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Background DNA damage is higher in summer than
winter in both free-living and captive birds
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environmental-genomic interactions. We measured background DNA double-
stranded breaks using the neutral comet assay in five tissues (nucleated red blood
cells, abdominal fat, hippocampus, hypothalamus, and liver) in four cohorts of
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Scholars; Votow Scholarship light cycle, free-living winter, and captives on a winter light cycle. The experiment
was designed to answer three questions: (1) Is red blood cell DNA damage
representative of other tissues? (2) Is DNA damage in captive birds representa-
tive of DNA damage in free-living birds? (3) Does DNA damage show seasonality?
We found that (1) blood is a representative tissue, (2) captive animals are
representative of free-living animals, and (3) DNA damage is higher in the
summer than in the winter. These data indicate that red blood cells can be an
index of DNA damage throughout the body and that background levels of DNA
damage show substantial seasonal variation. The latter result suggests the
possibility that underlying molecular mechanisms of DNA damage and/or repair

also change seasonally.
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1 | INTRODUCTION

DNA damage increases in response to acute (Flint et al, 2007;
Gormally et al, 2020; Malandrakis et al., 2016) and chronic stress

Although glucocorticoid release is a classical stress index in animals
because of its far-reaching effects, it provides a limited snapshot of the
overall profile of an animal (Gormally, Estrada et al., 2019, Gormally,
Fuller et al., 2019; Romero & Beattie, 2021; Romero et al., 2015;
Sapolsky et al., 2000). DNA damage might serve as a better index,
because it appears to be an integrative downstream measure of an
animal's interaction with its environment via changes caused by both
glucocorticoid and catecholamine exposure (Casagrande et al., 2020;
Costantini et al., 2011; Flint et al., 2007; Hara et al., 2011). For example,

(Gormally, Fuller et al., 2019; Herborn et al., 2014; Sohn et al., 2012).
Moreover, because avian species commonly used in studying the stress
response, such as house sparrows (Passer domesticus) (Fischer et al.,
2018; Lattin & Romero, 2013; Love et al, 2017), have nucleated
erythrocytes, the relatively noninvasive acquisition of blood samples
can allow for repeated measures of DNA damage (Gormally et al.,
2020; Gormally, Fuller et al.,, 2019; Naz et al., 2020). However, the
biological relevance of DNA damage in erythrocytes, which are

not nucleated in other taxa, is not clear. It is currently unknown
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whether DNA damage measured in erythrocytes is representative of
DNA damage elsewhere in the body. In vitro studies have linked DNA
damage to glucocorticoid exposure (Flaherty et al., 2017; Flint et al.,
2007), suggesting that stress-induced DNA damage will be greatest in
tissues that have the most glucocorticoid receptors. Because gluco-
corticoid receptors vary across tissue types in house sparrows
(Lattin et al., 2012), we predicted that DNA damage would also vary
across tissue types.

Furthermore, glucocorticoid receptor numbers in house sparrows
vary seasonally in some tissues but not others (Lattin et al., 2013). For
example, glucocorticoid receptor density changed seasonally in
subcutaneous fat, kidney, liver, gastrocnemius, and pectoral muscle,
but not in omental fat (Lattin et al., 2015). However, none of those
tissues shared a seasonal peak in receptor density, suggesting
that seasonal receptor changes occur in a tissue-specific manner
(Lattin et al., 2015). Because corticosterone titers are equivalent in
the summer and winter in free-living house sparrows (Romero et al.,
2006), we predicted that DNA damage would be equivalent in both
seasons but might vary by tissue type.

To measure DNA damage, we used the comet assay (also known as
single-cell gel electrophoresis) in which sample cells are diluted and
embedded in agarose on a microscope slide. The cells are lysed and
then the entire sample/agarose/slide is placed in an electrophoresis
chamber and electrophoresed at a low voltage. Just as a typical gel
electrophoresis, smaller fragments of DNA (samples with more double
strand breaks) will travel further in the gel than more intact DNA. Once
the agarose is dried, the slide is stained and imaged. The resulting
fluoresced images appear as comets, with the more fluorescent and
compact head containing larger fragments and the tail containing
streaks of smaller, more mobile fragments. Therefore, longer tails would
be expected in cells with greater DNA damage and fragmentation. We
used a neutral comet assay (Olive & Banath, 2006) to measure primarily
double-strand breaks in our experiment as opposed to an alkaline
comet assay, which measures both double- and single-strand breaks.
Avian erythrocytes contain many alkali labile sites, which turn to strand
breaks when treated with the alkaline electrophoresis buffer, thus
inflating the measured damage (Bonisoli-Alquati et al., 2010; Galvan
et al., 2014; Gormally, Fuller et al., 2019). The neutral assay has been
used in house sparrows to measure DNA damage in erythrocytes
during both acute (Gormally et al., 2020) and chronic (Gormally, Fuller
et al.,, 2019) stress.

We quantified DNA damage in house sparrows across five
tissues involved in the stress response: abdominal fat (site of
metabolic activity and energy mobilization), blood (delivery of
glucocorticoids and catecholamines), hippocampus and hypothalamus
(brain structures associated with integration of stressors and both
stimulation and regulation of the hypothalamic-pituitary-adrenal
axis), and the liver (primary metabolic target of glucocorticoids and
catecholamines) (McEwen, 1999; reviewed in Romero & Wingfield,
2016). We compared damage in both wild and captive house
sparrows during the summer and winter. To our knowledge, this is
the first characterization of DNA damage levels in free-living house

sparrows across seasons and tissue types.
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2 | METHODS

2.1 | Sample collection

We caught adult house sparrows from the same site in Eastern
Massachusetts in July 2019 (n =9; 6M:3F) and January 2020 (n=9;
5M:4F) with mist nets. Two further sets of house sparrows were
caught in Eastern Massachusetts and allowed to acclimate to
captivity for at least 4 weeks (Fischer et al., 2018). These birds were
housed individually or in male-female pairs in cages (45 x 37 x 33 cm)
on a 12L:12D light cycle to simulate summer (n = 5, 2M:3F) or 9L:15D
light cycle to simulate winter (n =8, 5M:3F). Water, seed, and grit
were provided ad libitum. All procedures were approved by the Tufts
Institutional Animal Care and Use Committee and were conducted in
compliance with the Guidelines for Use of Wild Birds in Research
(Fair et al., 2010)

For free-living birds, 20 wl of blood were collected from the alar
vein within 2min of capture and stored on ice. Birds were then
anesthetized with isoflurane, sacrificed by decapitation, and the
hippocampus, hypothalamus, abdominal fat, and liver were collected,
in that order. All tissues were stored on ice in 1.5 ml microcentrifuge
tubes containing 1 ml of chilled phosphate buffered saline (PBS;
Ca%t Mg2+ free). Before transferring to PBS, liver samples were cut
and left to sit in a weigh boat filled with chilled PBS for ~1 min to
remove excess blood. Sample collection was completed within 13 min of
capture. Cell suspensions of blood were prepared by diluting 2 ul of
whole blood into 800 pl of chilled PBS followed by two fivefold dilutions
(100 ul of suspension into 400 ul of fresh PBS) (Gormally, Fuller et al.,
2019). Abdominal fat, hippocampus, hypothalamus, and liver were
minced in the original 1ml of PBS using fine shears. The liver
suspensions underwent one fivefold dilution (100 pul of suspension into
400 pl of fresh PBS). Captive birds were sampled in the same way, only
they were captured from cages. We ran 148 samples in total from 31
birds. Seven birds did not have enough abdominal fat to harvest and
assay (5 from the summer/free-living group, 1 from the winter/free-
living group, and 1 from the winter/captive group).

2.2 | Comet assay

A 30l aliquot of each suspension was diluted in 300 ul of warm
(37°C), low-melting agarose (R&D Systems Cat. No. 425005001).
After vortexing, 30 ul of sample were plated via pipette such that the
gel spread evenly throughout the well of the CometSlide (R&D
Systems Cat. No. 425250001). Within seasons, samples were sorted
randomly such that an individual's five tissues were spread across
multiple slides to minimize order effects. Samples were plated in
duplicate and complete slides were stored for 30 min at 4°C to
solidify the gel. Slides were then treated with cold lysis buffer
(R&D Systems Cat. No. 425005001) mixed with 10% DMSO for 1 h
at 4°C, followed by equilibration in electrophoresis buffer (300 mM
sodium acetate, 10mM Tris base, pH 10) for 30min at 4°C
(Gormally, Fuller et al., 2019; Olive & Banath, 2006).
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Slides were then electrophoresed in fresh electrophoresis buffer
for 30 min (21V, 4°C), washed twice in chilled dH,0 for 5min to
neutralize, and soaked in 70% ethanol for 5 min. Lastly, they were
heated at 37°C for 20-40 min to dry slides of excess liquid and
evaporate gels. Dried slides were stored with desiccant in a cool, dark
place until staining and imaging. The entirety of the assay was
performed under low-light conditions to reduce DNA-damage by UV
light (Gormally, Fuller et al., 2019; Olive & Banéath, 2006). Standard-
ized damaged cells (R&D Systems Cat. No. 4257010NC) were plated
and run with samples during each assay. These standardized cells
allowed for an estimation of variation between assays and to
normalize data if necessary (Gormally, Fuller et al., 2019). The data
collected required three assays, but five runs of electrophoresis
(due to a limit of five slides in the electrophoresis chamber). The
inter-assay variability was 31% and the intra-assay variability was
22%. To normalize the data using the control cells, we averaged each
control cell well across plates in each assay. We then computed the
fold change from the assay with the lowest control cells (the summer
assay) and finally divided all values by the computed fold change
(e.g., the control cells were 1.7 times higher in the winter captive
assay than they were in the summer assay, so all winter captive
values were divided by 1.7).

2.3 | Slide staining, microscopy, and image
processing

The slides were stained with SYBR™ Gold (Invitrogen Cat. No.
$11494) for 30 min. Excess stain was removed by washing slides
with chilled dH,O. Slides were then dried at 37°C for approxi-
mately 20 min and imaged using a fluorescent microscope with a
green fluorescent protein filter at x10 objective. The Fiji plug-in
OpenComet was used to detect comets in the images taken and
erroneous detections were manually removed by an investigator
blinded to sample source (Gyori et al., 2014). We used the
“TailMoment” metric produced by OpenComet, which is % tail
DNA x tail length. There is no consensus on the best parameter to
use when analyzing comet images, but the most recent study on
DNA damage in house sparrow erythrocytes (Gormally et al., 2020)
used the tail moment parameter.

2.4 | Statistics

All statistical analyses were conducted in RStudio (Team, 2021). The
following models were tested for homogeneity of variance using
Levene's test (car package, Fox & Weisberg, 2011) and square-root-
transformed according to Tukey's Ladder of Powers. We then ran a
linear model with season, captivity state, tissue, sex, and each
interaction, in which sex was not significant and subsequently
removed. The final model was comprised of season, captivity state,
tissue, and each interaction. Because harvesting tissues required
terminal procedures, the birds in each season/captivity state group
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were unique, which means that we could not use a repeated-
measures statistical analysis.
Cohen's d effect size was calculated using the “cohen.d” function

of the “effsize” package (Torchiano, 2020).

3 | RESULTS

The overall model indicated that season (F,=60.35, p<0.0001)
significantly affected DNA damage. In contrast, captivity state
(F1=1.11, p=0.29), tissue (F, = 1.86, p = 0.12), the season x captivity
state interaction (F;=2.09, p=0.15), the seasonxtissue (F,=1.43,
p =0.23), the captivity state x tissue interaction (F4 = 2.09, p =0.08),
and the seasonxcaptivity statextissue interaction (F4;=12.01,
p =0.10) did not. DNA damage in the summer was higher than in
the winter, with a difference in tail moment of 24.44 (Cohen's
d=2.61). The adjusted R? of the model is 0.70.

4 | DISCUSSION

41 | Is DNA damage in blood representative of
DNA damage in other tissues?

No tissue (abdominal fat, hippocampus, hypothalamus, or liver)
significantly differed from blood (Figure 1, comparing across panels),
indicating that DNA damage in blood is representative of the other
four tissues in house sparrows. This finding is important because
blood sampling allows minimally invasive repeated-measures study
designs from an individual animal, whereas measuring damage in
other tissues requires euthanasia. Interestingly, blood was not a
representative tissue compared to liver and gills for free-living chub
(Squalius cephalus L.) (Sunjog et al., 2014). However, the study on
chub used an alkaline comet assay (which measures single strand
breaks [Lu et al., 2017]) and different analysis outputs (tail intensity
and olive tail moment, instead of tail moment). We suggest that
researchers validate blood as a representative tissue in their study
species. Further research is also needed to determine if blood is a

representative tissue in other contexts, such as chronic stress.

4.2 | Is DNA damage in captive birds
representative of DNA damage in free-living birds?

The effect of captivity on physiology is highly species and system
specific (Calisi & Bentley, 2009; Fischer & Romero, 2019; Fischer
et al., 2018). Introducing house sparrows to captivity results in weight
decreases and initial increases in corticosterone levels that level-off
to a “new normal” (Fischer et al., 2018; Gormally, Fuller et al., 2019).
One study tracked DNA damage in house sparrows repeatedly
through the introduction to captivity (in April) and found an increase
by 3 days of captivity that remained elevated through 27 days
(Gormally, Fuller et al.,, 2019). Birds used in our study had been in
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FIGURE 1 DNA damage in free-living and captive house sparrows in winter and summer. Across tissues, DNA damage in the winter is lower
than in the summer. There were no significant differences among the tissues or captivity states within a season. *p < 0.05.

captivity for at least 4 weeks but showed no difference in DNA
damage compared to their wild counterparts in any of the tissues
measured (Figure 1, comparing colors within each column grouping).
While we would've expected similar results to Gormally, Fuller et al.,
2019; our study precluded measuring DNA damage in the same bird
pre- and post-captivity which may have contributed to the differ-
ence. Despite this difference, the overall conclusion is that DNA
damage in captive birds is representative of DNA damage in free
living birds.

4.3 | Does DNA damage change seasonally?

In every tissue measured, DNA damage in the winter was lower
than damage in the summer (Figure 1, comparing column groupings
within each panel). This contradicts our initial hypothesis that
DNA damage would be equivalent in the summer and winter due to
previously observed equivalent corticosterone levels across
seasons (Romero et al., 2006). Earlier studies suggested that DNA
damage and corticosterone titers would be coupled because acute
increases in corticosterone increased DNA damage in vitro (Flint
et al., 2007) and a chronic rise in corticosterone paralleled with a
chronic rise in DNA damage in vivo (Gormally, Fuller et al., 2019).
However, Gormally, Fuller et al. (2019) noted that absolute levels of
corticosterone and DNA damage were not correlated, indicating
that two different mechanisms must be at play. Our data also

supports distinct mechanisms because DNA damage, but not
corticosterone, showed seasonal differences.

To our knowledge, this is the only study to measure specifically
double stranded DNA breaks across seasons. Other studies
(Betti et al., 1995; Dusinska et al., 2002; Geri¢ et al., 2018; Mgller
et al.,, 1998; Sunjog et al., 2014; Verschaeve et al., 2007) that have
compared DNA damage across seasons have used an alkaline comet
assay, which detects more types of DNA damage (Lu et al., 2017). In
chub erythrocytes (Sunjog et al., 2014), DNA damage is higher in the
winter than in the summer—the opposite pattern to this study.
Studies in seasonality of human lymphocyte and monocyte DNA
damage (Betti et al., 1995; Dusinska et al., 2002; Geric¢ et al., 2018;
Mgiller et al., 1998; Verschaeve et al., 2007) do not show consistent
results. Additionally, it is difficult to compare seasonality in humans
and free-living animals because humans have altered many aspects of
their environment. Given those caveats, it is still interesting that
previously documented seasonal patterns of DNA damage are
different than our study.

Not only is there elevated DNA damage in the summer in free-
living birds, this elevation persists in captivity. There are many
seasonal habitat differences that might cause physiological changes
in the wild, such as reproduction or changes in temperature, daylight,
and the availability of food and shelter. This is in contrast, however,
to the captive data in our study. Our birds do not reproduce in
captivity (and are not given a gradual lengthening of daylength to

trigger reproduction). The only difference between captive summer
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and winter birds was the light cycle and yet there was still higher
DNA damage in the “summer.” Studies in humans (Dusinska et al.,
2002; Geri¢ et al., 2018; Mgiller et al., 1998; Verschaeve et al., 2007)
have suggested an increase in solar radiation might be the culprit for
increased DNA damage in the summer, however it is unlikely that sun
rays could penetrate a birds skin and feathers. Thus, it is unclear why
a change in daylight might alter DNA damage, but this is an exciting
avenue for future research.

5 | CONCLUSIONS

Free-living house sparrows show surprising, and hitherto
undocumented, seasonal differences in baseline DNA damage
that is, consistent across tissues and persists in captivity. The
reason for this variability is not presently known, but it suggests
the intriguing possibility that underlying molecular mechanisms of

either DNA damage or DNA repair also change seasonally.

ACKNOWLEDGMENTS

We thank J. M. Reed for statistical help. We also thank the Tufts
University animal care staff. This study was supported by the
National Science Foundation [I0S-1655269] to L. M. R. S. E. was
partially funded by a Votow Scholarship and Tufts Summer Scholars.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Ursula K. Beattie http://orcid.org/0000-0002-7131-3712
Brenna M. G. Gormally http://orcid.org/0000-0003-4018-322X
Mitch McVey https://orcid.org/0000-0001-8883-0188

L Michael Romero http://orcid.org/0000-0002-8854-8884

REFERENCES

Betti, C., Davini, T., Giannessi, L, Loprieno, N. & Barale, R. (1995).
Comparative studies by comet test and SCE analysis in human
lymphocytes from 200 healthy subjects. Mutation Research/DNA
Repair, 343, 201-207. https://doi.org/10.1016/0165-1218(95)90015-2

Bonisoli-Alquati, A., Voris, A.,, Mousseau, T. A, Mgller, A. P., Saino, N., &
Wyatt, M. D. (2010). DNA damage in barn swallows (Hirundo rustica)
from the Chernobyl region detected by use of the comet assay.
Comparative Biochemistry and Physiology—C Toxicology and Pharmacology,
151, 271-277. https://doi.org/10.1016/j.cbpc.2009.11.006

Calisi, R. M., & Bentley, G. E. (2009). Lab and field experiments: Are they
the same animal? Hormones and Behavior, 56, 1-10. https://doi.org/
10.1016/j.yhbeh.2009.02.010

Casagrande, S., Stier, A., Monaghan, P., Loveland, J. L., Boner, W., Lupi, S.,
Trevisi, R., & Hau, M. (2020). Increased glucocorticoid concentra-
tions in early life cause mitochondrial inefficiency and short
telomeres. Journal of Experimental Biology, 223, 1-13. https://doi.
org/10.1242/jeb.222513

5
th‘A ECOLOGICAL o INTEGRATIVE PHYSIOLOBY — WV | LEY—I—

Costantini, D., Marasco, V., & Mgller, A. P. (2011). A meta-analysis
of glucocorticoids as modulators of oxidative stress in verte-
brates. Journal of Comparative Physiology B Biochemical Systemic
& Environmental Physiology, 181, 447-456. https://doi.org/10.
1007/s00360-011-0566-2

Dusinska, M., Vallova, B., Ursinyova, M., Hladikova, V., Smolkova, B.,
Wsdlova, L., Raslova, K., & Collins, A. R. (2002). DNA damage and
antioxidants: Fluctuations through the year in a central European
population group. Food and Chemical Toxicology, 40, 1119-1123.
https://doi.org/10.1016/50278-6915(02)00055-8

Fair, J. M., Paul, E., Jones, J., Clark, A. B., Davie, C., & Kaiser, G. (2010).
Guidelines to the use of wild birds in research. The Ornithological
Council.

Fischer, C. P., & Romero, L. M. (2019). Chronic captivity stress in wild
animals is highly species-specific. Conservation Physiology, 7, 1-38.
https://doi.org/10.1093/conphys/c0z093

Fischer, C. P., Wright-Lichter, J., & Romero, L. M. (2018). Chronic stress
and the introduction to captivity: How wild house sparrows (Passer
domesticus) adjust to laboratory conditions. General and Comparative
Endocrinology, 259, 85-92. https://doi.org/10.1016/j.ygcen.2017.
11.007

Flaherty, R. L., Owen, M., Fagan-Murphy, A., Intabli, H., Healy, D.,
Patel, A, Allen, M. C., Patel, B. A, & Flint, M. S. (2017).
Glucocorticoids induce production of reactive oxygen species/
reactive nitrogen species and DNA damage through an iNOS
mediated pathway in breast cancer. Breast Cancer Research, 19,
1-13. https://doi.org/10.1186/s13058-017-0823-8

Flint, M. S., Baum, A., Chambers, W. H., & Jenkins, F. J. (2007). Induction of
DNA damage, alteration of DNA repair and transcriptional activation
by stress hormones. Psychoneuroendocrinology, 32, 470-479. https://
doi.org/10.1016/j.psyneuen.2007.02.013

Fox, J., & Weisberg, S. (2011). An R companion to applied regression
(2nd ed.). Sage.

Galvan, ., Bonisoli-Alquati, A., Jenkinson, S., Ghanem, G., Wakamatsu, K.,
Mousseau, T. A.,, & Mgller, A. P. (2014). Chronic exposure to low-
dose radiation at chernobyl favours adaptation to oxidative stress in
birds. Functional Ecology, 28, 1387-1403. https://doi.org/10.1111/
1365-2435.12283

Geri¢, M., Gajski, G., Oresc¢anin, V., & Garaj-Vrhovac, V. (2018). Seasonal
variations as predictive factors of the comet assay parameters: A
retrospective study. Mutagenesis, 33, 53-60. https://doi.org/10.
1093/mutage/gex023

Gormally, B. M. G,, Estrada, R., McVey, M., & Romero, L. M. (2020).
Beyond corticosterone: The acute stress response increases DNA
damage in house sparrows. Journal of Experimental Zoology Part
A Ecology and Integral Physiology, 333, 595-606. https://doi.org/10.
1002/jez.2405

Gormally, B. M. G., Estrada, R, Yin, H., & Romero, L. M. (2019).
Recovery from repeated stressors: Physiology and behavior are
affected on different timescales in house sparrows. General and
Comparative Endocrinology, 282. https://doi.org/10.1016/j.ygcen.
2019.113225

Gormally, B. M. G,, Fuller, R., McVey, M., & Romero, L. M. (2019). DNA
damage as an indicator of chronic stress: Correlations with
corticosterone and uric acid. Comparative Biochemistry and
Physiology Part A Molecular & Integrative Physiology, 227, 116-122.
https://doi.org/10.1016/j.cbpa.2018.10.007

Gyori, B. M., Venkatachalam, G., Thiagarajan, P. S., Hsu, D. &
Clement, M. V. (2014). OpenComet: An automated tool for comet
assay image analysis. Redox Biology, 2, 457-465. https://doi.org/10.
1016/j.redox.2013.12.020

Hara, M. R., Kovacs, J. J., Whalen, E. J., Rajagopal, S., Ryan, T., Grant, W.,
Towers, A. J., Williams, B., Lam, C. M., Xiao, K., Shenoy, S. K,
Gregory, S. G., Ahn, S., & Derek, R. (2011). A stress response
pathway regulates DNA damage through B2-adrenoreceptors and


http://orcid.org/0000-0002-7131-3712
http://orcid.org/0000-0003-4018-322X
https://orcid.org/0000-0001-8883-0188
http://orcid.org/0000-0002-8854-8884
https://doi.org/10.1016/0165-1218(95)90015-2
https://doi.org/10.1016/j.cbpc.2009.11.006
https://doi.org/10.1016/j.yhbeh.2009.02.010
https://doi.org/10.1016/j.yhbeh.2009.02.010
https://doi.org/10.1242/jeb.222513
https://doi.org/10.1242/jeb.222513
https://doi.org/10.1007/s00360-011-0566-2
https://doi.org/10.1007/s00360-011-0566-2
https://doi.org/10.1016/S0278-6915(02)00055-8
https://doi.org/10.1093/conphys/coz093
https://doi.org/10.1016/j.ygcen.2017.11.007
https://doi.org/10.1016/j.ygcen.2017.11.007
https://doi.org/10.1186/s13058-017-0823-8
https://doi.org/10.1016/j.psyneuen.2007.02.013
https://doi.org/10.1016/j.psyneuen.2007.02.013
https://doi.org/10.1111/1365-2435.12283
https://doi.org/10.1111/1365-2435.12283
https://doi.org/10.1093/mutage/gex023
https://doi.org/10.1093/mutage/gex023
https://doi.org/10.1002/jez.2405
https://doi.org/10.1002/jez.2405
https://doi.org/10.1016/j.ygcen.2019.113225
https://doi.org/10.1016/j.ygcen.2019.113225
https://doi.org/10.1016/j.cbpa.2018.10.007
https://doi.org/10.1016/j.redox.2013.12.020
https://doi.org/10.1016/j.redox.2013.12.020

6
—‘—Wl LEY- jI:L'A ECOLOGICAL o INTEGRATIVE PHYSIOLOGY

B-arrestin-1. Nature, 477, 349-353. https://doi.org/10.1038/nature
10368.A

Herborn, K. A., Heidinger, B., Boner, W., Noguera, J. C., Adam, A,
Daunt, F., & Monaghan, P. (2014). Stress exposure in early post-natal
life reduces telomere length: An experimental demonstration in a
long-lived seabird. Proceeding of Royal Society B Biological Science,
281. https://doi.org/10.1098/rspb.2013.3151

Lattin, C. R,, Durant, S. E., & Romero, L. M. (2015). Wounding alters blood
chemistry parameters and skin mineralocorticoid receptors in house
sparrows (Passer domesticus). Journal of Experimental Zoology Part
A Ecological Genetics and Physiology, 323, 322-330. https://doi.org/
10.1002/jez.1921

Lattin, C. R., & Romero, L. M. (2013). Seasonal variation in corticosterone
receptor binding in brain, hippocampus, and gonads in house
sparrows (Passer domesticus). The Auk, 130, 591-598. https://doi.
org/10.1525/auk.2013.13043

Lattin, C. R., Waldron-Francis, K., Richardson, J. W., de Bruijn, R,
Bauer, C. M., Breuner, C. W., & Michael Romero, L. (2012).
Pharmacological characterization of intracellular glucocorticoid
receptors in nine tissues from house sparrow (Passer domesticus.
General and Comparative Endocrinology, 179, 214-220. https://doi.
org/10.1016/j.ygcen.2012.08.007

Lattin, C. R., Waldron-Francis, K., & Romero, L. M. (2013). Intracellular
glucocorticoid receptors in spleen, but not skin, vary seasonally in
wild house sparrows (Passer domesticus). Proceeding of Royal Society B
Biological Science, 280. https://doi.org/10.1098/rspb.2012.3033

Love, A. C., Lovern, M. B., & DuRant, S. E. (2017). Captivity influences
immune responses, stress endocrinology, and organ size in house
sparrows (Passer domesticus). General and Comparative Endocrinology,
252, 18-26. https://doi.org/10.1016/j.ygcen.2017.07.014

Ly, Y., Liu, Y., & Yang, C. (2017). Evaluating in vitro DNA damage using
comet assay. Journal of Visualized Experiments: JoVE, 2017, 2-7.
https://doi.org/10.3791/56450

Malandrakis, E. E., Dadali, O., Golomazou, E., Kavouras, M., Dailianis, S.,
Chadio, S., Exadactylos, A., & Panagiotaki, P. (2016). DNA damage
and differential gene expression associated with physical stress in
gilthead seabream (Sparus aurata). General and Comparative
Endocrinology, 236, 98-104. https://doi.org/10.1016/j.ygcen.2016.
07.009

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annual Review of
Neuroscience, 22, 105-122. https://doi.org/10.1146/annurev.neuro.
22.1.105

Mgiller, P., Knudsen, L. E., Frentz, G., Dybdahl, M., Wallin, H., & Nexg, B. A.
(1998). Seasonal variation of DNA damage and repair in patients
with non-melanoma skin cancer and referents with and without
psoriasis. Mutation Research-DNA Repair, 407, 25-34. https://doi.
org/10.1016/50921-8777(97)00057-8

Naz, S., Muazzam, S., Sagheer, A., Tanveer, A., Khan, N. A, Ali, Z,
Chand, N., & Khan, R. U. (2020). Captivity stress influences the DNA
damage of Pavo cristatus under environmental conditions of
Faisalabad, Pakistan. Environmental Science and Pollution Research,
27, 5636-5639. https://doi.org/10.1007/511356-019-07307-z

BEATTIE ET AL

Olive, P. L., & Banath, J. P. (2006). The comet assay: A method to measure
DNA damage in individual cells. Nature Protocols, 1, 23-29. https://
doi.org/10.1038/nprot.2006.5

Romero, L. M., & Beattie, U. K. (2021). Common myths of glucocorticoid
function in ecology and conservation. Journal of Experimental Zoology
Part A Ecological and Integrative Physiology, 337, 7-14. https://doi.
org/10.1002/jez.2459

Romero, L. M., Cyr, N. E., & Romero, R. C. (2006). Corticosterone
responses change seasonally in free-living house sparrows (Passer
domesticus. General and Comparative Endocrinology, 149, 58-65.
https://doi.org/10.1016/j.ygcen.2006.05.004

Romero, L. M., Platts, S. H., Schoech, S. J., Wada, H., Crespi, E.,
Martin, L. B., & Buck, C. L. (2015). Understanding stress in the
healthy animal-potential paths for progress. Stress, 18, 491-497.
https://doi.org/10.3109/10253890.2015.1073255

Romero, L. M., & Wingfield, J. C. (2016). Tempests, poxes, predators, and
people: Stress in wild animals and how they cope. Oxford University
Press.

RStudio Team. (2021). RStudio: Integrated development for R. http://
www.rstudio.com

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do
glucocorticoids influence stress responses? Integrating permissive,
suppressive, stimulatory, and preparative actions. Endocrine Reviews,
21, 55-89. https://doi.org/10.1210/er.21.1.55

Sohn, S. H., Subramani, V. K., Moon, Y. S., & Jang, I. S. (2012). Telomeric
DNA quantity, DNA damage, and heat shock protein gene
expression as physiological stress markers in chickens. Poultry
Science, 91, 829-836. https://doi.org/10.3382/ps.2011-01904

Sunjog, K., Kolarevi¢, S., Kracun-Kolarevi¢, M., Gaci¢, Z., Skori¢, S.,
Dikanovi¢, V., Lenhardt, M., & Vukovié-Gaci¢, B. (2014). Variability in
DNA damage of chub (Squalius cephalus L.) blood, gill and liver cells
during the annual cycle. Environmental Toxicology and Pharmacology,
37, 967-974. https://doi.org/10.1016/j.etap.2014.03.010

Torchiano, M. (2020). Effsize: Efficient effect size computation. https://
doi.org/10.5281/zenodo.148062

Verschaeve, L., Koppen, G., Van Gorp, U., Schoeters, G., Jacobs, G., &
Zwijzen, G. (2007). Seasonal variations in spontaneous levels of
DNA damage: Implication in the risk assessment of environmental
chemicals. Journal of Applied Toxicology, 27, 612-620. https://doi.
org/10.1002/jat.1244

How to cite this article: Beattie, U. K., Estrada, R. S., Gormally,
B. M. G., McVey, M., & Romero, L. M. (2022). Background
DNA damage is higher in summer than winter in both free-
living and captive birds. Journal of Experimental Zoology Part A:
Ecological and Integrative Physiology, 1-6.
https://doi.org/10.1002/jez.2640


https://doi.org/10.1038/nature10368.A
https://doi.org/10.1038/nature10368.A
https://doi.org/10.1098/rspb.2013.3151
https://doi.org/10.1002/jez.1921
https://doi.org/10.1002/jez.1921
https://doi.org/10.1525/auk.2013.13043
https://doi.org/10.1525/auk.2013.13043
https://doi.org/10.1016/j.ygcen.2012.08.007
https://doi.org/10.1016/j.ygcen.2012.08.007
https://doi.org/10.1098/rspb.2012.3033
https://doi.org/10.1016/j.ygcen.2017.07.014
https://doi.org/10.3791/56450
https://doi.org/10.1016/j.ygcen.2016.07.009
https://doi.org/10.1016/j.ygcen.2016.07.009
https://doi.org/10.1146/annurev.neuro.22.1.105
https://doi.org/10.1146/annurev.neuro.22.1.105
https://doi.org/10.1016/S0921-8777(97)00057-8
https://doi.org/10.1016/S0921-8777(97)00057-8
https://doi.org/10.1007/s11356-019-07307-z
https://doi.org/10.1038/nprot.2006.5
https://doi.org/10.1038/nprot.2006.5
https://doi.org/10.1002/jez.2459
https://doi.org/10.1002/jez.2459
https://doi.org/10.1016/j.ygcen.2006.05.004
https://doi.org/10.3109/10253890.2015.1073255
http://www.rstudio.com
http://www.rstudio.com
https://doi.org/10.1210/er.21.1.55
https://doi.org/10.3382/ps.2011-01904
https://doi.org/10.1016/j.etap.2014.03.010
https://doi.org/10.5281/zenodo.148062
https://doi.org/10.5281/zenodo.148062
https://doi.org/10.1002/jat.1244
https://doi.org/10.1002/jat.1244
https://doi.org/10.1002/jez.2640



