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Abstract

White-throated sparrows (Zonotrichia albicollis) offer a unique opportunity to connect

genotype with behavioral phenotype. In this species, a rearrangement of the second

chromosome is linked with territorial aggression; birds with a copy of this “supergene”
rearrangement are more aggressive than those without it. The supergene has captured

the gene VIP, which encodes vasoactive intestinal peptide, a neuromodulator that drives

aggression in other songbirds. In white-throated sparrows, VIP expression is higher in the

anterior hypothalamus of birds with the supergene than those without it, and expression

of VIP in this region predicts the level of territorial aggression regardless of genotype.

Here, we aimed to identify epigenetic mechanisms that could contribute to differential

expression of VIP both in breeding adults, which exhibit morph differences in territorial

aggression, and in nestlings, before territorial behavior develops. We extracted and

bisulfite-converted DNA from samples of the hypothalamus in wild-caught adults and

nestlings and used high-throughput sequencing to measure DNA methylation of a region

upstream of the VIP start site. We found that the allele inside the supergene was less

methylated than the alternative allele in both adults and nestlings. The differential meth-

ylation was attributed primarily to CpG sites that were shared between the alleles, not

to polymorphic sites, which suggests that epigenetic regulation is occurring indepen-

dently of the genetic differentiation within the supergene. This work represents an initial

step toward understanding how epigenetic differentiation inside chromosomal inversions

leads to the development of alternative behavioral phenotypes.
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1 | INTRODUCTION

The white-throated sparrow (Zonotrichia albicollis) is a newly emerging

model of the evolution of supergenes and their effects on social

behavior.1 The species occurs in two plumage morphs (Figure 1),

white-striped (WS) and tan-striped (TS), each of which make up about

50% of any population. WS birds of both sexes are heterozygous for a

supergene, referred to as ZAL2m, which comprises a series of nested
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inversions. TS birds are homozygous for the standard arrangement,

ZAL2. The supergene is linked to well-documented variation in social

behaviors such as aggression and parental provisioning.2–4 WS birds

of both sexes defend territories more aggressively than TS birds,

whereas TS birds, particularly males, provision nestlings more fre-

quently than do WS birds.2,4

As a result of an unusual disassortative mating system in which

WS-WS breeding pairs are highly uncommon,5 ZAL2m is in a near-

constant state of heterozygosity. Recombination between the ZAL2

and ZAL2m arrangements is therefore suppressed, leading to linkage

disequilibrium and genetic divergence inside the supergene.8–10 This

divergence has affected a number of genes known to mediate both

aggression and parental behavior. To date, however, only one gene

has been shown definitively to contribute causally to the behavioral

phenotype. ESR1, which encodes estrogen receptor alpha, is over-

expressed in the ventromedial arcopallium in WS birds relative to TS

birds; Merritt et al.11 showed experimentally that this over-expression

is necessary for the morph difference in aggression. We believe that

the behavioral polymorphism in this species is highly unlikely to be

caused by a single gene, however, and other candidates must be

considered.

A near neighbor of ESR1, the gene that encodes vasoactive intes-

tinal peptide (VIP), is such a candidate. This gene is both highly evolu-

tionarily conserved and associated with social behavior across

vertebrates, including many birds (Gallus gallus,12; Cyanistes

coeruleus,13; Spizella pusilla, Melospiza melodia14,15). The peptide is

expressed in many brain regions thought to be related to social behav-

ior, including those that make up a social behavior network.16,17 One

of these regions is the anterior hypothalamus (AH), which contains a

large population of VIP-expressing neurons in songbirds.18 In field and

song sparrows, VIP immunoreactivity in the AH correlates with

aggressive behaviors.14,15 Further, Goodson et al.19 showed a causal

effect of VIP expression on aggressive behavior; knockdown of VIP

expression in AH reduced aggression in violet-eared waxbills (Urae-

ginthus granatina) and zebra finches (Taeniopygia guttata). VIP knock-

down did not affect other behaviors, such as affiliative or anxiety-like

behaviors,19 providing evidence that VIP expression in the AH is

causal for aggressive behavior specifically.

This evidence from other species strongly suggests that VIP

could represent a significant contributor to the behavioral polymor-

phism in white-throated sparrows. Further supporting this view, we

previously showed that VIP is expressed at higher levels in the AH of

WS than TS birds.20 Further, VIP expression in the AH predicted

rates of aggressive singing in both morphs and sexes.20 We hypothe-

size that these morph differences in expression are driven by genetic

variation between the ZAL2 and ZAL2m alleles of this gene. Although

the coding regions do not differ between the ZAL2 allele of VIP

(VIP2) and the ZAL2m allele (VIP2m),8 there are many single nucleotide

polymorphisms (SNPs) and insertion/deletion polymorphisms

upstream of the transcription start site (TSS)8 (Figure S1). Thus, the

genetic variation in this putative cis-regulatory element (hereafter

called the VIP CRE) could cause the observed morph differences in

VIP expression.

Differential regulation of the VIP2 and VIP2m alleles could be

caused not only by genetic variation, but also by epigenetic variation

in the same regulatory region. Here, we focus specifically on variation

in the methylation of CG dinucleotides (CpGs). DNA methylation

affects transcription factor binding21 and is vital for tissue-specific

regulation of gene expression.22,23 DNA methylation in CREs is most

commonly, but not always, associated with reduced expression of the

associated gene.24,25 Using whole-genome bisulfite sequencing in

white-throated sparrows, Sun et al.26 found that ZAL2m was, overall,

less methylated than ZAL2. They reported further that, throughout

the rearranged region, the degree of differential methylation between

alleles was negatively associated with the degree of differential

expression of those alleles. Therefore, we expected that the known

higher VIP expression in WS birds20 might be explained by relative

hypomethylation of the VIP2m CRE which could result in overall higher

levels of expression of VIP in WS birds.

In this study, we used next-generation sequencing to answer

three central questions about the methylation of VIP in samples of

white-throated sparrow hypothalamus. First, are the two alleles of the

VIP CRE differentially methylated? Because VIP expression in the AH

is higher in WS than TS birds,20 we predicted that the VIP2m CRE

would be less methylated than the VIP2 CRE in DNA extracted from

this region. Such differences in DNA methylation could result from

epigenetic variation alone, such that the same CpGs are methylated to

different degrees on VIP2 and VIP2m. This expectation is supported by

the findings of Sun et al.,8 who reported hypomethylation across the

ZAL2m rearrangement even when considering only CpG sites that

were not disrupted by polymorphisms. Alternatively, because fixed

differences in the VIP CRE create/disrupt CpGs, differential methyla-

tion could also be driven by genetic variation (Figure S1). Thus, we

were interested in the extent to which DNA methylation at shared

versus polymorphic sites contributes to potential differential methyla-

tion of the region.

F IGURE 1 The white-striped (WS) and tan-striped (TS) morphs in
white-throated sparrows. The WS morph (on right, pictured perched
on a branch) is distinguished from the TS morph (inset, left) by the
bold black and white striping pattern on the crown and the larger
white throat patch. Main photo credit M. R. Prichard, left photo credit
B. M. Horton
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Second, does methylation of this CRE predict the expression of

VIP in AH? To answer this question, we tested whether the degree of

allele-specific methylation of the VIP CRE, either regionally or at spe-

cific individual CpGs, predicts the degree of expression of the corre-

sponding allele in the same hypothalamic tissue samples.

Third, because the morph difference in territorial aggression

occurs only in breeding adults, we also tested our hypotheses in nes-

tlings collected at post-hatch day seven, long before territorial behav-

ior develops. This approach allowed us to ask whether, at such an

early stage, methylation of this CRE already differs by allele or pre-

dicts expression of VIP. It also allowed us to look at how overall pat-

terns of epigenetic regulation change in this region between an early

stage of development and adulthood.

2 | MATERIALS AND METHODS

2.1 | Tissues and extractions

All procedures involving animals were approved by the Emory Univer-

sity Institutional Animal Care and Use Committee (IACUC), adhered to

guidelines set forth by the National Institutes of Health Guide for the

Care and Use of Laboratory Animals, and abided by all federal, state

and local laws. Adult white-throated sparrows of both sexes and

morphs (n = 9 TS males, 4 WS males, 5 TS females and 8 WS females)

were collected in the Hemlock Stream Forest in Argyle, Maine in May

and June 2013. We used song playback to lure adults into mist nets.

Average time to capture was 5.96 min ± 0.89 SEM and there was no

effect of morph or sex on latency to capture (effect of morph,

p = 0.307; effect of sex, p = 0.654). Nestlings (n = 3 TS males, 4 WS

males, 5 TS females, 7 WS females) were collected from six nests (1–4

nestlings per nest) at the same field site in 2010 and 2011. The nes-

tlings were collected on post-hatch day seven, approximately 2 days

before the natural fledging age in this species.27 Adults and nestlings

were anesthetized with isoflurane and then euthanized by rapid

decapitation within 10 min of capture and all tissue was collected

within 15 min. Brains and livers were flash-frozen on powdered dry

ice in the field and then shipped on dry ice to Emory University, where

they were stored at �80�C. Sex was determined by visual inspection

of gonads. Sex and morph were later confirmed by performing PCR

on DNA extracted from the liver samples.9,28

The samples of hypothalamus used in this study were microdis-

sected as previously described.29 Briefly, adult and nestling brains

were sectioned on a cryostat at 300 μm. Four punches of the hypo-

thalamus from each brain were taken using a 1.0 mm punch tool.30

Punches were centered on the midline to include both hemispheres.

Two punches, a dorsal punch just below the anterior commissure and

a ventral one just below the dorsal one (Figure S2), were taken in each

of two consecutive sections. The adult punches were originally col-

lected as part of an RNAseq study by Zinzow-Kramer et al.29; the

extracted RNA was also used in studies by Grogan et al.31 and Merritt

et al.11 to measure the expression of steroid-related genes. For those

studies, all four punches had been pooled for RNA/DNA extraction.

These punches included the AH as well as other regions of the hypo-

thalamus. Although some of these other regions likely contain a small

number of VIP cells, the AH is by far the predominant VIP cell popula-

tion in the sampled area in white-throated sparrows (B. M. Horton,

unpublished). The DNA was bisulfite-converted and sequenced as

described below. In nestlings, because of the much higher yield of

RNA extracted,31 two separate pools of tissue were made for each

nestling: one from the two dorsal punches and one from the two ven-

tral punches. These dorsal and ventral samples were kept separate

throughout RNA/DNA extraction and DNA bisulfite sequencing. So

that the area sampled would be comparable to that sampled in adults,

the data from nestlings were averaged across the dorsal and ventral

samples for the statistical analysis. Because of this difference in the

way the adult and nestling samples were processed, we did not make

quantitative comparisons across age in our study. For further details

on how these tissue samples were collected and processed, see Gro-

gan et al.31; Merritt et al.11; and Zinzow-Kramer et al.29

DNA and RNA were extracted from the punches using a Qiagen

Allprep DNA/RNA micro kit (Qiagen; Valencia, CA, USA) with modifi-

cations described by Zinzow-Kramer et al.,29 which allows total RNA

and genomic DNA extraction from the same samples. We used the

DNA for bisulfite-converted sequencing to measure DNA methylation

(described in the next section) and the RNA for the RNA sequencing

(see “RNA Sequencing” below).

2.2 | Measurements of DNA methylation

2.2.1 | Bisulfite conversion and polymerase chain
reaction

Two hundred nanograms of genomic DNA extracted from the

punches of hypothalamus described above were bisulfite-converted

and prepared for sequencing with a Zymo EZ DNA Methylation Light-

ning Kit. Because the sequences immediately upstream of TSS's typi-

cally contain important regulatory elements,23 we targeted that region

of the VIP gene. Four primer pairs were designed using the Zymo

Bisulfite Primer Seeker software (Zymo; Irvine, CA, USA) and included

adapter sequences (Table S1). Polymerase chain reaction (PCR) prod-

uct lengths were 305–423 base pairs (bp) and spanned 28 SNPs and

74 CpG sites (Figure S1). Overall, these amplicons spanned 1282 bp

upstream of the VIP TSS (NW_005081596.1:2258182–2,259,462).

We refer to this region as the VIP CRE.

Each 25 μl PCR included 0.5 μl JumpStart Taq DNA polymerase,

2.5 μl JumpStart buffer containing 40 mM MgCl2, 5 nM of each

primer and 8 ng of bisulfite-converted DNA. Cycling conditions were

95�C for 60 s, then 40 cycles of 95�C for 30 s, 55�C for 30 s and

70�C for 60 s, followed by a single final extension phase at 70�C for

5 min. Ten μl of each PCR product was visualized on a 1% agarose gel.

Any PCRs that did not show a band were rerun, modifying the con-

centration of MgCl2 until a band of the expected size was visible.
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2.2.2 | Targeted bisulfite sequencing

Five microliters of each PCR product from all four primer pairs were

pooled for each sample of the hypothalamus, for a total of 20 μl per

bird. Before sequencing, these samples were indexed with the 16S

Metagenomic Sequencing Library kit (Illumina; San Diego, CA, USA).

At the Emory Integrated Genomics Core, samples were run on the

Agilent bioanalyzer to confirm indexing and DNA quality. The samples

were then pooled into a single lane and sequenced on an Illumina

MiSeq in 300 bp paired-end reads.

2.2.3 | Analysis of DNA methylation

We obtained an average of 305,000 reads per sample (SD ± 174,288;

IQR = 164,233). We assessed read quality with FastQC32 and

trimmed the adapter sequences using Cutadapt.33 An average of

7000 reads per sample were filtered out based on a Phred score cut-

off of 30. We then aligned these reads to a bisulfite-converted

genome with Bowtie2.34 We created the bisulfite-converted genome

with Bismark_genome_preparation35 from a TS ZAL2 scaffold (NCBI

accession: NW_005018596.1). The scaffold was N-masked at all SNPs

except those disrupting CpG sites; the polymorphic CpG sites within

the sequenced region were manually added to the reference genome

to extract methylation status from all possible CpG sites following

Merritt et al.11 Reads with methylation at three or more non-CpG

cytosines indicate possible incomplete bisulfite conversion or overes-

timated non-CG methylation and were filtered out (mean 3.6% per

sample). We then identified the ZAL2 from the ZAL2m reads using

SNPsplit by assigning reads to one of the two alleles based on the

SNPs that did not affect CpGs.36 We extracted methylation counts

using the bismark_methylation_extractor35 and then used bismark2-

bedGraph to convert the output to bedGraph format, which we used

for data analysis in R (version 4.2.1).

2.3 | RNA sequencing

To test whether the degree of methylation predicted expression of

the VIP alleles, we used previously existing RNAseq data (see Refer-

ences 11,29). RNAseq data were not available for some of the females

and nestlings for which we had bisulfite sequencing data; the final

sample sizes for the RNAseq portion of the study were as follows:

adult males n = 9 TS, 4 WS; adult females n = 3 TS, 7 WS; nestling

males n = 2 TS, 4 WS; nestling females n = 5 TS, 6 WS.

For the adult males, the mRNA sequencing was performed at the

Genomics Core of the Emory National Primate Research Center

(Atlanta, GA). RNA libraries were constructed according to the manu-

facturer's protocol using the Illumina TruSeq RNA Sample Preparation

Kit v2 (Illumina Inc., San Diego, CA, USA) and sequenced on an Illu-

mina HiSeq 1000 in 100 bp paired end-read reactions. For more

detail, see Zinzow-Kramer et al.29

For the adult females and nestlings, RNA library preparation and

sequencing was performed by the Duke Center for Genomic and

Computational Biology Sequencing and Genomic Technologies Core

in Durham, NC. Libraries were constructed using a Kapa Stranded

mRNA-Seq Kit (Kapa Biosystems, Boston, MA, USA) following the

manufacturer's instructions, then sequenced on an Illumina HiSeq

4000 in 150 bp paired-end reactions. For more detail, see Merritt

et al.11

2.4 | Statistical analysis

All statistics were conducted in RStudio (RStudio Team 2022, R ver-

sion 4.2.1). We conducted all analyses in adults and nestlings sepa-

rately because of slight methodological differences in tissue collection

and processing in the two age groups (see above), which prevented

direct comparisons. All methylation data were log10 transformed prior

to statistical analyses. All statistical modeling for nestlings (see below)

included a random effect of “nest” to account for sibling relatedness.

Models that included both alleles from WS birds (i.e., both VIP2 and

VIP2m) included a random effect of individual. For Benjamini-

Hochberg adjustments of the alpha levels, the false discovery rate

(FDR) was set at 5%.37 Note that all effect sizes are also presented in

the supplementary tables.

2.4.1 | Allelic differences in DNA methylation

Bisulfite treatment converts unmethylated cytosines to thymines.

Therefore, we calculated percent methylation at each CpG as the

number of cytosine reads divided by the total number of cytosine and

thymine reads at that site. This calculation estimates the percentage

of methylated CpGs out of the total number of CpGs. At polymorphic

CpG sites, that is, sites present on only one allele due to genetic varia-

tion, the allele without the site was assigned zero percent methyla-

tion. Percent methylation was then averaged across the CRE to obtain

a regional measure of percent methylation for each allele (VIP2 or

VIP2m) for each bird. In all statistical analyses, the decimal proportion

of methylated CpG sites was log10 transformed to address right-

skewed distribution. Because of the high number of zeros in the data

set (both naturally occurring and artificially placed as described

above), each proportion was increased by a small constant equal to

half of the smallest value of the data set (+0.000219) prior to log

transformation. Because the ZAL2 allele could be differentially meth-

ylated in TS versus WS birds, we needed to define three alleles in our

data set: VIP2 CRE in TS birds (herein TS-VIP2), the VIP2 CRE in WS

birds (WS-VIP2) and the VIP2m CRE in WS birds (WS-VIP2m).

To test for an effect of allele on percent methylation, we used

ANOVAs within each age group using the stats (v4.2.1, R Core

Team38) and nlme packages (v3.1–157).39,40 Sex was initially included

in these analyses to test for sex differences; however, we had no a

priori reason to expect sex differences and sex was not part of our
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hypotheses. Therefore, sex was dropped from the models upon con-

firming there were no main effects of sex or interactions between sex

and allele. The ANOVAs included a random effect of individual to con-

trol for repeated measures (methylation of WS-VIP2 and WS-VIP2m) in

WS birds. We calculated the eta-squared (η2) effect size for each of

these ANOVAs with the effectsize package.41 To determine which

alleles were differentially methylated, we conducted post-hoc ANO-

VAs to compare DNA methylation between TS-VIP2 and WS-VIP2 and

between WS-VIP2 and WS-VIP2m. To determine the effect of poly-

morphic CpGs on allelic differences in methylation of the VIP CRE, we

ran these analyses in parallel, with the polymorphic CpGs included

and excluded.

To explore how differential methylation manifests across the epi-

genetic landscape, we conducted ANOVAs as above, using the same

three levels (TS-VIP2, WS-VIP2, WS-VIP2m), to test for an effect of

allele on percent methylation of each CpG. As above, we followed up

significant effects of allele with post-hoc ANOVAs to test for a differ-

ence between TS-VIP2 and WS-VIP2 and between WS-VIP2 and WS-

VIP2m. When comparing WS-VIP2 and WS-VIP2m, we included a ran-

dom effect of individual to account for comparison within-subjects.

Because our primary goal was to show patterns across the epigenetic

landscape rather than to positively identify all individual CpGs that

were differentially methylated, we performed these post-hoc tests on

the basis of the significance of main effects before Benjamini-

Hochberg adjustment. For interested readers, significant effects that

survived the adjustment, as well as effect sizes for all comparisons,

are presented in the supplementary tables. For the polymorphic CpGs,

we tested whether methylation of the allele with the CpG differed

from the assumed zero methylation of the alternative allele by using a

one-sample, one-tailed t-test. We also tested for differences between

the morphs in the methylation of individual CpGs on VIP2 with a stu-

dent's t-test. Effect sizes (Cohen's d) were calculated using the lsr

package (v0.0642).

To investigate whether our positive findings could be related to

the degree of methylation at any particular site, we performed boot-

strapping analyses (iteration n = 1000) using the boot package

(v1.3–28).43,44 For each shared CpG, we calculated the probability

of finding an allelic difference in methylation equal to or larger than

the difference we actually observed. We then tested, using regres-

sion, whether this probability was predicted by the degree of meth-

ylation at that site. This analysis was carried out for both the TS-

VIP2 versus WS-VIP2 and the WS-VIP2 versus WS-VIP2m pairwise

comparisons.

2.4.2 | Regressions of DNA methylation on
expression

To test whether methylation of the VIP CRE predicted VIP expression,

we ran linear regressions of log2 transformed VIP read counts normal-

ized to library size on methylation of the VIP CRE.11 Each of these

regressions was performed separately for each allele (TS-VIP2; WS-

VIP2; WS-VIP2m), using allele-specific reads and percent methylation

of that allele within each age group. Because the RNA sequencing

was carried out in separate runs for the male and female adults, and

to control for sex in these models to the extent possible, we included

sex as a fixed-effect in all regressions for both adults and nestlings. To

test whether methylation of any individual CpG sites predicted

expression, we ran separate analyses for each CpG. These analyses

consisted of linear regressions of the percent methylation of each

CpG on the expression of the corresponding allele for a total of three

sets of regressions (one per allele) at every CpG site in each age

group.

3 | RESULTS

3.1 | Adults

We first investigated the methylation of the entire VIP CRE, consid-

ered as a whole. This region contains a total of 74 CpG sites. Of

those sites, 66 are present on both the VIP2 and VIP2m alleles and

eight are polymorphic; that is, they are present on only one allele

because of genetic differentiation. Of the polymorphic sites, three

are present only on VIP2 and five only on VIP2m. For our analyses,

the methylation of polymorphic CpG sites was assumed to be zero

on the allele without the site. We found that the level of DNA

methylation varied across the region, with several clear peaks and

troughs in similar locations in all three alleles (Figure 2). The aver-

age percent methylation was low across the three alleles (TS-VIP2:

7.10% [SD = 12.3%]; WS-VIP2: 7.52% [SD = 14.1%]; WS-VIP2m:

6.27% [SD = 13.4%]). We found no main effect of sex on the

methylation of this region, either with polymorphic CpG sites

included (p = 0.612, F[1,24] = 0.265, η2 = 0.011) or excluded

(p = 0.606, F[1,24] = 0.273, η2 = 0.011), and sex was removed from

the model. ANOVA showed a significant main effect of allele on

DNA methylation (p = 0.009, F[2,10] = 7.737, η2 = 0.607;

Table S2). Post-hoc t-tests showed that the region was less methyl-

ated on WS-VIP2 than on WS-VIP2m (p = 0.003, t = �3.878,

d = 0.901; Figure 3A; Table S2). To explore the possibility that the

differential methylation between the WS alleles could be explained

by differentiation of the genetic sequence itself, we repeated the

analysis with the polymorphic sites excluded. The main effect of

allele then became slightly larger (p = 0.002, F[2,10] = 13.245,

η2 = 0.726; Table S2) and the difference in percent methylation

between WS-VIP2 and WS-VIP2m persisted (p = <0.001,

t = �5.081, d = 1.082; Figure 3A; Table S2). Thus, the differential

methylation is unlikely to be explained by the loss or gain of CpG

sites due to genetic differentiation. There was no difference in

average percent methylation between TS-VIP2 and WS-VIP2

(Table S2); that is, we could not detect epigenetic differentiation

between the TS and WS versions of the VIP2 CRE.

We next tested for differential methylation at individual CpGs.

Initial ANOVAs showed that the main effect of allele on the percent

methylation was significant at alpha of 0.05 for eight of the 66 CpG

sites present on both alleles (“shared” sites) (Table S3). We then

PRICHARD ET AL. 5 of 12



proceeded to make pairwise comparisons between the TS-VIP2 and

WS-VIP2 alleles and between the WS-VIP2 and WS-VIP2m alleles for

each of these eight CpGs (Figure 3B, Table S3). These post-hoc ANO-

VAs indicated that, after corrections for multiple comparisons, none of

the sites were differentially methylated between TS-VIP2 and WS-VIP2.

Four of the sites were, however, differentially methylated between

WS-VIP2 and WS-VIP2m. Of these four sites, three were significantly

more methylated on WS-VIP2 and one (2259083) was more methylated

on WS-VIP2m. Our bootstrapping analyses showed that for the shared

CpG sites, the probability of finding a difference equal to or larger than

the ones we detected was not predicted by the degree of methylation

(TS-VIP2 vs. WS-VIP2 alleles, R2 = 0.002, F(1,64) = 0.097, p = 0.757;

WS-VIP2 vs. WS-VIP2m alleles, R2 = 0.001, F(1,64) = 0.656, p = 0.421).

To assess the potential contribution of genetic differentiation to

differential methylation of the CRE, we tested for differential methyl-

ation at each polymorphic CpG site. This part of our investigation was

important because we did not want to assume that any particular

polymorphic site was significantly methylated above zero. In WS birds,

all eight of the polymorphic sites―three on VIP2 and five on

VIP2m―were significantly different from the assumed zero methyla-

tion of the alternative allele. None of the three VIP2-specific CpG sites

showed a morph difference in percent methylation (Figure 3C,

Table S4).

Lastly, we investigated whether methylation of the VIP CRE pre-

dicted expression of VIP mRNA. For this analysis, we used RNAseq

data from the same tissue punches (Figure S2).10,11,31 The percent

methylation of the region, averaged across the CRE for each VIP allele,

did not predict the expression of that allele (Table S5). Allelic VIP

expression was, however, significantly predicted by methylation of

some of the individual CpGs. We noted eight individual CpGs that

predicted expression of the corresponding allele, all of which were

located on TS-VIP2 (Figure 4; Table S6). None of these CpGs were

polymorphic, nor were they differentially methylated (compare

Table S3 vs. S6). There were no individual CpGs in the other alleles

that significantly predicted expression after Benjamini-Hochberg

adjustment (Tables S7 and S8).

3.2 | Nestlings

The epigenetic landscape changes considerably over the course of

development.45–47 Therefore, we also looked at the methylation of

the VIP CRE in nestlings. The pattern of DNA methylation across the

region in nestlings at seven days post-hatch largely resembled that of

adults and was similar across the three alleles, with several noticeable

peaks (Figure S3). Considering the region as a whole, the average per-

cent methylation was low in nestlings, as it was in adults (TS-VIP2:

5.30% [SD = 10.8%]; WS-VIP2: 5.93% [SD = 12.5%]; WS-VIP2m:

5.66% [SD = 12.6%]). As was the case for adults, we found no sex dif-

ferences in the methylation of this region either with polymorphic

CpG sites included (p = 0.095, F[1,24] = 3.278, η2 = 0.215) or excluded

(p = 0.098, F[1,24] = 3.220, η2 = 0.211). Average percent methylation

differed significantly among the alleles only when polymorphic CpGs

were excluded (p = 0.041, F[2,9] = 4.651, η2 = 0.508; Table S9), con-

sistent with the pattern we observed in adults. Post-hoc t-tests

showed that WS-VIP2m was less methylated than WS-VIP2 at shared

sites (p = 0.016; t = �2.907, d = 0.534; Table S9; Figure S4A).

As in adults, we next tested for differential methylation of individ-

ual CpGs. Initial ANOVAs that included all three alleles showed a main

effect of allele for six out of the 66 shared CpGs (Table S10). Among

these six, post-hoc analyses within WS birds showed that four sites

were more methylated on WS-VIP2 than on WS-VIP2m and two were

more methylated on WS-VIP2m than on WS-VIP2 (Figure S4B). None

of the CpG sites in nestlings were differentially methylated between

the TS- and WS-VIP2 alleles (Table S10-11; Figure S4B,C); that is, dif-

ferences in methylation occurred exclusively between the two WS

alleles, WS-VIP2 and WS-VIP2m. Our bootstrapping analyses showed

that for the shared CpG sites, the probability of finding a difference

equal to or larger than the ones we detected was not predicted by the

degree of methylation (TS-VIP2 vs. WS-VIP2 alleles, R2 = 0.003,

F(1,64) = 0.194, p = 0.661; WS-VIP2 vs. WS-VIP2m alleles, R2 = 0.042,

F(1,64) = 2.801, p = 0.099). All of the polymorphic CpGs in nestlings

were significantly more methylated than the assumed zero methyla-

tion of the alternative allele (Figure S4C,D; Table S11).

F IGURE 2 The epigenetic landscape of the VIP CRE in adults, showing similar patterns of methylation in the three alleles. The X-axis indicates
the position of each CpG relative to the transcription start site (TSS, indicated by an arrow on the bottom right). Open lollipops indicate CpG sites
shared by both alleles; blue and red lollipops indicate polymorphic sites on VIP2 and VIP2m, respectively. Each dot on the graph represents the
percent methylation (on the Y-axis) of that CpG on one allele in one individual. The solid lines depict a LOESS smooth function indicating how the
degree of methylation changes across the region. The TS-VIP2, WS-VIP2 and WS-VIP2m alleles are indicated in tan, blue and red, respectively
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The region-wide methylation of this CRE did not predict allele-

specific expression in nestlings (Table S5). There were also no individ-

ual CpGs that predicted allelic expression after correction for multiple

comparisons (Figure S5; Tables S6–S8).

3.3 | Qualitative comparison between adults and
nestlings

To explore the potential for regulatory hot spots that are conserved

between nestlings and adults, we next looked for similarities between

the age groups in our pattern of results. As a caveat, all comparisons

across age group in this study were necessarily qualitative in nature.

Because the tissue samples were processed slightly differently in

adults and nestlings (see methods), we could not test for interactions

between age and DNA methylation. Thus, we could not assess quanti-

tatively the degree to which the differential methylation of any partic-

ular CpG may differ between adults and nestlings.

As noted above, the DNA methylation landscape appeared to be

quite similar between the age groups across the sequenced region,

with peaks and troughs at the same locations (Figures 2, S3). At the

level of individual CpG sites, as one might expect, the greatest similar-

ities were found among the polymorphic sites (Figure 5). Methylation

of all eight such sites was significantly different from zero in both

adults and nestlings. We found fewer similarities at shared sites. Of

the shared CpG sites that were significantly differentially methylated

between the WS alleles in the post-hoc tests, two were detected only

F IGURE 4 Relationships between percent methylation of
individual CpGs and expression of the corresponding allele in the
same tissue samples. R2 values are plotted for TS-VIP2 (A), WS-VIP2

(B) and WS-VIP2m (C) as a function of position along the VIP CRE. In
each panel, the magnitude of R2 for each regression is indicated by a
vertical black line at the position of that CpG relative to the
transcription start site (TSS, indicated by an arrow on the bottom
right). The blue line in each panel represents a LOESS smooth
function over the R2 values and shows how the relationship between
methylation and expression changes across the region. Open lollipops

indicate CpG sites shared by the VIP2 and VIP2m alleles; blue and red
lollipops indicate polymorphic sites on VIP2 and VIP2m, respectively. *
indicates a p-value < alpha after Benjamini-Hochberg correction (see
also Tables S6–S8)

F IGURE 3 Allelic differences in percent methylation (5mC%
methylation) of the VIP CRE in adults. Panel A shows the average
percent methylation of the region as a whole with polymorphic sites
included (left) and excluded (right; see Table S2). Panel B shows the
percent methylation of shared CpGs at which there was a significant
main effect of allele. Panels C and D show the percent methylation
for polymorphic CpGs on VIP2 and VIP2m, respectively. For this
analysis, the percent methylation was set at zero for the allele without
the site (see Methods). For all polymorphic sites, methylation was
higher than zero (the presumed methylation of that location on the
other allele). In Panels B–D, the positions of each CpG are shown on
the X-axis, in order from furthest to closest to the transcription start
site from left to right. Significant differences between alleles after
correction for multiple comparisons are denoted by asterisks (see also
Tables S3 and S4)
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in adults and four only in nestlings. Only two were detected in both

age groups (2259049, 2259083); one of these was more methylated

on WS-VIP2 and one was more methylated on WS-VIP2m. The site that

was more methylated on TS-VIP2 than WS-VIP2 (2259312) was

detected only in adults. When considering the shared and polymor-

phic sites together, we noted that differentially methylated sites

seemed to cluster at the upstream end of the CRE, furthest from the

TSS, in both ages (Figure 5).

All eight of the CpG sites that predicted expression of any allele,

at any age, were located on TS-VIP2 in adults only (Figure 6). We did

not observe notable similarities between adults and nestlings in the

patterns of predictive sites, either overall or within either of the WS

alleles. The predictive CpG sites on the TS-VIP2 allele in adults were

concentrated near the TSS; this clustering was not observed in nes-

tlings (Figure 6).

4 | DISCUSSION

In this study, we showed that epigenetic regulation of the VIP gene

is a potential modulator of allele-specific VIP expression in white-

throated sparrows. Because expression of VIP is already known to

be causal for aggression in at least two other species of songbird,19

this epigenetic regulation may contribute to the well-known alterna-

tive behavioral phenotypes in this species (see References 2,20).

Focusing on a likely cis-regulatory region encompassing 1.2 kb

upstream of the VIP start site, we showed that the supergene allele

of VIP, which is present only in individuals of the more aggressive

WS morph,5,48,49 is less methylated than the standard allele in DNA

extracted from hypothalamus (Figure 3A). Notably, this differential

DNA methylation was evident even in nestlings, only seven days

after hatching (Figure S4A).

4.1 | Differential methylation of the standard
versus supergene alleles

The region we analysed contained 74 CpG sites, creating diverse

opportunities for allele-specific DNA methylation. Of those sites, eight

were polymorphic, meaning they exist on only one of the two alleles.

Genetic variation at CpG sites, particularly in regulatory elements such

as the one analysed here, is thought to alter epigenetic landscapes in

an allele-specific fashion.26,50,51 In a previous study,11 we showed evi-

dence of this phenomenon for ESR1, a gene that is only �500 kb

upstream from VIP in the white-throated sparrow genome (NCBI ref-

erence sequence: NW_005081596.1). Allele-specific methylation of

an upstream cis-regulatory region on ESR1 was explained by polymor-

phic sites; in other words, when we limited our analysis to non-

polymorphic sites, we could not detect allele-specific methylation of

the region. For ESR1, therefore, genetic differentiation inside the

supergene potentially disrupts CpG sites, reducing opportunities for

methylation on ZAL2m.

Even though ESR1 and VIP may be co-regulated and even

coadapted,1 the findings we report here for VIP are dissimilar to our

previous findings for ESR1 in that the lower methylation of the super-

gene allele of VIP could not be attributed solely to polymorphic CpGs.

When considering only non-polymorphic CpG sites, that is, those

shared between the two alleles, we still detected lower methylation

of the supergene allele of VIP (Figure 3A, S4A). In adults and nestlings,

the effect of allele increased when we considered only shared sites.

Thus, a nontrivial amount of the epigenetic differentiation between

the two alleles is occurring at shared CpG sites. This methylation

seemed biased toward the standard allele; in adults, three out of the

four shared sites that were differentially methylated between the

supergene and standard allele in WS birds were more methylated on

the standard allele (Figure 3B); the same was the case for four out of

six sites in nestlings (Figure S4B). We noted, however, that such sites

constituted only about 10% of the total shared sites, suggesting that

allele-specific methylation of the region as a whole is driven either by

a large effect of a few sites or collectively by sites that are themselves

not significantly differentially methylated. It is also possible that the

methylation of the polymorphic CpGs on WS-VIP2m, which is rela-

tively high (Figure 3D), could compensate for the differential methyla-

tion at shared sites, making the overall methylation of the two alleles

more similar. Such a mechanism could be consistent with the idea that

degeneration of the ZAL2m chromosome drives dosage compensation,

potentially via opportunities for methylation.8

Epigenetic differentiation of non-polymorphic CpG sites was also

found by Okhovat et al.50 In prairie voles (Microtus ochrogaster), allelic

differences in methylation of an enhancer in the gene encoding the

vasopressin receptor V1a (avpr1a) were highly significant even when

polymorphic CpG sites were excluded from the analysis. These results

suggest that genetic variation can influence local methylation of

nearby, non-polymorphic CpG sites. Using the data from this study,

we could not detect evidence of such simply by testing for correla-

tions between methylation and proximity to SNPs. The relationship

between genetic variation and local epigenetic modifications of non-

polymorphic sites is likely to be much more complex.

In a genome-wide study of DNA methylation in white-throated

sparrows, Sun et al.26 assigned genes on ZAL2/2m into three catego-

ries: more methylated on ZAL2, more methylated on ZAL2m, or

“extremely hypomethylated” on ZAL2m. Although we found here that

methylation of WS-VIP2m was significantly lower than WS-VIP2, the

difference would not place this region of the VIP gene into the

“extremely hypomethylated” category, which is based on the size of

the difference between ZAL2 and ZAL2m.26 We detected differential

DNA methylation primarily at the upstream end of the CRE (Figure 5),

where methylation was generally higher than at the downstream end,

close to the TSS; the likelihood of our findings did not depend, how-

ever, on the level of methylation (see bootstrapping analyses). In

mammals, areas surrounding TSS's are generally less methylated than

other areas of the genome (as cited in Reference 23). Work in human

cell lines has shown that expression of the VIP gene can be regulated

by far upstream elements.52 Methylation of such elements, for

8 of 12 PRICHARD ET AL.



example enhancers, can significantly affect gene transcription gener-

ally.51,52 Thus, upstream sequences of the VIP gene should be ana-

lysed in future studies on white-throated sparrows.

4.2 | Relationships between DNA methylation and
allele-specific VIP expression

Although most of the differential DNA methylation we detected

was located on the upstream end of our sequence, where the

DNA tended to be more methylated, the regions that most

strongly predicted VIP mRNA expression were located in the hypo-

methylated region immediately upstream of the start site. This

hypomethylated region seemed to be enriched with CpGs that pre-

dicted the expression of the standard allele, particularly in adults

(Figures 4, 6, S5). Notably, these predictive sites were shared,

rather than polymorphic, and did not seem to cluster with poly-

morphic sites. This finding stands in contrast with the neighboring

ESR1 gene, for which all predictive sites were either polymorphic

or inside a cluster containing at least one polymorphic site.11 For

the VIP CRE, however, as was the case for differential methylation

between alleles (Figure 3A, S4A), the important regulatory varia-

tion seems to stem from epigenetic differentiation at non-

polymorphic sites.

All of the CpGs that significantly predicted allele-specific VIP

expression were located on the standard allele in TS birds, TS-VIP2.

This result is consistent with the possibility that local trans-regulatory

elements vary both according to morph and developmental stage.

That is, the availability and mechanisms of action of trans factors

might themselves depend on morph and age, thus altering the exact

region of the CRE that is most important for VIP2 expression (see Ref-

erence 46). Also notable was our finding that for most of the predic-

tive CpGs, methylation was positively correlated with VIP expression.

In general, this relationship is expected to be negative; in their

genome-wide study of DNA methylation in white-throated sparrows,

Sun et al.26 found evidence consistent with the idea that DNA methyl-

ation of cis-regulatory regions, particularly those immediately

upstream of TSS's, dampens expression. Other authors have found

F IGURE 5 Effects of allele on the percent methylation of each
CpG in the VIP CRE. Comparisons between TS-VIP2 and WS-VIP2 are
indicated in the columns on the left, with tan and blue indicating
greater methylation of VIP2 in TS birds or WS birds, respectively.
Comparisons between WS-VIP2 and WS-VIP2m are shown in the
columns on the right, with blue and red indicating greater methylation
of VIP2 or VIP2m, respectively. Darker colors indicate a larger effect
size (Cohen's d) with positive values corresponding to higher
methylation of WS-VIP2. CpGs are listed in order according to their
proximity to the transcription start site, with the closest to the start
site at the bottom and furthest upstream at the top. Locations of
CpGs are shown by the numbers on the left, with highlighting to

indicate allele-specific CpGs; blue indicates VIP2 and red VIP2m.
Because the first two columns compare sites on VIP2, there are no
data for VIP2m-specific CpGs (gray dashed lines). For sample sizes, see
Figure 3 and S4. *Significant effect of allele (p < Benjamini-Hochberg
corrected alpha) in the pairwise post-hoc comparison indicated at the
top of each panel. For complete statistical results see Table S3 and S4
(adults) and Table S10 and S11 (nestlings)
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positive relationships, however, between methylation and expression,

for example in ants (Camponotus floridanus and Harpegnathos salta-

tor53) and termites (Zootermopsis nevadensis).54

4.3 | Limitations of this study

Our over-arching hypothesis is that epigenetic differentiation of

ZAL2m inside the supergene causes differential expression of VIP,

resulting in behavioral differences between birds with and without

the supergene.1,20 We cannot rule out the possibility, however, that

behavioral differences themselves drive differential methylation of

VIP. Epigenetic marks on DNA, in particular DNA methylation, are

widely understood to be profoundly influenced by experience.55–58

This epigenetic regulation is likely to alter social behavior.59 Indeed, in

trees wallows (Tachycineta bicolor), methylation of the gene encoding

the VIP receptor has been shown to be affected by engaging in terri-

torial behavior over a period of just two days.60 TS and WS white-

throated sparrows differ in the degree to which they engage in terri-

torial aggression,2 which could at least partly explain the differential

methylation we detected in this study. Although the standard and

supergene alleles were differentially methylated even in nestlings,

which do not yet defend breeding territories, other behavioral differ-

ences in nestlings could contribute to DNA methylation. We believe,

however, that if differential methylation of the VIP CRE is driven pri-

marily by morph differences in behavior, the effect would likely have

manifested as morph-specific methylation of the standard allele,

which is present in both morphs. Of the 69 CpG sites on the standard

allele, none were differentially methylated between the morphs in

adults or in nestlings (Figures 3, 5, S4). Therefore, it does not seem

that methylation of this CRE is significantly influenced by morph-

specific factors such as hormonal milieu, gene expression, or behavior.

Our evidence is more consistent with a model wherein the morph-

specific environment interacts with WS-VIP2m-specific sequences to

produce allele-specific methylation in WS birds.

We could not test formally for differences between the age groups

(nestlings vs. adults) due to slight differences in the methods by which

the tissue samples and data were processed. Levels of DNA methyla-

tion appeared to be lower in nestlings than in adults, which is consis-

tent with reported levels of methylation in this species genome-wide.26

We also noted that although the differentially methylated sites were

similarly located in both age groups (Figure 5), they were not identical;

further, sites that predicted allele-specific expression were found only

in adults (Figure 6). These discrepancies, which may result from devel-

opmental, experiential, or seasonal processes, did not cause major

F IGURE 6 Relationships between methylation of individual CpGs
and allele-specific expression of VIP. The colors indicate the effect
size R2, with orange denoting a positive relationship and teal a
negative relationship between expression of the VIP allele and the
percent methylation of the CpG site on that allele. Locations of CpGs
are shown by the numbers on the left, with highlighting to indicate

allele-specific CpGs; blue indicates VIP2 and red VIP2m. CpGs are listed
in order according to their proximity from the transcription start site,
from closest at the bottom to furthest upstream at the top. Dashed
lines indicate polymorphic CpGs not present on that allele. For sample
sizes see Figures 4 and S5. *p < Benjamini-Hochberg-corrected alpha
level based on multiple linear regression; see Tables S6–S8 for the
complete results
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differences in the overall genetic landscape of the region analysed in

this study (Figure 2, S3), nor did they prevent us from detecting region-

wide differential methylation at both ages (Figure 3A, S4A). Because

transcription factors interact with stretches of DNA that span as many

as 30 bp,61 methylation of neighboring, yet distinct sites within the

same consensus sequence may impact expression similarly.58,62

We measured DNA methylation of the VIP CRE in a heteroge-

neous sample of hypothalamic tissue in wild animals behaving in their

natural habitat. These approaches may have affected our results by

increasing variation. Our hypothalamic samples, although they con-

tained a major VIP cell population, also contained other types of cells

that do not express VIP at all. The latter cells may suppress VIP

expression through modifications of chromatin accessibility and

increased DNA methylation, which should occur equally on both

alleles. Thus, this heterogeneity could have introduced irrelevant vari-

ation. Subsequent studies should isolate VIP cells more specifically in

order to further explore these relationships. Further, as reported by

Bentz et al.,60 engaging in social behaviors can affect methylation of

VIP-related genes in songbirds. Okhovat et al.50 showed that in prairie

voles, methylation of an enhancer in the avpr1a gene predicted

expression more strongly in lab-reared than wild-caught animals, sug-

gesting that environmental variation could introduce noise into the

data. Thus, the effects we report here may have been stronger if we

could have controlled that variation more tightly. We believe, how-

ever, that studying free-living animals offers powerful advantages

such as increased ecological validity and the ability to choose model

organisms that are best-suited to the research questions. The white-

throated sparrow continues to provide rich opportunities for under-

standing gene-behavior relationships.
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