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Abstract

1. Disentangling the interaction between the genetic basis and environmental con-
text underlying phenotypic variation is critical for understanding organismal evo-
lution. Environmental change, such as increased rates of urbanization, can induce 
shifts in phenotypic plasticity with some individuals adapting to city life while 
others are displaced.

2. A key trait that can facilitate adaptation is the degree at which animals respond 
to stressors. This stress response, which includes elevation of baseline circulating 
concentrations of glucocorticoids, has a heritable component and exhibits intra-  
and inter- individual variation. However, the mechanisms behind this variability 
and whether they might be responsible for adaptation to different environments 
are not known. Variation in DNA methylation can be a potential mechanism that 
mediates environmental effects on the stress response, as early- life stressors in-
crease glucocorticoid concentrations and change adult phenotype.

3. We used an inter-  and intra- environmental cross- foster experiment to analyse 
the contribution of DNA methylation to early- life phenotypic variation. We found 
that at hatching, urban house wren (Troglodytes aedon) offspring had higher meth-
ylation frequencies compared with their rural counterparts.

4. We also observed age- related patterns in offspring methylation, indicating the 
developmental effects of the rearing environment on methylation. At fledgling, 
differential methylation analyses showed that cellular respiration genes were 
differentially methylated in broods of different origins and behavioural and me-
tabolism genes were differentially methylated in broods of different rearing en-
vironments. Lastly, hyper- methylation of a single gene (CNTNAP2) is associated 
with decreased glucocorticoid levels and the rearing environment.

5. These differential methylation patterns linked to a specific physiological pheno-
type suggest that DNA methylation may be a mechanism by which individuals 
adjust to novel environments during their lifespan. Characterizing genetic and 
environmental influences on methylation is critical for understanding the role of 
epigenetic mechanisms in evolutionary adaptation.
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1  |  INTRODUC TION

With environments showing rapid and dramatic change, pheno-
typic traits are increasingly investigated for molecules that contrib-
ute towards phenotypic plasticity through modified transcriptional 
control (e.g. Jeremias et al., 2018; Kilvitis et al., 2017; Ledón- Rettig 
et al., 2012; Taff et al., 2019; Viitaniemi et al., 2019). While plasticity 
occurs throughout an organism's life (Pigliucci, 2005), intergenera-
tional plasticity can occur, when offspring phenotypes change under 
the control of the parental environmental context (Chen et al., 2015; 

Venney et al., 2021; Verhulst et al., 2016). One main mechanism for 
the transmission of intergenerational plasticity is through mater-
nal effects (Groothuis & Schwabl, 2008). The underlying heritable 
basis of variation in phenotypic traits consists of a combination of 
additive, dominance and maternal effects (Lynch & Walsh, 1998; 

Marshall & Uller, 2007). Moreover, environmental effects may cause 
a single genotype to produce different phenotypes, producing so- 
called reaction norms. When the genotype interacts with the envi-
ronment (G × E), different genotypes may respond differently to this 
environmental variation, resulting in variable reaction norms and 
fitness consequences. Therefore, disentangling the genetic basis, 
the environmental context and the interaction between genetics 
and environmental variation is critical for understanding phenotypic 
variation and organismal evolution.

Epigenetic mechanisms can alter organism function without 
changes in the DNA sequence, representing a possible mecha-
nism for differences in the contribution of genetic and plastic vari-
ation to early- life traits (Bossdorf et al., 2008). The presence of 
5- methylcytosine can immediately alter gene expression through 
a diverse array of mechanisms (e.g., changing splice sites, activat-
ing promoters, altering transcript stability), and this epigenetic 
methylation process commonly underlies environmentally- induced 
changes in gene expression (e.g., Goerlich et al., 2012; Heard & 
Martienssen, 2014; Laubach et al., 2018; Lea et al., 2016; Ledón- 
Rettig et al., 2012; Pedersen et al., 2014; Sasagawa et al., 2017; 

Suzuki & Bird, 2008). Early- life experiences are one specific external 
cause that can change methylation within a lifetime with possible in-
tra-  and inter- generational stability (e.g. Heard & Martienssen, 2014; 

Lea et al., 2016; Rubenstein et al., 2016; Sepers et al., 2021). In 
particular, early- life environments can affect late- life phenotypes 
with DNA methylation as the mediating mechanism (Rubenstein 
et al., 2016; Szyf & Bick, 2013). Therefore, DNA methylation may be 
a potential mechanism for organismal acclimation and adaptation to 
novel environments (Sepers et al., 2019).

We hypothesize that methylation patterns can indicate the 
degree to which an individual's early- life environment predicts fu-
ture phenotype. To investigate this question, we conducted an 

inter- environment cross- fostering experiment using a free- living 
population of house wrens (Troglodytes aedon) in Nevada, U.S. with 
subsequent surveillance of DNA methylation variation (Figure 1). 
Our design included a comparison between an urban site that has 
increased levels of noise, light and human density compounded by 
a highly fragmented landscape populated by non- native vegeta-
tion to a more natural, rural site (Baldan & Ouyang, 2020; Davies 
et al., 2017). The anthropogenically altered landscape is character-
ized by decreased availability of natural high- quality food resources 
and increased environmental pollutants, such as lead (Baldan & 
Ouyang, 2020; Mäkinen et al., 2022; White et al., 2022). Urban areas 
are settled by younger, less- experienced individuals and, conse-
quently, produce smaller- sized offspring than rural or natural habitat 
counterparts (Marzluff, 2017; Sepp et al., 2017; Sprau et al., 2017). 
These characteristics reduce reproductive success for house wrens 
living in urbanized areas, as we have previously reported that their 
offspring are smaller at fledgling, with higher corticosterone concen-
trations (a glucocorticoid hormone) ubiquitous across development 
and individuals (Heppner et al., 2022; Ouyang et al., 2019). The rear-
ing environment was identified as the causative agent as the trans-
location of rural wrens to urban habitats increased corticosterone 
levels (Ouyang et al., 2019). Further, exposure of rural adult house 
wrens to experimental noise resulted in increased corticosterone 
levels, a trend that was not found in urban wrens, suggesting habit-
uation (Davies et al., 2017). Lastly, a recent study shows that urban 
and forest great tits (Parus major) show differences in methylation 
patterns in genomic regions enriched for genes with functions re-
lated to the stress response (Caizergues et al., 2021). These studies 
together suggest that there is an underlying mechanism regulating 
phenotypic response, especially within the glucocorticoid pheno-
type, to urban environmental challenges.

Methylation in avian genomes follows the classic vertebrate 
paradigm of decreased transcription with increasing CpG meth-
ylation around transcription start sites (Derks et al., 2016; Laine 
et al., 2016; Luo et al., 2011). To unravel the genetic and environ-
mental determinants of DNA methylation variation, we posed the 
following questions with respect to CpG methylation in house wrens 
from the cross- fostering experiment. First, to what degree does 
the environment (nest location) of hatchlings influence methylation 
patterns? Second, what role does the underlying genetic variation 
have on methylation patterns when surveyed at a later life stage 
(i.e. fledging)? Finally, is there a signal of environmental stressors 
on methylation at the time of fledging with respect to their fledg-
ing location? We further combined DNA methylation sequencing 
data with surveillance of glucocorticoid levels as a measurement 
of circulating levels of corticosterone hormones in the blood. This 
multi- dimensional, four- way, cross- foster experiment allowed us to 

K E Y W O R D S

cross- foster experiments, DNA methylation, early life, glucocorticoids, house wren
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investigate the contributions of genetic and plasticity mechanisms 
that regulate offspring development.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

We conducted our cross- fostering study from May to July 2017 and 
2018 at one urban location in Reno, Nevada, USA, and one rural lo-
cation in Sparks, Nevada, USA (for a detailed description of the field 
sites, see Ouyang et al., 2019; Figure 1). Briefly, our urban site was 

located at Idlewild Park, which is an urban park located near down-
town Reno with paved walkaways and artificial ponds that fragment 
the green spaces in pockets of vegetation. Our rural site was the 
University of Nevada, Reno, Agricultural Experiment Station, which 
is a university- owned agricultural farm with ~1000 acres of farm-
land. The nest- box population at the rural site was set up in a riparian 
habitat along the Truckee River, in which vegetation is condensed in 
tree clusters along two lines.

House wrens are second- cavity single- brood nesting songbirds 
that migrate to the southern United States and Mexico for winter. 
Long- term studies of house wrens suggest that natal (650 m) and 
breeding (100 m) dispersal are short (Drilling & Thompsonm, 1988). 

F I G U R E  1  Map of geographic area from which source and recipient nests were selected in Reno, Nevada, USA. A schematic of the cross- 
fostering design depicts the intra-  and inter- environmental movement of individual wrens. Hatchlings (on day 0) were translocated for cross- 
fostering. Sample sizes per cross- fostering treatment and age (hatchling, 0 days old; fledgling, 15 days old) after excluding samples that failed 
to sequence. Maps built with google earth.
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We monitored house wren nests regularly to determine the hatch 
date (day 0). On day 0 or 1, we obtained a blood sample (<10 μl, 
femoral vein) from all chicks (2.1 ± 0.02 mins from the time we 
opened the nest box; mean ± S.E.; Romero & Reed, 2005). Chicks 
sampled on day 0 or 1 did not differ in their corticosterone levels 
(p > 0.2). Any chick that was blood sampled past 3 minutes was not 
used in the study. After weighing all chicks (mean brood size = 5), 
we individually marked them with toenail polish and toenail clip-
ping for identification. Hatchlings were then translocated to a new 
nest (keeping the same brood size) to investigate the mechanistic 
and molecular basis of phenotypic variation in a 2 × 2 experimental 
design in a quartet (Figure 1). Internal controls for translation were 
obtained by fostering a hatchling originating from a rural nest with 
non- biological rural parents and a hatchling originating from an 
urban nest with non- biological urban parents (hereinafter referred 
to as RR and UU, respectively). We also translocated rural hatch-
lings to urban nests and urban hatchlings to rural nests (hereinafter 
referred to as RU and UR, respectively). During the cross- foster 
process, we transported the chicks in a heated nest box to either 
a rural or an urban nest that hatched on the same day (maximum 
transport time: 20 mins, average transport time: 10 mins). On day 8, 
we banded the nestlings with a uniquely numbered tarsal band. On 
day 15 after hatching (house wrens fledge around day 17 and reach 
an asymptotic weight at day 15), we obtained another blood sample 
from the brachial vein of all chicks (1.7 ± 0.02 mins) and weighed 
them to the nearest 0.1 g.

This study was carried out in accordance with recommenda-
tions of the Institutional Animal Care and Use Committee of the 
University of Nevada, Reno with federal and state permits.

2.2  |  Corticosterone hormone collection

We used enzyme- linked immunosorbent assay kits (Enzo Life 
Sciences) following the manufacturer's instructions. Please see 
Ouyang et al. (2019) for validation of this assay for house wrens. 
Based on optimization, we diluted plasma 1:40 in assay buffer with 
0.5% steroid displacement reagent. We randomized samples across 
plates but an individual's day 0 and day 15 plasma were always next 
to each other on the same plate. We included a standard curve on 
each plate that ranged from 32 ng/ml to 20,000 ng/ml. The assay 
sensitivity was 2.1 pg/ml. To calculate intra-  and inter- plate variation 
(CV), we included pooled house wren plasma, assayed in triplicate. 
The intra- plate CV was 9.8% and the inter- plate CV (5 plates) was 
5.6%.

2.3  |  Extraction of genomic DNA

We selected to conduct this temporal survey of blood- derived 
methylation variation as the individuals were not to be sacrificed 
and blood can be informative for several, but not all, tissue- specific 

patterns as well as for sites associated with expression (i.e. tran-
scriptional start sites, TSS) (Husby, 2020; Lindner et al., 2021). We 
extracted genomic DNA from avian whole blood, where both red 
(~99.5%) and white blood cells (0.5%) are nucleated (Scanes, 2015), 
as per Qiagen DNeasy's protocol with the following modifications 
(Qiagen). As we collected typically less than 20 μl of blood, we added 
180 μl of 1x phosphate buffered saline (PBS) and 20 μl of protein-
ase K to each sample. If the sample was represented by >20 μl of 
whole blood, we added 360 μl of 1x PBS directly into the sample 
tube, mixed and aliquoted equal volumes into a separate 1.5 ml tube, 
to which we added 20 μl of proteinase K. The duplicate tubes were 
combined after the DNA extraction and spin column purification 
steps.

2.4  |  Preparation, sequencing and bioinformatics of 
bisulfite- converted genomic libraries

We used a reduced representation bisulfite sequencing approach 
using the Msp1 restriction enzyme (Boyle et al., 2012) for whole 
blood– derived, high- molecular- weight genomic DNA. Libraries 
were prepared following the NEBNext sample preparation kit (New 
England Biolabs). We added 1 ng of enterobacteria phage lambda 
DNA to each genomic library as a non- methylated internal con-
trol for estimating bisulfite (BS) conversion downstream (e.g. Lea 
et al., 2015). We purified the genomic libraries and retained frag-
ments between 100 and 400 bp in size using AMPure beads, with 
subsequent treatment of the fragments with bisulfite to convert 
unmethylated cytosines with the low DNA input (1 ng- 2 μg) pro-
tocol in the Qiagen EpiTect Fast Bisulfite Conversion kit (Qiagen). 
Converted DNA was subjected to 12 cycles of PCR amplification 
to enrich for adapter- ligated fragments with MyTaq Mix (Bioline 
Inc.), during which each sample was also barcoded with unique 
sequence tags. Libraries were randomly pooled with an average 
of 16 samples per lane for single- end (1 × 100 nt) sequencing on 
an Illumina Novaseq 6000. We prepared the reference zebra finch 
genome (TaeGut2, GCA_000151805.2) with bowtie2 in BS- Seeker2 

for BS- converted reads that were bounded from 50- 300 bp (Chen 
et al., 2010; Langmead, 2010; Langmead & Salzberg, 2012). We 
demultiplexed sequence pools using perfect sequence matches 
between expected and observed barcode sequence tags with an 
in- house python script. FASTQ files were trimmed for low- quality 
reads (Q < 20) and adapter sequences clipped using cutadapt 

1.8.1 (Martin, 2011), discarding reads that were <20 bp in length. 
Trimmed reads were mapped to the reference with bowtie2 and 

methylation called in BS- Seeker2. Cytosines were annotated as 
being either inter- genic or putatively functional if found within 
a promoter (within 2Kb of transcriptional start site), gene body 
(exon methylation), or intron, all of which are potential critical 
regulatory elements that should be included in features of such 
analysis (Agirre et al., 2015; Bewick & Schmitz, 2017), using gene 
annotations obtained from the Genes and Gene Predictions Tracks 
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using the UCSC Table Browser for TaeGut2. Three TaeGut2 chro-
mosomes (LG2, LG5 and LGE22) were unable to be annotated for 
genomic context due to a lack of information in the UCSC tracks. A 
cytosine may have membership in multiple categories; therefore, 
for any cytosine that is minimally located within a single exon, we 
considered it as a gene body cytosine. Similarly, cytosines located 
within an intron but within 2Kb downstream of an exon of a second 
known gene were annotated as promoter- associated. Cytosines 
located both in an exon and inferred promoter were considered 
a unique group. Inference of the regulatory consequences or cis- 
methylation is context- dependent, where promoter methylation 
has been associated with transcriptional suppression while gene 
body methylation reduces transcriptional noise in other systems 
(Huh et al., 2013; Lister et al., 2009; Maunakea et al., 2010; Varley 
et al., 2013; Yang et al., 2014).

The methylation frequency (MF) per cytosine was calculated 
as the proportion of methylated cytosines out of the total num-
ber of methylated and unmethylated cytosine (sequenced as 
thymine) reads per site (Chen et al., 2010). We filtered to retain 
sites with a minimum of 10- fold sequencing coverage. We esti-
mated the conversion efficiency by mapping each genomic library 
to the 48,502 bp phage lambda linear genome (NC_001416.1) 
and assessed methylation levels of the converted lambda DNA. 
Conversion rates were estimated as [1- average MF across the phage 

lambda genome]. We further use the R v3.6.0 program methylKit 

(Akalin et al., 2012; R Core Team, 2019) to apply a coverage fil-
ter to retain sites with a minimum of 10- fold and below a maxi-
mum read threshold of (95% percentile) that were sequenced in 
all individuals or samples identified to be analysed. As cytosines 
found in the CG di- nucleotide motif are the predominant motif 
in avian erythrocytes (Sepers et al., 2019; Suzuki & Bird, 2008), 
we analysed CG- motif cytosines only in all subsequent analyses. 
We also removed cytosines that were not variable (�2 = 0) across 
individuals. Autosomes and the Z sex chromosome were analysed 
separately as sex chromosomes show extensive DNA methylation 
as a chromosomal dosage compensatory mechanism through the 
epigenetic inactivation of one of the sex chromosomes of the ho-
mogametic sex (Graves, 2016). We assessed all samples together 
for cytosines present in all samples, as well as subsets of the 
samples for specific analyses (e.g. all rural hatchlings compared 
with all urban hatchlings, etc.). To assess the samples for quality 
and help control for false- positives, we used a powerful princi-
pal component analysis (PCA) reference- free approach with the 
prcomp function in R v3.6.0 (R Core Team, 2019). This method 
would identify potential biological, methodological, or batch out-
liers for exclusion (Horgan & Chua, 2016).

2.5  |  Differential methylation analysis

We arranged samples into five different comparisons for identifying 
differentially methylated sites (Figure 1). These comparisons were 

grouped into three sets for downstream analysis: (1) hatchlings 
in rural vs. urban environments (R vs. U); (2) fledglings that were 
hatched in different environments but fledged in the same environ-
ment (RR vs. UR, RU vs. UU), to identify the genetic influences in 
fledgling methylation patterns; and (3) fledglings that were hatched 
in the same environment but cross- fostered in different environ-
ments (RR vs. RU, UR vs. UU), to identify environmental influences 
in fledgling methylation patterns. We identified differentially meth-
ylated sites with the program MACAU which uses a binomial mixed 
model regression on methylation count data (Lea et al., 2015). PC 
coordinates were estimated using R's prcomp function and the first 
two PCs were used as covariates in the linear mixed model to ac-
count for batch effects, along with the parental nest identity (ran-
dom effect). We assumed a full- sibling level of relatedness (r = 0.5) 
for hatchlings in the same nest of origin and no inter- nest related-
ness (r = 0). When no nest information is available, we assumed no 
relatedness.

To identify genomic sites and regions of differential methyla-
tion for further analysis, we used network analysis in the R package 
igraph (Csardi & Nepusz, 2006). This analysis is based on the as-
sumption that differential methylation (1) that has a functional im-
pact will be found in close physical proximity to other differentially 
methylated sites (DMSs) within the same treatment comparison 
and/or (2) is relevant to the cross- fostering design is found in both 
treatment comparisons within a set (Figure 1). Within a set, DMS 
lists were pooled and treated as network vertices, with edges that 
connected physically proximate DMSs (within 40 bp of each other). 
Clusters of DMSs (independent, maximal subgraphs with at least 
two vertices) were extracted from the networks for further analy-
sis. We refer to these clusters, which are comprised of DMSs from 
one or more treatment comparisons, as differentially methylated 

clusters, or DMclusters. We acknowledge that there is an inherent 
bias in the physical clustering of cytosines given the reduced rep-
resentation method of fragment selection. Our goal is to capture 
information at both the single- cytosine and ‘neighbourhood’ level 
of methylation.

2.6  |  Annotation, enrichment and network analysis

We annotated cytosines in outlier DMclusters using two reference 
files (transcriptional and coding- sequence annotations) obtained 
from the Genes and Gene Predictions Tracks using the UCSC Table 
Browser for TaeGut2 annotated using the intersect function of 
bedtools v2.28.0 (Quinlan & Hall, 2010). We further assessed if the 
cytosines annotated as found within the transcriptional or coding se-
quence were functionally enriched for specific gene ontological (GO) 
categories with the program g:Profiler (Raudvere et al., 2019). We 
included only reference genes with known annotations and applied 
the Benjamini- Hochberg FDR adjustment to the signified threshold 
(FDR < 0.05). We limited the annotation sources for the biologi-
cal process (BP) GO category, regulatory motifs in DNA as found 
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in miRTarBase and any information inferred from the human phe-
notype ontology. Descriptions and child or related GO terms were 
referenced in AmiGO 2 version 2.5.12 (last file loaded 2020- 03- 24). 
Subcellular localization information on proteins was obtained from 
the Compartments database, and we report the locales with the high-
est confidence (Binder et al., 2014).

Using StringApp in Cytoscape v3.8.0 (Assenov et al., 2008), we 
queried human protein databases to generate a network rooted by 
each candidate gene name that was differentially methylated and 
associated with a set of enriched GO term(s). We used a confidence 
cutoff of 0.4 and viewed up to 50 interactors in the network. To 
explore if the network themselves were enriched for any functional 
terms, we then retrieved the functional enrichment information 
for the nodes contained with these networks that included our 
candidate gene previously identified from differential methylation 
analysis.

2.7  |  Genetic variant discovery from methylation 
sequence data

To maximize single- nucleotide polymorphism (SNP) variation dis-
covery, we merged the paired sequence from hatchlings and fledg-
lings per individual house wren. We then discovered SNPs from the 
merged converted DNA after mapping it to the TaeGut2 reference 
genome using BS- SNPer (Gao et al., 2015), a program that explicitly 
discovers genetic variation from bisulfite- treated sequence data 
using a dynamic matrix. We used default parameters with respect 
to frequencies of alleles to confidently identify heterozygous or ho-
mozygous sites (minimum of 10% or 85%, respectively), minimum 
of 15 base quality, minimum and maximum sequence coverage (10– 
1000), a minimum of two reads per mutation observed, a minimum 
mutation rate of 0.02 and mapping value of 20. We used the intersect 

function of bedtools v2.28.0 to determine if SNPs were annotated in 
any genomic interval of interest.

2.8  |  Differential methylation analysis and 
corticosterone data

Following from above, we also used MACAU's binomial mixed model 
regression analysis to identify differentially methylated sites with 
corticosterone as the quantitative and continuous predictor pheno-
type for either the hatchlings with corticosterone measured at day 0 
or for fledglings measured at day 15 (Table S1). We included the first 
two PC coordinates to represent possible batch effects and parental 
nest identity as covariates, with the relatedness matrix constructed 
as described above. We followed the annotation, enrichment and 
network analysis methods as described above. However, we limited 
our outliers to cytosines with p- values in the lowest first- percentile 
of the distribution that also had beta (ß) values in the first- percentile 
of either end of the ß distribution. While this threshold is relatively 

relaxed, we focused on the enrichment analysis to identify signifi-
cant cytosines that would establish a candidate gene list. A bino-
mial linear regression model with nests of origin and nests of rearing 
as random effects was conducted in R (version 3.6) to examine the 
relationship between outlier cytosine methylation frequencies and 
corticosterone levels.

2.9  |  Analyses of average methylation frequency 
(generalized linear mixed models)

We used R (version 3.6) to perform all generalized linear mixed 
models (GLMMs) with the glmer function in the lme4 package (Bates 
et al., 2015) to compare average methylation frequencies between 
treatment groups. We implemented Tukey post- hoc tests with 
Bonferroni correction using the emmeans function in the emmeans 

package (Lenth, 2016). All final models met assumptions and sig-
nificance was defined as α = 0.05. We used a GLMM with repeated 
measures to test if average MF at day 0 and day 15 were different 
within individuals before and after cross- fostering. We included 
the interaction of treatment (rural to rural, urban to urban, urban to 
rural and rural to urban) and time (day 0 or day 15) as fixed effects. 
Date of capture and brood size were initially included in all models, 
but due to lack of variation and significance, they were removed 
from the final models. Individual ID, chromosome number and nest 
ID of the genetic and foster parents were included as random ef-
fects. We calculated the variance explained by random effects 
using the package sjplot and model estimates (Lüdecke, 2016). We 
used the Tukey post- hoc multiple- comparison tests for the inter-
action to test whether each treatment group was different from 
others.

3  |  RESULTS

3.1  |  Samples and corticosterone summary

We collected 168 blood samples from 86 individual house wrens, re-
sulting in a total of 85 wrens in the study (Table S1). These 85 wrens 
provided us with 81 hatchlings (R = 38, U = 43) and 60 fledglings 
(R = 27, U = 33) (Figure 1). There were fewer fledglings compared 
with hatchlings sequenced, since we could not extract enough DNA 
from a random subset of fledgling blood samples. We constructed 
three datasets to investigate the impact of genetic and environmen-
tal contributions to corticosterone levels and methylation levels in 
(1) 80 hatchlings from either rural (R) or urban (U) nests, (2) 56 fledg-
lings grouped based on their hatching (i.e. nest) location of rural or 
urban to reflect the “genetic” influence on corticosterone and meth-
ylation and (3) the same 56 fledglings grouped based on their fledg-
ling location of rural or urban, regardless of their hatching location, 
to reflect the influence of their fledgling location on corticosterone 
and methylation.

 1
3
6
5
2
6
5
6
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://b
esjo

u
rn

als.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/1

3
6
5
-2

6
5
6
.1

3
8
7
8
 b

y
 U

n
iv

ersity
 O

f N
ev

ad
a R

en
o

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
7

/0
2

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



    |  7Journal of Animal Ecologyvon HOLDT et al.

Our phenotype analysis of corticosterone was for a subsample of 
that previously published (Ouyang et al., 2019). As such, we briefly 
present a survey of corticosterone to ensure the overall trend was 
consistent with a smaller sample size (Figure S1). Similar to the previ-
ous study, we found no significant difference in corticosterone levels 
between fledglings at day 15 with respect to their hatching locations 
(fledglings that hatched from rural = 16.7 ng/ml, urban = 17.8 ng/
ml, t = −0.4, df = 48.1, p = 0.6633); rather, their fostered environ-
ment post- translocation significantly increased corticosterone in 
urban fledglings (fledged in rural = 12.5 ng/ml, urban = 24.2 ng/ml, 
t = −5.2, df = 46.3, p < 0.001; Figure S1). These results support the 
further investigation of the genetic versus environmental influence 
on methylation patterns as it pertains to the nest environment and 
corticosterone levels.

3.2  |  Methylation summary and outlier 
sample screen

We obtained an average of 27,891,898 raw reads per individual 
(total of 141 samples) after filtering for a minimum of 10- fold se-
quence coverage, with an average of 9,880,751 reads that uniquely 
mapped to the reference zebra finch genome (Table S1). Post fil-
tering, we obtained 17.9- fold average sequence depth across cy-
tosines (SD = 7.3×) and all bisulfite conversion rates were high 
(range = 0.981– 0.997). We estimated MF values for 141 samples at 
a minimum of 10- fold cytosine sequence coverage for 41,184 cy-
tosines across CG di- nucleotide motifs (n, autosomes = 39,692; Z 
chromosome = 1492). We analysed three datasets (Figure 1) limited 

to cytosines in the CG motif with a minimum of 10× coverage. The 
PCA of hatchlings did not reveal clear clustering of samples by 
hatching environment (Figure S2). Methylation data from fledglings, 
however, revealed a tighter clustering of urban hatched and fledged 
wrens, spatially distinct from rural hatchlings raised in urban nests 
(Figure S2).

3.3  |  Urban hatchlings are hypermethylated, with 
decreased methylation when environments changed

The interaction of time (day 0 or day 15) and treatment on methyla-
tion percentage was significant (Table 1). Day 15 MF in general was 
lower than methylation at day 0. At day 0, rural- hatched nestlings 
had lower average methylation frequencies than urban- hatched 
nestlings (Figure 2; Tables 1 and 2). Specifically, within- individual 
changes from day 0 to day 15 showed that average methylation fre-
quencies increased in chicks that stayed in the same parental or fos-
ter environment, that is, moved from rural nests to rural nests (RR 
coef = 0.05, S.E. = 0.001, z = 81.3, p < 0.001) or moved from urban 
to urban nests (UU coef = 0.1, S.E. = 0.001, z = 120.4, p < 0.001). 
The increase in autosomal MF from day 0 to day 15 was smaller in 
RU or absent in UR when hatchlings were moved to foster nests 
across environments, that is, moved from rural nests to urban nests 
(RU coef = −0.005, S.E. = 0.001, z = −6.14, p < 0.001) or moved from 
urban nests to rural nests (UR coef = −0.01, S.E. = 0.001, z = −22.3, 
p < 0.001). Individual ID, chromosome number and parental and 
foster nest ID explained very little variation in average methylation 
frequencies (Table 1).

TA B L E  1  Model estimates for the effect of cross- foster treatment on average MF of nestling house wrens. Individual estimates are given 
from summary statistics of the GLMM (binomial for frequency). Random effects include chromosome number, individual ID and parental and 
natal nest identity. Time is either day 0 or day 15 for blood sampling. (abbreviations: R, rural; RR, rural hatchling that fledged from rural nest; 
RU, rural hatchling that fledged from urban nest; U, urban; UR, urban hatchling that fledged from rural nest; UU, rural hatchling that fledged 
from urban nest)

Variable Estimate SE z p- value

GLMM for corticosterone levels

(Intercept) −2.29 0.01 −183.018 <0.001

Cross- foster group RU (reference group RR) 0.001 0.01 0.081 0.935

Cross- foster group UR 0.05 0.01 3.96 <0.001

Cross- foster group UU 0.08 0.01 5.89 <0.001

Time (day 15) −0.05 0.00 −81.32 <0.001

Cross- foster group RU × Time (day 15) 0.06 0.001 56.77 <0.001

Cross- foster group UR × Time (day 15) 0.07 0.001 75.05 <0.001

Cross- foster group UU × Time (day 15) −0.04 0.001 41.12 <0.001

Random Effects Variance SD

Chick ID <0.001 0.089

Chromosome ID 0.15 0.38

Foster nest ID <0.001 0.01

Parental nest ID <0.001 <0.001
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3.4  |  Differentially methylated clusters identify 
environment- associated patterns

With the physical definition that a cluster of differentially methyl-
ated cytosines (referred to as DMclusters) had an inter- cytosine dis-
tance ≤40 bp, we identified DMclusters with respect to nest location 
and age or environment of house wrens (Figure S3), to determine the 
relative importance of environment and genetics in shaping meth-
ylation patterns across the genome. We outlined the results from 
each analysis of differential methylation here.

3.5 | Mechanosensory behaviour genes are  
differentially methylated in hatchlings from 

different ‘origin broods’; set 1 (genetic effects,  
R vs. U)

We identified 7472 differentially methylated cytosines residing in 
2491 DMclusters in 80 hatchlings with respect to nest locations 
in rural or urban landscapes. We found 3190 cytosines that were 
hyper- methylated in rural hatchlings (average MF, rural = 0.14, 
urban = 0.10) and included cytosines in 42 exons (rural = 0.15, 
urban = 0.13), 67 introns (rural = 0.16, urban = 0.11), 112 pro-
moters (rural = 0.13, urban = 0.10) and 2969 cytosines were in-
tergenic (rural = 0.14, urban = 0.10). We found 4282 cytosines 
hyper- methylated in urban hatchlings (average MF, rural = 0.17, 

F I G U R E  2  Box- and- jitter plots of 
methylation frequency of CG- motif 
cytosines across autosomes and Z 
chromosomes for hatchlings and 
fledglings. For significant treatment 
pairwise comparisons, please see Table 2. 

Briefly, urban- hatched young had higher 
average methylation frequencies than 
rural- hatched young, and cross- fostered 
young had decreased methylation at day 
15 when environments switched (RU, UR) 
compared with staying within the same 
environment (RR, UU). (abbreviations: 
n, sample size; RR, rural hatchling that 
fledged from the rural nest; RU, rural 
hatchling that fledged from the urban 
nest; UR, urban hatchling that fledged 
from the rural nest; UU, rural hatchling 
that fledged from the urban nest).

Hatchlings (day 0)

Rural (n=37) Urban (n=43)

Rural hatched

(n=26)

Urban hatched

(n=30)

RR (n=14) RU (n=12) UR (n=19) UU (n=11)

Fledglings (day 15)

Fledglings (day 15)

Rural fledged

(n=33)

Urban fledged

(n=23)

Fledglings (day 15)

Autosomes

Z chromosome

0.06

0.07

0.08

0.09

0.06

0.07

A
ve

ra
g
e
 m

e
th

yl
a
tio

n
 fr

e
q
u
e
n
cy

TA B L E  2  Estimates from Tukey post- hoc multiple- comparisons 
to test differences among cross- foster groups. Individual estimates 
are given from post- hoc test on the interaction between time (day 
0 or day 15) and cross- foster group. (abbreviations: R, rural; RR, 
rural hatchling that fledged from rural nest; RU, rural hatchling that 
fledged from urban nest; U, urban; UR, urban hatchling that fledged 
from rural nest; UU, rural hatchling that fledged from urban nest)

Cross- foster 

group Estimate SE z p- value

Post- hoc comparisons of average methylation frequencies at day 0 

(hatch date)

RR- RU −0.001 0.01 −0.08 1.00

RR- UR −0.05 0.01 −3.96 0.002

RR- UU −0.08 0.01 −5.89 <0.001

RU- UR −0.05 0.02 −3.01 0.05

RU- UU −0.08 0.02 −4.19 <0.001

UR- UU −0.03 0.02 −1.51 0.80

Post- hoc comparisons of average methylation frequencies at day 15 

(~2 days before fledge)

RR- RU −0.06 0.01 −4.56 <0.001

RR- UR −0.12 0.01 −9.25 <0.001

RR- UU −0.04 0.01 −2.62 0.15

RU- UR −0.06 0.02 −3.54 0.01

RU- UU 0.03 0.02 1.39 0.86

UR- UU 0.08 0.02 4.67 <0.001
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urban = 0.22) across 39 exons (rural = 0.12, urban = 0.16), 70 
introns (rural = 0.18, urban = 0.23), 143 promoters (rural = 0.15, 
urban = 0.19) and 4030 cytosines were intergenic (rural = 0.17, 
urban = 0.22).

We found that 127 DMclusters contained transcribed or coding 
sequences of 34 known or 65 suspected gene regions. An analysis 
for gene enrichment identified 70 ontological terms significantly 
enriched (FDR adjusted p < 0.05) for BP, composed of unique genes 
populating three broad functional categories: behaviour/learning; 
metabolism and cellular response; and detoxification (Tables S2A 

and S8A). The most significantly enriched term was mechanosen-
sory behaviour (GO:0007638, p = 0.0028), supported by differential 
methylation in clusters that contained the genes CNTNAP2, FOXP2 

and STRBP (Table 3a). Both CNTNAP2 and FOXP2 were associated 
with hyper- methylated DMclusters in rural hatchlings (average MF: 
rural = 0.08 and 0.30, urban = 0.06 and 0.19, respectively), while the 
DMcluster associated with STRBP was hyper- methylated in urban 
hatchlings (rural = 0.01, urban = 0.04). A network analysis of these 
three genes revealed two networks with a single- edge connection 
between them. The largest network was centered by CNTNAP2 

and FOXP2 (40 nodes and 181 edges), with 401 significantly en-
riched terms that included the nervous system (GO:0007399, 
FDR p = 1.95 × 10−12), generation of neurons (GO:0048699, 
FDR p = 2.62 × 10−12) and vocalization behaviour (GO:0071625, 
FDR p = 8.29 × 10−12; Table S3). The smaller network contained 
STRBP (13 nodes and 28 edges), with a single connection to the 
CNTNAP2/FOPX2 network (Figure 3a). This network contained 56 
enriched terms, dominated by mRNA binding (GO:0003729, 
p = 0.0037), cytoplasm (KW- 0963, p = 0.0041) and RNA process-
ing (GO: 0006396, p = 0.0043; Table S4). Finally, we examined if 
underlying genetic variation could explain differences in methyla-
tion within these DMclusters. We found no segregating SNPs across 
groups of hatchlings (Table S9A).

3.6  |  Cellular respiration genes are differentially 
methylated in fledglings of different origins 

(brood of origin); set 2 (genetic effects: RR vs. UR, RU 
vs. UU)

We identified 16,431 cytosines residing in 4745 DMclusters with 
respect to the hatchling location of 60 fledglings. We found 7571 
cytosines that were hyper- methylated in fledglings that hatched 
from rural nests (average MF, rural = 0.19, urban = 0.14) and in-
cluded cytosines in 75 exons (rural = 0.28, urban = 0.24), 129 
introns (rural = 0.25, urban = 0.19), 222 promoters (rural = 0.19, 
urban = 0.15) and 7078 cytosines were intergenic (rural = 0.19, 
urban = 0.14). We found 8860 cytosines hyper- methylated in 
fledglings that hatched from urban nests (average MF, rural = 0.16, 
urban = 0.21) across 117 exons (rural = 0.11, urban = 0.15), 147 
introns (rural = 0.19, urban = 0.24), 225 promoters (rural = 0.14, 
urban = 0.18) and 8311 cytosines were intergenic (rural = 0.16, 
urban = 0.21).

We found that 175 DMclusters contained transcribed or coding 
sequence of 45 known or 91 suspected gene regions. An analysis for 
gene enrichment identified 113 ontological terms significantly en-
riched (FDR adjusted p < 0.05) for BP, made up of cytosines associated 
with 22 unique genes that populated five broad functional catego-
ries: behaviour/learning; metabolism and cellular response; cellular 
respiration; detoxification and biosynthetic process (Tables S2B 

and S8B). As found in the hatchlings, the GO term mechanosensory 
behaviour (GO:0007638) was still significant, albeit now ranking as 
the 5th most significant term (p = 0.0015). The top four GO terms 
involved the electron transport chain: mitochondrial ATP synthesis 
coupled electron transport (GO:0042775, p = 0.0006); ATP synthe-
sis coupled electron transport (GO:0042773, p = 0.0006); electron 
transport chain (GO:0022900, p = 0.0008) and respiratory electron 
transport chain (GO:0022904, p = 0.0010), supported by differential 
methylation in clusters that contained the genes COQ9, NDUFA12, 
PARK7, TXNRD3 and UQCRH (Table 3b). A network analysis of these 
five genes revealed one large network containing COQ9, NDUFA12, 
PARK7 and UQCRH (55 nodes and 1301 edges) while TXNRD3 was 
unconnected as a singleton (Figure 3b). The network contained 
genes enriched in 151 terms, with the most significant including 
respiratory electron transport (HSA- 163200, p = 1.06 × 10−101), 
Parkinson's disease (hsa05012, p = 3.07 × 10−99), oxidative phos-
phorylation (GO:0006119, p = 5.03 × 10−98) and the citric acid cycle 
(HSA- 1428517, p = 1.51 × 10−95; Table S5). Additionally, we found no 
segregating SNPs across groups of fledglings and, thus, cannot ex-
plain patterns in methylation driven by underlying cis- genetic varia-
tion (Table S9B).

3.7  |  Behaviour and metabolism genes are 
differentially methylated in fledglings from different 

rearing environments (‘brood of rearing’); set 3 
(environmental effects: RR vs. RU, UR vs. UU)

We identified 9283 cytosines residing in 2882 DMclusters in 60 
fledglings assessing environmental influence with respect to nest 
locations in rural or urban landscapes. We found 4327 cytosines 
that were hyper- methylated in rural fledglings regardless of their 
hatching locations (average MF, rural = 0.20, urban = 0.17) and in-
cluded cytosines in 44 exons (rural = 0.14, urban = 0.11), 71 introns 
(rural = 0.22, urban = 0.19), 97 promoters (rural = 0.22, urban = 0.19) 
and 4116 cytosines were intergenic (rural = 0.20, urban = 0.17). We 
found 4956 cytosines hyper- methylated in urban fledglings (aver-
age MF, rural = 0.23, urban = 0.27) across 67 exons (rural = 0.20, 
urban = 0.23), 103 introns (rural = 0.23, urban = 0.27), 141 promot-
ers (rural = 0.25, urban = 0.28) and 4645 cytosines were intergenic 
(rural = 0.23, urban = 0.27).

We found that 109 DMclusters contained transcribed or coding 
sequences of 33 known or 59 suspected gene regions. An analysis 
for gene enrichment identified 33 ontological terms significantly 
enriched (FDR adjusted p < 0.05) for BP, composed of 14 unique 
genes across the same five broad functional categories: behaviour/
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TA B L E  3  Details for the most significantly enriched gene ontology (GO) term for significantly differentially methylated clusters 
(DMcluster) with respect to environment (nest location) in (a) 80 hatchlings (rural versus urban nest locations), (b) 60 fledglings based on 
their hatching (not fledgling) nest location and (c) 60 fledglings based on their fledgling (not hatching) nest location. All genomic coordinates 
are provided as chromosome and position mapped to the zebra finch reference genome (TaeGut2). Bolded values indicate the group with 
hyper- methylation. (abbreviations: Chr, chromosome; MF, methylation frequency; N, number; R, rural; U, urban)

DMcluster ID (N cytosines) Annotation Coordinates Hatchling MF in R, U

(a)

Chr2_62 (2) Intron of CNTNAP2 Chr 2: 30,213,394 0.113, 0.052

Intron of CNTNAP2 Chr 2: 30,213,385 0.040, 0.068

Chr1A_27 (8) Transcriptional start of FOXP2 Chr 1A: 25,574,528 0.222, 0.116

Transcriptional start of FOXP2 Chr 1A: 25,574,534 0.224, 0.149

Transcriptional start of FOXP2 Chr 1A: 25,574,521 0.237, 0.170

Transcriptional start of FOXP2 Chr 1A: 25,574,545 0.250, 0.140

Transcriptional start of FOXP2 Chr 1A: 25,574,546 0.332, 0.238

Transcriptional start of FOXP2 Chr 1A: 25,574,522 0.344, 0.143

Transcriptional start of FOXP2 Chr 1A: 25,574,539 0.380, 0.318

Transcriptional start of FOXP2 Chr 1A: 25,574,540 0.413, 0.244

Chr17_46 (3) Transcriptional start of STRBP Chr 17: 10,382,806 0.005, 0.026

Transcriptional start of STRBP Chr 17: 10,382,802 0.008, 0.043

Transcriptional start of STRBP Chr 17: 10,382,811 0.010, 0.040

DMcluster ID (N cytosines) Annotation Coordinates

Fledgling MF that 

hatched in R, U

(b)

Chr11_23 (3) Intron of COQ9 Chr 11: 4,340,734 0.046,0.025

Intron of COQ9 Chr 11: 4,340,736 0.144,0.108

Exon of COQ9 Chr 11: 4,340,757 0.238, 0.310

Chr1A_78 (3) Exon of NDUFA12 Chr 1A: 44,626,272 0.255, 0.270

Exon of NDUFA12 Chr 1A: 44,626,275 0.010, 0.004

Exon of NDUFA12 Chr 1A: 44,626,281 0.262, 0.290

Chr21_20 (3) Transcriptional start of PARK7 Chr 21: 1,830,294 0.038, 0.024

Transcriptional start of PARK7 Chr 21: 1,830,297 0.031, 0.018

Transcriptional start of PARK7 Chr 21: 1,830,300 0.021, 0.005

Chr12_62 (4) Intron of TXNRD3 Chr 12: 10,818,436 0.070, 0.104

Intron of TXNRD3 Chr 12: 10,818,439 0.066, 0.104

Intron of TXNRD3 Chr 12: 10,818,442 0.063, 0.103

Intron of TXNRD3 Chr 12: 10,818,445 0.063, 0.109

Chr8_72 (4) Exon of UQCRH Chr 8: 18,754,511 0.029, 0.049

Intron of UQCRH Chr 8: 18,754,521 0.049, 0.080

Intron of UQCRH Chr 8: 18,754,529 0.133, 0.195

Intron of UQCRH Chr 8: 18,754,534 0.035, 0.015

DMcluster ID (N cytosines) Annotation Coordinates

Fledgling MF that  

fledged in R, U

(c)

Chr2_57 (3) Intron of CNTNAP2 Chr 2: 30,213,382 0.010, 0.011

Intron of CNTNAP2 Chr 2: 30,213,399 0.227, 0.256

Intron of CNTNAP2 Chr 2: 30,213,399 0.227, 0.256

Chr1A_98 (8) Transcriptional start of FOXP2 Chr 1A: 25,574,521 0.226, 0.192

Transcriptional start of FOXP2 Chr 1A: 25,574,522 0.275, 0.244
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learning; metabolism and cellular response; cellular respiration; 
detoxification and biosynthetic process (Tables S2C and S8C). As 
found in the hatchlings, the GO term mechanosensory behaviour 
(GO:0007638) was the most significant term (p = 0.0009), repre-
sented by the same three previously described genes CNTNAP2, 
FOXP2 and STRBP (Table 3c). The difference from hatchling pat-
terns was that rural fledglings were hyper- methylated at STRBP 

(rural = 0.10, urban = 0.08). Furthermore, FOXP2 was entirely hyper- 
methylated in fledglings that fledged from rural nests, regardless 
of their hatchling location (rural = 0.27, urban = 0.23). CNTNAP2 

was the only DMcluster hyper- methylated in urban fledglings 
(rural = 0.15, urban = 0.17). The same network interactors and com-
position were found as in the hatchlings, with a concentration of pro-
tein members with functions in behaviour and neurodevelopment 
(Figure 3c; Tables S4– S6). We found no segregating SNPs across 
groups of fledglings and, thus, cannot explain patterns in methyla-
tion driven by underlying genetic variation (Table S9B).

3.8  |  Hyper- methylation at a single gene is 
associated with decreased corticosterone levels

A final effort was motivated by the significant corticosterone differ-
ences observed between rural and urban environments (Figure S1). 
We used the quantitative corticosterone phenotypes to conduct 
two independent genome- wide association analyses across (1) 80 
hatchlings with methylation data at 57,723 cytosines and corti-
costerone levels measured at day 0; and (2) 56 fledglings (i.e. not 
partitioned into subgroups based on cross- fostering) and corticos-
terone on day 15 for 63,876 cytosines. We found 277 cytosines 
with significant methylation differences associated with corticos-
terone levels in 80 hatchlings, with only 10 sites annotated within 
transcriptional starts or coding sequences (Table S7A). A single 
gene, CNTNAP2, was enriched for functional ontology, with this 
gene a member of 36 different GO terms (Table S8D). The terms 
were heavily populated by behaviour, brain and auditory func-
tions (e.g. mechanosensory, observed learning, imitative learning, 
vocal learning, etc.). A network analysis of CNTNAP2 revealed that 
one large network (51 nodes and 306 edges) contained 438 signifi-
cantly enriched functional terms, with the most significant involved 

in neurexins/neuroligins (HSA- 6794361, p = 1.17 × 10−17), neuron 
parts (GO:0097458, p = 1.86 × 10−17) and neuronal systems (HSA- 
112316, p = 5.86 × 10−17; Figure 3c; Table S8). MF (methylated 
counts vs total counts) was analysed in a GLMM with binomial er-
rors and the logit link function with corticosterone and site as fixed 
effects and parental and genetic nests as random effects. We con-
firmed a significant negative logarithmic trend of corticosterone and 
methylation at CNTNAP2 (cytosine at Chr2.30213392) across 80 
hatchlings (Coef = −0.04, S.E. = 0.01, z = 2.1, p = 0.047; Figure 4). 
We found only two wrens (hatching location, rural = 1, urban = 1) 
with SNPs annotated and thus do not explain patterns in methyla-
tion at gene CNTNAP2 (Table S9A). Overall, we found significant dif-
ferences in methylation at 290 cytosines in 56 fledglings, with only 
13 sites annotated within transcriptional starts or coding sequences 
(Table S9B).

4  |  DISCUSSION

We used an inter-  and intra- environmental cross- foster experiment 
to analyse the molecular and genetic mechanisms that contribute to 
early- life phenotypic variation. We found that at hatching, urban off-
spring had increased average methylation compared with their rural 
counterparts. Differential methylation analyses showed that cellu-
lar respiration genes were differentially expressed at hatching and 
behavioural and metabolism genes were differentially expressed 
at fledgling. Lastly, hyper- methylation of a single gene is associated 
with decreased corticosterone levels.

4.1  |  Innate DNA methylation differences between 
urban and rural birds

We found strong differentiation in methylation at hatching with 
signals of the environment into which an offspring was born, 
whether in an urban or rural environment. Most of these signals 
were involved in metabolism, for example, respiratory electron 
transport, electron transport chain, mitochondrial respirasome, oxi-
dative phosphorylation and cellular respiration. A recent study also 
found that differentially methylated CpG sites between urban and 

DMcluster ID (N cytosines) Annotation Coordinates

Fledgling MF that  

fledged in R, U

Transcriptional start of FOXP2 Chr 1A: 25,574,527 0.286, 0.238

Transcriptional start of FOXP2 Chr 1A: 25,574,528 0.195, 0.167

Transcriptional start of FOXP2 Chr 1A: 25,574,533 0.359, 0.288

Transcriptional start of FOXP2 Chr 1A: 25,574,534 0.210, 0.180

Transcriptional start of FOXP2 Chr 1A: 25,574,539 0.395, 0.309

Transcriptional start of FOXP2 Chr 1A: 25,574,545 0.219, 0.184

Chr17_73 (2) Transcriptional start of STRBP Chr 17: 10,225,696 0.108, 0.077

Transcriptional start of STRBP Chr 17: 10,225,699 0.101, 0.087

TA B L E  3  (Continued)
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rural birds were over- represented in metabolic pathways (Watson 
et al., 2021). We also found this gene to be differentially methyl-
ated, and part of the GO- enriched terms, explaining differences 
in the genetic influence of fledgling methylation. Urbanization is 

often associated with increased exposure to pollutants, resulting 
in increased oxidative damage (Isaksson, 2010; Salmon et al., 2018) 
and increased thermal temperatures due to large areas of concrete 
pavement (Arnfield, 2003). Exposure to mercury or methylmercury 

F I G U R E  3  Protein networks for (a) 
STRBP (lower left) and CNTNAP2/FOXP2 

(upper right); comparing hatchlings in 
rural vs urban environments (R vs. U) 
showed two major gene networks were 
differentially methylated (STRBP and 

CNTNAP2/FOXP2), which include the 
nervous system, neuron generation 
and vocalization behaviour. (b) Protein 
network containing COQ9, NDUFA12, 
PARK7 and UQCRH, with the single 
unconnected protein of TXNRD3; 

comparing fledglings hatched in the 
same environment but reared in different 
environments showed differential 
methylation in cellular respiration gene 
networks and (c) protein network of 
CNTNAP2, an enriched gene ontology 
term with differential methylation 
associated with corticosterone levels in 80 
hatchlings.
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contaminants resulted in methylation changes at the global and 
gene level in several species (e.g. bears, mink, rats; Basu et al., 2014; 

Bossdorf et al., 2008; Crews & McLachlan, 2006; Vandegehuchte 
& Janssen, 2011). Airborne particulate matter is also linked with 
changes in genome- wide methylation patterns and negative health 
consequences (Rider & Carlsten, 2019; Sun et al., 2018). Along with 
differences in nutrient availability where urban areas have less avail-
able high- quality food items, it is likely to result in changes in cel-
lular metabolism (Isaksson et al., 2017). There are no studies that 
we are aware of that have measured endothermic metabolic rates 
across an urban gradient, but our study points to a promising av-
enue of hypothesis- driven research, given that some studies have 
found increased glucocorticoid levels, a hormone that drives glucose 
metabolism, in cities (Bonier, 2012). Additionally, we cannot rule 
out maternal effects, such as incubation behavioural differences 
or deposition of yolk hormones (Heppner et al., 2022; Heppner & 
Ouyang, 2021; Love & Williams, 2008).

4.2  |  Effects of urban and rural environments on 
DNA methylation plasticity

Increased methylation frequencies based on environmental differ-
ences have been noted for several taxa (Heard & Martienssen, 2014; 

Laubach et al., 2018; Lea et al., 2016; Pedersen et al., 2014; Sasagawa 
et al., 2017). We found that methylation frequencies also change as 
young develop (Taff et al., 2019; Venney et al., 2021). In the same 
environment, offspring increased MF but when moved to a different 
environment, offspring decreased MF. This type of genetic and en-
vironment impact on DNA methylation has recently been shown in 
Chinook salmon in which significant parental, age and environmen-
tal variables explained methylation differences (Venney et al., 2021). 
We do not know if these changes in MF are adaptive, but we specu-
late that when environmental changes happen during development, 

the young may benefit from the ability to effectively modify gene 
transcriptional activity (Herman & Sultan, 2016; O'Dea et al., 2016). 
To test if these methylation changes are adaptive, we need recruit-
ment rates to estimate offspring survival and transgenerational 
differences between individuals from control and cross- fostered 
treatments.

In fledglings regardless of hatching location, we found strong 
environmental signatures related to their fledged environment. 
The most significantly enriched GO subterm was mechanosen-
sory behaviour (GO:0007638), which includes auditory behaviour 
(GO:0031223) or a behavioural response to sound. In urban hatch-
lings, cytosines in the transcriptional element of STRBP were hyper- 
methylated. We hypothesize that urban hatchlings need to have 
reduced receptivity to an excess of stimulus in the urban environ-
ment; thus, increased methylation in the transcriptional start site 
of this gene could possibly damp the gene's reactivity. Urban envi-
ronments are often associated with increased avian song frequency 
due to increases in anthropogenic noise (Halfwerk et al., 2011). We 
previously found that our population of urban house- wren adults do 
not respond physiologically when traffic noise was played, which 
suggests a level of habituation or perhaps reduced sensitivity to 
sound stimulus in urban environments (Davies et al., 2017). Two ad-
ditional genes intersected this GO subterm, CNTNAP2 and FoxP2, 
with hyper- methylation patterns found in rural hatchlings. CNTNAP2 

is a direct FoxP2 target gene in songbirds, likely affecting synaptic 
function relevant for song learning and song maintenance (Adam 
et al., 2017). During periods of enhanced plasticities, such as during 
development, FoxP2 influences CNTNAP2 expression in a linear 
manner (Adam et al., 2017). Therefore, urban offspring may increase 
the expression of both genes during development as an adaptation 
to the noisy rearing environment. Other studies have reported reg-
ulatory changes in neural- related genes. For example, EGR1 (also re-
ferred to as ZENK) is a neural activity- dependent intermediate early 
gene reported to have decreased expressed in zebra finches that 

F I G U R E  4  General linear regression 
with logit link binomial function of 80 
hatchlings and corticosterone levels at day 
0 as a function of methylation frequency 
at the cytosine (chr2.30213392) in the 
functionally enriched gene CNTNAP2. 

Logarithmic trendline and 95% CI (shaded) 
are provided.
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experienced acute social isolation that can be rescued through the 
addition of a partner bird (George et al., 2020). This gene is known to 
regulate song during singing and in central auditory pathways during 
hearing (Clayton, 2013; Jarvis & Nottebohm, 1997; Mello, 2002; 

Reiner et al., 2004). Furthermore, exposure to novel acoustics in-
creases EGR1 levels in song sparrows and zebra finch, regardless of 
the social context (Jarvis et al., 1997; Vignal et al., 2005).

4.3  |  Modification of corticosterone concentrations 
through DNA methylation of CNTNAP2

As we have found significant and persistent physiological differ-
ences in corticosterone expression between urban and rural off-
spring and adults, we also found a single gene (CNTNAP2) that was 
enriched for functional ontology in urban birds. In other words, hy-
permethylation of CNTNAP2 is associated with decreased corticos-
terone levels. If CNTNAP2 is involved in corticosterone regulation 
and/or expression and DNA hypermethylation occurs in a promoter 
of the gene in rural hatchlings, this may provide a mechanism to 
down- regulate baseline corticosterone levels when hatchings are in 
more challenging environments. GO terms were heavily populated 
by behaviour, brain and auditory functions, for example, observed 
learning, imitative learning and vocal learning. Urban areas are as-
sociated with explorative individuals that exhibit less neophobic 
responses (Grunst et al., 2019). Stress- reactivity is related to explor-
ative behaviour and recently has been shown to be related to differ-
entially methylated regions across the genome (Baugh et al., 2012; 

Taff et al., 2019). To illustrate, females with higher stress resilience, 
and thus lower feedback in the stress response, had lower over-
all methylation at a set of differentially methylated regions (Taff 
et al., 2019). Increased levels of corticosterone have been associ-
ated with decreased learning and memory acquisition (Monaghan & 
Spencer, 2014; Spencer & Verhulst, 2007). These results combined 
indicate a relationship between corticosterone levels and learning 
abilities that may be related to environmental context, although we 
note that the relationship is weak. Therefore, we hypothesize that 
decreased CNTNAP2 expression may result in increased corticos-
terone levels or vice versa (Cottrell & Seckl, 2009; Ing, 2005), espe-
cially in urban offspring.

5  |  CONCLUSIONS

We show that DNA methylation exhibits phenotypic plasticity in 
response to environmental change, such that both parentage and 
the rearing environment influence the methylation status of spe-
cific genes. Furthermore, we found molecular signatures related 
to the glucocorticoid phenotype. Our findings are suggestive that 
DNA methylation can shape the physiological phenotype and is 
empirical evidence for a mechanism by which individuals thrive in 
challenging environments. This study provides novel insights into 
avian epigenetic variation and the effects of urbanization, which 

can generate future empirical studies on specific gene networks 
and phenotypic traits under selection. We focus on one urban and 
rural site as cross- fostering at a finer scale, that is, across an ur-
banization gradient, would be logistically challenging for matching 
hatch- date; therefore, our results could be attributed to site dif-
ferences rather than urbanization itself. Nevertheless, our study is 
experimental, and the correlation between methylation patterns 
and glucocorticoid levels is continuous within and among sites. 
Future studies disentangling genetic and environmental processes 
across different sizes and locations of cities are necessary for 
urban evolutionary ecology (Alaasam & Ouyang, 2021). With the 
rapid development of sequencing technologies, studying urban 
evolution has entered the genomic era, expanding upon candi-
date gene approaches (Caizergues et al., 2021; Riyahi et al., 2015). 
Future studies will need to genotype more loci and more indi-
viduals to disentangle polygenic adaption in urban environments 
(Szulkin et al., 2020). Understanding the genetic and environmen-
tal basis of local adaptation will be important in predicting species' 
responses to urbanization and establishing epigenetic processes 
as a mechanism for novel environmental acclimation.
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