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1 | INTRODUCTION

DNA methylation is a key epigenetic mark that adds another layer
of information to the genomic DNA (Lister & Ecker, 2009). The
best-known effect of DNA methylation, which has been observed
most often in mammalian studies, is the repression of transcription
resulting from methylation at CpG sites in cis-regulatory regions
(Schibeler, 2015). The role of DNA methylation in other genomic
regions is less well understood, although there are examples linking
DNA methylation of gene bodies and intergenic regions to regulation
of gene expression (Aran et al., 2013; Jjingo et al., 2012; Mendizabal
et al., 2017). DNA methylation in nongenic regions has been impli-
cated in many regulatory processes, including maintenance of ge-
nome stability and silencing transposable elements (TEs) (Burns,
2017; Deniz et al., 2019; Jones, 2012; Robertson & Jones, 2000).
DNA methylation is also known to associate with development and
aging (Bell et al., 2019; Horvath, 2013; Lister et al., 2013; Price et al.,
2019; Sun & Yi, 2015).

Most of our knowledge about DNA methylation comes from
studies of humans and laboratory mice. As a result of recent meth-
odological advances in genomics and epigenomics, more data from
natural populations are now being generated, often using reduced
representation bisulphite sequencing (Lea et al., 2016; Thompson
et al., 2017; Wogan et al., 2020). Nevertheless, detailed information
on variation in DNA methylation and its associations with gene ex-
pression remains sparse, particularly for natural populations. In this
study, we provide rare insight into how DNA methylation varies in
a wild species of songbird. We used deep whole-genome bisulphite
sequencing (WGBS) to generate single-nucleotide-resolution maps
of DNA methylation in a wild passerine, the white-throated spar-
row (Zonotrichia albicollis). This species is an exceptional vertebrate
system for understanding links between the evolution of genomes
and complex behavioural phenotypes (Maney et al., 2020; Merritt
etal., 2020; Sun et al., 2018; Tuttle et al., 2016). Two naturally occur-
ring plumage morphs, white-striped (WS) and tan-striped (TS), are
completely linked to a supergene that segregates with an aggressive
phenotype in both sexes. Birds of the WS morph, which are hetero-
zygous for a rearranged second chromosome (ZAL2™), are on aver-
age more aggressive than birds of the TS morph (Horton, Hudson,
etal.,, 2014; Kopachena & Falls, 1993), which are homozygous for the
standard arrangement (ZAL2) (Thomas et al., 2008; Thorneycroft,
1966, 1975). In addition, WS birds invest less in parenting behaviour
than do TS birds (Horton, Hudson, et al., 2014; Horton et al., 2014;
Kopachena & Falls, 1993; Maney, 2008; Maney et al., 2015; Tuttle,
2003; Zinzow-Kramer et al., 2015). Thus, the supergene is associated
with a complex phenotype involving both aggression and parenting.

This unique chromosomal polymorphism is maintained in the
population through disassortative mating; that is, nearly all mating
pairs consist of one TS and one WS individual (Thorneycroft, 1966,
1975; Tuttle et al., 2016). As a consequence, the ZAL2™ chromo-
some is nearly always in a state of heterozygosity, experiencing little
recombination. Cessation of recombination causes several genetic

changes, including reduction of gene expression, accumulation of

transposable elements, and ultimately, genetic degeneration of the
nonrecombining region (Charlesworth & Charlesworth, 2000; Yi &
Charlesworth, 2000). The ZAL2 and ZAL2™ chromosomes are in an
early stage of genetic differentiation, having accumulated approx-
imately 1% nucleotide divergence (Sun et al., 2018; Thomas et al.,
2008; Tuttle et al., 2016). Based on mutation rates estimated in
closely related species, the rearrangement is thought to have oc-
curred approximately 2-3 million years ago (Huynh et al., 2011,
Tuttle et al., 2016). The ZAL2™ chromosome has yet to exhibit signs
of substantial genetic degeneration (i.e., only a handful of genes
have become pseudogenes [Sun et al., 2018]). Despite this modest
genetic divergence, genes on the nonrecombining ZAL2™ chromo-
some exhibit reduced expression, and ZAL2 appears to have evolved
incipient dosage compensation, indicating rapid regulatory evolution
preceding large-scale genetic differences between the ZAL2 and
ZAL2™ chromosomes (Sun et al., 2018). Our novel whole-genome
DNA methylation maps offer a unique opportunity to investigate
how DNA methylation changes in the early stage of chromosomal
differentiation following the cessation of recombination.

We investigated patterns of DNA methylation in 12 samples of
brain tissue from female white-throated sparrows of both morphs.
These samples were taken from seven adults and five nestlings, thus
spanning two developmental time points. In this study we had three
main objectives, as follows. First, we investigated variation in DNA
methylation between the two developmental time points. Second,
we examined DNA methylation divergence between the ZAL2 and
ZAL2™ chromosomes. Finally, we looked for predictive relationships
between differential DNA methylation and regulation of gene ex-
pression. Our novel and comprehensive data on nucleotide-resolu-
tion whole-genome methylation maps reveal substantial variation
in DNA methylation between developmental stages and plumage
morphs. By integrating this data set with novel gene expression data
collected from the same individuals, as well as an open chromatin
map of a WS bird, we demonstrate that variation in DNA methyla-
tion between nestlings and adults is widespread across the genome
and correlated with variation in the expression of developmental
genes. Furthermore, by identifying allele-specific methylation and
its potential evolutionary origins, we provide a rare glimpse into epi-
genetic reprogramming of a chromosome following a recent cessa-

tion of recombination.

2 | MATERIALS AND METHODS

2.1 | Sample collection

We collected 12 birds (seven breeding adults [four WS and three TS]
and five nestlings [three WS and two TS]) for our analysis (Tables S1-
S3). A workflow of our data set and analysis is presented in Figure
S1. To remove the effect of sex in a cost-effective manner, only fe-
male birds were analysed in the current study. Adults were collected
using mist nets at our field site near Argyle, Maine, USA, as previ-
ously described (Horton, Hudson, et al., 2014; Zinzow-Kramer et al.,
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2015). Nestlings were collected from nests at day seven post-hatch
(Grogan et al., 2019). Only one nestling per nest was used for the
analysis. The hypothalamus, a brain region containing neuroendo-
crine cell groups that respond to social cues in this species (Maney
et al., 2008), was microdissected from each brain as previously de-
scribed (Zinzow-Kramer et al., 2015). For ATAC-seq, the hypothal-
amus was microdissected from a nonbreeding WS male adult bird
(sample ID 17031) collected at our field site in Atlanta, Georgia, USA
during fall migration (Merritt et al., 2018).

2.2 | Whole genome sequencing, SNP
calling, identification of fixed differences, and
kinship analysis

Whole genome sequencing libraries from the same 12 birds used for
WGBS analysis were generated from DNA extracted from the white-
throated sparrow livers using a Qiagen DNeasy Blood and Tissue
DNA kit. For each sample, 500 ng-1 pg of DNA was extracted and
sheared on a Covaris ultrasonicator to 200-600 base pairs (bp) at
the Emory Integrated Genomics Core. The DNA fragment ends were
repaired, and A-overhangs were added before Nextera barcode
adaptors were ligated to the DNA fragments overnight. Finally, the
libraries were PCR-amplified to increase concentration and enrich
for adaptor-ligated DNA fragments. WGS libraries were sequenced
using lllumina HiSeq X Ten with 150 x 2 bp paired-end reads at
Macrogen Clinical Laboratory. Read coverage and processing statis-
tics are presented in Table S1.

To identify SNPs occupying CpG sites, we first removed adap-
tor sequences and low-quality bases from the sequencing reads
using the parameters “-q 30 -O 1 -m 50 --trim-n --pair-filter any”
using cutadapt 1.18 (Martin, 2011). Trimmed reads were then
aligned to the NCBI white-throated sparrow reference genome
(version: Zonotrichia_albicollis-1.0.1), which is from a TS individ-
ual, using Bowtie2 v2.3.4.2 (Langmead & Salzberg, 2012) with the
--very-sensitive-local option, and the alignment rate was ~95%
per sample. Technical duplicates (PCR and optical duplicates)
were then discarded by Picard Tools 2.19.0 (https://broadinstitute.
github.io/picard/). SNP calling was conducted on clean and aligned
reads using GATK 4.0 (Van der Auwera et al., 2013; DePristo et al.,
2011; McKenna et al., 2010). Specifically, SNPs were called using
Haplotypecaller with the -ERC GVCF option, and joint genotyping
of all samples was performed with the GenotypeGVCF. Finally, SNPs
with MAF <0.05, meanDP < 5 and meanDP > 80 were discarded
using VCFtools 0.1.15 (Danecek et al., 2011).

To minimize potential mapping bias towards the reference ge-
nome (ZAL2/ZAL2) caused by differences between ZAL2 and
ZAL2™, with the final set of SNPs, we identified putatively fixed dif-
ferences between ZAL2 and ZAL2™ using the same procedure as de-
scribed by Sun et al. (2018). For further alignment, we used a genome
with putatively fixed differences masked by N’s in the reference (N-
masked genome), as in other studies (e.g., Wu et al., 2020). To check
whether the individuals in our analyses were related, we performed

a kinship analysis using KING (Manichaikul et al., 2010). The kinship
coefficients between the 12 individuals in this study were all practi-
cally zero (the maximum kinship coefficient was 0.00277; Figure S2),

indicating that they were not closely related.

2.3 | Whole genome bisulphite sequencing

WGBS libraries were prepared using the following custom protocol.
First, genomic DNA was extracted from the hypothalamus samples
using a Qiagen DNeasy Blood and Tissue DNA kit. For each sample,
100 ng-1 pg of DNA was pooled with 1%-5% lambda phage DNA
to test for bisulphite conversion efficiency. The DNA samples were
then sheared on a Covaris ultrasonicator to 200-600 bp. The DNA
fragment ends were repaired, and A-overhangs were added before
bisulphite compatible adaptors were ligated to the DNA fragments
overnight. Then, the DNA fragments were bisulphite-converted and
PCR-amplified to increase concentration and enrich for adaptor-
ligated DNA fragments. WGBS libraries were then sequenced using
Illumina HiSeq X Ten at Macrogen Clinical Laboratory. On average,
431 and 134 million 150 bp x 2 reads were generated for WS and TS
birds, respectively (Table S2).

2.4 | Preprocessing of whole genome bisulphite
sequencing data

WGBS reads were trimmed as described above. The trimmed reads
were aligned to the N-masked reference genome with parameters
“--bowtie2-X 1000” using sismark v0.20.0 (Krueger & Andrews,
2011). The average mapping efficiency of samples was ~70% for all
samples (Table S2). Duplicated reads and nonbisulphite-converted
reads were discarded by deduplicate_bismark (parameter: -p) and fil-
ter_non_conversion (parameter: percentage_cutoff 20), respectively.
Finally, bismark_methylation_extractor was run to extract CpG meth-
ylation calls. To obtain bisulphite conversion rates, raw reads were
aligned to the phage lambda genome using Bismark (same param-
eters). Because lambda DNA is not methylated and therefore should
be completely bisulphite-converted, the percentage of methylated
cytosines of lambda DNA was taken as the nonconversion rate.
Bisulphite conversion rates were above 99.8% in all samples (Table
S2).

To call allele-specific methylation values, snpspuit 0.3.4 (Krueger
& Andrews, 2016) was run with parameters “--bisulphite --paired”
using fixed differences between ZAL2 and ZAL2™. Then, bismark_
methylation_extractor was run for allele-separated reads. For WS
birds, consistent with the genotype (ZAL2/ZAL2"), the percentage
of reads assigned to each chromosome was ~4%-4.5% (Table S2);
for TS birds, the percentage of reads assigned to ZAL2 was ~8%-
9% but to ZAL2™ 0%-0.01% (Table S2), which was consistent with
the genotype (ZAL2 / ZAL2). After this procedure, the median se-
quencing depths were at least nine reads per sample and four per
allele (Table S2). Only CpG sites with at least five reads aligned were
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retained for further analysis (e.g., Mendizabal et al., 2019). Finally,
because cytosine polymorphisms could hamper accurate calling of
methylation, we excluded any CpGs in the reference genome that
were polymorphic within the sequenced samples. After these qual-
ity control steps, a total of 3,880,473 CpGs were used to test for
differential methylation between morphs and developmental stages,
and 317,499 CpGs were used to test for differential methylation be-
tween alleles.

2.5 | Analysis of differential DNA methylation
Differentially methylated CpGs between developmental stages
and morphs (or alleles) were detected by the dispersion shrink-
age for sequencing data (DSS) package, version 2.30.1 (Wu et al.,
2015) using Wald tests under the default setting. This method
explicitly accounts for the characteristics of next-generation se-
qguencing data and allows us to identify sites that are affected by
different covariates. The null distributions of p-values for stage
and allele comparisons largely followed uniform distributions
(Figure S3). We then applied FDR to the p-values, and CpGs with
FDR-corrected p-values <.05 and absolute values of differences
in methylation greater than 10% were defined as DMCs, similar
to the criteria in literature (Herb et al., 2012; Jeong et al., 2020;
Yuen et al., 2010). sBeptooLs version 2.28.0 (Quinlan & Hall, 2010)
was run to assign DMCs to different gene features. If a DMC was
within multiple gene features, we prioritized the assignment in the
following order based on a feature's likelihood to influence gene
expression (as per (Yu et al., 2015): upstream (10 Kb upstream of
transcription start sites [TSS]), exons, introns, downstream (10 Kb
downstream of TTS [transcription termination sites]), transpos-
able elements [TEs] and intergenic regions.

Some authors identify differentially methylated regions (DMRs)
rather than DMCs. While DMRs are useful to find genomic regions
of interest, defining DMRs using different criteria can yield inconsis-
tent results (as discussed by Lea et al., 2017; Roessler et al., 2016).
Our comparisons of results obtained by identifying DMRs vs. DMCs
showed that while the overall results were highly similar, some as-
pects of data were less well presented in DMR analyses (Figure S4).
Therefore, we decided to focus and present DMC analyses in the
current paper.

2.6 | Principal component analysis of DNA
methylation data and chromosomal distribution of
morph- and stage-DMCs

We stored DNA methylation data generated from all samples as a
methylrawDB object using methylkit 1.9.4 (Akalin et al., 2012). The
object was then converted into a percent methylation matrix, with
only CpG sites with more than five reads in all samples retained. PCA
analysis of all CpGs or CpGs inside and outside the ZAL2/ZAL2 min-
versions was performed using the PCASamples function in methylkit

(parameter: obj.return = T). The returned prcomp result was used
to plot sample clusters with the autoplot function in ggfortify 0.4.5
(Tang et al., 2016).

To visualize enrichment/depletion of morph- and stage-DMCs
along chromosomes, we calculated the fold enrichment with a 95%
confidence interval by comparing the observed number of DMCs
with the expected number of DMCs per chromosome. The null chro-
mosomal distribution of expected numbers of DMCs was generated
by 100 random selections of an equal total number of CpGs from

the genome.

2.7 | ATAC-seq library preparation, sequencing,
data preprocessing, and peak calling

For one sample (hypothalamus of a WS male, ID 17031), 10,000-
200,000 cells were homogenized in EMEM (Eagle's Minimum
Essential Medium) and phosphate-buffered saline. The cells were
pelleted in a centrifuge and resuspended in a lysis buffer made
of nonionic detergent (made in-house from Tris, NaCl, MgCl,, and
IGEPAL CA-630). After cell lysis, nuclei were isolated by centrifu-
gation and added to a tagmentation reaction mix (Illumina Nextera
DNA Library Prep Kit, Cat#: FC-121-1030). During tagmentation,
the sequencing adapters were inserted into accessible chromatin
regions by Tn5 transposase. Adapter-tagmented fragments were
purified using Invitrogen Agencourt AMPure XP beads (Cat#:
A63880) at 1.4x%, 1x and 0.6x to remove fragments across a range
of sizes. Purified samples were bar-coded (lllumina Nextera Index
Kit, cat#: FC-121-1011), and amplified (Fisher KAPA HiFi HotStart
Kit, Cat#: NC0295239). The ATAC-seq libraries were then se-
quenced using a MiSeq sequencer (lllumina; Reagent Kit v3) with
150 cycles (75 bp paired-end reads) in the Molecular Evolution
Core at Georgia Tech.

We aligned the trimmed ATAC-seq reads (trimming was per-
formed as above) to the N-masked reference genome using BowTie2
version 2.3.4.2 (parameters: -X 2000 --no-mixed --no-discordant)
(Langmead & Salzberg, 2012), which allowed a maximal insert size of
2 Kb between paired reads, and discarded unmapped or discordant
alignments. The mapping efficiency for this sample was 82.13%. The
aligned reads were then deduplicated using markdup of SAMtools
1.7 (Li et al., 2009). As a result, we obtained 23 million clean mapped
reads. To identify ZAL2 and ZAL2™-specific ATAC-seq peaks, we
followed the strategy proposed by (Jung et al., 2019). Specifically,
we first called peaks in the overall sample using MACS2 version
2.1.1.20160309 (Zhang et al., 2008) with “g 1.1e+9 -f BAMPE -p
0.05 -B --SPMR -nomodel” options. We next assigned reads to ZAL2
and ZAL2™ using SNPsplit 0.3.4 (Krueger & Andrews, 2016) with
parameters “--paired” using fixed differences between ZAL2 and
ZAL2™. The number of ZAL2 and ZAL2™ reads mapped to the ATAC-
seq peaks were counted using sebtooLs version 2.28.0 (Quinlan &
Hall, 2010), and the differences in allelic read counts were tested by
a two-tailed binomial test. Peaks with FDR-corrected p < 0.05 were
denoted as allele-specific.
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2.8 | RNA-seq library preparation,
sequencing, data processing, and analysis of
differential expression

RNA extraction and library preparation of the female samples were
performed as previously described (Zinzow-Kramer et al., 2015). The
libraries were then sequenced on the HiSeq 4000 at 150 bp paired-
end reads to ~40 million reads per sample (Table S3). RNA-seq raw
reads were trimmed as above and then aligned to the N-masked ge-
nome by Hisat2 2.1.0 (Kim et al., 2015). Secondary alignments were
filtered by samTooLs 1.7 (Li et al., 2009) to ensure that only primary
alignments were retained. snpspuT 0.3.4 (Krueger & Andrews, 2016)
was run to assign reads to ZAL2 or ZAL2™ for the WS samples (Table
S3). Expression levels (raw read counts) were then quantified by
STRINGTIE version 1.3.4d (Pertea et al., 2015).

To identify genes that were differentially expressed between the
morphs and developmental stages, we calculated size factors, nor-
malized libraries with these factors, and then identified differential
expression with “design = ~ stage +morph” (stage as the adjusted
covariate) and “design = ~ morph +stage” (morph as the adjusted co-
variate), respectively, using the peseq2 1.22.2 package (Love et al.,
2014) in r 3.5 (R Core Team, 2019). To identify genes that were dif-
ferentially expressed between ZAL2 and ZAL2™, we normalized li-
braries with the size factors generated in the morph comparison step
and identified differential expression with “design = ~ stage +allele”
(stage as the adjusted covariate). The null distributions of p-values
for expression comparisons between developmental stages or be-
tween alleles followed approximately uniform distributions (Figure
S3), and FDR-adjusted p-values < .05 were denoted as differentially
expressed genes. Differences in the numbers of DMCs between
promoters (defined as 1.5-kb upstream of TSSs) of adult- and nest-

ling-biased genes were assessed by binomial tests.

2.9 | Transposable element annotation and
expression/methylation analysis

We adopted both de novo and homology-based approaches to an-
notate repetitive sequences in the reference genome. First, de novo
discovery of TEs was performed by RepeatModeler 1.0.9 (Smit &
Hubley, 2008-2015). The generated library was merged with the
avian Repbase library (20181026 version), which was used to anno-
tate TEs in the reference genome using RepeatMasker 4.0.9 (param-
eters: -xsmall -s -nolow -norna -nocut) (Smit et al., 2013-2015).

To distinguish expression of genes from that of TEs and to esti-
mate TE expression per subfamily, we used the TEcount program of
TeTooLkIT 2.0.3 (Jin et al., 2015) We entered aligned RNA-seq reads,
gene annotation, and TE annotation (at least 10 kb from any genes).
DESeqg2 was run on the generated count tables for library normaliza-
tion across samples. For TE subfamilies with baseMean >3, the allelic
difference in expression was tested using a Mann-Whitney U test.
For TE subfamilies with more than 10 CpGs, allelic differences in
DNA methylation between ZAL2 and ZAL2™ were detected using a

Mann-Whitney U test while either including or excluding the ZAL2™
extremely hypomethylated DMCs.

2.10 | Cross-species comparison of DNA
methylation

We used the brain methylation data from the great tit compiled by
Sun et al. (2019) to infer evolutionary changes in DNA methylation of
allele-DMCs. To do so, we aligned the white-throated sparrow refer-
ence genome to the great tit reference genome (Parus_major1.1) and
to the zebra finch (Taeniopygia_guttata-3.2.4) reference genome
using minimap2-2.16 (parameters: --secondary=no -c) (Li, 2018).
Only alignments for which we were confident, defined by the high-
est mapping score (MAPQ = 60), were retained. ZAL2/ZAL2™ CpGs
were identified if they could be aligned to the zebra finch chromo-
some homologous to ZAL2/ZAL2™. The paftools liftover program of
minimap2 was then run to find dinucleotides in the great tit genome
that were orthologous to CpG sites in the sparrow genome and frac-

tional methylation levels were calculated for each position.

3 | RESULTS

3.1 | Contrasting effects of developmental stage
and morph on genome-wide DNA methylation maps

We examined patterns of DNA methylation and gene expression in
samples of hypothalamus, a brain region containing cell groups criti-
calto many social and developmental traits. Our experimental cohort
included birds of both morphs in two developmental stages: adults
aged more than one year (4 WS, 3 TS) and nestlings at post-hatch
day seven (3 WS, 2 TS). We investigated the effects of morph and
developmental stage (also referred to as “stage” in this manuscript)
on genome-wide DNA methylation maps. These white-throated
sparrows were not related, based on the kinship coefficient analysis
(Manichaikul et al., 2010). Specifically, using all SNPs we detected in
this study, the maximum kinship coefficient was 0.00277 (Section 2).
Whole genome bisulphite sequencing maps of the samples were
generated (see Section 2). Bisulphite conversion rates, determined
from spiked-in unmethylated lambda phage DNA, were all 99.8%.
We generated on average 431 million reads of 150 bps for WS birds,
and 134 million reads for TS birds. Greater coverage for the het-
erozygous WS birds was necessary to recover sufficient reads for
both ZAL2 and ZAL2™ chromosomes. After removing duplicates, we
mapped the reads to an N-masked reference genome to avoid map-
ping bias due to the polymorphisms between ZAL2/ZAL2™ chromo-
somes. Following these procedures, WS birds and TS birds had on
average 33.4x and 13x coverage, respectively, per CpG (Table S2).
To first gain an understanding of genome-wide variation in DNA
methylation, we performed a principal component analysis (PCA)
of all preprocessed CpGs (Materials and Methods) prior to sep-
arating the ZAL2 and ZAL2™ alleles (Figure 1a). The first principal
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FIGURE 1 The effects of developmental stage and plumage morph on DNA methylation patterns in white-throated sparrows. We

show PCA of WGBS samples for (a) all CpGs and (b) CpGs within the rearranged portion on ZAL2/ZAL2™. (c) Fold enrichment with 95%
confidence interval (95% Cl) for the chromosomal distribution of DMCs (using homologous chromosomes in zebra finch for designation;
ZAL2/ZAL2™ is equivalent to zebra finch chromosome 3). The fold enrichment and confidence intervals were calculated by comparing

the real distribution of DMCs with the null distribution generated by 100 random selections of the same number of CpGs. The red dashed
lines indicate no depletion/enrichment (enrichment score = 1) of DMCs on a chromosome, and the grey dashed lines depict boundaries for
moderate depletion (0.5) or enrichment (1.5) of DMCs. Only chromosomes larger than 10 Mb are shown. (d) Mean absolute differences (+
1.96 x standard errors) in fractional DNA methylation (5 mC [%]) for stage-DMCs (286,434) and morph-DMCs (4507). Effect sizes were
smaller for stage-DMCs than for morph-DMCs. ***p < .001; Mann-Whitney U test. Standard error bars are shown. For (a-d) only CpGs with

at least five reads mapped were used for analysis (Section 2)

component (PC1), which distinguished adults from nestlings, ac-
counted for the largest amount of variation in DNA methylation
(~20%). The second principal component (PC2) separated the TS and
WS morphs and explained ~11% of the variation among samples.
To examine the variation in DNA methylation associated with the
chromosomal rearrangement, we then performed the same analy-
ses using only the CpGs within the rearranged portion of the ZAL2/
ZAL2™ chromosome (Figure 1b), which produced a clearer separa-
tion of the morphs. Consequently, developmental stage and morph
were determined to be the top two factors explaining variation in
DNA methylation in our data.

Using the same whole-genome CpG data, we identified signifi-
cantly differentially methylated CpGs (herein referred to as “DMCs”)
between adults and nestlings, as well as between WS and TS birds,
using a method designed specifically for the WGBS analysis (Wu
et al., 2015). In addition to correcting for multiple testing using the
FDR method (FDR-adjusted p < .05), we restricted the value of the
absolute methylation difference to be equal to or >10%. Following
these procedures, we identified 286,434 DMCs between adults and
nestlings (referred to as “stage-DMCs”), and 4,507 DMCs between
TS and WS birds (referred to as “morph-DMCs”).

Stage-DMCs and morph-DMCs were distinct from each other
with respect to both the chromosomal distribution and the effect
sizes (Figure 1c, d). In terms of the chromosomal distribution, stage-
DMCs were distributed across the genome, but depleted from the Z
chromosome. In comparison, morph-DMCs were largely restricted
to the ZAL2/ZAL2™ chromosomes (Figure 1c), indicating that nearly
all differences in DNA methylation between the morphs were due to
CpGs on the nonrecombining chromosomal pair. Consistent with this
conclusion, PCA analysis of a different chromosome, ZAL1, clearly
separated developmental stages but not the morphs (Figure S5). The
effect sizes, measured as absolute differences in DNA methylation
between the two morphs, were on average substantially greater
than for the stage-DMCs (Figure 1d).

3.2 | Global hypermethylation of CpGs in adults
relative to nestlings

Interestingly, most stage-DMCs (97.7% of all stage-DMCs) were
more highly methylated (hyper-methylated) in adults than in
nestlings (Figure 2a). We examined the expression levels of DNA
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FIGURE 2 Hypermethylation in adults relative to nestlings. (a) The density distribution of differences in methylation between adults

and nestlings shows that most stage-DMCs are hypermethylated in adults, compared with nestlings. (b) Both DNMT1 and DNMT3b were
more highly expressed in adults than in nestlings (tested by DESeq2, ***p < .001), consistent with the observed hypermethylation in adults.
(c) The proportions of adult-biased and nestling-biased genes with zero, more than one, two, or three stage-DMCs in their promoters. The
numbers of DE genes that are biased in each developmental stage are marked. The differences in the number of DE genes between adults
and nestlings were tested by a binomial test (***p < .001). (d) Adults in general have lower gene expression levels than nestlings for stage-DE
genes (tested by DESeq2, ***p < .001) associated with developmental processes (GO:0032502) and which have at least three stage-DMCs
in the promoters. Shown here are some examples. Each dot represents a sample with both WGBS and RNA-seq data. Mean +/- standard

deviations are depicted as red lines

methyltransferases (DMNTs) in RNA-seq data of the same indi-
viduals. Consistent with the observed genome-wide hypermeth-
ylation of samples from adults, DNA methyltransferases DNMT1
and DNMT3b had significantly higher expression in adults than
in nestlings (Figure 2b; note that DNMT3a is not annotated in the
reference genome due to the poor assembly quality around that
region). Genes harbouring stage-DMCs in promoters (defined as

1.5-kb upstream of TSSs) were significantly enriched for gene on-
tology (GO) terms related to development and cell differentiation
(Figure S6).

We identified a total of 6806 genes that were differentially
expressed between nestlings and adults using FDR-adjusted
p < .05, demonstrating that gene expression profiles change dra-
matically between the two developmental stages. Among these
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levels inferred by comparison with an outgroup species, great tit. ***p < .001, Mann Whitney U test. (c) Fold enrichment of allele-DMCs
within different genomic regions relative to the background (all CpGs on ZAL2/ZAL2™). The dashed line corresponds to a fold enrichment

of 1 (no enrichment or depletion). Intergenic regions were defined as regions that were at least 10 Kb away from any genes, and upstream/
downstream distal regions were defined as 10 Kb upstream/downstream of the transcription start site (TSS)/transcription end site (TES).

For B-C, all ZAL2/ZAL2™-linked CpGs were used as the control, and enrichment or depletion was assessed by a two proportion Z-test. (d)
Differences in TE methylation (5mC%) between ZAL2™ and ZAL2 after including or excluding the ZAL2™ extremely hypomethylated DMCs.
Only TE subfamilies with more than 10 CpGs were used for analysis. For (b-d), NS, not significant; *p < .05; **p < .01; ***p < .001, Mann-

Whitney U test

genes, about equal numbers were expressed more highly in adults
vs. more highly in nestlings (3485 adult-biased genes vs. 3321
nestling-biased genes). In contrast, genes harbouring stage-
DMCs in promoters tended to be more highly expressed in nest-
lings, and this trend increased as the number of stage-DMCs in
each promoter increased (Figure 2c). In addition, for the GO term
“developmental process”, there were 74 genes harbouring DMCs
in their promoters. Among these, 23 genes were downregulated
in adults (31.08%). In contrast, out of all 17,365 genes, only 3,321
genes (19.12%) were downregulated in adults. Therefore, there
was a significant enrichment of promoter-hypermethylated de-
velopmental genes that were downregulated in adults (19.12%,
p =.014 by proportion test). These observations suggest that hy-
permethylation of promoter CpGs might contribute to the down-
regulation of early developmental genes in adults. Examples of
several developmental genes harbouring promoter DMCs and
exhibiting reduced expression in adults compared to nestlings are
shown in Figure 2d.

3.3 | Differential methylation of the ZAL2 and
ZAL2 ™ chromosomes is driven by substantial
hypomethylation of CpGs on the nonrecombining
ZAL2 "™

Because the effects of morph on DNA methylation were nearly ex-
clusive to the ZAL2/ZAL2™ chromosomes, we next investigated the
DNA methylation patterns of these two chromosomes more deeply.
To do so, we used WGBS data from WS individuals and separated
the ZAL2 and ZAL2™ alleles (see Section 2). We then used DSS (Wu
et al., 2015) to detect CpGs that were differentially methylated be-
tween ZAL2 and ZAL2™ (referred to as “allele-DMCs”). We identified
13,773 allele-DMCs using the same criteria we used in the genome-
wide analysis (FDR-adjusted p < 0.05, absolute methylation differ-
ence >10%).

To examine the degree and direction of differences in DNA
methylation between ZAL2 and ZAL2™, we first plotted the sizes
of these differences (level of ZAL2 ™ methylation - ZAL2 level of
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methylation) in a histogram (Figure 3a). Their distribution revealed
that allele-DMCs tended to be less methylated (also referred to
as”hypomethylated”) on ZAL2 ™ than on ZAL2 (Figure 3a). We iden-
tified three distinct groups of allele-DMCs. Approximately 75% of
allele-DMCs showed a difference in DNA methylation between
-0.5 to 0.5, i.e., a <50% difference in DNA methylation between
ZAL2 and ZAL2™ (light blue and red, Figure 3a). These allele-DMCs
were equally likely to be more methylated on either ZAL2 or ZAL2™
(depicted as “ZAL2™ < ZAL2” and “ZAL2™ > ZAL2” in Figure 3a, re-
spectively). Interestingly, the remaining 25% of allele-DMCs showed
extreme differential DNA methylation, with ZAL2™ alleles exhibiting
markedly lower DNA methylation than their ZAL2 counterparts (de-
picted as “ZAL2™ << ZAL2", dark blue, in Figure 3a). We will refer to
these three categories of allele-DMCs as “ZAL2 ™ hypomethylated”
(ZAL2™ < ZAL2, light blue in Figure 3a), “ZAL2™ hypermethylated”
(ZAL2™ > ZAL2, red in Figure 3a), and “ZAL2™ extremely hypometh-
ylated” (ZAL2™ < ZAL2, dark blue in Figure 3a) in the remainder of
the study.

To understand the evolutionary changes in DNA methylation
leading to the three distinctive categories of allele-DMCs, we com-
pared levels of DNA methylation in these three categories of CpGs,
as well as those that did not exhibit differential DNA methylation,
with corresponding levels of DNA methylation in a passerine out-
group, the great tit (Laine et al., 2016). This comparison revealed
that CpGs that were not differentially methylated between the
ZAL2 and ZAL2™ chromosomes showed similar methylation levels in
the white-throated sparrow and great tit, suggesting that they have
maintained similar levels of DNA methylation through evolutionary
time (Figure 3b, grey columns). In comparison, ZAL2™ extremely
hypomethylated (ZAL2™ < ZAL2) DMCs bore a clear signature
of hypomethylation on the ZAL2™ since the split from the great
tit (Figure 3b). This pattern contrasts clearly with that of other al-
lele-DMCs, which exhibited signs of both increased and decreased
DNA methylation compared with great tit (Figure 3b, light blue and
red). Together these observations indicate that although both ZAL2
and ZAL2™ have undergone changes in DNA methylation since the
divergence from the great tit, a number of CpGs on ZAL2™ have ex-
perienced a strong reduction in DNA methylation since the split of
the ZAL2 and ZAL2™ chromosomes.

We then tested whether allele-DMCs are enriched in specific
functional regions. While the occurrence of other allele-DMCs was
similar to all CpGs, ZAL2™ extremely hypomethylated allele-DMCs
were five-fold enriched in TEs (p < 2.2 x 107 using a two propor-
tion Z-test, Figure 3c). They were also slightly enriched in intronic re-
gions, while slightly (yet significantly) depleted in regions upstream
of transcription start sites (TSSs) where CpG islands are typically
located (e.g., Mendizabal & Yi, 2016), Figure 3c). Currently, TEs in
white-throated sparrow are poorly annotated. We used a de novo
annotation (see Section 2) and identified subfamilies of TEs (we
could not identify individual TEs with confidence due to low map-
pability). At the subfamily level, we observed higher expression of
TEs on ZAL2™ than ZAL2 (Figure S7), which suggested potentially
higher TE activity on ZAL2™. We also observed that TEs were more

hypomethylated on ZAL2™ than ZAL2, and that this pattern was
driven by ZAL2™ extremely hypomethylated DMCs (Figure 3d).
Given that these effects were estimated at the TE subfamily level,
more data are necessary to show a direct link between methylation
of TEs and their insertion activity in the ZAL2™ chromosome.

3.4 | Potential regulatory consequences of
ZAL2 and ZAL2™-specific DNA methylation

One of the best-known impacts of differential DNA methyla-
tion, when it occurs in promoters, is silencing of gene expression
(Schiibeler, 2015). Therefore, we first examined the expression lev-
els of genes harbouring allele-DMCs in their promoters (defined as
1.5-kb upstream of TSSs). We found 325 genes with at least one
allele-DMC in the promoter. For those genes, the divergence of
gene expression was negatively correlated with the divergence of
DNA methylation in the promoter (Figure 4a). This relationship was
consistent with the aforementioned idea that promoter methylation
dampens gene expression, although the degree of correlation was
relatively weak (but significant). As we restricted our gene sets to
those including more and more allele-DMCs in their promoters, the
correlation coefficients increased (Figure 4b-c). These observations
indicate that divergence in DNA methylation of promoters can ex-
plain some of the divergence in gene expression between ZAL2 and
ZAL2™,

Recent studies have demonstrated that the regulatory impacts
of differential DNA methylation may extend far beyond promot-
ers; differential DNA methylation is often predictive of differential
expression of distant genes (Heyn et al., 2016; Hon et al., 2013;
Murrell et al., 2004; Stadler et al., 2011) and differential accessi-
bility of long-range chromatin (Guo et al., 2017; Lin et al., 2017,
Liu et al., 2018; Lorincz et al., 2004). We thus investigated the
relationship between allele-DMCs and chromatin accessibility. We
generated a map of accessible chromatin regions using ATAC-seq
on DNA isolated from the hypothalamus of a white-throated spar-
row of the WS morph (ZAL2/ZAL2™). We assigned open chromatin
peaks to either ZAL2 or ZAL2™ (see Section 2) and examined the
overlap of each peak with allele-DMCs. In the absence of enrich-
ment or depletion of allele-DMCs in these peaks, the number of
ATAC-seq peaks that overlap allele-DMCs should be proportional
simply to the number of CpGs, regardless of their allele-specific
methylation status (Table S4). In contrast to this prediction, we
found both statistically significant enrichment and depletion of al-
lele-DMCs within ATAC-seq peaks (Figure 4d, Table S4). Only one
ZAL2™ extremely hypomethylated allele-DMC was located within
ATAC-seq peaks on each chromosome, which represents a signif-
icant (p = .037, two proportion Z-test) and marginally significant
(p = .058) depletion of allele-DMCs from this category on ZAL2
and ZAL2™, respectively (Figure 4d). In contrast, other categories
of allele-DMCs were enriched in allele-specific ATAC-seq peaks.
Specifically, ZAL2™ hypomethylated allele-DMCs were enriched
in ATAC-seq peaks specific to the ZAL2™ chromosome, but not
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in those specific to ZAL2 (Figure 4d). ZAL2™ hypermethylated al-
lele-DMCs, on the other hand, were enriched in ZAL2 peaks but
not in ZAL2™ peaks (Figure 4d). These observations suggest that
differential DNA methylation between alleles correlates with their

differential accessibility.

4 | DISCUSSION

Naturally occurring morphological and behavioural polymorphisms
in white-throated sparrows offer a tremendous opportunity for
studying the links between chromosomal differentiation and phe-
notypic traits (Maney et al., 2020; Merritt et al., 2020; Sun et al.,
2018; Tuttle et al., 2016). In this work, we present new and extensive
epigenomic and transcriptomic data from this non-model organism,
broadening our perspective on development and chromosomal evo-
lution. We showed that developmental stages and plumage morphs
are associated with distinct patterns of genome-wide DNA methyla-
tion in this species. The comparison between nestlings and adults
revealed significant differences in DNA methylation that are wide-
spread across the genome, except for the Z chromosome (Figure 1c).
As previous studies of DNA methylation across development/aging
have typically excluded sex chromosomes (e.g., Day et al., 2013; Kim
et al., 2018), we have yet to understand why stage-DMCs are under-
represented on the Z chromosome. Future studies that include sex

ZAL2

ZAL2™

chromosomes would reveal whether our observation is specific to
white-throated sparrows or extends to other taxa.

Interestingly, stage-DMCs were predominantly hypermethyl-
ated in adults (Figure 2a), consistent with the significantly higher
expression of DNMTs in adults (Figure 2b). Previous studies have
demonstrated widespread hypermethylation in the brains of humans
and mice (Li et al., 2014; Sun & Yi, 2015). As far as we are aware,
however, changes in DNA methylation associated with aging have
not been demonstrated outside of mammalian systems. Our obser-
vation of pronounced hypermethylation in adult brains, compared to
nestling brains, in this avian species suggests that it may represent a
shared molecular mechanism between mammals and birds. Previous
studies in mammals have shown that DNA methylation regulates
downstream pathways of neuronal and glial cellular differentiation
(Fan et al., 2005; Murao et al., 2016; Wu et al., 2010), and that differ-
ential DNA methylation between cell types is critical for the differ-
entiation of gene expression between them (Mendizabal et al., 2019).
Results of GO analysis and differential gene expression suggest that
hypermethylation of promoter CpGs in adult brains might contribute
to the downregulation of early developmental genes (Figure Sé).

In contrast, morph differences in DNA methylation were nearly
exclusive to the ZAL2/ZAL2™ chromosomes. We identified nearly
14,000 CpGs that were differentially methylated, at a relatively
stringent cutoff of FDR-corrected p < .05. Utilizing these CpGs and
outgroup data, we observed both hyper- and hypomethylation of
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the nonrecombining ZAL2™ chromosome as well as its counterpart,
ZAL2, since their divergence. As DNA methylation varies strongly
with underlying genetic variation in mammals and plants (Eichten
et al., 2013; Keller et al., 2016; McClay et al., 2015; Yi, 2017) some
of the observed epigenetic divergence could have been due to di-
vergence of linked positions. Most of the CpGs that were differ-
entially methylated between the ZAL2 and ZAL2™ chromosomes
were equally likely to be more methylated on either ZAL2 or ZAL2™.
However, we discovered a group of CpGs that show extremely re-
duced DNA methylation on the ZAL2™ chromosome (referred to as
“ZAL2™ extremely hypomethylated” in the Section 3). This group
accounted for a quarter of all allele-differentially methylated CpGs
(Figure 3). Cross-species comparisons solidified that these CpGs un-
derwent massive hypomethylation on the nonrecombining ZAL2™
chromosome (Figure 3b).

Experimental studies in human and mouse cell lines have
demonstrated that recombination following double strand breaks
can recruit DNA methyltransferases and increase DNA methylation
(Cuozzo et al., 2007; Morano et al., 2014; O'Hagan et al., 2008). At
the genome scale, methylation-associated SNPs and germline meth-
ylation levels are both positively correlated with inferred recombi-
nation rates in humans (Sigurdsson et al., 2009; Zeng & Yi, 2014).
Hypomethylation of the nonrecombining chromosome in white-
throated sparrows, ZAL2™, fits this broad observation, and supports
a potential molecular link between recombination and DNA methyl-
ation. Interestingly, extreme hypomethylation of the ZAL2™ chromo-
some preferentially occurred in TEs (Figure 3c). ATAC-seq profiles of
ZAL2™ extremely hypomethylated CpGs indicate that they tend to
occur outside of accessible chromatin (Figure 4d). Hypomethylation
is known to activate TEs (Rodriguez-Paredes & Esteller, 2011), fur-
ther increasing TE insertion (Gaudet et al., 2003; Howard et al.,
2007). We showed that at the subfamily level, TEs on ZAL2™ exhibit
higher expression than those on ZAL2, which is consistent with the
effects of hypomethylation on TE activity (Figure 3d). Given that an
increase in TE insertion is hypothesized to be one of the first ge-
nomic changes during the evolution of nonrecombining chromo-
somes in Drosophila (Zhou et al., 2013), a similar mechanism may
be operating in the ZAL2/ZAL2™ system, potentially fueled by the
extreme hypomethylation. Additional data on TE transcription and a
better-annotated reference genome in this species will be necessary
to investigate the relationship between DNA methylation and TE ac-
tivity on the ZAL2™ chromosome.

Integrating our gene expression data and chromatin accessibility
data, we present results consistent with potential regulatory roles of
allele-specific DNA methylation. First, when allele-DMCs were pres-
ent in the promoter, the degree of differential methylation of those
promoters was correlated with the degree of differential expression
of the genes (Figure 4a-c). Second, the landscape of open chromatin
on the ZAL2 and ZAL2™ chromosomes in a WS bird suggested sig-
nificant associations between allele-specific hypomethylation and
allele-specific open chromatin peaks (Figure 4d). The comparison
between ATAC-seq peaks and DNA methylation should be taken
with caution because of a limitation in our data; the tissue sample

used for ATAC-seq was from a nonbreeding (winter) male while the
adult WGBS data were from breeding (summer) females. ATAC-seq
and WGBS data from the same birds are currently lacking. A recent
study of 66 ATAC-seq maps from 20 different tissues of male and
female mice (Liu et al., 2019) demonstrated that the majority of ac-
cessible regions between tissues overlapped and that the correlation
between male and female tissues was extremely high. For example,
in samples of cerebellum in mice, the correlation in accessible re-
gions between males and females was 0.96 in (Liu et al., 2019). In
the present study, the associations between DNA methylation and
chromatin accessibility are consistent with those observed in model
organisms (Guo et al., 2017; Liu et al., 2018; Lorincz et al., 2004) and
suggest that changes in allele-specific DNA methylation may cor-
relate with the chromatin landscape. Together, these observations
indicate possibilities for widespread functional impacts of differen-
tial DNA methylation in the genome of this interesting species.

We should consider potential caveats in our study. First, our sam-
ple size of 12 is modest, and likely to lack power to detect many true
differences in DNA methylation (e.g., Lea et al., 2017). In the future,
it will be useful to perform targeted validation studies using more
samples. Nevertheless, the p-value distribution from our differen-
tial DNA methylation analysis suggests that we were able to detect
many true positives (Figure S3). In addition, although our data were
generated from a specific region of the brain, the hypothalamus, this
region is itself heterogeneous, containing a variety of nuclei and cell
types. Recent studies have shown that differential DNA methylation
between cell types is substantial (e.g., Jeong et al., 2020; Lister et al.,
2013; Mendizabal et al., 2019). In addition, the cell composition of
this region may change over the course of development, which could
have driven some of the stage-related differences in methylation
that we observed. However, it is notable that even in cell-type re-
solved samples, DNA methylation associated with age was observed
in the same direction in human and mouse (Lister et al., 2013; Sun &
Yi, 2015). Also note that differences in methylation between ZAL2
and ZAL2™, since methylation was estimated from the same WS
samples in these cases, should be free from such a bias. Finally, our
study was designed to examine CpGs that are conserved on both the
ZAL2 and ZAL2™ chromosomes, so that we could identify differen-
tially methylated CpGs. It should be noted that CpGs that are spe-
cific to either chromosome might play important roles, particularly
with respect to morph differences in endocrinology and behaviour
(Merritt et al., 2020). We intend to study the potential impacts of
chromosome-specific CpGs in follow-up studies.

In conclusion, our comprehensive epigenetic study in white-
throated sparrows has revealed significant effects of developmen-
tal stage and plumage morph on DNA methylation landscapes. We
show that effects of developmental stage on DNA methylation
are pervasive and probably affect regulation of developmental
genes. In contrast, morph differences in DNA methylation are
mostly enriched on ZAL2/ZAL2™, and involve both hyper- and hy-
pomethylation of the recombination-suppressed ZAL2™ as well as
its counterpart, ZAL2. On the basis of a comparison with an out-
group, we also discovered a large number of CpGs for which DNA
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methylation has been dramatically reduced specifically on the
ZAL2™ chromosome. We propose that these different varieties of
allelic DNA methylation divergence have led to specific functional
consequences. Together, our results not only provide a novel data
set from a wild avian species, but also raise several hypotheses on
which we hope future studies will build to further illuminate the
connection between genotype and phenotype and pathways of
chromosome evolution.
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