nonsupplemented with vitamins, suggesting

that the genetic variation of endocrine system, which transmits environ-

mental cues to adaptively control chick development, appeared in stressful

conditions (i.e. poor antioxidant availability). Therefore, environmental

inputs may shape evolutionary trajectories of antioxidant capacity and endo-

crine system by affecting the expression of cryptic genetic variation.

Introduction

Phenotypic plasticity is the ability of a genotype to

respond to different environments by changing pheno-

types (Pigliucci, 2001). This ability, when exposed to

changing environments or new environmental inputs,

may generate novel developmental variation, for

example, by expressing hidden genetic variation (West-

Eberhard, 2003; Badyaev, 2009). Indeed, a growing body

of evidence suggests that environmental conditions

influence heritable variance of quantitative traits

(reviewed in Hoffmann & Meril€a, 1999; Charmantier &

Garant, 2005) and covariance between different traits

(reviewed in Sgr�o & Hoffmann, 2004). The inconstancy

of heritable variation across different environmental

conditions suggests the presence of genotype by environ-

ment interaction (G 9 E), which is the genetic basis for

phenotypic plasticity (Pigliucci, 2005). Environmental

inputs can provoke previously unexpressed genetic

variation or suppress otherwise expressed genetic varia-

tion in natural populations (West-Eberhard, 2003). This

environmental sensitivity of quantitative genetic

parameters in the wild can be assessed by testing the

effects of environmental manipulations on the expres-

sion of genetic variations (e.g. Charmantier et al., 2004;

Dingemanse et al., 2009).

Environmental conditions during early development

are especially important because a large part of pheno-

typic programming or epigenetic changes occurs during

such a brief period in an individual’s life history (West-

Eberhard, 2003). Therefore, early environmental condi-

tions experienced by an organism have long-lasting

consequences in its morphology, physiology, behaviour

and life history through differential gene expression

(West-Eberhard, 2003; Weaver et al., 2004; Hager et al.,

2009).
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One important developmental mechanism underlying

life-history evolution is trade-offs involving oxidative

stress (Monaghan et al., 2009; Metcalfe & Alonso-

Alvarez, 2010; Kim et al., 2010a). Oxidative stress

occurs when the rate of production of reactive oxygen

species (ROS) exceeds the capacity of antioxidant

defence and repair mechanisms (Finkel & Holbrook,

2000). Rapid growth can give rise to decreased resis-

tance to oxidative stress (Alonso-Alvarez et al., 2007;

Kim et al., 2011) and increased oxidative damage

(Nussey et al., 2009; Noguera et al., 2011b). Fast metab-

olism required for rapid growth or maintenance of a

large body could directly generate oxidative stress by

increasing ROS production at cellular level (Beckman &

Ames, 1998; Rollo, 2002) as predicted by ‘rate of living

free radical theory’ (Harman, 1956). Nevertheless,

evidence that oxidative stress mediates life-history

evolution is often weaker than acknowledged and

rarely conclusively demonstrates the proposed links

between mechanism and evolutionary significance,

particularly for natural populations (Isaksson et al.,

2011). On the other hand, individuals with high meta-

bolic rates may have greater mitochondrial uncoupling

and state three respiration and increased flow of

electrons, all of which can lead to lower production of

ROS (‘uncoupling to survive’ hypothesis: Brand, 2000;

Speakman et al., 2004). Therefore, it may be necessary

to simultaneously measure antioxidant capacity, oxida-

tive damage and ROS production to study the structure

of trade-offs involving oxidative stress.

The availability of exogenous antioxidants may shape

phenotypes of organisms by directly influencing trade-

offs mediated by oxidative stress and provoke pro-

grammed responses that may remain throughout the

lifetime. In birds, for example, experimental increase in

dietary antioxidants during development accelerated

growth of chicks, although these extra resources did

not reduce oxidative damage (Hall et al., 2009; Noguera

et al., 2011b). However, the effects of increased dietary

antioxidants on life-history traits or oxidative damage

are not always found. Between-individual differences

in the effects of dietary antioxidants on life-history

traits and oxidative balance may be linked to individual

differences in ability to produce endogenous antioxi-

dants and physiological interactions between different

antioxidants. Recent studies of some wild vertebrates

suggest that a high proportion of phenotypic variation

in antioxidant capacity can be attributed to their family

of origin (Costantini & Dell’Omo, 2006; Rubolini et al.,

2006; Olsson et al., 2008; Kim et al., 2010b). However,

it remains unexplored whether the gene expression for

traits involved in oxidative stress could change in

response to exogenous antioxidants.

In vertebrates, during development, control systems

translate environmental cues perceived by sense organs

into molecular (neuroendocrine) signals that influence

programmed responses in physiology, gene expression

and behaviour (Lessells, 2008). Most vertebrates

across diverse taxa respond to exogenous stressors by

up-regulating the production of glucocorticoid stress

hormones (Silverin, 1998; Romero et al., 2000; Evans

et al., 2006). Corticosterone is the main avian glucocor-

ticoid hormone that modulates metabolic processes

such as the mobilization of energy stores and the shut-

down of digestive processes (Buchanan, 2000). Recent

studies showed that experimentally elevated corticoste-

rone concentration gives rise to increased oxidative

stress (Lin et al., 2004; Stier et al., 2009; Cote et al.,

2010; Haussmann et al., 2012) and decreased growth

rate (Hayward & Wingfield, 2004; Lin et al., 2006). This

suggests that corticosterone may mediate trade-offs

between oxidative balance and growth, thereby shaping

how individual genotype responds to environmental

cues (see illustration in Fig. 1). However, the mecha-

nism by which corticosterone influences oxidative

balance and growth is not entirely clear. It is necessary

to simultaneously examine the relationships among the

levels of corticosterone, oxidative stress and growth.

In this study, we examine the effects of dietary anti-

oxidant supply during early development on the

sources of individual variations in growth, corticoste-

rone and antioxidant capacity. Here, we used a field

experiment, combining cross-fostering design and vita-

min supplement (vitamins C and E), to examine the

differences in genetic and phenotypic variations of

physiological parameters and growth in yellow-legged

gull Larus michahellis chicks that experience different

antioxidant availability in the early life. Vitamin C

(ascorbic acid, hydrophilic antioxidants) and vitamin E

(tocopherols, lipophilic antioxidants) are two of the

most important dietary antioxidants synthesized mainly

by plants (vitamin C, also by some animals) to protect

themselves against oxidative stress. Vitamin C is anti-

oxidant, but it is also involved in recycling oxidized

Fig. 1 A simplified illustration of relationships between intrinsic

and extrinsic antioxidant defences, endocrine and oxidative stress.

This assumes that the phenotypes involving oxidative balance are

plastic to environmental conditions and that the plasticity has

genetic basis. Endocrine signals may mediate trade-offs between

oxidative balance and growth, thereby shaping how individual

genotype responds to environmental cues.
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vitamin E (Halpner et al., 1998; Woods et al., 2001).

The intake of these dietary antioxidants affects life-

history traits such as fertility and growth in a variety of

vertebrates including fish, birds and mammals

(reviewed in Catoni et al., 2008). This experiment

enabled us to examine how the availability of exoge-

nous antioxidants shapes individual phenotypes of anti-

oxidant capacity, corticosterone and growth (see

illustration in Fig. 1).

If the phenotypes involving oxidative balance are

plastic to environmental conditions (i.e. exogenous

sources of antioxidants) and the plasticity has genetic

basis, the expression of genetic variation will differ

between chicks supplemented with dietary antioxidants

and control chicks. Indeed, the main finding presented

here is that despite negligible effects of vitamin supple-

ment on the average phenotype, the expression of

genetic and/or phenotypic variances in body mass, total

antioxidants and corticosterone level was altered by the

experimental treatment.

Materials and methods

General procedures and experimental design

We performed the field experiment from April to June

2010 at a colony of yellow-legged gulls in the Parque

Nacional das Illas Atl�anticas, S�alvora Island, Galicia,

Spain (N42°28′ W09°00′). In the study population,

modal clutch size is three, and the semi-precocial chicks

hatch asynchronously, with the third chick hatching

normally 1–3 days after the first two (Kim et al.,

2010b). We surveyed the study area once daily during

the egg laying and marked nests with numbered bam-

boo sticks. We visited each nest every day until clutch

completion to mark eggs and register laying dates.

We used 108 nests with a clutch of three eggs for our

experiment. To disentangle genetic and environmental

(co)variances of chicks, all three eggs were swapped

1 day after clutch completion. A set of cross-fostering

was performed within a group of four randomly

selected nests in which the second and third eggs were

laid on the same days (at 2- or 3-days interval). This

cross-fostering design resulted in all three eggs from the

same original nest being incubated, then the hatchings

being raised in three different foster nests other than

the original nest, but conserving the expected chick

order. Each cross-foster group of four nests was

randomly assigned to either nonsupplement (hereafter

NS, n = 52 nests) or vitamin supplement experimental

group (hereafter VS, n = 56 nests). Therefore, all chicks

from the same nest of origin and foster nest receive the

same treatment. Note that due to the clutch size con-

straint (three eggs), full siblings from the same nest of

origin could not be assigned to both experimental treat-

ments in this study designed for quantitative genetic

analyses. The cross-fostering design and experimental

assignment are illustrated in Supporting Information

(Fig. S1).

We checked each nest daily beginning 2 days before

the estimated hatching date. Before hatching, we

installed a fence enclosure around each nest with

plastic garden mesh measured 5 m 9 0.25 m to keep

chicks in their territory. All hatchlings were marked

using numbered leg flags made with Velcro on the day

of hatching (day 0, n = 280). Chicks assigned to NS

group received daily only water, and those of VS group,

a suspension of vitamins C and E mixed in water,

beginning on the day of hatching (day 0) until age

11 days. Water-soluble vitamin C and water-miscible

form of vitamin E, commercially available diet supple-

ment for domestic animals (Lohmann Animal Health

GmbH & Co. KG, Cuxhaven, Germany), were used. We

moderated the level of dosage to prevent hypervitamin-

osis because it is unknown to which extent the dosage

is safe in wild birds. We calculated the supplement

dosage of vitamins C and E based on the estimated

natural intake from main food items in the study popu-

lation, fish and marine molluscs (Dias et al., 2003).

From a suspension of 10 mg vitamin E and 6 mg vita-

min C mixed in 100 mL water, each chick daily

received 0.6 mL on days 0–3, 1 mL on days 4–7 and

2 mL on days 8–11 via oral administration with a

syringe. These daily doses contain approximately 20%

the estimated natural daily intake of vitamins C and E

(i.e. 500 lg VE and 300 lg VC per 100 g body mass;

see also Hall et al., 2009). Control group received the

same amount of water but without vitamins C and E.

We weighed chicks with spring balances and mea-

sured the tarsus length with callipers on days 0, 2, 7

and 12. Blood for sex identification and measurement

of total antioxidant capacity, oxidative damage and

hormone concentration was sampled from the brachial

vein of each chick on days 0, 7 and 12, using a sterile

needle and heparinized capillary tubes. We sampled

blood from each chick immediately after capture

(within 1 min) and before biometry measurement and

experimental administration because the plasma corti-

costerone level of birds increases in response to han-

dling, typically starting several minutes after capture

(Cockrem & Silverin, 2002). The blood samples were

stored at 4 °C before centrifugation that occurred

within 10 h. Immediately after centrifugation, plasma

fractions were stored at �80 °C until analyses of an-

tioxidants and oxidative damage. Red blood cells from

day 0 were mixed with alcohol and stored at room

temperature until molecular sexing. Chick sex was

identified from blood cell DNA by detecting two CHD

genes (CHD1W and CHD1Z), using a pair of primers

(2550F and 2718R; Fridolfsson & Ellegren, 1999).

The study was carried out under permissions by the

Parque Nacional das Illas Atl�anticas and Xunta de

Galicia, and all the field procedures that we performed

complied with the current laws of Spain. The
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experimental protocol was approved by the Committee

on the Ethics of Animal Welfare of the University of

Vigo.

Measuring total antioxidants, lipid peroxidation and
reactive oxygen metabolites

The concentration of total antioxidants was measured

in the plasma sampled for each chick using the method

described by Erel (2004). In brief, coloured 2,2′-azino-
bis-(3-ethylbenzothiazoline-6-sulphonic acid) radical

cation [ABTS] was added to each plasma sample in a

96-well microplate. The ABTS is decolourized by

antioxidants according to their concentrations and anti-

oxidant capacities. This change in colour was measured

as a change in absorbance at 660 nm (SynergyTM 2

Multi-Mode Microplate Reader, Bio-Tek Instruments,

Inc., Winooski, VT, USA), and the assays were

calibrated with Trolox (Erel, 2004). Duplicate sample

analyses showed that the antioxidant assays were

repeatable throughout all ages of sampling (day 0:

r = 0.930, F281,281 = 27.634, P < 0.001; day 7: r =0.815,
F214,203 = 9.307, P < 0.001; day 12: r = 0.708, F114,104 =
5.333, P < 0.001). Main sources of antioxidants that

contribute to this assay include hydrophilic antioxi-

dants, such as -SH group of proteins, uric acid and vita-

min C, and also some hydrophobic antioxidants such as

vitamin E (Erel, 2004). Although uric acid may have a

dominant influence on the total antioxidant capacity of

plasma in birds (Cohen et al., 2007; Costantini, 2011),

our previous analysis did not reveal a strong relation-

ship between the level of uric acid and total

antioxidants in gull plasma samples (r = 0.048, n = 54,

P = 0.728; unpublished data). Within-individual repeat-

ability of each physiological measurement was esti-

mated by following Lessells & Boag (1987).

Lipid peroxidation in plasma (i.e. oxidative damage

in lipids) was assessed in triplicate by quantifying mal-

ondialdehyde (MDA) using high-performance liquid

chromatography. We followed the methods described

by Karatas et al. (2002), but modified the volume of

sample (10 lL) and reagents (see also Noguera et al.,

2011a). Briefly, a plasma sample (10 lL) was mixed

with 50 lL to 0.1 M HClO4. Then, 140 lL of ultra-pure

water was added, and the mixture was centrifuged at

1677 g for 1 min. The addition of acid was necessary to

purify the sample and release the MDA bound to the

amino groups of proteins and other amino compounds.

An aliquot of 100 lL of the supernatant was taken and

stored in cold for the analysis. Purified samples were

injected into a HPLC system (JASCO Comparison

Proven, model 1500) fitted with a Security Guard

precolumn (particle size 5 lm) and a C18 reverse phase

analytical column (Sphere Clone type ODS(2), Phe-

nomenex, Torrance, CA). The absorbance of the eluent

was monitored at 254 nm, and 1,1,3,3-tetraethoxypro-

pane (Sigma-Aldrich, St. Louis, MO) was used as a

external standard (calibration curves, R2 = 0.999). Lipid

peroxidation was expressed as microgram of MDA per

mL of plasma (Noguera et al., 2011b). The lipid peroxi-

dation assays were repeatable at both age 7 days

(r = 0.970, F219,439 = 199.659, P < 0.001) and age

12 days (r = 0.988, F113,225 = 486.049, P < 0.001).

The level of reactive oxygen metabolites (ROMs) in

plasma was also assessed in duplicate using the method

described in Brambilla et al. (2001). ROMs, including

hydroperoxides, are generated by the oxidation of

organic molecules such as lipids, amino acids and

nucleotides. Thus, the level of ROMs is a general indi-

cator of cellular oxidative stress. ROMs also have the

potential to act as oxidants themselves, thereby

amplifying damage throughout the body. Briefly, ROMs

present in plasma (5 lL) were reacted with N,N-

diethyl-p-phenylenediamine to produce a coloured

complex that can be measured spectrophotometrically

at 495 nm (SynergyTM 2 Multi-Mode Microplate Reader,

Bio-Tek Instruments, Inc.). This measure was expressed

as mmol H2O2 equivalent/L (repeatability: day 7:

r = 0.776, F215,218 = 7.944, P < 0.001; day 12: r =
0.674, F113,114 = 5.144, P < 0.001). This assay of ROMs

mainly measures the reaction of alkoxy and peroxy

radicals derived from the hydroperoxides with N,

N-diethyl-para-phenylenediamine (Alberti et al., 2000).

Measuring corticosterone level

We measured corticosterone concentration in plasma

sampled at age 7 days using a commercially available

enzyme-linked immunosorbent assay (ELISA Kit

EIA-4164 from DRG Diagnostics, Marburg, Germany),

based on the principle of competitive binding. The

samples were analysed in duplicates according to the

manufacturer’s instructions. In brief, plasma samples

previously diluted in ultrapure water were incubated

with a corticosterone-horseradish peroxidase conjugate

for 60 min in a microtiter plate. Afterwards, microtiter

plate was washed three times and allowed to react with a

substrate solution leading to a blue–green complex. The

change in absorbance at 450 nm (SynergyTM 2 Multi-

Mode Microplate Reader, Bio-Tek Instruments, Inc.) of

the blue–green complex was reverse proportional to the

concentration of corticosterone. Duplicate sample analy-

ses showed that the assays were significantly repeatable

(r = 0.752, F194,192 = 7.053, P < 0.001).

General statistics

The effects of vitamin supplement experiment were

analysed using a linear mixed effect model (LMM) or

generalized linear mixed model (GLMM) using PROC

MIXED and PROC GLIMMIX in SAS (SAS Institute,

1999). Identities of original and foster nests were

included as random effects nested within the cross-

foster group (i.e. a group of four nests in which
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cross-fostering was performed, see Fig. S1) to account

for the nonindependence of chicks from the same origi-

nal and foster broods. Cross-foster group was also

included as a random effect. Body mass, total antioxi-

dant capacity, lipid peroxidation (i.e. MDA) and ROMs

were analysed using repeated-measure LMMs that

include data obtained from chicks at ages 7 and

12 days. Corticosterone concentration was analysed

using a standard LMM because this was measured only

once in each chick at age 7 days. Chick survival

was analysed using a GLMM with a binomial error

distribution.

Initially, a mixed model with all explanatory vari-

ables and two-way interactions of interest were fitted.

Then, nonsignificant interactions and main terms were

dropped sequentially to simplify the model until we

obtained a minimum adequate model that included

only terms significant at the P < 0.05 level. The

structure of fixed effects in models for examining

the effects of vitamin supplement was as follows:

body mass = treatment + age + order + sex + hatch date +
hatching mass + age 9 treatment + order 9 treatment +
sex 9 treatment; antioxidants = treatment + age + order

+ sex + hatch date + antioxidants (day 0) + MDA +
age 9 treatment + order 9 treatment + sex 9 treatment

+ MDA 9 treatment + MDA 9 age; MDA or ROMs =
treatment + age + order + sex + hatch date + antioxi-

dants (day 0) + age 9 treatment + order 9 treatment

+ sex 9 treatment; corticosterone = treatment + order +
sex + hatch date + order 9 treatment + sex 9 treatment;

chick survival = treatment + order + sex + hatch date +
order 9 treatment + sex 9 treatment. The structure of

models examining the effects of corticosterone level

measured at age 7 days on body mass and oxidative

status at 12 days was as follows: corticosterone treat-

ment + order + sex + hatch date (+hatching mass) +
corticosterone 9 treatment + order 9 treatment + sex 9

treatment.

Quantitative genetic analyses

We estimated genetic and environmental (co)variances

in quantitative traits using a cross-fostering design and

robust quantitative genetic analysis (see also Kim et al.,

2010b, 2011) using ASReml v3 (VSN International, He-

mel Hempstead, UK; Gilmour et al., 2008). Genetic vari-

ance component and two common environmental

components (VOrigin(CF), VFoster(CF) and VCF, respectively)

of total phenotypic variance (VP) for each trait were

estimated in a restricted maximum-likelihood (REML)

univariate linear mixed effect model, with original and

foster nests (nested within the cross-foster group) and

cross-foster group included as random effects.

Our preliminary analyses suggested that the levels of

MDA and ROMs in plasma did not have a heritable vari-

ance (MDA: VOrigin(CF) < 10�7, v21 = 0, P = 1; ROMs: VOri-

gin(CF) < 10
�6, v21 = 0, P = 1). Therefore, subsequent

quantitative genetic analyses were performed for only

body mass and total antioxidants and corticosterone in

plasma at age 7 days. Note that body mass and total an-

tioxidants at age 12 days, although measured, were not

used for quantitative genetic analyses because few genetic

or foster siblings were sampled (only 42.9% of hatched

chicks were alive and sampled at age 12 days). Significant

fixed effects in the previous analyses explained above

were included in the quantitative genetic models. Addi-

tive genetic variance (VA) was calculated as twice the vari-

ance component of the original nest (VOrigin(CF)) because

full siblings share on average 50% of their genes. Note

that extra-pair paternity is rare in gulls (Bukacinska et al.,

1998; Gilbert et al., 1998). Total phenotypic variance was

calculated as the sum of the original nest, foster nest,

cross-foster group and residual variance components

(VP = VOrigin(CF) + VFoster(CF) + VCF + VR). Heritability and

common environmental effects were calculated as

h2 = VA/VP, f2 = VFoster(CF)/VP and cf2 = VCF/VP, respec-

tively, for each trait. The statistical significance of each

variance component was tested using likelihood ratio test

(LRT) that compares models based on -two times the dif-

ference in REML log-likelihood scores distributed as chi-

square where the degree of freedom equalled the number

of variance terms removed.

To compare VOrigin(CF), VFoster(CF) and VCF of the same

trait between the two experimental groups (i.e. NS and

VS), first, we performed separated univariate model

analysis for each treatment. Then, we tested explicitly

whether the size of each variance component differs

significantly between the two experimental groups

using a bivariate mixed model fitted to the data from

both NS and VS for each trait (see also Husby et al.,

2010). The same fixed effects as in the univariate anal-

ysis were included in the bivariate analysis. In the

model, all covariances, including residual covariance,

were constrained to zero. The comparison between NS

and VS was carried out by constraining each variance

component in the two groups to be equal, then using a

LRT to compare the likelihood of this model with the

unconstrained model.

Additionally, phenotypic, genetic and environmental

correlations (rP, rG, rF and rCF) among body mass, total

antioxidants capacity and corticosterone level in chicks

at age 7 days were estimated using a REML multivari-

ate mixed-effect model fitted to each experimental

group. Genetic and environmental covariances (CovG,

CovF and CovCF) among the three traits were estimated

by including original and foster nests (nested within

the cross-foster group) and cross-foster group as ran-

dom effects. CovG was calculated as twice the original

nest covariance, and CovF and CovCF were equal to the

foster nest and cross-foster group covariances. The sig-

nificance of each covariance was assessed using LRT

that compares the full model and a reduced model by

fixing covariance parameter of the random effect to

zero.
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Results

Effects of vitamin supplement on body mass and
survival

Overall, the mean body mass was 120.7 (�32.2 SD) g

at age 7 days (n = 221 chicks) and 206.1 (�57.4) g at

age 12 days (n = 120). Repeated-measure analysis of

body mass of chicks at age 7 and 12 days revealed that

the third chicks (i.e. chicks from the third eggs in three

eggs clutch) supplemented with vitamins C and E (VS)

were heavier than those supplemented only with water

(NS), but this pattern of treatment effect did not appear

in the first and second chicks, while the significant

effects of chick age on the day of weighing, chick order

in the brood, hatching date and body mass at hatching

were taken into account (Fig. 2; repeated-measure

LMM: age: F1,125 = 303.94, P < 0.001; order: F2,178 =
4.57, P = 0.012, treatment: F1,108 = 0.01, P = 0.938;

hatch date: F1,161 = 12.13, P < 0.001; hatching mass:

F1,200 = 9.03, P = 0.003; treatment 9 order: F2,146 =
3.31, P = 0.039). Chick sex and other interaction terms,

treatment 9 age and treatment 9 sex, were nonsignifi-

cant (P > 0.237).

A total of 59 chicks survived to day 12 among 117

hatchlings from VS broods, and 60 chicks survived

among 115 hatchlings from NS broods. These numbers

exclude the chicks missed from sampling at day 12 and

not found dead. Probability of survival to day 12 did

not differ between VS and NS chicks (P = 0.979); only

chick order and hatching date were significant in the

model of chick survival (GLMM with a binomial error

distribution: order: F2,51 = 3.39, P = 0.042; hatching

date: F1,51 = 18.50, P < 0.001). The third chicks (from

the third eggs) were less likely to survive than the first

and second chicks (mean survival probability: first:

0.62; second: 0.61; third: 0.26); the probability of chick

survival decreased with hatching date.

Effects of vitamin supplement on oxidative stress
and corticosterone

Vitamin supplement did not affect any of the physiologi-

cal traits related to oxidative stress (i.e. total antioxidants,

MDA and ROMs in plasma) and the corticosterone level

in study chicks.

None of the fixed factors, covariates and interactions (i.e.

age, order, sex, treatment, hatch date, total antioxidants at

hatching, treatment 9 age, treatment 9 order, treat-

ment 9 sex) explained the level of lipid peroxidation mea-

sured as MDA concentration and the ROMs level in plasma

sampled from chicks at ages 7 and 12 days (MDA:

P > 0.094; ROMs: P > 0.107). The overallmean of total anti-

oxidant capacitywas 1.395 (�1.029)mMTrolox equivalents.

In the analysis of total antioxidants in plasma, additionally

the effect of MDA was examined. There was a significant

interaction betweenMDA and chick age (age: F1,179 = 0.04,

P = 0.836; MDA: F1,172 = 76.37, P < 0.001; age 9MDA:

F1,183 = 4.65, P = 0.032). In general, increased level ofMDA

concentration was associated with raised total antioxidants

in plasma, and the positive relationship was stronger at age

12 days than at age 7 days (Fig. 3). All other factors, covari-

ates and interactions were nonsignificant (P > 0.079). Some

samples, particularly those sampled at age 7 days, showed

extremely low levels of total antioxidants (Fig. 3). Excluding

those 72 samples, which showed consistently low values in

duplicate sample analyses, did not change the results (age:

F1,159 = 0.46, P = 0.497; MDA: F1,147 = 75.72, P < 0.001;

age 9 MDA: F1,158 = 6.87, P = 0.010).

The level of corticosterone in plasma sampled at age

7 days differed significantly between the two sexes

(F1,164 = 19.35, P < 0.001; mean � SE: males: 90.84 �
5.14 nM, n = 100; females: 127.83 � 7.51 nM, n = 90).

All other fixed effects, vitamin treatment, chick order

and hatching date, and all interactions of interest

(i.e. treatment 9 order, treatment 9 sex) were nonsig-

nificant (P > 0.077).
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Effects of corticosterone on body mass and
oxidative stress

Body mass of chicks at age 12 days was significantly

correlated with corticosterone level in plasma sampled

at age 7 days (LMM: F1,101 = 9.40, P = 0.003). Chicks

that showed lower level of corticosterone in plasma at

day 7 were heavier 5 days later (Fig. 4a). A significant

term, hatching date, was retained in the model

(F1,52.8 = 4.89, P = 0.031), but vitamin treatment, sex,

order, hatching mass, treatment 9 order, treat-

ment 9 sex and treatment 9 corticosterone were non-

significant (P > 0.184). Excluding three possible outliers

(corticosterone level >294.2 nM; all are female chicks)

did not alter these results (corticosterone: F1,94.6 = 4.74,

P = 0.032; hatching date: F1,61.5 = 5.23, P = 0.026).

Corticosterone level in plasma at age 7 days was not

correlated with MDA concentration and total antioxi-

dants in plasma sampled 5 days later (P = 0.404 and

P = 0.170, respectively). However, chicks with higher

level of corticosterone showed increased ROMs level in

plasma at age 12 days (F1,99.4 = 23.29, P < 0.001;

Fig. 4b). All other effects and interactions were nonsig-

nificant (P > 0.160). An additional analysis excluding

three possible outliers also showed significant effect of

corticosterone (F1,97.4 = 9.60, P = 0.003).

Quantitative genetics of growth, antioxidants and
corticosterone

All quantitative genetic models converged successfully.

The between-individual variation (VP) in body mass

showed nonsignificant genetic component and signifi-

cant common environmental component, estimated as

original nest and foster nest variances, respectively, in

both NS and VS broods (see Table 1 for estimates and

tests). Cross-foster group variance was nonsignificant in

both NS and VS broods. Both heritability and foster

nest effect of body mass were comparable between VS

chicks and control chicks (NS: h2 = 0.290 � 0.211 SE,

f2 = 0.308 � 0.123, cf2 = 0.099 � 0.121; VS: h2 = 0.306

� 0.239, f2 = 0.313 � 0.119, cf2 = 0), although VP

increased in VS broods. The additional analysis using a

bivariate model showed that the differences in VOrigin

(CF), VFoster(CF) and VCF between the two experimental

groups were statistically nonsignificant (Table 1).

Results from the univariate models fitted to all chicks

that survived to age 7 days showed that nest of origin

explained a high and significant proportion of

phenotypic variance for total antioxidants in plasma in

VS chicks (h2 = 0.586 � 0.259, f2 = 0, cf2 = 0) whereas

VOrigin(CF) was null in NS chicks (Table 1; h2 = 0,

f2 = 0.036 � 0.124, cf2 = 0.015 � 0.062). The difference

in VOrigin(CF) between NS and VS broods was statistically

significant (Table 1).

Results from the univariate model of corticosterone

concentration in plasma showed that the phenotypic

variance in this trait had a significant genetic compo-

nent (VOrigin(CF)), but a nonsignificant variance by com-

mon environment components (VFoster(CF) and VCF) in

NS broods (Table 1; h2 = 0.573 � 0.284, f2 = 0.136�
0.109, cf2 = 0.076 � 0.116). All variance components

decreased and were nonsignificant in VS chicks

(Table 1; h2 = 0.190 � 0.309, f2 = 0, cf2 = 0). However,

the bivariate analysis did not provide evidence for a

statistical difference between NS and VS chicks in all

variance components (Table 1). Neither NS nor VS

broods showed significant genetic covariance between

body mass, total antioxidants and corticosterone level

(Table 2).

Discussion

Dietary supplement of vitamins C and E did not influ-

ence the average body mass (except for the third

chicks) and the levels of total antioxidants, lipid peroxi-

dation (MDA), ROMs and corticosterone in plasma of

growing gull chicks. However, an exciting finding in

the present study is that, despite these negligible effects

on the average phenotypes, the expression of genetic

and/or phenotypic variances in body mass, total antiox-

idants and corticosterone level was altered by the

experimental treatment. This change in genetic vari-

ance of each trait was not attributed to that of the
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age 12 days. The fitted lines are linear regressions.
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other traits because there was no significant genetic

covariance among these traits according to our analyses

using multivariate models.

At the phenotypic level, our results showed that the

third chicks (but not the first and second chicks) sup-

plemented with vitamins C and E grew faster than the

control chicks during an early stage of life. In Larus gull

species, the third chicks (from eggs laid in the third

position) are generally the smallest in the brood at

hatching and receive a lower level of maternally

derived antioxidants such as vitamin E and carotenoids

(Royle et al., 2001). The difference in maternal alloca-

Table 2 Genetic, environmental and phenotypic covariances (�SE) and correlations among body mass and total antioxidants and

corticosterone level in NS and VS chicks at age 7 days from multivariate mixed-effect models.

Traits

NS VS

CovP rP v21 P CovP rP v21 P

Mass–antioxidants 3.533 � 2.181 0.167 � 0.100 4.392 0.036 5.087 � 3.294 0.158 � 0.099 2.986 0.084

Mass–corticosterone �444.3 � 191.6 �0.265 � 0.105 11.700 <0.001 �599.5 � 226.3 �0.302 � 0.100 8.166 0.004

Antioxidants–corticosterone 0.515 � 4.706 0.011 � 0.098 1.278 0.258 5.251 � 7.195 0.083 � 0.113 0.598 0.439

CovG rG v21 P CovG rG v21 P

Mass–antioxidants n.e. n.e. – – 1.755 � 6.817 0.102 � 0.384 0.062 0.803

Mass–corticosterone 164.3 � 315.33 0.209 � 0.435 0.160 0.689 �559.8 � 438.9 �0.782 � 0.517 1.738 0.187

Antioxidants–corticosterone n.e. n.e. – – 9.533 � 14.564 0.296 � 0.456 0.418 0.518

CovF rF v21 P CovF rF v21 P

Mass–antioxidants �0.714 � 2.166 �0.224 � 0.751 0.138 0.710 n.e. n.e. – –

Mass–corticosterone �253.8 � 185.3 �0.559 � 0.288 0.004 0.950 n.e. n.e. – –

Antioxidants–corticosterone �0.975 � 4.321 �0.185 � 0.845 0.052 0.820 n.e. n.e. – –

CovCF rCF v21 P CovCF rCF v21 P

Mass–antioxidants 0.006 � 1.143 0.100 � 18.92 0.094 0.759 n.e. n.e. – –

Mass–corticosterone �1.017 � 116.5 �0.221 � 24.12 0.196 0.658 n.e. n.e. – –

Antioxidants–corticosterone �0.004 � 2.584 �0.028 � 20.70 0.872 0.350 n.e. n.e. – –

n.e.: nonestimable due to one or more 0 variance.

Fixed effects: Mass–Antioxidants–Corticosterone = chick order + sex + hatch date + hatching mass + MDA.

Table 1 Quantitative genetic results from univariate mixed-effect models of body mass, total antioxidants and corticosterone level in

chicks at age 7 days; comparisons between nonsupplement (NS) and vitamin supplement (VS) broods from bivariate mixed-effect models.

Trait Variance

NS VS

Comparison

NS vs. VS

Estimate v21 P Estimate v21 P v21 P

Body mass (n = 112) (n = 109)

VOrigin(CF) 110.88 � 82.992 1.806 0.179 160.93 � 130.20 1.582 0.208 2.826 0.093

VFoster(CF) 235.43 � 104.42 8.286 0.004 329.15 � 147.56 6.774 0.009 0.280 0.597

VCF 75.44 � 97.68 0.840 0.359 <10�4 0 1 0.250 0.617

VP 763.84 � 125.87 1050.50 � 156.45

Antioxidants (n = 107) (n = 108)

VOrigin(CF) <10�7 0 1 0.277 � 0.140 4.014 0.045 19.732 <0.001

VFoster(CF) 0.023 � 0.078 0.096 0.757 <10�7 0 1 3.456 0.063

VCF 0.010 � 0.039 0.070 0.791 <10�6 0 1 0.384 0.535

VP 0.631 � 0.087 0.945 � 0.138

Corticosterone (n = 100) (n = 90)

VOrigin(CF) 1108.2 � 601.7 4.198 0.040 356.5 � 588.6 0.388 0.533 1.664 0.197

VFoster(CF) 526.8 � 429.3 2.038 0.153 <10�2 0 1 2.960 0.085

VCF 292.4 � 463.7 0.500 0.480 <10�3 0 1 0.382 0.537

VP 3866.7 � 627.5 3759.5 � 570.0

Fixed effects: body mass = chick order + hatch date + hatching mass; antioxidants = MDA; corticosterone = sex.
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tion among eggs within a clutch might give rise to vari-

ation in the effect of extra antioxidants on growth in

gull chicks, whereas such effect appeared irrespective of

hatch rank in nestling red-winged blackbirds (Hall

et al., 2009). Therefore, the third chicks, which received

vitamin supplement, accelerated growth possibly by

allocating extra antioxidants to defend against ROS or

by enhancing intensity of begging to their foster parents

(Hall et al., 2009; Noguera et al., 2010). However, this

benefit of vitamin supplement in growth did not

change early survival rate of the third chicks.

Recent studies of antioxidant supplement to avian

young have revealed that chicks allocate extra antioxi-

dants in increasing begging intensity, growing faster and

larger and improving immune competence (de Ayala

et al., 2006; Hall et al., 2009; Noguera et al., 2010; Orl-

edge et al., 2012). However, antioxidant supplement

often has no direct influence in improving oxidative bal-

ance or reducing oxidative damage in the wild (e.g. Hall

et al., 2009; Larcombe et al., 2010; Noguera et al., 2011b;

but see studies of poultries, Surai, 2002) as is the case

also in the present study. Dietary antioxidants are prob-

ably a scarce and limiting resource for wild birds. Thus,

developing birds may allocate extra antioxidants prefer-

entially to biological functions related to fitness such as

growth, size at maturation, sibling competition for

parental care, immunity and resistance to pathogens,

thereby influencing trade-offs involving oxidative bal-

ance rather than oxidative balance itself.

Our result of the positive correlation between antiox-

idant capacity and lipid peroxidation in plasma is also

interesting. This indicates that the greater antioxidant

capacity cannot be understood as a proxy of reduced

oxidative damage as studies of oxidative stress often do.

Rather, the positive correlation between antioxidant

capacity and lipid peroxidation measured at the same

age suggests that individuals with a higher level of oxi-

dative damage invested more in the antioxidant system

to subsequently recover oxidative balance (Monaghan

et al., 2009) or that the increase in oxidative stress trig-

gered the up-regulation of antioxidant defence (Scanda-

lios, 2005).

Our correlative results suggest that a high level of

corticosterone in plasma during early growth was asso-

ciated with suppressed body mass gain and increased

production of ROMs in chicks regardless of vitamin

supplement as illustrated in Fig. 1. In vertebrates, the

release of glucocorticoids after exposure to a stressor

(acute stress response) promotes the reallocation of

resources from energy-consuming systems (immunity,

growth, etc.) to short-term survival (Wingfield & Sapol-

sky, 2003). Baseline (low) glucocorticoid levels are

nonetheless required for normal metabolism (Wingfield

& Sapolsky, 2003). A previous study showed that

experimentally elevated corticosterone reduced body

growth and resistance to oxidative stress in barn owl

nestlings (Stier et al., 2009), and a recent meta-analysis

suggests that administration of glucocorticoids has a

significant effect on oxidative stress (Costantini et al.,

2011). Nevertheless, it has been unknown whether

nonmanipulated level of corticosterone has the same

effect. Another possibility is that as a response (or a

result) to stressful situations, corticosterone and ROMs

levels were increased independently, and they interac-

tively suppressed growth of chicks.

The most important result in this study is that pheno-

typic variance in total antioxidants in plasma increased

in the chicks supplemented with vitamins mainly due to

increased additive genetic variance. Common environ-

mental effects (from shared environment within foster

nest and cross-foster group) on phenotypic variation in

total antioxidants were negligible in the control chicks

(5.1% of phenotypic variance) and disappeared in

the vitamin-supplemented chicks. The low similarity

between foster sibs that shared the same rearing envi-

ronments suggests that the role of dietary antioxidants

from parental provisioning was minor in plasma antioxi-

dants. The total phenotypic variance of antioxidant

capacity increased in the vitamin-supplemented chicks

while the average phenotype was maintained. This indi-

cates that increased availability of dietary antioxidants

does not influence oxidative balance in all individuals at

the same level, with some individuals lowering antioxi-

dant capacity in response to the supplement, whereas

some others increasing antioxidant capacity possibly by

absorbing the exogenous sources of antioxidants. In

humans, administration of vitamins E and C reduces the

normal response to increased metabolism that promotes

the production of endogenous antioxidants (such as

superoxide dismutases 1 and 2 and glutathione peroxi-

dase) to defend against ROS (Ristow et al., 2009). Thus,

in the present study, it is possible that the vitamin

supplement reduces the expression of endogenous

antioxidants in some experimental chicks.

The change in genetic variance for total antioxidant

capacity suggests that individuals differ in the ability to

capture, absorb and transport dietary antioxidants or to

produce endogenous antioxidants, and importantly, this

ability has a genetic basis. Our experimental study dem-

onstrates that the level of total antioxidant capacity in

plasma is under genetic control (for evidence in human,

see Wang et al., 2001) and that this genetic effect is proba-

bly cryptic at some extent. Availability of exogenous an-

tioxidants in environments may influence the expression

of cryptic genetic variance for antioxidant capacity.

Significant genetic variance of corticosterone level in

the control chicks did not appear in the vitamin-supple-

mented chicks, although the difference in genetic vari-

ance between the treatment groups was nonsignificant,

and the total phenotypic variance was maintained at

the similar level. Some experimental studies also have

shown heritability of corticosterone response in captive

birds (Evans et al., 2006 and references therein). The

production of corticosterone is an adaptive response to

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . 2 6 ( 2 0 1 3 ) 1 3 41 – 1 3 52

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 3 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Antioxidants and genetic variability 1349



stressors in favour of activities concerned with short-

term survival (Wingfield, 2002). Vitamin supplement

possibly suppressed gene expression for producing corti-

costerone, which controls metabolic processes, thereby

reducing genetic variance for this trait. Under

circumstances that more dietary antioxidants are avail-

able, the importance of corticosterone as a modulator

of metabolism may be reduced in growing chicks.

In birds, females allocate maternal antioxidants and

hormones into eggs, and such maternal effects may

inflate genetic effects estimated in quantitative genetic

models based on full siblings (Eising et al., 2001; Surai,

2002; Rubolini et al., 2006). Our previous study sug-

gested that antioxidant capacity during the growth may

be independent to that at hatching, and maternally

derived antioxidants in eggs probably have rather weak

influences on the similarity in oxidative conditions

among genetic siblings during the post-natal growth

(Kim et al., 2010b). However, we cannot exclude the

possibility of maternal effects through hormones on the

levels of antioxidant capacity and corticosterone.

In conclusion, this study suggests that the availability

of exogenous antioxidants in environment influences

the expression of genetic variations in important physi-

ological functions (i.e. total antioxidants and corticoste-

rone levels in plasma) that influence metabolic

processes during early growth. Although there was no

evidence that such environment-dependent genetic

variances also influence the average phenotypes, it is

possible that the gene expression in early life affects

shaping later phenotypes (Spencer et al., 2009). Under

natural conditions, it is likely that the consumption of

exogenous antioxidants increases as the total amount of

food fed by parent birds increases. Therefore, in such

circumstances enhancing individual capacity for capture

and absorption of exogenous antioxidants and suppress-

ing the production of corticosterone should help grow-

ing chicks to prepare for the maintenance of oxidative

balance during fast growth. Our results suggest that

environmental inputs may shape evolutionary trajecto-

ries of antioxidant capacity because this trait could

evolve only in antioxidants-rich environments where

the cryptic genetic variance is expressed. The incon-

stancy of heritable variance between the two experi-

mental groups, containing randomly selected families,

suggests the presence of G9E in response to exogenous

antioxidants availability. Furthermore, the endocrine

system mediates the reaction norm by transmitting

environmental cues to adaptively control gene expres-

sion (Lessells, 2008). The future studies should quantify

the endogenous and exogenous sources of antioxidants

that contribute the changes in genetic and phenotypic

variances to confirm the presence of G9E and investi-

gate the mechanisms. Whether the cryptic genetic vari-

ation in antioxidant capacity, released by certain

environmental conditions, contributes to phenotypic

evolution should be explored (McGuigan & Sgr�o, 2009).
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