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ABSTRACT

Increases in DNA degradation have been detected in numerous
situations in which organisms are exposed to pollutants. How-
ever, outside of the ecotoxicological literature, few studies have
investigated whether there exists important variation in DNA
integrity in free-living, healthy animals. Using the alkaline
version of the comet assay to estimate DNA integrity in blood
samples, we aimed to evaluate whether DNA integrity during
early life is associated with nestlings’ age, body mass, within-
brood status, and oxidative stress using nestlings from a wild
population of spotless starlings (Sturnus unicolor) as a model.
We found important levels of variation in DNA integrity,
suggesting the possibility that DNA integrity may have impli-
cations for offspring fitness. DNA integrity was dependent on
the developmental stage, being lower at hatching than at the end
of the nestling period. DNA integrity was also negatively related
to the levels of oxidative damage at hatching and positively
associated with wing length at fledging. In addition, position
within the size hierarchy of the brood at fledging explained
differences in DNA integrity, with higher levels in core than in
marginal nestlings. Finally, despite extensive within-individual
variation along nestling’s age, we found DNA integrity during
early life to be moderately repeatable within broods. Hence,

DNA integrity in early life appears to be mainly affected by
environmental factors, such as natural stressors. Our results
suggest that measuring the variation in DNA integrity may be a
fruitful approach for the assessment of individual fitness in nat-
ural populations and can be applied to studies in developmental
biology and ecology.

Keywords: antioxidants, early development, DNAdamage, brood
hierarchies.

Introduction

Developmental conditions are influential in shaping individ-
uals’ fitness prospects, affecting a wide range of traits with
both short- and long-term effects (Lindström 1999; Monaghan
2007). Proximate mechanisms mediating these effects are still
elusive, although oxidative stress (i.e., the imbalance between
prooxidants and antioxidants in the organism in favor of the
former) has been proposed as a candidate to play such a prox-
imate role (Alonso-Álvarez et al. 2007; Monaghan 2007). During
development, the intensified metabolic rates and high cell turn-
over that accompany growth may increase the production of
reactive oxygen species (ROS). This overproduction of ROS can
be harmful for the developing individual because of the rela-
tive immaturity of some components of its antioxidant system
(Mangel and Munch 2005; Criscuolo et al. 2008; Dmitriew 2011;
but see Salin et al. 2015). ROS are required for cellular signaling
(Hurd and Murphy 2009; Dickinson and Chang 2011), but they
can also trigger harmful reactions for biomolecules when they
remain unneutralized (Beckman and Ames 1998; Finkel and
Holbrook 2000). The action of oxidative stress has been proposed
to link harsh developmental conditions to detrimental effects in
DNA integrity by promoting telomere attrition (i.e., telomeres are
noncoding repetitive DNA caps at the end of eukaryotic chro-
mosomes; Geiger et al. 2012; Nettle et al. 2013, 2015; Boonekamp
et al. 2014; Cram et al. 2017; Criscuolo et al. 2019; Gil et al. 2019;
but for the link between oxidative stress and telomere shorten-
ing in vivo, see Boonekamp et al. 2017; Reichert and Stier 2017;
Pérez-Rodríguez et al. 2019) and DNA fragmentation (Noguera
et al. 2011). Although the impact of harsh developmental con-
ditions on telomere attrition has received great attention in past
years, factors influencing more general forms of DNA damage
in developing individuals have been sparsely studied in healthy,
wild populations.

DNA repair mechanisms can deal with most of the damage
that appears in the lifetime of an individual (Iyama and
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Wilson 2013). However, some lesions may persist and accu-
mulate with age, leading to detrimental consequences at dif-
ferent levels: cells, physiological systems, and individual per-
formance (Lord and Ashworth 2012). Evidence for these
effects in humans and laboratory animal models is provided
by the extensive biomedical research on aging and cancer (e.g.,
Su 2006; David et al. 2007; Altieri et al. 2008; Swenberg et al.
2011; Mandal et al. 2011). Interestingly, under normal con-
ditions, organisms may suffer up to 50,000 lesions in their
DNA daily, and these are considered to be mostly induced by
ROS, which are unavoidable by-products of aerobic metab-
olism (Coussens and Werb 2002; von Sonntag 2006; Swenberg
et al. 2011; Dizdaroglu and Jaruga 2012). Therefore, a mal-
function in the capacity of the individual to deal with this daily
challenge may affect senescence rate and, consequently, re-
productive and survival prospects (López-Otín et al. 2013).
Even though the links between ROS and life-history traits have
received considerable attention during the last two decades,
the use of DNA fragmentation as an estimate of physiological
state in healthy, wild animals has been explored only recently.
Methods to measure DNA damage can be classified in two

general groups. Methods in the first group rely on the quan-
tification of certain compounds—or the by-products of their
alteration—whose levels are known to vary concurrently with
the magnitude of the DNA damage, such as 8-oxodG (8-oxo-
7,8-dihydro-20-deoxyguanosine) and 8-oxoGua (8-oxo-7,8-
dihydroguanine; Dizdaroglu et al. 1993). Methods in the second
group attempt to directly estimate the damage occurred at
different scales, for example, at specific bases (e.g., apurinic-
apyrimidinic sites; Loeb and Preston 1986), at specific se-
quences (e.g., telomere shortening; Blackburn and Epel 2012;
Muraki et al. 2012), and along the strands (e.g., DNA frag-
mentation; Ostling and Johanson 1984). Within this second
category, one of the most widely used tools in biomedicine and
ecotoxicology is the comet assay. Also known as the single-cell gel
electrophoresis assay, this technique measures DNA damage
through the quantification of breaks in single and double DNA
strands, alkali-labile sites (including apurinic-apyrimidinic sites),
and incomplete excision-repair sites (Ostling and Johanson 1984;
Singh et al. 1988; Collins et al. 2008; fig. 1). However, its use
to evaluate variation in DNA integrity between individuals of
healthy,wildorganismshasbeenvery limited.The fewstudies that
have been done in birds that are apparently unexposed to toxi-
cological agents suggest that DNA integrity is sensitive to vari-
ation in the quality of nutritional resources (Freeman-Gallant
et al. 2011) and exposure to an immune challenge (Meitern et al.
2013) or stressful conditions (Gormally et al. 2019). Similarly, in
wild birds exposed to toxic compounds, DNA integrity positively
correlates with body condition during development (Baos et al.
2006;Fenstadet al. 2014;Galvánet al. 2014).Therefore,measuring
DNA integrity as a proxy for genomic stability may be an inter-
esting approach to estimate an individual’s physiological status
under a wider framework linking ecological processes with bio-
chemical mechanisms. This may ultimately translate into useful
applications for research in the fields of ecology and develop-
mental biology.

Here, using the comet assay, we aimed to evaluate whether
DNA integrity during early life varies throughout development
and whether it reflects the individual’s body condition, exposure
to competitive disadvantages with siblings, and oxidative status.
We used nestlings of the spotless starling (Sturnus unicolor) as a
model. In this altricial passerine, within-brood size asymmetries
often arise during the nestling period (Gil et al. 2008). In birds,
these brood asymmetries can impose significant viability costs
to lower-rank brood mates (i.e., marginal nestlings) compared
with higher-rank siblings (i.e., core nestlings; Forbes et al. 1997).
Proximally, this can be manifested in a lower body condition at
fledging, higher oxidative stress levels, or higher telomere at-
trition (e.g., Hall et al. 2010; Nettle et al. 2015), perhaps mediated
through increases in sibling competition (Neuenschwander et al.
2003). Considering these effects and the links suggested between
adverse conditions and higher DNA fragmentation in adult,
wild birds, we expected (i) an overall positive association between
nestling body mass or size and DNA integrity, (ii) lower DNA
integrity in marginal fledglings compared with core fledglings of
the same brood, and (iii) lower DNA integrity in nestlings ex-
periencing higher oxidative stress at hatching (i.e., lower anti-
oxidant capacity and/or higher oxidative damage).

Methods

Study System and Data Collection

This study was conducted in May 2018, in a free-living nest box
population of spotless starlings located at Soto del Real, Madrid,
Spain (4074501500N, 37470000W). Details of our yearly monitor-
ing protocol have been provided elsewhere (Muriel et al. 2015b;
Gil et al. 2019). This breeding population is located in a dehesa
ecosystem covered by a deciduous woodland of oak (Quercus
pyrenaica) and ash (Fraxinus angustifolius). The study site is ad-
jacent to a protected area (Guadarrama National Park), and both
the study site and the surrounding areas that make up the home
range of the spotless starlings are exploited for extensive cattle
grazing. This population shows extremely low levels of organo-
halogenated contaminants (among the lowest reported in a
large-scale study on starlings; Eens et al. 2013), which allows us
to consider it a nonexposed population. The spotless starling is
a relatively long-lived, colonial, and sedentary passerine that
exhibits a facultative polygynous breeding system, breeds in
natural tree holes and artificial cavities, and shows sexual
dimorphism (Moreno et al. 1999; Jimeno and Gil 2015). In our
study population, most pairs lay two consecutive clutches per
breeding season, although we included only first broods in this
study. In this population, modal clutch size is 4:725 0:57
(mean 5 SE) eggs, fledging success for completed clutches is
78%, and the nestling period lasts about 21 or 22 d (López-Rull
et al. 2007; B. Montoya, D. Gil, M. Valverde, E. Rojas, and L.
Pérez-Rodríguez, unpublished data).

Two different sets of nests were selected to address the aims
of this study. In the first set, within individuals, nests were
followed through the nestling period, while in the second set,
within broods, broods were visited only at fledging. Both sets of
nests were randomly distributed across our study site, and the
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only difference between them was the sampling schedule ap-
plied and the fact that nests selected for the within-broods
analyses included at least one nestling that could be clearly
identified asmarginal (see below). Using thewithin-individuals
set (n p 25 nests), we aimed to explore the changes in DNA

integrity with age and the relationship of DNA integrity with
oxidative stress at hatching and with bodymass during nestling
growth. When the hatching date approached, we visited nests
every 4 h to make sure we sampled chicks shortly after hatch-
ing. We randomly selected one to three hatchlings per brood

Figure 1. Intensity of the comet tail relative to the head reflects the amount of broken DNA (i.e., broken DNA strands migrate from the comet
head). Panel a shows an example of a nucleoid with 92.04% of DNA in the head and 7.96% of DNA in the tail. Panel b presents an example of a
nucleoid with 57.53% of DNA in the head and 42.47% of DNA in the tail.
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(mean5 SE p 2:115 0:42) to be included in the within-
individuals set. Hatchlings (n p 46) were weighed (50.01 g)
and individually marked by distinct down cutting, allowing for
individual recognition in subsequent visits. The time elapsed
between hatching and sampling was assessed using two cate-
gories based on the level of wetness of the down (Muriel et al.
2015a): chicks found wet-damp were categorized as hatched
!2 h before the visit, whereas chicks found drywere categorized
as hatched 12 h before the visit. Additionally, a 40-mL blood
sample was taken from the jugular vein. Blood samples were
kept cold until they arrived at the laboratory facilities (within
5 h). An aliquot of whole blood was diluted in Synth-a-Freeze
(Gibco, Life Technologies, New York) to a concentration of 3–
5 million cells/mL. The remaining blood was centrifuged at
10,000 rpm for 5min at 47C, and the plasma was separated from
the red blood cells (RBCs). Both the plasma and thewhole blood
diluted in Synth-a-Freezewere stored at2807Cuntil analyses were
performed. We visited the same nests when nestlings were 6 d
old, and we weighed (50.1 g) them and individually marked them
with numbered aluminum rings. We did not collect blood during
this second visit. Finally, when nestlings were 14 d old, we recorded
fledglings’ weight (50.1 g), tarsus length (50.1 mm), and wing
length (51 mm) and collected a second blood sample of ca. 30 mL
from the brachial vein using heparinized capillaries. The samples
were transported to the laboratory facilities as described above
and diluted in Synth-a-Freeze to the same cell concentration
described above. All nestlings were blood sampled within 3min
after being retrieved from the nest to control for the potential
effect of handling stress on DNA fragmentation and oxidative
stress parameters.
Using the within-broods set (n p 17 nests), we aimed to

explore the effect of the within-brood size hierarchy on DNA
integrity at 14 d of age. These broods were located in the same
areas of the colony and hatched on the same dates and were
therefore exposed to the same ecological conditions as the within-
individuals set. In each of these broods, we selected the marginal
nestling (i.e., the sibling with the lowest body mass within the
brood) and randomly selected one of the core siblings (i.e., siblings
with average body mass within the brood). Both siblings were
blood sampled (ca. 30mL from the brachial vein using heparinized
capillaries), andblood sampleswereprocessed, asdescribedabove,
for DNA fragmentation analysis only (sampling for oxidative
stress biomarkers was not possible at this sampling event because
of logistical constraints). In addition, we recorded fledglings’
weight, tarsus length, and wing length as described above. At 14 d
of age, core and marginal siblings from the same brood strongly
differed in body mass (b p 214:725 2:39, F1, 16 p 37:85,
P < 0:001), tarsus length(bp22:125 0:67,F1, 16 p 10:11,P <

0:01), and wing length (b p 29:885 2:29, F1, 16 p 18:84, P <

0:001; see table A1).

DNA Integrity Analysis—Comet Assay

The comet assay, also known as the single-cell gel electro-
phoresis assay, estimates DNA damage through the quanti-
fication of breaks in single and double DNA strands, alkali-

labile sites (including apurinic-apyrimidinic sites), and in-
complete excision-repair sites (Ostling and Johanson 1984;
Singh et al. 1988; Collins et al. 2008; fig. 1). This test uses the
propensity of broken fragments to migrate during an elec-
trophoretic assay to estimate the proportion of nonmigrated
DNA (comet head) to migrated DNA (comet tail) to quantify
DNA integrity. DNA integrity was estimated in RBCs from the
whole-blood samples of hatchlings and fledglings following Rojas
et al. (1999). Unlike mammalian RBCs, avian erythrocytes are
nucleated, thus allowing measures of damage to DNA integrity in
blood samples (Scanes 2015). Samples were conserved in Synth-
a-Freeze, a liquid cryopreserving medium. Briefly, samples were
defrosted for up to 60 s at 367C in a water bath. After this, 200 mL
of phosphate-buffered saline was added to the cells, and the
mixture was centrifuged at 7,000 rpm for 30 s. Supernatant was
completely discarded, and 50or 100mLof 0.5% low–melting point
agarose (LMPA) was added depending on, respectively, whether
the cells’ pellet was unnoticeable or clearly distinguishable. Be-
forehand, we prepared microscope slides by prelayering them
with 150 mL of 0.5% regular agarose and left them to dry at 367C.
Over these slides, we added 20 mL of the LMPA-cells solution
and two additional layers of LMPA, covering the gel with a cov-
erslip and maintaining the slide for 10 min at 47C between each
layer. Coverslips were removed, and slides were transferred into
a cold lysis solution at 47C (2.5 M NaCl, 100 mM Na2 ethylene-
diaminetetraacetic acid [EDTA], 10 mM Tris-base, pH 10, add-
ing 1% Triton, 10% dimethyl sulfoxide in fresh) and kept at 47C
for 1 h. After lysis, slides were placed in an electrophoresis cham-
ber filled with electrophoresis solution (10 N NaOH, 200 mM
EDTA, pH 1 13) for 20 min, and after this, electrophoresis was
performed for 20 min (23 V, 300 mA; 0.8 V/cm). After electro-
phoresis, slides were sequentially washed with neutralization
solution (0.4 M Tris-HCl, pH 7.5) and 96% ethyl alcohol and
then left to dry for 115 min. Slides were dyed with 3 mL of SYBR
Safe (1∶3 Tris-borate-EDTA buffer diluted) and analyzed under
an Olympus BX51 (#20 magnification) fluorescence microscope
using the comet assay software (ver. 5.0; Kinetic Imaging, Andor,
United Kingdom). We measured 100 nucleoids per slide to
determine the percentages of head and tail DNA. Because of the
strategy used to calculate these values (i.e., intensity of fluores-
cence in the comet tail relative to the head; fig. 1), the percentages
of head and tail DNA are perfectly complementary measures.
Each sample was processed and quantified in duplicate. Coeffi-
cient of variation (CV) between replicates was 3.98%.

Oxidative Stress Analyses

Oxidative stress was evaluated in plasma samples using one
biomarker of oxidative damage (reactive oxygen metabolites
[ROMs]) and one biomarker of antioxidant capacity (OXY).
Details on reagent volumes and procedures have been described
in detail elsewhere (Pérez-Rodríguez et al. 2015, 2019). ROMs,
as quantified by the d-ROMs assay kit (Diacron, Grosetto, Italy),
are mostly composed of lipid hydroperoxides, which have been
extensively used as biomarkers of oxidative damage (Costan-
tini 2016). We diluted 15 mL of plasma in a 200-mL solution
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containing 0.01 M acetic acid/sodium acetate buffer (pH 4.8)
and N,N-diethyl-p-phenylenediamine as chromogen. This mix-
ture was then incubated for 75min at 377C to allowmetabolites to
react with an alkyl-substituted aromatic amine solubilized in the
chromogen, producing a complexwhose color intensity is directly
proportional to the concentration of metabolites. After incuba-
tion, the absorbance was read with a Synergy HT multimode
microplate reader (BioTek Instruments) at 546 nm. Concentra-
tion of ROMs (mgH2O2/dL plasma) was calculated by comparing
the absorbance of samples with a calibration standard supplied
with the kit.
OXY of plasma samples was evaluated using the OXY-

adsorbent assay (Diacron, Grosetto, Italy). This colorimetric
test evaluates the nonenzymatic OXY of plasma by quantifying
the ability of plasma samples to cope with the oxidant action of
hypochlorous acid (HOCl; an oxidant of pathologic relevance
in biological systems), using N,N-diethyl-p-phenylenediamine
as chromogen. For OXY assays, plasma samples were diluted in
distilled water at a ratio of 1∶100. A 200-mL aliquot of HOCl
solutionwas incubatedwith 10mLof the diluted plasma samples
for 10min at 377C. The same relative volumes were used for the
reference standard supplied with the kit and blank (i.e., water).
Then 5 mL of the same chromogen solution used for the ROMs
determinationwas added. An alkyl-substituted aromatic amine
solubilized in the chromogen was oxidized by the residual
HOCl and transformed into a pink derivative. The intensity of
the colored complex, which is inversely related to the antiox-
idant power, was measured at 546 nm with the same microplate
reader mentioned above. Measurements are expressed as micro-
moles of HOCl neutralized.

Statistical Analyses

Statistical analyses were performed in R version 3.5.3 (R De-
velopment Core Team 2019). To account for the nature of
the data (i.e., proportions), the percentage of DNA in the
comet head (fig. 1), as a proxy for DNA integrity, was arcsine
square root transformed before analyses (Sokal and Rolf 1981).
We used the within-individuals data set to evaluate within-
individual differences in DNA integrity between the ages of
1 and 14 d. We fitted a mixed model including percentage of
DNA in the comet head as response variable, individual’s age
as a fixed effect, hatching date as a covariate, and individual’s
identity nested in nest identity as a random factor. The asso-
ciation between body mass and DNA integrity at hatching was
evaluated by fitting a mixed model including DNA integrity at
day 1 as response variable, body mass at hatching and hatching
date as covariates, time after hatching as a fixed factor (12 h or
!2 h), and nest identity as a random factor. To evaluate the
association betweenDNA integrity and bodymass at fledging, a
model including DNA integrity at day 14 as response variable
and body mass at day 14 and hatching date as covariates was
fitted. To test for a relationship between DNA integrity and
oxidative stress at hatching, we fitted a model including DNA
integrity as response variable; ROMs, OXY, and hatching

date as covariates; time after hatching as a fixed factor; and
nest identity as a random factor. We evaluated whether oxi-
dative stress at hatching was associated with DNA integrity at
fledging by fitting a model including DNA integrity at day 14
as response variable; oxidative status at day 1 (ROMs and
OXY), daily growth rate (i.e., difference between the body mass
at day 14 and at hatching divided by the exact number of days
elapsed between initial and final measurements), and hatch-
ing date as covariates; and nest identity as a random factor.
Finally, we explored variables explaining the change in DNA
integrity from hatching to fledging (difference between DNA
integrity at hatching and fledging) by fitting a model including
change in DNA integrity as response variable (after correcting
for regression to the mean; Verhulst et al. 2013); DNA integrity
at hatching, oxidative status at hatching (ROMs and OXY),
daily growth rate (calculated as explained above), and hatching
date as covariates; and nest identity as a random factor.

Using the within-broods data set, we evaluated the association
between position within the nest hierarchy and DNA integrity
by fitting a mixed model including DNA integrity at day 14 as
response variable, position within the nest hierarchy as a fixed
factor (core vs. marginal), hatching date as a covariate, and nest
identity as a random factor.

All final models were obtained by backward deletion of non-
significant terms. P values were calculated through the Satterth-
waite correction using the R package lmerTest (Kuznetsova et al.
2015). Adjusted repeatabilities were estimated, controlling for
the time lapsed after hatching and the age category, using the
R package rptR (Nakagawa and Schielzeth 2010). Sample sizes
may vary slightly among analyses because not all variables could
be analyzed for all nestlings and sampling events as a result of
limitations imposed by the sample volume.

Results

Percentage of DNA in the comet head at hatching and fledging
varied between 50% and 88% (mean5 SE p 70:9%5 5:8%;
fig. 2). DNA integrity had a moderate repeatability in within-
broods hatchlings (R p 54%, 95% confidence interval [CI] p
15%–78%, P p 0:003), but it had a much lower, nonsignificant
repeatability in within-broods fledglings (R p 31%, 95% CIp
0%–69%, P p 0:15) and in within-individuals fledglings sam-
pled at different ages (i.e., 1 and 14 d after hatching; R p 25%,
95%CIp 2%–44%, P p 0:09). Levels of ROMs andOXYwere
repeatable within broods at hatching (ROMs: R p 85%, 95%
CI p 80%–89%, P < 0:001; OXY: R p 90%, 95% CI p 85%–
92%, P < 0:001).

Within-Individuals Data Set

Individual chicks had a lower percentage of DNA in the
comet head at hatching than at fledging (b p 0:395 0:08,
F1, 58:84 p 22:99, P < 0:001; fig. 3a). At the day of hatching,
DNA integrity was not associated with body mass, time since
hatching, or hatching date (table 1).
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At fledging, variation in DNA integrity was not associated
with body mass or hatching date (table 1). However, if we used
wing length as an index of size instead of body mass, we found
that fledglings with larger wings had a higher percentage of
DNA in the comet head (b p 0:475 0:15, F1, 22:98 p 9:73, P p
0:005; fig. 3b). This relationship with DNA integrity was not
found for tarsus length (F1, 32:03 p 0:93, P p 0:34).
When we explored the relationship between DNA integrity

andoxidative status at hatching, we found that the percentage of
DNA in the comet head was negatively related to the levels of
ROMs in hatchlings (table 2; fig. 4a). Hatching date in this
model significantly explained variation in DNA integrity, but
no association between DNA integrity and OXY was found at
this age (table 2; fig. 4b). Variation in DNA integrity at fledging
was not explained by the levels of ROMs or OXY at hatching,
the hatching date, or the daily growth rate (table 2). The change
in DNA integrity from hatching to fledging was not associated
with DNA integrity or levels of ROMs or OXY at hatching, the
daily growth rate, or the hatching date (table 2).

Within-Broods Data Set

At fledging, core nestlings showed a higher percentage of DNA
in the comet head than their marginal brood mates (b p
24:295 1:43, F1, 32 p 8:96, P p 0:006; fig. 5a). In this data
set, there was a positive association between percentage of DNA
in the comet head and nestling’s body mass, pooling core and
marginal nestlings together (b p 0:185 0:07, F1, 28:4 p 7:18,
P p 0:01; fig. 5b). However, the percentage of DNA in the
comet head was better predicted by the difference in body mass
between siblings than by the absolute bodymass of the focal chick

(difference in body mass between siblings: b p 0:145 0:04,
F1, 32 p 12:94, P p 0:001; focal chick body mass: F1, 14 p 0:05,
P p 0:94). In other words, lower nestling DNA integrity was
associated with larger within-brood differences in mass (fig. 5b).

Discussion

Despite the fact that, in the average organism, the amount of
DNA that may be damaged by the action of metabolic by-
products is estimated to be as large as 50,000 lesions per day
(Friedberg et al. 2006; Swenberg et al. 2011; Lomax et al. 2013),
few studies have evaluated the variation in DNA integrity in

Figure 3. Relationship of DNA integrity with nestlings’ age class and
body size in the spotless starling. Panel a shows within-individual
differences in DNA integrity at hatching and fledging (i.e., 1 and 14 d
old, respectively). Boxes indicate interquartile ranges, the horizontal
line in each box indicates the median, and the points show all of the
values included in the analyses. Panel b presents the percentage of
head DNA in relation to wing length at age 14 d. DNA integrity was
measured as the percentage of head DNA using the comet assay in its
alkaline version.

Figure 2. Variation in DNA integrity found in nestling spotless star-
lings. DNA integrity was measured as the percentage of nonmigrated
DNA (i.e., head DNA) using the comet assay in its alkaline version.
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free-living, nonexposed organisms. In this study, we assessed a
free-living population of spotless starlings that were apparently
unexposed to toxicological agents and found significant levels
of variation in DNA integrity in nestlings and patterns that
suggest that variation in this measurement has implications
for offspring fitness. We found that hatchlings had lower DNA
integrity than fledglings. In addition, DNA integrity was neg-
atively related to the levels of oxidative damage at hatching and
positively associatedwithwing length at fledging. Furthermore,
marginal nestlings had lower DNA integrity than their siblings
occupying central positions. Finally, despite extensive within-
individual variation along nestling’s age, we found DNA in-
tegrity during early life to be moderately repeatable within
broods.

DNA Integrity and Nestlings’ Age

We found that DNA integrity was strongly dependent on the
developmental stage, being lower at hatching than at the end of
the nestling period. Hatchlings could have presented lower
DNA integrity possibly as a result of the sudden exposure tonew
environmental conditions after hatching. Alternatively, hatch-

lings may show a reduced capacity for cell-repairing mechanisms
(Udroiu and Sgura 2016; but see Heuser et al. 2008).

DNA Integrity and Nestlings’ Body Size

DNA integrity was unrelated to nestlings’ body mass at hatching
and fledging but was positively associated with fledglings’ wing
length in our within-individuals data set. This result runs counter
to our prediction that body mass should be positively associated
withDNA integrity. The lack of an associationbetweenbodymass
and DNA integrity may be explained by the fact that the indi-
viduals included in this sample were in relatively homogeneous
good condition. Low levels of variation in this measurement
would account for the lack of a relationship. Nestlings in this
within-individuals data set showed a remarkably low CV in body
mass (9%), lower, for instance, than that exhibited by birds
included in the analysis comparing core versus marginal brood
mates (within-broods data set; 15%). Indeed, within this second
set of birds (core vs. marginal broodmates), we did find a positive
association between body mass and DNA integrity in fledglings.
Interestingly, despite the lackof an associationbetweenbodymass
andDNA integrity in the fledglings of the within-individuals data
set, we did find a positive association between wing length and

Table 1: Relationship of DNA integrity during early life (estimated as percentage of DNA in the comet head) with individual’s
body mass, hatching date, and time after hatching

At hatching At 14 d old

Estim SE F ddf P Estim SE F ddf P

Body mass 2.11 1.10 .01 23.32 .92 .14 .11 1.65 34.17 .21
Hatch date 22.01 1.24 2.62 22.93 .12 21.25 1.07 1.38 21.86 .25
Time after hatch 21.28 1.96 .43 36.06 .52 . . . . . . . . . . . . . . .

Note. n p 46 individuals sampled at hatching, and n p 37 sampled at 14 d after hatching; individuals sampled belonged to 25 and 23 different nests, respectively.
Percentage of DNA in the comet head was arcsine square root transformed, generalized linear mixed models with normal error distribution were fitted, and nest
identity was included as a random factor. Estim p estimate; ddf p denominator degrees of freedom.

Table 2: Relationship between DNA integrity during early life (estimated as percentage of DNA in the comet head) and
oxidative stress at hatching (reactive oxygen metabolites [ROMs] or antioxidant capacity [OXY])

At hatching At 14 d old Change

Estim SE F ddf P Estim SE F ddf P Estim SE F ddf P

ROMs 21.06 .41 6.75 24.43 .02 .56 .45 1.55 29.46 .22 .59 .39 2.29 21.49 .14
OXY .03 .03 1.18 33.91 .28 .02 .03 .48 24.34 .49 2.01 .03 .12 22.16 .14
Hatch date 23.13 .96 10.64 13.20 .006 21.28 1.12 1.32 20.35 .26 .23 1.59 .02 21.58 .88
Time after
hatch

22.60 2.08 1.56 30.48 .22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Growth rate . . . . . . . . . . . . . . . 1.84 1.40 1.73 29.95 .20 2.63 1.53 2.96 28.24 .10
DNA
integrity
athatching

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .04 .13 .10 21.09 .76

Note. n p 46 individuals sampled at hatching, and n p 37 sampled at 14 d after hatching; individuals sampled belonged to 25 and 23 different nests, respectively.
Percentage of DNA in the comet head was arcsine square root transformed, generalized linear mixed models with normal error distribution were fitted, and nest
identity was included as a random factor. Estim p estimate; ddf p denominator degrees of freedom.
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DNA integrity. Hence, it could be argued that, at this develop-
mental stage in passerines, whereas mass and tarsus length have
attained almost asymptotical values, wing length is still growing
(Starck and Ricklefs 1998). This would indicate that wing length
at this stage is a relevant index of current growth. Thus, a feasi-
ble alternative explanation is that the decreased DNA integrity
found in nestlings with shorter wings may reflect poorer devel-
opmental conditions that extended theperiodofwinggrowth.The
explanations presented above would not be mutually exclusive,
given that individuals in the within-individuals data set were all
in relatively good condition to grow appropriately or to catch up.
In contrast, marginal individuals in the within-broods data set
showedmarkedly poorer developmental conditions. These results
suggest that harsh developmental conditions are required to
observe concurrent changes in DNA integrity, as has been sug-
gested to occur with telomere erosion (Criscuolo et al. 2019).

DNA Integrity and Within-Brood Hierarchy

At fledging, core siblings, which are better fed, had higher
DNA integrity than their marginal brood mates. This result
supports our prediction and suggests that nest asymmetries are
an important source of stress in marginal nestlings. Accord-
ingly, other studies have found that, in altricial species, mar-
ginal siblings require longer time to grow flight feathers (Bitton
et al. 2006) and have higher corticosterone levels (Núñez de la
Mora et al. 1996), higher oxidative stress (Hall et al. 2010),
increased telomere erosion (Nettle et al. 2013, 2015), and lower
immune response (Martín-Vivaldi et al. 2006). Studies show
that once in adulthood, these individuals may present lower
fledging rates (Griebel and Dawson 2018) and lower reproduc-
tive success (Drummond and Rodríguez 2013). Interestingly, in

Figure 4. Relationship between oxidative markers and DNA integrity
at hatching in spotless starlings. Panel a shows the association between
the level of reactive oxygen metabolites (ROMs; H2O2 mg/dL) in
plasma and DNA integrity. Panel b presents the percentage of head
DNA in relation to antioxidant capacity (OXY; mmol of HOCl neu-
tralized) levels. DNA integrity was measured as the percentage of head
DNA using the comet assay in its alkaline version.

Figure 5. DNA integrity and within-brood differences in body mass in
spotless starlings. Panel a shows differences in DNA integrity between
core and marginal fledglings (14 d old). Boxes indicate interquartile
ranges, and the horizontal line in each box indicates the median. Gray
lines connect the core and marginal siblings sampled in each brood.
Panel b presents the percentage of head DNA in relation to the mag-
nitude of within-brood differences in bodymass betweenmarginal and
core nestlings. DNA integrity was measured as the percentage of head
DNA using the comet assay in its alkaline version.
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our study,DNA integrity was better predicted by themagnitude of
the difference in body mass between marginal and core siblings
than by the absolute body mass of the focal chick. This provides
additional support for the idea that social stress linked to within-
brood asymmetries has detrimental effects on the physiological
condition of marginal individuals (Neuenschwander et al. 2003;
Salomons et al. 2009; Nettle et al. 2013, 2015). Moreover, this
result shows that DNA integrity is not only linked to individual
mass but also to stressful conditions, as recently suggested
(Gormally et al. 2019).

DNA Integrity and Oxidative Stress

When we explored the potential proximate links between DNA
integrity and oxidative stress in hatchlings, we found, in sup-
port of our prediction, that higher levels of ROMs were asso-
ciated with lower DNA integrity. At hatching, individuals are
particularly exposed to the risk of suffering oxidative chain
reactions fueled by the by-products of the oxidation of poly-
unsaturated fatty acids accumulated during embryo develop-
ment (Surai 1999, 2002; Surai et al. 2016). Consistent with
this, we found that hatchlings had lower DNA integrity than
fledglings. During the hatchling stage, individuals’ antioxi-
dant systems are still immature (Metcalfe and Alonso-Alvarez
2010), and therefore antioxidant defenses rely mostly on
molecules transferred by the mother to the egg (Surai 2002).
However, we did not find an association between hatchlings’
DNA integrity and OXY. Interestingly, estimates of DNA in-
tegrity, as well as levels of ROMs and OXY, at hatching were
repeatable within broods, suggesting an important influence of
genetic or maternal effects affecting these parameters. In any
case, within-brood repeatability of DNA integrity was lower
than that of ROMs and OXY. This may indicate that there are
other sources of variation, different from those shared in a
common rearing environment, that affect DNA integrity. DNA
integrity was measured from RBCs, which have a half-life in
birds estimated to be on average 39:75 3:3 d (Beuchat and
Chong 1998; Scanes 2015). Hence, the fact that DNA integrity
increases from hatching to fledging indicates that DNA frag-
mentation in RBCs may be repaired, and therefore individuals
may differ not only in the rate of exposure to DNA fragmen-
tation but also in their capacity to repair this type of damage.
Oxidative stress in erythrocytes may compromise oxygen de-
livery, accelerate aging rate (Mohanty et al. 2014), and even
impact immune function (Passantino et al. 2007; Morera et al.
2011; Anderson et al. 2018). Therefore, optimal functioning of
RBCs is likely to be crucial to maintaining vital processes.
However, these results raise important questions. To what
extent does DNA damage in RBCs compromise their function?
What is the timeframe in which a given DNA damage in
erythrocytes can affect an individual’s physiology, considering
the short half-life of this cellular type? Is there an association
between DNA damage in RBCs and other cellular types with
lower renewal rates? Future research should address these ques-
tions that are raised by our findings.

In conclusion, this study shows that factors that compromise
development, such as a stressful social context within the nest,
may promote erythrocyte DNA fragmentation in organisms
that are apparently unexposed to toxicological agents. This
result, combined with the moderate within-brood repeatability
found (in the absence of within-individual repeatability) at
hatching but not at fledging, suggests that DNA integrity is
likely to be more influenced by maternal effects than by genetic
factors. From a proximate perspective, exposure to ROMs ap-
pears to be linked to decreased DNA integrity. Our results
suggest that erythrocyte DNA integrity may be used to assess
the impact of harsh environmental conditions during early
development in wild animals. Future studies should evaluate
the sensitiveness of this variable to different types of stressors,
the persistence of its effects, and its usefulness as a reliable
correlate of fitness-related traits during adulthood.
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APPENDIX

Table A1: Morphometrical differences between core and
marginal nestlings of the same nest at 14 d of age

Core nestlings Marginal nestlings

Mean SE Mean SE

Body mass (g) 82.68 1.55 67.96 2.35
Tarsus length (mm) 30.59 .26 28.36 .65
Wing length (mm) 76.47 1.43 66.59 2.15

Note. n p 34 spotless starling nestlings belonging to 17 nests.
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