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Abstract

Despite the appealing hypothesis that carotenoid-based colouration signals
oxidative status, evidence supporting the antioxidant function of these pigments is
scarce. Recent studies have shown that lutein, the most common carotenoid used
by birds, can enhance the expression of non-visual traits, such as birdsong.
Nevertheless, the underlying physiological mechanisms remain unclear. In this
study we hypothesized that male European starlings (Sturnus vulgaris) fed extra
lutein increase their song rate as a consequence of an improved oxidative status.
Although birdsong may be especially sensitive to the redox status, this has, to the
best of our knowledge, never been tested. Together with the determination of
circulating oxidative damage (ROMs, reactive oxygen metabolites), we quantified
uric acid, albumin, total proteins, cholesterol, and testosterone, which are
physiological parameters potentially sensitive to oxidation and/or related to both
carotenoid functions and birdsong expression. We found that the birds fed extra
lutein sang more frequently than control birds and showed an increase of albumin
and cholesterol together with a decrease of oxidative damage. Moreover, we could
show that song rate was associated with high levels of albumin and cholesterol and
low levels of oxidative damage, independently from testosterone levels. Our study
shows for the first time that song rate honestly signals the oxidative status of males
and that dietary lutein is associated with the circulation of albumin and cholesterol
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in birds, providing a novel insight to the theoretical framework related to the honest
signalling of carotenoid-based traits.

Introduction

During the last decades, indicator traits signalling individual condition have
attracted the attention of evolutionary ecologists with an increasing interest in the
physiological constraints limiting the expression of characters honestly signalling
(sensu Zahavi [1]) genetic or phenotypic quality [2]. A principal physiological
hypothesis holds that an indicator trait can convey information about the capacity
of an individual to maintain a high functionality of the biochemical
transformations for which it is crucial to control the production of reactive
oxygen species (ROS). ROS are common by-products of the aerobic metabolism,
and central components of the somatic state of the organism [3], but an over-
production of ROS can lead to a suboptimal production of energy due to a
negative effect of oxidative damage on mitochondrial and cell functionality [2, 3].
In accordance with this, a signalling trait, such as birdsong, could inform us about
the efficiency of the redox pathway [3, 4]. For example, it has been recently shown
that a genetic deficiency in enzymatic antioxidants impairs the olfactory sexual
signalling in mice [5].

The song in passerine birds can be seen as a cognitive expression that involves
several brain functions such as perception, learning, memory and synchronization
of well-defined neural nuclei [6]. Cognitive performances can be potentially
sensitive to an increase of ROS because the brain possesses a relative low
concentration of antioxidants, high concentrations of oxidation-sensitive lipids
and several enzymes producing ROS [7]. Both repertoire size and song rate are
potentially affected by the redox state. However, repertoire size is generally more
related to the conditions experienced during the diverse developmental phases of
the individual, while song rate may better mirror present conditions [8, 9].
Therefore, it is generally plausible to foresee that a lower cell efficiency related to
an imbalance of ROS can constrain song expression.

Another side of the relationship between vocal signals and oxidative state is that
the production of song itself could alter the redox state, as a protracted singing
performance can represent a metabolic cost. This because singing is a demanding
activity associated with the costly context-dependent development of song-control
nuclei in the brain [10, 11] and an increase in the energetic expenditure [12] that
can double the metabolic rate of calling birds [13], with the consequent raise of
ROS. Nevertheless, evidence of the existence of clear metabolic costs of birdsong is
still mixed [14, 15].

In some instances, an overproduction of ROS can occur also in other
circumstances, such as during increased locomotor activity [16], diverse
reproductive phases [17] or during the activation of the immune system [18].
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This can result in a condition of oxidative stress when the organism does not
possess adequate defences to neutralize ROS [19]. Animals rely on both
endogenous (intra-cell enzymes and non-enzymatic molecules) and dietary
antioxidants (vitamin E and A, flavonoids, polyphenols and carotenoids) to
minimize the non-targeting action of reactive species [20] on cell membranes and
vital biomolecules [19]. Among dietary antioxidants, carotenoids, which are
pigments absorbed through the diet by animals and traded-off between signalling
and health maintenance functions [21-23], have been extensively studied. Indeed,
it is known that they are effective in quenching ROS, at least in vitro [24], and are
part of the antioxidant barriers of animals, at least in some cases [25-27].
However, in birds, one of the most studied taxonomical classes in this field of
research [28], convincing evidence indicating that carotenoids are antioxidants
remains elusive [29, 30].

This mixed evidence could be explained by the fact that carotenoids are not
directly used as antioxidants, but they can promote the biosynthesis of more
powerful antioxidants. Supporting this hypothesis is the evidence that they can
activate the transcription system of antioxidant enzymes such as NAD(P)-
quinineoxido-reductase, y-glutamylcysteinsynthetase, in addition to other
proteins with antioxidant functions [31,32]. The capacity of carotenoids to
control the biosynthesis of molecules has been largely neglected in ecological
studies, while it could represent the key element to understand their physiological
role, not just in relation to their direct antioxidant potential. Indeed, they can
induce lipogenic processes [33] and activate the biosynthesis of sex steroids [34].

The above evidence indicates that carotenoids are involved in several vital
processes that are independent to the production of visual sexual signalling. In
line with this, a recent study revealed that male European starlings (Sturnus
vulgaris) provided with lutein increase their song rate [35]. This observation is
notable due to the fact that while it is known that song rate is related to the
nutritional state of the performing individual [36], the underlying mechanism as
to why a specific calorie-free micronutrient such as lutein affects song, remains
unknown. Possibly, since song rate is a condition-dependent cognitive expression
[37,38] and since the brain is particularly vulnerable to oxidative stress [4], lutein
may have ameliorated the oxidative status by promoting the antioxidant network.
While von Schantz et al. [4] in their seminal review have already argued that
birdsong is especially sensitive to an imbalance of ROS (see also [3]), this has, to
the best of our knowledge, not yet been tested.

To address this possibility, we experimentally studied the relationship between
dietary lutein, song rate and physiological condition to investigate if song
performance boosted by dietary lutein can honestly signal the health condition of
male European starlings during winter. In this period, males are not
reproductively active and their beak does not yet have the typical yellow lutein-
dependent colouration [39]. Male starlings exhibit a high song rate throughout
the year without a significant difference being observed between the reproductive
and non-reproductive season for both intensity and patterns of performance
[40,41]. This unique feature enabled us to study singing males outside the
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breeding season, while investigating the function of carotenoids in a signalling
context without taking into account their role as pigments. Moreover, at this time
we can control for any anti- or pro-oxidant effect of circulating sex steroids
[42,43], which are at their minimum during this part of the year. Previous studies
indicated that male starling song outside of the breeding season serves to establish
and/or maintain the dominance in hierarchies as well as acting in defence of nest
holes [40,44]. Furthermore, song rate is related to individual quality [36] and
shows a within-individual consistency between the non-reproductive and
reproductive season [41]. Additionally, it is known that song bout length is related
to the cognitive performance in this species [45] and is a trait selected by females
during mating [46,47].

We investigated through which physiological pathway dietary lutein can exert
its boosting effect on song rate, assessing: 1) the antioxidant function of lutein
[27] by quantifying specific components of the antioxidant plasmatic barrier
together with circulating markers for lipid, nucleic acid and protein peroxidation
(reactive oxygen metabolites, ROMs); 2) the steroidogenic action of lutein [34] by
quantifying testosterone, which is related to the metabolism of carotenoids and
cholesterol [48], can affect song rate [41,49] and can act as pro- or anti-oxidant
[42,43]; 3) the lipogenic action of lutein [33] by measuring cholesterol, which can
influence the availability of lutein [48] and is positively associated to the song rate
of birds [36]; 4) the proteogenic effect of lutein [31,32] by assessing circulating
albumin and total proteins since albumin is positively associated with song rate
[36] and both albumin and total proteins can have antioxidant properties [50].

Specifically, we predict that: 1) song rate honestly signals the oxidative status of
the organism (being positively related to antioxidants and negatively to oxidative
damage); and, 2) lutein administration increases song rate and that this effect is
associated with the up-regulation of circulating antioxidants. Although there is
some evidence that signalling traits can honestly mirror the redox state [51-53],
our study is the first to investigate this relationship in the context of birdsong.

Materials and Methods
Ethics statement

The capture of wild European starlings Sturnus vulgaris and their housing in
captivity for scientific purpose were approved by the Agency for Nature and
Forest (ANB) of the Flemish government (permit number: 08-11344). This study
was performed in Antwerp (GPS coordinates: N 51° 13" 11.9532", E 4° 23’
46.4532") and conformed to the Belgian and Flemish legislation and was approved
by the ethical committee for animal experiments (ECD) of the University of
Antwerp (ID number: 2011-32). The European starling is not an endangered or
protected species and has been shown to easily adapt to captivity and to show
normal social behaviour in these conditions [35].
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Housing conditions

This study used 56 adult European starling males that were captured as juveniles
in the Antwerp region in 2010 and kept in large outdoor aviaries at the campus of
the University of Antwerp. All males were kept under similar captive conditions
until the experiment started. One month prior to the experiment they were
randomly assigned to 4 identical neighbouring outdoor aviaries, where they were
then exposed to a natural decreasing photoperiod (from 09 h 22 min to 08 h
04min). The aviaries (L x W x H; 27.0 X 7.0 X 2.75 m), were each equipped with
14 nestboxes. Each nestbox was provided with a singing perch and other perches
were located at several places in the aviary as described in Van Hout et al. [35].
Food and water were provided ad libitum. All starlings were marked with a unique
combination of coloured bands, which allowed individual recognition from
remote observation blinds. From the 6 of November 2012 (day 0) until the 6™ of
December (day 30), 28 birds received food enriched with lutein (Caro-group)
while the other 28 males were kept under a standard maintenance diet (C-group).
Each group was divided into two groups of 14 birds each in order to have 2
aviaries of equal size for both groups. Birds were randomly assigned to an aviary
and group. Aviaries hosting Caro- and C-groups alternated with each other and
birds of each cage were in visual and acoustic contact with birds of other cages.

Lutein supplementation

Since we were interested in determining which was the physiological condition
that could have determined the increase in the song behaviour already observed in
the European starling [35], the dietary lutein supplementation was performed in
accordance to the previous study. Briefly, we mixed 50 g of ORO GLO (Kemin
Industries Inc., Iowa, USA; extracted from marigolds Tagetes erecta and
containing 15.0 g*kg ™' of lutein) per 1 kg of the starlings’ standard food (mixture
of 1/3 Orlux UniPatee, Orlux, Belgium and 2/3 Merelkorrel Speciaal, Nifra - Van
Camp, Belgium). In both this and in the previous study we ascertained that this
dose is effective in increasing the concentration of circulating lutein to the levels
observed in free ranging males of the closely related spotless starling Sturnus
unicolor during the reproductive season (9.20 +0.64 ug*rnL_l; [54]). Since
plasma carotenoids usually fluctuate over time, with a maximum peak during the
reproductive season and a minimum peak during the non-reproductive season
[55], working in winter time allowed us to obtain two groups (high and low
circulating carotenoids), both having circulating lutein within a natural range.

Behavioural observations

On day 0 (before the start of the diet manipulation), day 15 and day 30 we blood
sampled and measured the body mass of all birds. During the four days preceding
each of the three sampling points we daily monitored simultaneously the song rate
of all the starlings housed in one aviary, using a point sampling technique, with an
interval of one minute. Each aviary was observed during the 4 consecutive days
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(one observation session of 4560 min per day per aviary) between 09h00 and
13h00 alternating the order of the aviaries between subsequent days in order to
have a balanced distribution of the timing of observation. Overall song rate was
defined as the proportion of samples during which a male was singing (in any and
all locations) compared to the total number of samples. Since nestbox-oriented
song is more linked to the reproductive state and more regulated by the endocrine
status than overall song rate [35], we also determined the proportion of the time
spent performing nestbox-oriented song rate, which only includes song
production on the perch attached to the nestbox or very close to or on the nestbox
(49].

Physiological parameters

We assessed several physiological components that could be regulated by lutein
and that could be linked to birdsong. Specifically, since carotenoids can promote
the synthesis of proteins we quantified circulating albumin, an important
representative of thiols, like glutathione, which are organic compounds
characterized by having a sulthydryl group (-SH) with antioxidant properties [56].
Albumin is generally associated with birdsong performance [36] and total
plasmatic proteins, indicators of condition, (e.g. [57] with a potential role in the
antioxidant barrier [50]). We described the plasmatic antioxidant barrier also by
quantifying uric acid, a by-product of protein catabolism strongly correlated with
Total Antioxidant Capacity in birds (TAC, [58,59]).

We determined circulating cholesterol because it can increase the availability of
carotenoids in birds [48]. Although the inverse relationship, i.e. the effect of
carotenoids on cholesterol, has never been investigated, we wanted to ascertain in
detail the relationship between lutein and cholesterol for the following reasons: (1)
it has been shown that carotenoids can promote lipogenesis [33]; (2) it could have
a role in defending the organism from oxidation [60,61] and (3) it is a precursor
of sex steroids [62]. Thus we investigated the possibility that its variation in the
peripheral blood could affect the hormonal status (testosterone) of singing birds.
Indeed, it is known that, although starlings can sing also when castrated [63],
testosterone can regulate song behaviour in this species [41,49] and be related to
the oxidative status as pro-oxidant [42] or anti-oxidant [43]. Moreover, since
carotenoids can upregulate the production of pro-steroids we wanted to control
for their potential effect on testosterone.

We also quantified the oxidative damage detectable in the blood to have a
detailed picture of the oxidative status of individuals [64], to control for any
potential pro-oxidant effect of carotenoids [29] and to examine if song rate
honestly signals the oxidative status of birds.

Blood sampling and quantification of circulating lutein

The physiological parameters were assessed in the peripheral plasma of birds
immediately after capturing. Approximately 500 puL of blood was collected with a
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heparinised microvette by puncturing the brachial vein and kept in a cooling bag
until centrifugation. Blood was centrifuged at 1500 g for 10 min within 4 hours
from sampling and kept at -80 °C until analysis (4 months later). Plasma lutein was
extracted by vortexing 10 pL of plasma diluted 1:10 in ethanol and centrifuging it
for 10 min at 1500 x g. The optical density of the supernatant was determined at
445 nm with a plate reader (VersaMax, Molecular Devices Inc, California, USA).
Lutein concentration was determined from a standard curve of lutein (Cat. N.
X6250, Sigma-Aldrich Co. LLC, Missouri, USA). Samples were analysed
singularly. The mean intra plate CV of standards was 4.8% and the inter-plate CV
was 5.5%. We run three plates and repeated samplings from the same individual
were always analyzed within the same plate.

Quantification of the non-enzymatic antioxidants barrier

We described the antioxidant defence by quantifying the levels of uric acid,
albumin and total proteins circulating in the blood. These molecules have all been
proven to have strong antioxidant activity (see [58] for uric acid; [56] for
albumin; [50] for other proteins) and they are the main target of the most
common protocols used to assess total antioxidant defence. Uric acid, for
instance, is strongly associated with the antioxidants measured by quantifying the
ferric reducing ability of plasma — FRAP assay [59] and it is also associated with
trolox equivalent antioxidant capacity — TEAC/TAS/TAC assay or uric acid
equivalents measured in AOP-490 assay [2, 58, 59]. Similarly, almost all proteins
are the main target of the protocols that assess the concentration of plasmatic
antioxidants quantifying the reaction of hypoclorous acid HOCI (e.g. OXY assay)
[57,65], a potent oxidant, which is also naturally produced by the organism
during inflammation. We assessed also circulating cholesterol as a precursor of
steroid hormones, promoter of circulating carotenoids and potential antioxidant
(see introduction). Uric acid, albumin, total proteins (thiolic and non-thiolic
proteins corrected for albumin levels by subtracting albumin values) and
cholesterol were determined in 20 pL of plasma (diluted 1:5 with distilled water)
using an automatic chemistry analyser (ABX Pentra 400, Horiba Ltd., Kyoto,
Japan). Repeatability (within-run precision) and reproducibility (run-to-run
precision) of the measurements are certified by including a calibrator and a
control (Horiba) with known concentrations each run [66,67].

Oxidative damage

The oxidative damage was quantified by measuring the levels of reactive oxygen
metabolites (ROMs) with the d-ROM test (Cat. N. MCO003, Diacron International
stl, Grosseto, Italy). The ROMs detected by the test are hydroperoxides, which are
products of lipid, protein and nucleic acid peroxidation. ROMs might also

indicate potential future damage because hydroperoxides can be broken by

Fenton reaction, generating free radicals. The assay was performed on 10 pL of
plasma and 200 pL of the reactive solution provided with the kit. The absorbance
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was read with a microplate reader (VersaMax, Molecular Devices Inc, California,
USA) at a wavelength of 505 nm in endpoint mode. Measurements are expressed
as mmol*L™" of H,0, equivalents. All samples, standards and controls for high
and low concentrations were run in duplicate. The mean intra-plate coefficient of
variation (CV) of samples was 3.72%, while the inter-plate CV calculated from the
standards was 1.2%.

Endocrine status

Testosterone concentrations were determined using enzyme immunoassay (EIA)
kits (Cat. No. ADI-901-065, Enzo Life Sciences, New York, USA) following a
diethyl ether extraction of 25 pL sample volume. After drying the extract under
N, stream, 250 puL of Assay Buffer was added (1:10 dilution), and the samples
were allowed to reconstitute overnight at 4°C. A stripped plasma sample spiked
with a known amount of testosterone (2 ng*mL-1) as well as one blank sample
containing only assay buffer were taken through the entire assay procedure. The
next day, 100 pL of each sample (in duplicate) was added to individual wells on
the assay plate alongside a standard curve with 5 points ranging from 7.81 pg*mL-
1 to 2,000.00 pg*mL-1. The samples were added randomly within and across
plates but an individual’s repeated samples were always included on the same
plate. The plate was read on microplate reader (VersaMax, Molecular Devices Inc,
California, USA) at 405 nm with a correction wavelength set at 570 nm. The
average extraction efficiency was of 65% and final values were corrected
accordingly. The lower sensitivity of the assay was at 5.84 pg*ml-1 and the
detection limit determined by the lower standard was 0.038 pg*ml-1). The mean
intra-plate CV was 3.9%, while the inter-plate CV were calculated for three
different concentrations of the standard curve and were, respectively, 6.6% (2,000
pg*ml-1), 1.1% (124 pg*ml-1) and 4.7% (7.8 pg*ml-1). Although individuals
were bled within an average of 12.83 4+ 0.6 min (range: 1-33 min) from capture,
testosterone levels were not related to the timing of bleeding (F; 154.07)=0.12,
p=0.73).

Data analysis

We tested the effect of lutein supplementation on respectively, overall song rate
and nestbox-oriented song rate, by using a full factorial general linear mixed
model (SAS 9.3 with SAS Enterprise Guide 5.1, SAS Institute Inc. NC). Treatment
and time were specified as fixed factors and cage and individual nested into cage
as random factors. Significant differences between and within groups were
ascertained by pairwise differences of least square means. After checking the
normality of residuals, only lutein and testosterone were log-transformed to reach
normality. To assess which physiological mechanisms affected song behaviour we
ran a generalized linear model for both song rates corresponding to day 30,
together with all the physiological variables measured on day 30 as covariates after
checking for collinearity (all Variance Inflation Factors, VIF<<2.04). Best models
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were ranked among all the possible combination using the Akaike’s Information
Criterion (AIC) for model building and by calculating AAIC for each model
compared to the best one. Among the 127 combinations of models only the ones
with A<1 were reported [68]. Model building analyses were made with Statistica
(version 10.0, StatSoft, Inc. Tulsa, USA).

Results
Behavioural responses

Overall song rate

The two groups did not differ in overall song rate before treatment (p=0.95).
Birds treated with lutein sang more than controls both at day 15 and day 30
(treatment X time, F(; 105)=12.60, p<<0.0001; treatment F ;o5y=7.21, p=0.008;
time, F(5 108)=53.94, p<<0.0001; between groups post-hoc p values shown in
Fig. 1a). Both groups significantly increased their song rate with time (Caroy—
Caro;s: p<0.0001; Carog—Caroszp: p<<0.0001; Co—C;5: p=0.002; Cy—Cs:
p=0.0003; Fig. 1a).

Nestbox-oriented song rate

The two groups sang at the same rate before treatment (p=0.57) increasing song
rate over time (time, F, 105y =19.66, p<<0.0001) with a nearly significant
treatment X time interaction (F(; 105)=2.79, p=0.07; treatment, F(; jo5) =1.06,
p=0.31, Fig. 1b). Post-hoc analyses showed that nestbox-oriented song rate of
birds treated with lutein was higher than controls on day 15 (Fig. 1b) and that the
increase of nestbox-oriented song was more pronounced in treated birds (Caroy—
Caro;s: p<0.0001; Caroy—Caroszo: p<0.0002) than in controls (Cy—C;s: p=0.008;

CO—C30: p=006, Flg lb)

Body mass

On day 0 the two groups did not differ in body mass (p=0.44). Body mass
increased during time irrespectively of treatment (overall means observed on day
0: 80.09+0.61 g, day 15: 82.16+0.54 g, day 30: 83.38 +0.69 g; time,
F(2,108)=21.63, p<<0.0001; treatment x time, F(, ;95)=0.12, p=0.88; treatment,
F(1.108=0.34, p=0.91).

Physiological responses

Lutein

Groups did not differ in circulating lutein before the experiment (p=0.94, Fig. 2).
Treated birds increased circulating lutein already from day 15, while controls
decreased it (treatment x time, F; ;05)=9.62, p=0.0001; treatment, F(; 105)=2.78,
p=0.10; time, F(; 105)=4.03, p=0.02, Fig. 2, post-hoc: Caro,—Caro,;s: p=0.0002;
Carog—Caroso: p=0.0004; Co—C;s: p=0.98; Co—Cs0: p=0.02; Fig. 2). Compared to
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Fig. 1. Effect of dietary carotenoids on song rate. Variation during time of overall song rate (a) and
nestbox-oriented song rate in the two groups (full circles for Caro-birds). P values refer to pairwise differences
of least square means between groups within the same day (reported only when significant) and within each
group between different days (different letters indicate significant difference with song rate observed on day 0;
capital for Caro-group and small letters for C-group).

doi:10.1371/journal.pone.0115899.9001
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Fig. 2. Variation of circulating carotenoids in the two treatments. Full circles represent Caro-birds. P
values refer to pairwise differences of least square means between groups within the same day (reported only
when significant) and within each group between different days (different letters indicate significant difference
with what observed on day 0; capital for Caro-group and small letters for C-group).

doi:10.1371/journal.pone.0115899.g002

C-males, Caro-males had nearly significantly higher lutein values on day 15 and
highly significantly higher values on day 30 (Fig. 2).

Albumin

Before the experiment the two groups showed similar levels of circulating albumin
(p=0.71). Birds fed lutein significantly increased albumin with time while
controls did not (treatment x time, F, ;93y=3.68, p=0.03; treatment,
F(1,108y=1.66, p=0.20; time, F(, 103)=6.86, p=0.002). The increase of circulating
albumin was significant only on day 30 (post-hoc: Caroy—Caro,s: p=0.40; Caroy—
Caroszg, p=0.001 Cy—C;5: p=0.54; Cy—Cso: p=0.67; Fig. 3a). On day 30 Caro-
males had significantly higher levels of circulating albumin than C-males
(p=0.04) while on 15 days after the start of the treatment the levels of albumin
between the two groups were similar (C;5-Caro;s: p=0.29; Fig. 3a).

Cholesterol

Groups did not differ in circulating cholesterol before the treatment (p=0.80).
Only Caro-birds showed an increase in cholesterol levels during time
(treatment X time, F(, 105)=4.43, p=0.01; treatment, F(; 05)=0.10, p=0.75; time,
F(2,108)=2.39, p=0.10; post-hoc: Caro,—Caro;s: p=0.90; Caro,—Caroso: p=0.003;
Co—Ci5: p=0.50; Co—C5p: p=0.40; Fig. 3b).
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Fig. 3. Variation of albumin and cholesterol during time in the two treatments. Full circles represent
Caro-birds. P values refer to pairwise differences of least square means between groups within the same day
(reported only when significant) and within each group between different days (different letters indicate
significant difference with what observed on day 0; capital for Caro-group and small letters for C-group).

doi:10.1371/journal.pone.0115899.g003

Uric acid
Uric acid did not differ between the groups on day 0 (p=0.39) and it did not vary
with any of the factors considered (treatment x time, F(, 105)=0.06, p=0.94;
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treatment, F(; 108)=1.70, p=0.19; time, F(;108)=0.50, p=0.61; overall means:
controls, 700.30 +38.12 pmol*L™"; carotenoids 785.83 4+ 39.38 pmol*L™").

Total proteins

Total proteins did not differ between the groups on day 0 (p=0.33) and increased
over time in both treatments (time, F(, 103)=24.57, p<<0.0001; treatment x time,
F(2,108y=1.86, p=0.16; treatment, F; ;05)=1.42, p=0.24; overall means: day 0:
15.6440.77 g*L™"; day 15: 15.72+0.89 g*L™'; day 30: 19.55+1.04 g*L™").

Oxidative damage

ROMs were similar in the two groups before the treatment (p=0.59) and
increased during time (time, F(, 108)=5.31, p=0.006). Although we did not find a
significant interaction between treatment and time (F(,,08)=1.77, p=0.18;
treatment, F(; 105)=0.99, p=0.32; Fig. 4a) this increase was evident only for C-
birds after 30 days (post-hoc: Cy—Cso: p=0.004, all other p>0.26 both for C- and
Caro-birds; a nearly significant difference between C- and Caro-birds was
registered on day 30: p=0.06).

Testosterone

Circulating testosterone was similar in the two groups before the treatment
(p=0.68) and it did not vary with time, treatment or their interaction
(treatment X time, F(5105)=0.29, p=0.75; treatment, F(; 105)=0.01, p=0.96; time,
F(2)108)20.88, p:0.42, Flg 4b)

Relationship between song rate and physiological variables

The models built to understand which physiological variables explained the
variation in song rate observed at day 30 showed that both overall song rate and
nestbox-oriented song rate were positively affected by circulating levels of
cholesterol and albumin while being suppressed by the oxidative damage (ROM:s)
and total proteins (Tables 1,2; Fig. 5). Overall song rate was also predicted by
lutein while nestbox-oriented song rate was predicted also by circulating
testosterone (Tables 1,2).

Discussion

In accordance with our first prediction, both overall and nestbox-oriented song
rates were positively associated with circulating antioxidants - albumin and
cholesterol - and negatively with oxidative damage, clearly showing that they
honestly reflect the redox status of singing males. In addition, we show for the first
time, at least in animals other than humans, that birds receiving extra lutein
showed an increase of circulating albumin and cholesterol, two abundant and
effective plasmatic antioxidants, as foreseen by our second prediction. This
suggests that, at least when carotenoids have not to be traded-off between health
maintaining and signalling functions, they are key elements of the expression of a
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Fig. 4. Variation of oxidative damage (a) and testosterone (b) in the two treatments. P values refer to
pairwise differences of least square means between groups within the same day. Post-hoc results within each
group and between different days results are represented by letters (different letters indicate significant
difference with what observed on day 0; capital for Caro-group and small letters for C-group).

doi:10.1371/journal.pone.0115899.g004

non-visual secondary sexual trait. Our study confirmed that male starlings
provided with extra lutein in their diet during the non-breeding season sing more
than controls [35], but we now show that this effect is not mediated by the

PLOS ONE | DOI:10.1371/journal.pone.0115899 December 30, 2014 14/ 24



@PLOS | ONE

Birdsong Reflects Redox State

Table 1. Models related to overall song rate (a) and nestbox-oriented song rate (b) and all the physiological variables measured on day 30.

a. Overall song 4AIC L ratio P
Chol/ROMs/Caro/TP 0.00 22.46 0.001
Alb/Chol/ROMs/Caro/TP 0.80 23.66 0.001

o Nestroxsong ———————————ac i P
Chol/TP 0.00 9.27 0.01
Alb/Chol/TP/T 0.59 10.12 0.02
Chol/TP/ROMs 0.90 9.94 0.02

Note: Chol: cholesterol; TP: total proteins; Alb: albumin; Caro: circulating lutein; ROMs: reactive oxygen species; UA: uric acid; T: testosterone; AAIC:
difference in Akaike information criterion between each model with the best model; L ratio: likelihood ratio test.

doi:10.1371/journal.pone.0115899.t001

variation in circulating testosterone levels or in body mass. Lastly, we did not find
any effect of the treatment on uric acid or total proteins.

We will discuss these points firstly explaining the significance of an up-
regulation of albumin and cholesterol when considering the redox status, then
addressing in the last part of the discussion the relevant results on the relationship
between singing behaviour and oxidative status.

Table 2. Estimates related to the models of Table 1 describing the association between overall song rate (a) and nestbox-oriented song rate (b) with the
physiological variables measured on day 30.

a. Overall song rate

Alb 0.03+0.02
Chol 0.12+0.06
TP —0.02+0.01
UA 0.0+0.0
Caro 0.41+0.16
ROMs —0.65+0.26
T 0.0+0.0

b. Nestbox-oriented song rate

Variable Estimate + se
Alb 0.04+0.05
Chol 0.30+0.18
TP —0.09+0.03
UA 0.0+0.0
Caro 0.16+0.27
ROMs —0.39+0.22
T 0.78+0.63

Variables retained in models explaining song rate variation (reported in Table 1) are indicated in bold.
Note Abbreviations are specified in Table 1.

doi:10.1371/journal.pone.0115899.t002
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doi:10.1371/journal.pone.0115899.9005

The role of albumin and cholesterol

Birds treated with lutein showed an increase in circulating albumin and
cholesterol. This effect can probably be ascribed to the role of carotenoids in
controlling the biosynthesis of proteins and lipids (see Introduction), although at
least three other alternative explanations could be advanced to explain the direct
effect of lutein on albumin and cholesterol. Lutein could have reduced the
clearance of albumin and cholesterol by e.g. promoting their accumulation via
antioxidant protection, or, they could have facilitated their mobilization from
diverse tissues. Another explanation is that the increase of song activity caused the
up-regulation of these antioxidants. Further studies should clarify if the action of
dietary lutein on albumin and cholesterol is direct or indirect.

Besides the biochemical pathway, we think that our findings are relevant
because both albumin and cholesterol are potent antioxidants. It has been
estimated that in human blood approximately 70% of free radicals can become
trapped due to circulating antioxidants like albumin [56]. Albumin is a protein
produced in the liver that contains one cysteine residue, which constitutes the
largest reduced pool of thiols in the circulation [56,69,70]. Due to its chemical
properties, albumin is able to scavenge both radicals and non-radicals oxidants
[71]. It can bind reactive ions such as copper and iron, which are very potent in
generating hydroxyl radicals after reacting with oxygen or hydrogen peroxide.
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Another antioxidant activity of albumin comes from its ability to transport
bilirubin, specifically inhibiting lipid peroxidation [71]. Although albumin is
known to have such a strong antioxidant role [72] it has never been considered as
such by evolutionary ecologists, despite the fact that it has been measured in
several studies involving birds as a general indicator of health status or nutrition
(e.g. [73,36]).

Besides its role as antioxidant, albumin is also involved in regulating several
physiological processes as it is a non-specific carrier of carotenoids, hormones and
lipids [56]. Among the latter, the ability to bind oxysterols is particularly
important as cholesterol can be oxidized forming oxysterols (see further
discussion below). All of this evidence supports the view that the increase of
circulating lutein resulted in the increase of a potent thiol, boosting the plasmatic
antioxidant barrier.

We also found that birds fed with lutein upregulated the circulation of
cholesterol. This up-regulation should be interpreted as a promotion of the
antioxidant network as well. The antioxidant role of cholesterol appears to be
related to its synthesis as one of the enzymes involved (3p-hydroxysterol-A24-
reductase) has to use a hydrogen peroxide to produce cholesterol. In general, the
biosynthesis of cholesterol is an oxygen-intensive process that could have enabled
the adaptation of tetrapods to the terrestrial life [61]. Its ‘bad’ reputation is related
to the fact that it is transported in the watery blood mainly by low-density
lipoproteins (LDL, also called “bad cholesterol” although they are not with
synonymous of cholesterol), which are very sensitive to oxidation and produce the
atherosclerosis plaque when oxidized. Although cholesterol produces active
oxysterols when oxidized, these metabolites are rapidly sequestrated by carriers
such as albumin [56] and degraded in the liver. By means of this fast degradation,
their concentration is kept at very low levels [60]. In our study we found an
increase in the level of albumin that could have minimized the presence of
oxysterols. In line with the beneficial function of cholesterol as an antioxidant, a
recent study carried out on the rainbow trout (Oncorhynchus mykiss), indicated
that dietary cholesterol increased blood and hepatic activity of both enzymatic
(superoxide dismutase, glutathione-peroxidase and catalase) and non-enzymatic
antioxidants, decreasing the oxidative damage assessed by measuring hepatic
malondialdehyde (MDA, [74]). The relation we found between song rate,
antioxidants and oxidative damage (also explained below) suggests that the role of
albumin and cholesterol, usually associated with the nutritional condition, should
not be interpreted merely as a regulation of the trade-off of resources in favour of
the production of an energetically demanding exhibition of a costly signal, such as
singing.

Song rate and redox status

The upregulation of two antioxidants, albumin and cholesterol, observed in birds
treated with lutein was associated with an increased expression of song rate.
Together with the fact that both overall song rate and nestbox-oriented song rate
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were inversely related to the levels of oxidative damage and positively related to
plasmatic antioxidants, we can conclude that both measures of song rate signalled
the redox status of the singing male. This is in agreement with several recent
studies that reported an association between oxidative status and secondary sexual
traits, but to the best of our knowledge our study is the first to report this for
birdsong. For example, it has been found that less carotenoid-based coloured
great tit males Parus major suffer a greater reduction in sperm motility, swimming
ability, and increased levels of sperm lipid peroxidation compared to more
colourful males [51] and that yellowthroat males Geothlypis trichas with brighter
yellow bibs produced by carotenoids showed lower levels of DNA damage [52].
Although Von Schantz et al. [4] already mentioned song as the more plausible
trait among sexual ornaments to be sensitive to oxidative stress, we are not aware
of any studies that have addressed this possibility to date. Song behaviour can be
particularly sensitive to oxidative stress because it is a cognitive expression of the
brain, an organ that consumes oxygen at a high rate, has low concentrations of
antioxidants, is abundant in oxidation-sensitive lipids and that possesses several
enzymes producing ROS [7]. Thus, it is plausible that the oxidative status can be a
limiting factor in the expression of song, because uncontrolled levels of ROS can
constrain the mitochondrial respiration, and thus the correct functioning of the
physiological processes underpinning song behaviour [3,75].

Our findings that 1) C-birds sang less than Caro-birds but showed increasing
ROMs levels during time while this was not the case for Caro-birds; 2) song rate
and oxidative damage were negatively associated with each other; and 3) the
variation in ROMs levels explained both overall song and nestbox-oriented song,
all suggest that the song rate of starling males was constrained by the oxidative
damage of the organism, and that Caro-birds who controlled the increase of
ROMs, possibly by increasing circulating levels of albumin and cholesterol,
performed better. This is in line with the hypothesis that the expression of sexual
ornaments reflects the exposure to oxidative stress and the competence of fighting
ROS [4]. Although Caro- and C-birds clearly showed a different pattern of ROMs
variation during time, we did not find a statistically significant effect of dietary
lutein on ROMs levels. This is not surprising since we found that the effect of
lutein on oxidative damage is probably not direct (lutein did not act as
antioxidant itself; [29]), but rather indirect, as lutein acted as a promoter of other
antioxidants (see Introduction). From a signalling perspective this explanation
would be an extension of the view advanced by Hartley & Kennedy [29]. They
argued that carotenoids would signal the ability to cope with oxidative damage
not because of their antioxidant function but because of their ability to promote
and signal the expression of other potent antioxidants. Further research should
investigate this novel role of lutein during the reproductive phase and considering
visual traits as well.

Our study cannot indicate the origin of the observed oxidative damage and
further studies are needed to clarify this aspect. We can exclude that birdsong
itself was the cause of an increased ROMs level because the association between
the two was negative. This result indirectly provides support to studies that did
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not find a metabolic cost of birdsong performance [13,14]. We could speculate
that the positive trend of ROMs observed with time could be associated to a
natural seasonal trend observed also in other species, such as in the Eurasian
kestrel Falco tinnunculus [43].

We used the supplement ORO GLO to increase lutein in our experimental
birds, as was done in many previous studies where lutein was provided with the
food [76—85]. This product contains a low percentage of lutein. The other known
ingredients of this supplement are grain by-products, amorphous silicon dioxide
and ethoxiquin. The latter is an artificial antioxidant added to preserve the
pigments from oxidation. We did not control for these additional ingredients but
we think that it is highly unlikely that our results were attributable to or affected
by them for the following reasons: 1. the standard food provided to starlings
already represented a control for grain by-products, since its main composition is
represented by corn and wheat together with their by-products. Considering the
low amount of OroGlo added to the total amount of food provided we do not
think that it represented a significant extra source of calories derived from grains;
2. the amorphous silicon dioxide is a calorie-free food additive commonly used in
animal nutrition, which is also hardly absorbed by the gut; 3. the effect of
ethoxiquin can be excluded because it has been shown that it can decrease
circulating cholesterol [86] and can cause proteinuria (high concentration of
proteins in urine and a resultant low concentration in the blood) [87]. We can
exclude both conditions because we measured increased levels of cholesterol
(already reported in the literature for other model species) and increased levels of
albumin.

Song rate and testosterone

Until now, most studies trying to explain variation in the expression of song
among males have focused on hormones [88] and on the neural substrate [89].
With regard to the hormonal regulation of song, our study confirms previous
results obtained in European starlings [49, 66]: while overall song rate was not
related to T at day 30, part of the variation in nestbox-oriented song rate was
explained by T.

Ecological implications

Our study has important ecological implications as it is one of the first to show
that ‘food quality’ affects the expression of an acoustic trait in songbirds. A
striking result is, indeed, that oxidative state was significantly improved in birds
eating lutein-rich food. Thus, a high-quality diet allowed birds to control the
oxidative damage that can constrain song performance, and at the end, to sing at a
higher rate. Therefore, the physiological condition of the bearer was mediated, in
this case, by the environmental condition represented by the quality of food,
indicating that birdsong is a complex signal conveying specific information about
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the physiological state of the individual [3,4], and to a wider extent, about the
quality of the territory and/or of the foraging quality of the male.

Future studies should address the functional role of the interplay between
oxidative status and lutein in affecting the expression of different song traits, both
outside and during the reproductive period, and in conjunction with the
allocation of these pigments to the production of carotenoid-based beak
colouration during the reproductive period. Oxidative stress biomarkers were
measured in the blood only, and they might not entirely reflect the oxidative
conditions of specific regions of the brain involved in the production of song,
such as the HVC nucleus. It would be valuable to measure oxidative stress in brain
samples in future studies, and relate this to measures of song performance.
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