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abstract: Life-history traits are often involved in trade-offs whose
outcome would depend on the availability of resources but also on
the state of specific molecular signals. Early conditions can influence
trade-offs and program the phenotype throughout the lifetime, with
oxidative stress likely involved in many taxa. Here we address the
potential regulatory role of a single intracellular antioxidant in life-
history trade-offs. Blood glutathione levels were reduced in a large
sample of birds (zebra finch Taeniopygia guttata) during development
using the synthesis inhibitor buthionine sulfoximine (BSO). Results
revealed several modifications in the adult phenotype. BSO-treated
nestlings showed lower glutathione and plasma antioxidant levels. In
adulthood, BSO birds endured greater oxidative damage in eryth-
rocytes but stronger expression of a sexual signal. Moreover, adult
BSO females also showed weaker resistance to oxidative stress but
were heavier and showed better body condition. Results suggest that
low glutathione values during growth favor the investment in traits
that should improve fitness returns, probably in the form of early
reproduction. Higher oxidative stress in adulthood may be endured
if this cost is paid later in life. Either the presence of specific signaling
mechanisms or the indirect effect of increased oxidative stress can
explain our findings.

Keywords: antioxidants, carotenoids, early development, hormesis,
oxidative stress, zebra finches.

Introduction

Life-history traits are quantitative, demographic charac-
teristics of individuals that are directly associated with the
two main components of fitness: survival and reproduc-
tion. Growth pattern, age and size at maturity, reproduc-
tive investments, and longevity are all principal life-history
traits (Braendle et al. 2011). The values of these traits are
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limited by factors internal to the organism, which are often
described in the form of trade-offs. A trade-off takes place
when an increased investment in one component of fitness
leads to a decrease in the investment in another (e.g., early
reproduction vs. longevity; Roff 2011; Stearns 2011).

The outcome of life-history trade-offs can be based on
the limited availability of certain resources (e.g., time, en-
ergy, and micronutrients) that must be simultaneously al-
located to different traits (i.e., the “Y” model; DeJong and
van Noordwijk 1992; Zera and Harshman 2001). In the
past decade, it has been proposed that the trade-off out-
come may, alternatively or additionally, depend on the
state of molecular intermediaries (signals), mostly hor-
mones, such as insulin and insulin-like growth factors
(Leroi 2001; Barnes and Partridge 2003; Lessells 2008).
This challenges evolutionary theory, because molecular
signals may sometimes act independently of resources, be-
ing able to simultaneously promote reproduction and sur-
vival (Leroi 2001; Barnes and Partridge 2003; Gerish and
Antebi 2011).

Resource-based or signaling-based trade-offs would be
critically influenced by the environment, which determines
the resources and also triggers the signals (Lessells 2008;
Alonso-Alvarez and Velando 2012). The environment can
generate different phenotypes from a single genotype (i.e.,
phenotypic plasticity; West-Eberhard 2003). We also know
that the earlier the environment impacts genotype, the
stronger and longer lasting the effects are on adult phe-
notypes (Metcalfe and Monaghan 2001; Rinaudo and
Wang 2012). It has been demonstrated that early condi-
tions can program the phenotype for the duration of the
lifetime. Among evolutionary and ecological studies, the
case of offspring sex determination mediated by maternal
sexual steroids can be highlighted, with hormones prob-
ably acting as signals of environmental conditions (e.g.,
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Godwin et al. 2003; Pike and Petrie 2003). However, as
in many cases in biology, the phenomenon has mostly been
examined in the context of biomedicine, where terms such
as “metabolic programming,” “metabolic imprinting,” and
“metabolic syndrome” have been coined (e.g., Levin 2006;
Kiani and Nielsen 2011; Rinaudo and Wang 2012). The
study of the proximate mechanisms involved in this phe-
notypic programming has contributed to explaining mod-
ern diseases in humans (e.g., obesity, cardiovascular dis-
ease, and diabetes; McMillen and Robinson 2005; Rinaudo
and Wang 2012). The availability of nutritional resources
(lipids, proteins, and some specific amino acids) during
early development has been the focus of most studies
(mostly in mammalian species; e.g., McArdle et al. 2006;
López-Torres and Barja 2008; Rinaudo and Wang 2012).
A typical example is that of fetuses exposed to energy
limitations during development, which leads to adult phe-
notypes adapted to an environment with scarce resources
(the “thrifty phenotype” hypothesis; Hales and Barker
1992).

Other mechanisms, such as physiological stress (glu-
cocorticoid-mediated stress; e.g., McMillen and Robinson
2005) and exposure to xenobiotics (e.g., Gore 2008) during
early development, have also been addressed. Nonetheless,
many authors (reviews in Luo et al. 2006; Nuyt and Al-
exander 2009; Tarry-Adkins et al. 2009; Dennery 2010;
Hernandez-Garcı́a et al 2010; Warner and Ozanne 2010;
Thompson and Al-Hasan 2012) have noted that most of
the cited mechanisms involve oxidative stress, which is the
imbalance between the production of reactive species by
cell metabolism or immune responses and the state and
availability of antioxidant defenses (Halliwell and Gutter-
idge 2007). Oxidative stress was initially proposed as one
of the main proximate causes of aging (e.g., Kirkwood and
Austad 2000). Studies in rodents have shown that restric-
tion in the availability of certain energy sources in the diet
(i.e., proteins) during development reduces oxidative stress
and, ultimately, increases life span (e.g., Tarry-Adkins et
al. 2007; Chen et al. 2009 and references therein). Addi-
tionally, oxidative stress influences redox signals, govern-
ing important physiological pathways and modifying gene
expression (Jones 2006; Ghezzi and Di Simplicio 2009). A
key molecule in this framework is glutathione.

Glutathione is a tripeptide thiol that is often considered
the most abundant and important intracellular antioxidant
(Wu et al. 2004; Isaksson et al. 2011). Glutathione synthesis
is influenced by environmental variability in different taxa.
Accordingly, environmental temperature (houseflies: Rojas
and Leopold 1996; fish: Leggatt et al. 2007; birds: Del Vesco
et al. 2014; rats: DeQuiroga et al. 1991) and exposure to
different pollutants (e.g., in birds: Galván and Alonso-
Alvarez 2009; Wlostowski et al. 2010) significantly affect
glutathione levels. Moreover, poor nutrition also depletes

glutathione levels in pigs (Jahoor et al. 1995), laboratory
rodents (e.g., Feoli et al. 2006; Fetoui et al. 2007; Parta-
diredja et al. 2009), and humans (e.g., Reid et al. 2000).
We must here note that glutathione is synthesized by the
cell from cysteine and other amino acids, such as methi-
onine (Wu et al. 2004; Isaksson et al. 2011; Lu 2013). This
implies that glutathione synthesis depends on protein
(amino acid) availability in the diet (Lu 2013). In devel-
oping chicken, cysteine (Chung et al. 1990; Enkvetchakul
and Bottje 1995) and methionine (Nemeth et al. 2004;
Swennen et al. 2011) supplementation in food increases
glutathione levels. In wild conditions, Isaksson (2013) has
also found that great tits (Parus major) feeding on decid-
uous forests carried lower circulating glutathione levels
than did birds feeding on evergreen forests and suggests
that it could be due to different availability of dietary
amino acids between habitats. Cumulatively, these studies
suggest that glutathione levels could potentially be used
as a chemical cue signaling ecological changes.

Glutathione neutralizes hydrogen peroxide, producing
oxidized glutathione (GSSG) that is subsequently recycled
to reduced glutathione (GSH), with the process as a whole
requiring a number of specific enzymes (e.g., gluthathione
peroxidase and reductase; Wu et al. 2004). The GSH :
GSSG ratio is thus tightly regulated, with an imbalance to
low ratios indicating higher oxidative stress (Halliwell and
Gutteridge 2007). Studies in the past several decades have
revealed the importance of thiols in general, and gluta-
thione in particular, in cell (redox) signaling (Ghezzi and
Disimplicio 2009; Sohal and Orr 2012; Ghezzi 2013). Glu-
tathione is even able to penetrate the cell nucleus, probably
altering gene expression in animals (Markovic et al. 2010).
All of this makes glutathione a potentially important signal
involved in the outcome of life-history trade-offs (Isaksson
et al. 2011). However, its role in this context has been
barely studied.

Here, we studied the influence of glutathione levels in
the expression of different life-history traits in a well-
known avian species, the zebra finch (Taeniopygia guttata).
We used a specific inhibitor of glutathione synthesis, buth-
ionine sulfoximine (BSO), a compound that selectively
blocks the activity of the enzyme glutamate cysteine ligase
(also g-glutamylcysteine synthetase; Griffith 1982), the
first enzyme in the glutathione biosynthesis pathway (Wu
et al. 2004). The BSO action is restricted to glutathione
depletion and its consequences (e.g., Griffith 1982;
Mårtensson et al. 1991). After determining BSO doses by
means of a pilot study and previous work (i.e., Galván
and Alonso-Alvarez 2008), we decreased glutathione levels
in a large sample of nestlings and then assessed the impact
of BSO on growth pattern, survival, and adult phenotype,
including body mass and size, a number of markers of
oxidative stress in blood (antioxidant levels and oxidative
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Figure 1: Chronogram of the experiment. BSO p buthionine sulfoximine.

damage indices), circulating levels of protein and fat
metabolites (uric acid [UA] and triglycerides [TRG], re-
spectively), and the expression of colored traits, including
a sexual signal (i.e., bill color; Burley 1986; Simons et al.
2012). Early development is a life stage in which oxidative
stress levels should be high due to the link between the
high metabolic activities required for growth and reactive
species generation (Metcalfe and Alonso-Alvarez 2010 and
references therein). If glutathione depletion only leads to
oxidative stress and damage (e.g., Horak et al. 2010), and
given the role of perinatal oxidative stress in human dis-
eases in adulthood (e.g., Nuyt and Alexander 2009; Warner
and Ozanne 2010), we may predict that low glutathione
levels during growth should constrain development and
adult fitness-related traits. We may also, alternatively, pre-
dict that low glutathione levels experienced during growth
could serve as a signal of a future adverse environment,
promoting any phenotypic change favoring individual
fitness.

Material and Methods

Eighty randomly formed zebra finch pairs were housed in
breeding cages (0.6 m # 0.4 m # 0.4 m) with a nestbox
(11 cm # 13 cm # 13 cm), receiving water and food (a
commercial mix of seeds; KIKI, Callosa de Segura, Spain)
ad lib.. Temperature (mean temperature, 22� � 1�C) and
light-dark daily cycles (16L : 8D) were controlled. The
pairs bred over a 5-month period. Twelve pairs did not
breed during the experiment, 22 pairs reproduced once,
22 pairs reproduced twice, 21 pairs reproduced three times,
and three pairs produced four broods. Reproduction was
monitored every 2 days.

The experimental schedule is shown in figure 1. The
treatment was applied to chicks when they reached a min-
imum body mass of 3 g (mean � SE, 4.82 � 0.03 g).
Half of the nestlings in a brood were randomly assigned
to a treatment receiving DL-buthionine-S,R-sulfoximine
(BSO; Sigma, ref. B2640) diluted in sterilized normal saline
solution (0.90% w/v of NaCl), and the other half received
sterilized saline only (controls). The BSO dose was cal-
culated from a pilot experiment and based on a previous
work involving great tit (Parus major) nestlings (Galvan

and Alonso-Alvarez 2008). The pilot study used 10 breed-
ing zebra finch pairs and 26 nestlings. Total glutathione
(tGSH) in erythrocytes was determined in 14-day-old nest-
lings, and then a dose producing a moderate but significant
decrease was chosen (50 mg/mL).

In the final experiment, a volume of 0.06 mL of the
solution/saline was subcutaneously injected in the back
every 2 days from 6 to 12 days old (i.e., four injections).
BSO chicks received a total of 12 mg BSO. We randomly
allocated a treatment to the heaviest chick in a brood and
then successively alternated the treatment category among
its siblings (e.g., control, BSO, control, BSO). Twelve nest-
lings were excluded from the study because they errone-
ously received a mix of the two treatments. Sample sizes
were thus 206 and 203 birds for BSO-treated and control
nestlings, respectively. A blood sample was collected for
each bird 8 days after the start of the injection period (fig.
1; mean age, 14 days). Blood was taken from the brachial
vein by means of heparinized capillaries. Males and fe-
males were separately housed in different rooms (2.80 m
# 3 m # 2.50 m) when they reached approximately 40
days of age (mean age � SE, 39 � 0.12 days), an age at
which all of the birds were independent (Zann 1996;
Alonso-Alvarez et al. 2006). The rooms had controlled
temperatures (mean temperature � SE, 22� � 1�C), food
and water were provided ad lib., and the rooms were not
acoustically isolated. A second blood sample was collected
from the jugular vein in adulthood (mean age � SE, 97.8
� 0.84 days). For simplicity, we will use 40 days and 100
days to show the mean age at the independence and adult-
hood sampling events, respectively. The blood samples
were immediately stored at 4�C in Eppendorf tubes and
centrifuged (5,000 g, 5 min) within 4 h. An aliquot of
blood was used to calculate the hematocrit. The plasma
was removed and the buffy coat discarded by pipetting.
Plasma and erythrocyte (red blood cell [RBC]) fractions
were separately stored at �80�C.

In adulthood (at 100 days; i.e., when the second blood
sample was taken), a digital picture of the upper surface
of the upper mandible was obtained by placing the bird
in a prone position. Another picture of the breast was
obtained for adults by placing the animal in a supine po-
sition (see also appendix, available online). Finally, the
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tarsus length and the body mass of each individual were
measured on the day of first injection, first blood extrac-
tion, independence, and adulthood.

Molecular Sexing

Nestlings that were not sexed by their sexually dimorphic
traits were molecularly sexed from a subsample of the RBC
fraction. DNA from sex chromosomes was amplified with
polymerase chain reaction using the primers 002R, 0057F
(Round et al. 2007). We were unable to sex 10 chicks that
died before the first blood sampling and whose body sam-
ples were contaminated.

Glutathione Levels in RBCs

Glutathione was quantified following the Griffith (1980)
method with modifications (appendix). To attain the glu-
tathione oxidation rate, GSH was calculated by subtracting
GSSG from tGSH levels. Subsequently, the ratio GSH :
GSSG was obtained (Owen and Butterfield 2010).

Plasma Antioxidants

A technique often called total antioxidant status was as-
sessed to estimate the availability of nonenzymatic anti-
oxidants. Because the idea that this measure assesses all
the antioxidants is questionable, the term “total” was
avoided, and hence, we will use only a generic “plasma
antioxidants” (PLAOX). The procedure is based on Miller
et al. (1993), modified by Cohen et al. (2007; also
appendix).

Total carotenoids in plasma were quantified because of
their antioxidant properties and the fact that they result
in the red coloration of zebra finch bills (McGraw and
Toomey 2010). Values were determined by spectropho-
tometry (446 nm), using lutein as the standard (appendix).

Erythrocyte Resistance to Oxidative Stress in Adults

The resistance to oxidative stress in adult birds was as-
sessed by measuring the time needed to hemolyze 50% of
the RBCs exposed to a controlled free radical attack (e.g.,
Alonso-Alvarez et al. 2006). The principle of this in vitro
test is to submit whole blood to thermo-controlled free
radical aggression by adding 2,2-azobis-(aminodinopro-
pane) hydrochloride, measuring the decrease in optical
density of the solution (appendix).

Oxidative Damage in Lipids

The protocol described in Agarwal and Chase (2002) with
modifications by Nussey et al. (2009) was followed to as-

sess the amount of a product of lipid peroxidation named
malondialdehyde (MDA; Halliwell and Gutteridge 2007).
The test was performed on plasma and erythrocyte sus-
pensions separately (appendix).

Plasma TRG and UA

The glycerol phosphate oxidase/peroxidase method and
the uricase/peroxidase method were used for measuring
TRG and UA levels, respectively, by means of commercial
kits (Biosystems, Barcelona; appendix).

Color Measurements

The area of the black bib was measured only in males,
because females do not exhibit a conspicuous bib (Zann
1996). Adobe Photoshop CS3 was used. Two measures of
the bib were taken: the homogeneous black zone only
(selected manually) and the total area including the hor-
izontal black stripes (using the magic wand tool in Adobe
with a fixed tolerance). The area of a standard chip
(Kodak) was also measured and added as a covariate in
the models (see “Statistical Analyses”).

The color intensity of the bill was determined in adults
by recording mean red, green, and blue values (RGB sys-
tem; Alonso-Alvarez et al. 2008) using Adobe Photoshop
CS3. We have previously observed that redness measure-
ments using this technique highly correlate ( )r p 0.86
with similar measurements taken with a spectrophotom-
eter (Avantes DH-2000 spectrometer) including the ultra-
violet spectrum (300–400 nm; Alonso-Alvarez and Galván
2011; appendix). Hue was determined after conversion of
RGB values by using the Foley and Van Dam (1984) al-
gorithm. High hue values denote low red intensity. To
control for subtle variations in illumination between pic-
tures, the hue of a red chip placed close to the bird (ap-
pendix) was added as a covariate in models testing hue as
the dependent variable (see “Statistical Analyses”) and al-
ways retained (all P ! .05). All of the image measurements
were performed by a technician blind to bird identity.

Statistical Analyses

We used SAS, version 9.3 (Cary, NC), for statistical anal-
yses. Generalized mixed models (MIXED procedure; Littell
2006) were used to control for shared genes and environ-
ment. Data were thus cross-classified by introducing the
identity of the brood nested into the identity of the cage
(i.e., a single cage with the same parents could produce
several broods; see above) as a random factor (P ! .001
to P p .428). The identity of the session was also added
as an additional random factor in models testing physi-
ological variables (P ! .001 to P p .448). The treatment
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(control vs. BSO), the sex, and their interaction were al-
ways tested. A number of covariates were added to control
for potential confounding effects: number of reproduction
for a given pair (brood number), hatching date, squared
hatching date (for quadratic relationships), hatching order,
brood size, age and mass at the first injection, age at in-
dependence, and age at the time of the last sampling event.
The age at the first injection and the age at adulthood
were also considered for models testing physiological var-
iables. In addition, because we previously detected a neg-
ative correlation between tGSH values and plasma carot-
enoid levels in nestlings but not adult zebra finches
(Romero-Haro and Alonso-Alvarez 2014a), here we tested
a potential influence of the treatment on the correlation
of these variables. In this order, alternative models on
tGSH variability (dependent variable) included carotenoid
level as a covariate, testing its interactions with treatment
and sex. In this case, the intercept of the model was also
included as a random term following Schielzeth and
Forstmeier (2009). Plasma TRG and UA levels were also
added as covariates to control for the potential confound-
ing influences (positive links) of recent food intake on
plasma MDA and PLAOX models, respectively (see studies
by Costantini [2011] and Romero-Haro and Alonso-Al-
varez [2014a]). Physiological variables were recalculated
as residuals from models controlling for random effects
when used as covariates (i.e., UA, TRG, and carotenoids).
To detect initial bias among fledglings, different mixed
models were also performed on initial body mass, initial
tarsus length, initial size-corrected body mass (body con-
dition; i.e., adding tarsus length to a model with body
mass as the dependent variable), and age at the time of
the first injection (i.e., the start of the experiment).

The procedure GLIMMIX in SAS was used for those
dependent variables that were not normally distributed
(i.e., mortality) or nonnormalizable after transformation
(i.e., age at first injection). In these two cases, the type of
distribution and link function were specified (mortality:
binomial and logistic; age at first injection: multinomial
and cumulative logistic; Gibbs 2008).

To explore the change in body mass and size, repeated-
measurement mixed models (also PROC MIXED in SAS)
were used. The mean age (6-, 14-, 40-, and 100-day-old
sampling bouts) was added as a four-level fixed factor in
every model, testing interactions with treatment and sex.
In these models, in addition to the identity of the brood
nested into the identity of the cage (random factors;
RANDOM statement), the age was included as a repeated-
measure factor and the identity of the individual as a sub-
ject term (REPEATED statement). The tarsus length was
added as a covariate to test changes in body condition
(size-corrected body mass). Repeated-measurement mixed
models were not used for testing physiological variables

(above) because the low masses of 4-day-old nestlings pre-
vented the collection of sufficient blood volume for ob-
taining pretreatment values without risking bird survival.

Different procedures for selecting the best-fitted model
were used (forward and backward stepwise procedures and
the Akaike information criterion), and they all showed
similar results. For simplicity, only the results of backward
procedures were shown, removing all nonsignificant terms
at P ! .10. Moreover, the models remained significant
when all the covariates used for controlling potential con-
founding effects (see above) were removed (i.e., even when
significant). The reported means and standard errors (SEs)
are always least square means and SEs obtained from the
models. Degrees of freedom were calculated by the
BETWITHIN option in SAS (Littell 2006). Least significant
difference post hoc tests were used for pairwise compar-
isons. Blood volume was not sufficient to perform all the
analytical techniques in every individual, which affected
degrees of freedom. The reported tests and P values for
factors and covariates are those from the best-fitted models
or those obtained at the time of removal following the
selection model procedure. The effect of sex independent
of treatment (without interaction) is described in the text
only when significant (P ! .05). Variables GSH : GSSG,
adult PLAOX, and hue were log transformed to reach
normality. Effect sizes for significant comparisons are re-
ported as Cohen’s d (Cohen 1992). Data used in this study
are deposited in the Dryad Digital Repository (http://dx
.doi.org/10.5061/dryad.1rd58; Romero-Haro and Alonso-
Alvarez 2014b).

Results

Initial Values

The age at the start of the treatment did not differ between
control and BSO-treated chicks (treatment: ,F p 0.681, 268

P p .410; treatment # sex interaction: , P pF p 0.251, 256

.615). No initial significant differences between treatments
in body mass (treatment: , P p .264; treat-F p 1.251, 407

ment # sex: , P p .809), tarsus length (treat-F p 0.061, 395

ment: , P p .269; treatment # sex:F p 1.22 F p1, 403 1, 391

, P p .118), or body condition (treatment:2.46 F p1, 402

, P p .479; treatment # sex: , P p .360)0.50 F p 0.841, 390

were found.

The Manipulated Variable: Glutathione

BSO nestlings showed lower tGSH concentrations than
control nestlings (table 1; fig. 2). The difference was 13%
(Cohen’s d p 0.78). Individual values were well over-
lapped between treatments (see “Oxidative Stress Mark-
ers”). Adults showed even lower levels (fig. 2) but did not
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Table 1: Best-fitted mixed models testing the impact of the manipulation of glutathione
levels during development on different physiological variables

Dependent variable, terms in the model Slope SE F df P

Nestling RBC tGSH:
Treatment ... ... 56.83 1, 374 !.001
Initial age �.116 .031 14.09 1, 374 !.001

Nestling PLAOX:
Sex ... ... 3.68 1, 370 .056
Treatment ... ... 5.78 1, 370 .017
Initial age .036 .006 35.86 1, 370 !.001

Adult RBC MDA:
Sex ... ... 5.77 1, 266 .0169
Treatment ... ... 6.69 1, 266 .0102
Hatching date .1609 .07002 5.28 1, 266 .022

Adult RBC resistance to oxidative stress:
Sex ... ... .05 1, 270 .829
Treatment ... ... .64 1, 270 .423
Sex # treatment ... ... 4.97 1, 270 .027
Initial age .9483 .4188 5.13 1, 270 .024

Note: Only variables with remain in the table. SE: standard error; df p degrees of freedom;P ≤ .10

RBC p red blood cell; tGSH p total glutathione; PLAOX p hydrosoluble plasma antioxidants; MDA p
malondialdehyde.
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Figure 2: Total glutathione (tGSH) erythrocyte levels at 14 and 100
days of age. White and gray bars show control and buthionine sul-
foximine–treated birds, respectively. Least square means � SE from
mixed models.

show a difference between groups (treatment: F p1, 288

, P p .290; treatment # sex: , P p .613).1.12 F p 0.261, 287

Adult females showed higher tGSH levels than adult males
( , P p .034; mean � SE, 3.82 � 0.049 mmol/F p 4.561, 289

g in males and 3.95 � 0.05 mmol/g in females; d p 0.25).
With regard to the GSH : GSSG ratio, the treatment and
its interaction with sex were not significant among nest-
lings ( , P p .728, and , P p .477,F p 0.12 F p 0.511, 369 1, 368

respectively) or adults ( , P p .330 andF p 0.951, 279

, P p .117, respectively).F p 2.471, 278

Mortality

Mortality at the age of the first blood-sampling event, at
the end of the injection period (14 days), did not signif-
icantly differ between treatments ( , P p .239;F p 1.391, 280

control group: [4.75%]; BSO group:n p 10 n p 16
[7.77%]). Because a few nestlings that died before the first
blood-sampling event could not be sexed (see “Material
and Methods”), the treatment # sex interaction was tested
in another model that included sexed birds only. That
model did not show any significant trend (treatment:

, P p .830; treatment # sex: ,F p 0.05 F p 0.011, 269 1, 268

P p .918). Similarly, the accumulated mortality at the
independence stage (11.5%) did not show significant dif-
ferences (treatment: , P p .880; treatment #F p 0.021, 269

sex: , P p .542). The same variable in adult-F p 0.371, 268

hood blood sampling (22.9%) showed similar results
(treatment: , P p .973; treatment # sex:F p 0.011, 269

, P p .966).F p 0.011, 268

Body Mass and Body Size Changes

In repeated mixed models, a number of differences among
treatments in morphological variables were detected (table
2). First, the body mass showed a significant three-order
interaction between age of sampling, sex, and treatment
(fig. 3A). The treatment did not differ in males at any age
(always P 1 .27). In females, in contrast, the body mass
did not differ between treatments at 14 days old (P p
.480), but differences arose with time (40 days old: P p
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Table 2: Mixed models testing the impact of the manipulation of glutathion levels during
development on morphological variables

Dependent variable, terms in the model Slope SE F df P

Body mass:
Age ... ... 5,210.8 3, 1039 !.001
Treatment ... ... 1.78 1, 392 .183
Sex ... ... .20 1, 392 .658
Treatment # sex ... ... 2.78 1, 392 .096
Treatment# age ... ... 1.33 3, 1039 .263
Sex # age ... ... 3.52 3, 1039 .015
Treatment # sex # age ... ... 2.76 3, 1039 .039
Hatching date .004 .002 2.98 1, 392 .085
Hatching order �.176 .029 36.03 1, 392 !.001
Initial age �.099 .027 13.61 1, 392 !.001

Size-corrected body mass (body condition):
Age ... ... 1,190.3 3, 1033 !.001
Treatment ... ... 1.30 1, 392 .256
Sex ... ... .42 1, 392 .519
Treatment # sex ... ... 19.04 1, 392 !.001
Treatment # age ... ... .76 3, 1033 .517
Sex # age ... ... 3.46 3, 1033 .016
Treatment # sex # age ... ... 2.84 3, 1033 .037
Tarsus length .888 .026 1,207.3 1, 1033 !.001
Brood number .189 .063 8.96 1, 392 .003
Hatching order �.088 .020 19.77 1, 392 !.001
Initial age �.133 .017 58.68 1, 392 !.001

Note: Only variables with P ≤ .10 remain in the table. Boldface type indicates the main significant interaction.

SE p standard error; df p degrees of freedom.

.019, d p 0.36; 100 days old: P p .007, d p 0.45), with
BSO females being heavier than control females. When
comparing data among ages (fig. 3A), the body mass of
BSO males decreased from 40 to 100 days old (P p .010,
d p 0.40), whereas it did not decrease in control males
(P p .115). No change at these ages was detected in fe-
males (control females: P p .591; BSO females: P p .494).

In the case of tarsus (fig. 3B), the treatment did not
interact with age and sex (three-way interaction:

, P p .471) or with age alone (treatment #F p 0.843, 1034

age: , P p .635). In the case of size-correctedF p 0.573, 1042

body mass (body condition), the treatment again showed
a significant three-way interaction with age and sex (table
2; fig. 3C). In males, the differences between treatments
were not significant at 14 and 40 days (both P 1 .179).
However, the BSO males tended to show a poorer body
condition than control males in adulthood (P p .068). In
females, differences were not detected at 14 days old (P p
.275) but arose at 40 and 100 days (P p .005, d p 0.44,
and P p .008, d p 0.44, respectively; fig. 3C), with BSO
females showing better condition than control females.
When comparing ages, the body condition of BSO males
decreased from 40 to 100 days (P p .028, d p 0.34), but
control males and females did not show a significant
change (P 1 .117).

Oxidative Stress Markers

BSO nestlings showed lower PLAOX levels than control
nestlings (table 1; fig. 4A; d p 0.24). This did not change
when PLAOX was corrected by UA variability (F p1, 360

, P p .023, d p 0.24). In adults, no significant dif-5.22
ference was found in uncorrected (treatment: F p1, 283

, P p .118; treatment # sex: , P p .968)2.46 F p 0.011, 282

or UA-corrected (treatment: , P p .406; treat-F p 0.691, 277

ment # sex: , P p .804) PLAOX levels.F p 0.061, 276

Carotenoid values did not differ between treatments in
nestlings (treatment: , P p .197; treatment #F p 1.671, 367

sex: , P p .589) or adults (treatment:F p 0.291, 364

, P p .744; treatment # sex: ,F p 0.11 F p 0.201, 283 1, 281

P p .657). When testing the link between tGSH values
in RBCs and carotenoid plasma levels among nestlings (see
fig. 5 for raw data), the slope differed between treatments
(treatment # carotenoid level: , P p .029),F p 4.801, 365

with control birds showing a significant negative link
( , P p .003; slope � SE: mg/F p 9.30 �0.035 � 0.0121, 182

mL), whereas BSO birds did not ( , P p .462;F p 0.541, 181

slope � SE, mg/mL). The tGSH and ca-�0.010 � 0.013
rotenoid levels did not correlate in adults (carotenoid co-
variate: , P p .554; treatment # carotenoidF p 0.351, 290

levels: , P p .711).F p 0.141, 289
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Figure 3: Body mass (A), tarsus length (B), and body condition (size-corrected body mass; C) at 14, 40, and 100 days of age. White and
gray bars represent control and buthionine sulfoximine–treated birds, respectively. Least squared means � SE from mixed models.

BSO nestlings showed higher mean RBC MDA levels
than controls (fig. 4B), although the effect was not sig-
nificant ( , P p .142). However, the effect wasF p 2.161, 343

significant in adults (table 1; fig. 4B; d p 0.32).
The treatment did not influence plasma MDA. No dif-

ference between treatments was found among nestlings
(treatment: , P p .747; treatment # sex:F p 0.101, 371

, P p .545). When plasma MDA levels wereF p 0.371, 370

corrected by TRG values (covariate always P ! .001; Rom-
ero-Haro and Alonso-Alvarez 2014b), the results did not
change (treatment: , P p .475; treatment #F p 0.511, 356

sex: , P p .396). Similarly, plasma MDA lev-F p 0.721, 355

els in adulthood did not differ between treatments (treat-

ment: , P p .555; treatment # sex:F p 0.35 F p1, 296 1, 293

, P p .997). Nevertheless, adult males showed lower0.01
plasma MDA levels than females ( , P p .050;F p 3.871, 302

males: mM; females: mM; d p5.56 � 0.40 6.10 � 0.41
0.23). When the plasma MDA levels were corrected by
TRG (always P ! .001), the effect became stronger (sex:

, P p .005; males: mM; females:F p 8.13 5.47 � 0.411, 293

6.23 � 0.41 mM; treatment: , P p .716; treat-F p 0.131, 286

ment # sex: , P p .778; d p 0.33).F p 0.081, 284

Finally, a significant treatment # sex interaction was
found in erythrocyte resistance to oxidative stress (table
1; fig. 4C). Erythrocytes of adult BSO females were less
resistant than those of adult control females (P p .038;
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Figure 4: Effects on oxidative stress markers: plasma antioxidant
(PLAOX) capacity (A), oxidative damage in erythrocyte lipids (i.e.,
malondialdehydes; MDA) both at different ages (B), and erythrocyte
resistance against oxidative stress–mediated hemolysis (time to hem-
olyze 50% of cells; C). White and gray bars represent control and
buthionine sulfoximine–treated birds, respectively. Least squared
means � SE from mixed models. PLAOX levels in adults were not
log transformed to agree with nestling values.

Cohen’s d p 0.37). Erythrocytes of adult males did not
differ (P p .302; fig. 4C). The result was independent
from hematocrit, because it was not significant when tested
as a covariate ( , P p .369).F p 0.811, 258

Expression of Ornaments

The total area of the bib of adult males did not differ
between treatments ( , P p .407), nor did theF p 0.691, 152

main black area alone (i.e., excluding the stripes;
, P p .402). In the bill, the interaction be-F p 0.711, 152

tween treatment and sex was not significant (F p1, 279

, P p .685). However, BSO birds developed redder0.16
bills (lower hue) than controls ( , P p .035;F p 4.511, 280

Cohen’s d p 0.25; fig. 6), independently of sex (F p1, 280

, P ! .001; males: 0.98 � 0.01, females: 1.15 � 0.01).68.05
Other covariates in the model were the hatching order
( , P p .034; slope: ), body massF p 4.53 0.006 � 0.0031, 280

at the start of the experiment ( , P p .075;F p 3.191, 280

slope: ), and age at sampling (�0.009 � 0.005 F p1, 280

, P ! .001; slope: ). The difference32.43 �0.002 � 0.001
between treatments remained when covariates were re-
moved ( , P p .041).F p 4.211, 283

Discussion

Our results illustrate that a change in the intracellular
concentration of a single antioxidant during development
can induce deep modifications in the expression of the
adult phenotype. Nestlings whose tGSH synthesis was par-
tially inhibited during a short time period showed lower
RBC tGSH and PLAOX levels compared with controls. In
adulthood, compared with controls, BSO birds showed
greater oxidative damage in erythrocytes, but they also
showed greater expression of a sexual signal (the red color
of the bill). Adult BSO females also showed weaker resis-
tance to oxidative stress-mediated hemolysis but were
heavier and showed better body condition (size-corrected
body mass) than control females. Results mostly support
the second scenario predicted in our introduction; that is,
birds favored the investment in traits that should in some
way improve fitness.

One important point here is whether a transient de-
crease in glutathione levels during development re-creates
a natural (ecologically) relevant situation. Several lines of
evidence suggest that it does. First, the dependence of
glutathione levels on food availability during development
has been broadly demonstrated, at least in mammals (e.g.,
Jahoor et al. 1995; Reid et al. 2000; Feoli et al. 2006; Fetoui
et al. 2007; Partadiredja et al. 2009). Second, in developing
poultry, supplementation of dietary amino acid precursors
of glutathione increases the levels of this antioxidant
(Enkvetchakul and Bottje 1995; Nemeth et al. 2004; Swen-
nen et al. 2011). Third, in wild birds (great tits), individuals
foraging in different habitats circulate different levels of
glutathione, which was attributed to differences in the
availability of precursors in the diet (Isaksson 2013).
Finally, although our study was performed in captivity
conditions, we observed substantial variation in tGSH lev-
els in control birds, the treatment simply shifting the pro-
portion of birds falling in the lower half of that apparently
natural range (fig. 5).

To our knowledge, only four avian studies have used
BSO and effectively decreased tGSH values (Galvani et al.
1998; Marchionatti et al. 2001; Galván and Alonso-Alvarez
2008; Horak et al. 2010). Among them, the subject of the
study was related to the present work in only two cases.
In Galván and Alonso-Alvarez (2008), wild nestling great
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tits injected with similar BSO amounts showed higher,
rather than lower, PLAOX values than controls. The dis-
agreement in results could be explained by interactions
with factors differing between studies, such as environ-
mental conditions (captive vs. wild), dietary antioxidant
levels, or phylogenetic distance (different species). In Ho-
rak et al. (2010), greenfinches (Carduelis chloris) exposed
to similar BSO doses did not report different PLAOX val-
ues, but their sample sizes were lower (∼30 birds per treat-
ment), with only adults being studied. A decrease in
PLAOX such as that shown here could, in any case, be
predicted if the tGSH depletion led to the exhaustion of
PLAOX, if they were used for compensating for an anti-
oxidant imbalance (Halliwell and Gutteridge 2007).

The fact that most significant effects arose in adulthood
suggests that glutathione depletion during the first days
of life did not constrain the development of an optimal
phenotype but acted as a signal promoting resource re-
allocation. Because glutathione is synthesized from some
amino acids (Isaksson et al. 2011), low glutathione levels
during growth could indicate low protein availability in
the environment, producing thrifty phenotypes in adult-
hood (sensu Hales and Barker 1992; Wells 2007). This
could explain the larger size-corrected body masses of BSO
females but not the lack of a similar effect in males. How-
ever, female birds increase in body mass by 7%–30% before

reproduction (review in Lind et al. 2010), and wild zebra
finch females show a greater amplitude in annual body
mass change than males (Rozman et al. 2003). Moreover,
egg-laying capacity in female zebra finches mostly relies
on protein stores in pectoral muscles, which lose muscle
mass during reproduction (Houston et al. 1995b). Inter-
estingly, egg production in this species depends on
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methionine reserves in the muscle (Houston et al. 1995a),
with methionine being one of the sulfur-containing amino
acids involved in glutathione synthesis (Isaksson et al.
2011). Alternatively, higher body masses in BSO females
may have been due to fatness. In fact, the thrifty phenotype
hypothesis has mostly been linked to changes in glucose
(insulin resistance) and lipid metabolism that lead to obese
adults when nutritional conditions improve (McMillen
and Robinson 2005; Wells 2007). However, differences in
circulating TRG levels, which are an index of fatness in
passerines (e.g., Jenni-Eiermann and Jenni 1994; Mandin
and Vézina 2012), were not detected ( at bothP 1 .26
ages). Moreover, body mass gain from 21 to 40 days of
age positively correlated with muscle scores but not fat
scores, also in zebra finches (Alonso-Alvarez et al. 2007).

In males, as mentioned above, the treatment effect on
body mass was less evident. BSO males showed a body
mass (also size-corrected) decrease between sexual
maturity and adulthood compared with other groups (fig.
2A, 2C), but the difference between treatments was not
significant at any sampling time. If we assume that phe-
notypic changes in BSO birds favored fitness, we can argue
that female fitness mostly relies on energy storage allowing
egg production, whereas male fitness strongly depends on
attracting females, the latter depleting body reserves before
reproductive age. However, no sex-related difference in
the sex-dichromatic bill was found (i.e., the impact of BSO
on bill color was similar in both males and females; see
below). Nonetheless, a higher investment of males in other
sex-dimorphic traits, such as the song, could have ex-
plained the different effect of BSO in the body mass of
males and females. Male and female zebra finches were
separated in different aviaries, but they were not acous-
tically isolated, with undirected male singing (Dunn and
Zann 1996) being often observed. We must take into ac-
count that male song leads to body mass loss in some
passerines (Thomas 2002; Thomas et al. 2003) and is
energetically costly in male zebra finches (Franz and Goller
2003). We should also consider the possibility that sexual
segregation could have induced some sort of social stress
(e.g., Remage-Healey et al. 2003; Pérez et al. 2012), which
was perhaps stronger in males. We must, however, note
that adult birds were not mated and then separated, which
induces physiological stress (Remage-Healey et al. 2003).
Moreover, allowing direct contact between sexes would
have increased individual variability in reproductive in-
vestment, complicating the analyses.

The best support for increased resource allocation to
reproduction comes, in any case, from the fact that both
BSO-treated male and female birds produced redder bills
compared with controls. This should be the result of higher
carotenoid concentration in the ornament (McGraw and
Toomey 2010). Plasma carotenoid levels are commonly

positively related to bill redness in birds, including zebra
finches (McGraw 2006). However, that link was not de-
tected here. This should not be considered unusual when
the color also depends on the rate of carotenoid biotrans-
formation in the bill tissue (McGraw 2006). In zebra
finches, red bill coloration is mostly due to ketocarotenoids
(e.g., astaxanthin; McGraw and Toomey 2010), which are
enzymatically obtained from dietary yellow hydroxy-
carotenoids (e.g., zeaxanthin; McGraw 2006; Garcı́a de
Blas et al. 2014). Biotransformation of substrate carot-
enoids involves oxidation of hydroxycarotenoids by ke-
tolases, which could be affected by the oxidative metab-
olism of each bird (Völker 1957; Johnson and Hill 2013).
We may propose that higher oxidative stress in adult BSO-
treated birds (see fig. 4B, 4C) could have promoted ca-
rotenoid transformations in adults. Interestingly, an im-
mune challenge was able to stimulate carotenoid-based
coloration in a seabird (Sula nebouxii; Velando et al. 2014),
the immune challenge being in turn associated with higher
oxidative stress (Hasselquist and Nilsson 2012). How such
a stimulatory effect can influence the reliability of the col-
ored traits as signals of individual quality (e.g., Simons et
al. 2012) is nevertheless unclear (Velando et al. 2014). In
any case, we may suggest that birds producing redder bills
should strongly invest in current reproduction, because
they could pay delayed costs, such as accelerated senes-
cence due to higher oxidative stress (see free radical theory
of aging; e.g., Kirkwood and Austad 2000; but see also
Sohal and Orr 2012). We must also consider that the zebra
finch is a relatively short-lived species (Zann 1996), with
early breeding being key to lifetime fitness (Alonso-Alvarez
et al. 2006; Adkins-Regan and Tomaszicky 2007).

One interesting finding is that a negative correlation
between RBC tGSH and plasma carotenoid levels arose in
control nestlings but not in BSO nestlings or among adults
(fig. 5). We have previously described the same negative
link in an independent sample of nestling, but not adult,
zebra finches (Romero-Haro and Alonso-Alvarez 2014a),
which suggests some compensatory mechanism activated
in those nestlings circulating few carotenoids. Here, BSO
birds would have been unable to compensate (fig. 5), per-
haps contributing to higher oxidative stress in adulthood.

We have provided some proximate explanations to the
most evident phenotypic changes (i.e., thrifty phenotype
for female body mass variability and oxidative stress–pro-
moted pigment biotransformation for color differences),
also predicting higher fitness returns (the ultimate expla-
nation). However, considering the role of glutathione in
cell signaling (Jones 2006; Ghezzi and Di Simplicio 2009)
and the fact that this antioxidant is present in every tissue
(Wu et al. 2004), a general regulatory mechanism can also
be proposed. At first glance, the results suggest a com-
pensatory (hormetic) response against a mild stressor,
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which may improve fitness (Costantini et al. 2010). This
process could involve some signaling pathway.

An important theoretical attempt is currently being
made to understand how the organism integrates infor-
mation from different physiological systems to solve evo-
lutionary life-history trade-offs. Different concepts have
been coined such as control system (Lessells 2008), inte-
grator networks (Martin et al. 2011), physiological regu-
latory networks (Cohen et al. 2012), or homeostatic sys-
tems (Woods and Wilson 2013). These concepts have
mostly been based on the role of hormones (steroids) and
cytokines (proteins involved in immune function) as
chemical signals. Nevertheless, these attempts have vir-
tually ignored redox signaling. Evolutionary ecologists are
currently addressing the role of oxidative stress in life-
history theory (Dowling and Simmons 2009; Monaghan
et al. 2009; Metcalfe and Alonso-Alvarez 2010; Speakman
and Garratt 2013; Costantini 2014). However, the idea of
redox-active molecules acting as organizers of phenotypic
plasticity, although briefly mentioned in Metcalfe and
Alonso-Alvarez (2010) or Speakman and Garratt (2013),
is ignored in favor of the view of oxidative stress as a
constraint (Dowling and Simmons 2009; Monaghan et al.
2009; Costantini 2014). Only Isaksson et al. (2011) have
highlighted the biomedical background, suggesting that
glutathione may act as a signal involved in life-history
trade-offs. Our results support their hypothesis.

We cannot discard the possibility that the impact of
glutathione depletion on adult phenotypes was indepen-
dent of signaling mechanisms, that is, that it was merely
due to oxidant accumulation when antioxidant enzymes
(e.g., glutathione peroxidase) do not have enough gluta-
thione to be used to detoxify cells (see also low PLAOX
values during growth). However, oxidative stress is the
principal force in regulating redox signaling (Ghezzi and
Di Simplicio 2009; Sohal and Orr 2012). Moreover, the
glutathione role in cell signaling could be independent
from oxidative stress. First, glutathione may enter into the
cell nucleus altering chromatin and histones, probably ex-
erting a deep influence on epigenetic inheritance
(Markovic et al. 2010). Second, cell signaling can be me-
diated by gluthationylation (i.e., the conjugation of glu-
tathione with thiol residues of different proteins; Cotgreave
and Gerdes 1998). Gluthationylation can be triggered by
oxidative stress when the GSH : GSSG ratio is reduced (not
seen here), but it can also be generated by specific enzymes
potentially acting independently of oxidative stress (Ghezzi
2013). Glutathionylation has attracted the attention of bi-
omedicine because it is a potent mechanism for posttran-
slational modification of metabolic and regulatory pro-
teins, influencing pathways from energy metabolism to
inflammation and apoptosis (Dalle-Donne et al. 2009;
Zhang and Forman 2012; Ghezzi 2013). However, its func-

tion in the physiological systems of the organism of ani-
mals as a whole is still poorly understood, with most in-
formation being inferred from in vitro studies on cell lines
or tissues (Ghezzi 2013). Interestingly, reduced glutathion-
ylation has been reported in mammalian cells exposed to
BSO (e.g., Kim et al. 2010; Lin et al. 2012). We can only
speculate about how glutathionylation may have mediated
our results. For instance, reduced glutathionylation may
have favored the activity of glycolytic enzymes, leading to
cell proliferation (Dalle-Donne et al. 2009).

To conclude, although most proximate mechanisms in-
volved in the regulation of phenotypic traits by glutathione
cannot be ascertained, results support an organizer role
for this ubiquitous antioxidant. Ultimately, in terms of
fitness, the costs and benefits of the proposed control or
regulatory system (Lessells 2008) will be fully understood
only after analyzing the entire life span of individuals. In
this regard, the impact that our manipulation exerts on
individual reproductive success and life-history trajectories
is currently the subject of a long-term study on the same
zebra finches. To test the hypothesized system and fitness
consequences under natural free-living conditions is a
challenge for the future.
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A zebra finch couple (Taeniopygia guttata); note the red bills. Photo credit: Carlos Alonso-Alvarez.
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