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Synopsis Epigenetic potential, defined as the capacity for epigenetically-mediated phenotypic plasticity, may play an

important role during range expansions. During range expansions, populations may encounter relatively novel challenges

while experiencing lower genetic diversity. Phenotypic plasticity via epigenetic potential might be selectively advanta-

geous at the time of initial introduction or during spread into new areas, enabling introduced organisms to cope rapidly

with novel challenges. Here, we asked whether one form of epigenetic potential (i.e., the abundance of CpG sites) in

three microbial surveillance genes: Toll-like receptors (TLRs) 1B (TLR1B), 2A (TLR2A), and 4 (TLR4) varied between

native and introduced house sparrows (Passer domesticus). Using an opportunistic approach based on samples collected

from sparrow populations around the world, we found that introduced birds had more CpG sites in TLR2A and TLR4,

but not TLR1B, than native ones. Introduced birds also lost more CpG sites in TLR1B, gained more CpG sites in TLR2A,

and lost fewer CpG sites in TLR4 compared to native birds. These results were not driven by differences in genetic

diversity or population genetic structure, and many CpG sites fell within predicted transcription factor binding sites

(TFBS), with losses and gains of CpG sites altering predicted TFBS. Although we lacked statistical power to conduct the

most rigorous possible analyses, these results suggest that epigenetic potential may play a role in house sparrow range

expansions, but additional work will be critical to elucidating how epigenetic potential affects gene expression and hence

phenotypic plasticity at the individual, population, and species levels.

Introduction

Phenotypic plasticity is an important mediator of

range expansions, as populations moving into new

areas must quickly adjust to local conditions and

overcome bottlenecks and/or founder effects that af-

fect overall genetic diversity (Lande 2015). Phenotypic

plasticity is defined as the expression of different phe-

notypes from the same genotype across different envi-

ronments (Pigliucci 2005). Plasticity can arise solely

through epigenetic effects, that is, variation in factors

that influence the phenotype but do not involve

changes in deoxyribonucleic acid (DNA) sequence

(Pigliucci 2005). Epigenetic mechanisms, such as

DNA methylation, work within the genome to pro-

duce a range of phenotypes. As such, the specific ge-

nomic elements on which these mechanisms work

may themselves be selected to increase the capacity

for phenotypic plasticity (Branciamore et al. 2010;

Feinberg and Irizarry 2010). This latent capacity for

phenotypic plasticity, termed epigenetic potential,

may differ among individuals, populations, and spe-

cies (Kilvitis et al. 2017).
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Epigenetic potential can take several forms: (1) the

mediators of epigenetic mechanisms (e.g., DNA

methyltransferases, histone deacetylases, etc.) may

differ in genetic sequence, leading to functional dif-

ferences affecting gene expression or (2) the genomic

elements upon which these mediators act can differ

in number or location (Branciamore et al. 2010;

Feinberg and Irizarry 2010; Kilvitis et al. 2017). For

example, in vertebrates, DNA methylation generally

occurs when a methyl group is added to a cytosine

adjacent to a guanine, termed a CpG site (Meissner

et al. 2008). DNA methylation can reduce or increase

gene expression depending on the location of a CpG

site within the genome (i.e., promoter, exon, and

intron) and/or whether a CpG site falls within a

distinct regulatory element such as a transcription

factor binding site (TFBS; Zhu et al. 2016).

Subsequently, the number of CpG sites within a

gene represents its capacity to be methylated, and

thus a portion of its capacity for epigenetically-

mediated phenotypic plasticity (Kilvitis et al. 2017).

When differences in such epigenetic potential occur

in genes affecting fitness, natural selection can occur

(Feinberg and Irizarry 2010; Flores and Amdam

2011; Flores et al. 2013). For individuals that rely

on plasticity to cope with unpredictable conditions,

such as during range expansions, epigenetic potential

might be selectively advantageous, with high epige-

netic potential favored at the time of initial intro-

duction and/or in response to conditions

experienced as the new range is colonized (Marsh

et al. 2016; Kilvitis et al. 2017; Kilvitis et al. 2018).

One species in particular that has had exceptional

success expanding its range is the house sparrow

(Passer domesticus). This species has established a

near-ubiquitous distribution after introductions on

multiple continents and through natural and anthro-

pogenic expansions of its native range (Hanson et al.

2020). One of the most recent house sparrow intro-

ductions occurred in Kenya, where the species was

introduced to Mombasa in the 1950s from South

Africa (Schrey et al. 2014). Despite the recency of

the introduction, Kenyan house sparrow populations

exhibit phenotypic patterns (e.g., exploratory behav-

ior, propensity to eat novel foods, and regulation of

their stress responses) suggesting that populations

have already adjusted to prevailing conditions

(Liebl and Martin 2012; Liebl and Martin 2014).

This variation, however, occurs despite the fact that

Kenyan populations have much lower genetic diver-

sity than many populations from the native range,

yet compared to native populations, they appear to

have greater epigenetic diversity (Schrey et al. 2011;

Schrey et al. 2012). Moreover, in Kenya, populations

with low genetic diversity have high epigenetic diver-

sity, suggesting that populations might use epigenetic

mechanisms to bolster phenotypic variation (Schrey

et al. 2012; Liebl et al. 2013). However, in Australia

where house sparrows were introduced much earlier

than in Kenya, this trend is much weaker (Sheldon

et al. 2018). The strength of the relationship may

stem from multiple introduction events into

Australia and/or the age of that introduction

(Sheldon et al. 2018).

One of the most consistent patterns of phenotypic

variation observed in sparrows colonizing Kenya

entails variation in the expression of toll-like recep-

tors (TLRs); expression of TLR2 and TLR4 increased

in populations located far from the introduction or-

igin where conditions are probably more novel

(Martin et al. 2014; Martin et al. 2015; Martin

et al. 2017). TLRs reside on macrophages and other

leukocytes and recognize pathogen-associated molec-

ular patterns (PAMPs): TLR2 recognizes peptidogly-

can found on Gram-positive bacteria whereas TLR4

recognizes lipopolysaccharide found on Gram-

negative bacteria (Velov�a et al. 2018). Upon binding

PAMPs, TLRs trigger cytokine production and tran-

scription factors that instigate immune responses,

leading either to control of infections, recruitment

of the adaptive immune system, or both (Iwasaki

and Medzhitov 2015). In this sense, TLRs are some

of the first lines of surveillance against pathogens

(Iwasaki and Medzhitov 2015). As the immune

defenses they incite are broadly effective, these recep-

tors are expected to be important for individuals

invading new areas where novel and/or generalist

parasites will be comparatively more frequent

(Phillips et al. 2010; Marzal et al. 2011).

In this study, we asked whether epigenetic poten-

tial in the upstream regulatory regions of three TLRs,

TLR1B, TLR2A, and TLR4, differed between native

and introduced house sparrows (Supplementary

Table S1). In a previous study of Kenyan house

sparrows, levels of TLR4 expression (at the individ-

ual level) were found to be inversely correlated with

levels of methylation in one CpG site in its putative

promoter (Kilvitis et al. 2019). Here, we queried

whether introduced sparrows generally maintained

more CpG sites in putative TLR promoters than na-

tive ones. We hypothesized that introduced birds

would have higher epigenetic potential (i.e., more

CpG sites within TLR promoters), as this could pro-

vide more phenotypic plasticity in gene expression,

presumably more advantageous in new areas

(Feinberg and Irizarry 2010; Kilvitis et al. 2017).
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We also hypothesized that the total number of CpG

sites in introduced birds would be higher due to

more gains and/or fewer losses of CpG sites than

native birds. We anticipated this outcome despite

the relatively lower genetic diversity expected of in-

troduced populations due to genetic constraints, as

found in previous studies (Schrey et al. 2011; Liebl

et al. 2015). To better understand how these CpG

sites might affect gene regulation, we also asked

whether and how CpG numbers and location varied

with respect to predicted TFBS. As transcription fac-

tors regulate gene expression and can be sensitive to

DNA methylation, we expected that many CpG sites

would fall within TFBS, and that gains or losses of

CpG sites could both create and eliminate TFBS

(Zhu et al. 2016).

To test our hypotheses, we quantified the number

of CpG sites in �500 base-pair (BP) regions up-

stream of the transcriptional start sites of each

gene, then asked whether introduced birds had

more CpG sites than native ones. As this study was

opportunistic and relied on existing samples from

sparrows collected from three native and eight intro-

duced sites (Table 1), we could not probe how epi-

genetic potential in the three genes related within

individuals nor how epigenetic potential varied

among populations within native and introduced

groups. To be as conservative as possible, we there-

fore simply compared total CpG sites, CpG site

losses, and CpG site gains as aspects of epigenetic

potential between birds assigned to native versus in-

troduced groups. We also asked how any differences

in epigenetic potential between these two groups

were related to population genetic structure (i.e., ge-

netic diversity) within populations, and we investi-

gated whether CpG site locations overlapped

predicted TFBS. However, our main goal was to

test the simple possibility that introduced house

sparrows maintain more epigenetic potential than

native ones, in spite of the potentially extensive noise

inherent to such a broad comparison.

Methods

Sample collection

We sequenced putative promoters of individual spar-

rows from three native (France, Germany, and

Turkey) and eight introduced populations

(Argentina [approximate age of introduction-1873],

Brazil [1905], Florida [USA-1867], New Caledonia

[1928], Kentucky [USA-1867], Kenya [1950],

Senegal [1970], and South Africa [1900]; Table 1;

see Supplementary Table S1 for sample sizes by pop-

ulation). For all populations, blood or tissue samples

were stored in RNAlater (Qiagen) or Queen’s lysis

buffer until DNA extraction (Seutin et al. 1991). For

DNA extraction protocol, see Supplementary

Material S1.

Genetic and statistical analyses

Primers were designed to span a �500 BP region

upstream of the transcription start site (TSS) as

this region may encompass the proximal promoters

and/or other regulatory motifs, such as TFBS, which

may be influenced by DNA methylation

(Supplementary Table S2; Meissner et al. 2008;

Kilvitis et al. 2019). For detailed primer design,

PCR conditions, product cleanup, and sequencing

protocol see Supplementary Material S1.

Chromatograms returned from sequencing were

examined using Genome Compiler (Twist

Bioscience). The number of CpG sites in each pro-

moter was counted on each homologous chromo-

some separately to account for allelic variation. The

frequency of homozygous CpG sites across all indi-

viduals (from any population) was used to deter-

mine whether a particular site had been lost or

gained. A CpG site was determined to be gained if

it was present in a focal individual but absent in

>50% of all other individuals or lost if it was absent

in a focal individual but present in >50% of all

other individuals. Individuals were removed from

analysis if all CpG sites or single nucleotide

Table 1 Sample size, mean, and range of total, gains, and losses of CpG sites per gene by group (native vs. introduced)

Total Gains Losses

Gene Group Sample size Mean Range Mean Range Mean Range

TLR1B Native 18 17.06 16–19 1.28 1–3 0.22 0–1

Introduced 46 16.15 14–19 0.89 0–3 0.74 0–2

TLR2A Native 32 2.47 0–4 0.78 0–2 0.31 0–2

Introduced 77 3.01 0–6 1.18 0–4 0.30 0–2

TLR4 Native 37 7.54 6–9 0.03 0–1 0.49 0–2

Introduced 92 7.90 6–14 0.13 0–6 0.23 0–2
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polymorphisms (SNPs) could not be scored accu-

rately (due to noise in chromatograms). For SNP

calling procedure, see Supplementary Material S1.

Each SNP was tested for linkage disequilibrium

and deviation from Hardy–Weinberg equilibria using

GENEPOP version 4.2 (Rousset 2008). The SNPs

that were significantly linked were dropped and in-

stead a single SNP was used to represent the linkage

group in the following analysis. Observed (Ho) and

expected heterozygosity (He) were estimated for each

population for each gene in GenAlEx 6.5 (Peakall

and Smouse 2012).

Sequences were analyzed using Alibaba version

2.1, which predicts TFBS using a database of eukary-

otic transcription factors (Grabe 2002). Here, we

only included TFBS that overlapped with CpG sites

and excluded any TFBS that are not known to occur

in birds. All locations found to have a CpG were

examined and the type and number of TFBS were

recorded, if present. As with CpG sites, TFBS was

also counted on each homologous chromosome.

Some TFBS could not be accurately identified on

homologous chromosomes and were eliminated

from the analysis (Supplementary Table S1).

Genetic structure of populations was described

with Discriminant Analysis of Principal

Components (DAPC). Using the R package, adege-

net, we performed a Principal Component (PC)

analysis on genetic data from all individuals for

which data were available for all three genes

(Jombart 2008). All PC values were retained and

used in the DAPC. K-means clustering was run

and the best-fit model was selected using Bayesian

Information Criteria (Jombart 2008). This analysis

was performed with population, population group

(native and introduced), and source population (na-

tive, introduced from European sources- Kentucky,

Florida, New Caledonia, Argentina, Brazil, and intro-

duced from non-European sources- Senegal, Kenya,

South Africa) as predefined groups for all loci com-

bined (Anderson 2006).

We found that CpG count data were non-

normally distributed using a Shapiro–Wilk test, so

Mann–Whitney U tests were used to determine if

the mean total number, gains, and losses of CpG

sites differed between introduced and native birds

for each gene in GraphPad Prism version 8.0

(Mann and Whitney 1947; Shapiro and Wilk 1965;

Prism 8.0 2018). As this study was opportunistic and

relied on previously collected samples, we attempted

but were unable to conduct a more robust analysis.

Instead, we took this conservative approach to assess

whether native and introduced birds differed in epi-

genetic potential. To assess whether differences in

epigenetic potential were related to genetic diversity,

population group (native or introduced), or genetic

diversity in each group, we used generalized linear

models (GLMs) with total number, gains, and losses

of CpG sites each as dependent variables with Ho (as

a proxy for genetic diversity), population group (na-

tive and introduced), and their interaction as fixed

effects. GLMs were run in R using the function glm

with a Poisson error distribution (R Core Team

2018). For TLR4, samples from South Africa were

not included as Ho was 0, potentially due to small

sample size (n¼ 3) for that gene. Figures were made

in GraphPad Prism version 8.0 and in R using pack-

ages ggplot2 and ggpubr (Ginestet 2011; Kassambara

2018; Prism 8.0 2018).

Ethics statement

All procedures were approved by USF IACUC

(W3877 and IS0000636).

Results

Total CpG sites

In TLR1B, CpG sites were identified at 14 unique

genomic locations (28 possible CpG sites). For this

gene, introduced birds had significantly fewer CpG

sites than native birds (Mann–Whitney U-test,

P¼ 0.0079; Fig. 1a, Table 1). In TLR2A, CpG sites

were identified at three unique genomic locations

(six possible CpG sites). Introduced birds had signif-

icantly more CpG sites than native birds in this gene

(Mann–Whitney U-test, P¼ 0.034; Fig. 1b, Table 1).

In TLR4, CpG sites were identified at eight unique

genomic locations (16 possible CpG sites).

Introduced birds had significantly more CpG sites

than native populations in this gene (Mann–

Whitney U-test, P¼ 0.020; Fig. 1c, Table 1).

Gains of CpG sites

In TLR1B, there was a trend for introduced birds to

gain fewer CpG sites than native birds in TLR1B

(Mann–Whitney U-test, P¼ 0.0615; Fig. 1a,

Table 1). In TLR2A, introduced birds gained signif-

icantly more CpG sites than native birds (Mann–

Whitney U-test, P¼ 0.036; Fig. 1b, Table 1). In

TLR4, introduced birds did not gain more CpG sites

than native birds (Mann–Whitney U-test, P¼ 0.411;

Fig. 1c, Table 1).

Losses of CpG sites

In TLR1B, introduced birds lost significantly more

CpG sites than native birds (Mann–Whitney U-test,

P¼ 0.015; Fig. 1a, Table 1). In TLR2A, introduced

birds did not lose more CpG sites than native birds

Epigenetic potential in house sparrows 1461
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(Mann–Whitney U-test, P¼ 0.937; Fig. 1b, Table 1).

In TLR4, introduced birds lost significantly fewer

CpG sites than native birds (Mann–Whitney U-test,

P¼ 0.029; Fig. 1c, Table 1).

Influence of genetic diversity on CpG traits

In TLR1B and TLR2A, there was no significant rela-

tionship between genetic diversity (i.e., observed het-

erozygosity) and total, gains, or losses of CpG sites

(Supplementary Table S3, Supplementary Fig. S1a

and b). In TLR4, there was no significant relation-

ship between genetic diversity and the total number

of CpG sites (pHo�group¼ 0.977; Supplementary

Table S3, Supplementary Fig. S1c). Due to low var-

iation, the model did not converge for the relation-

ship between genetic diversity and gains of CpG sites

in TLR4. In TLR4, low genetic diversity correlated

with fewer losses in introduced birds but not in na-

tive birds (pHo�group¼ 0.025; Supplementary Table

S3, Supplementary Fig. S1c).

Population structure

Six clusters predicted by DAPC did not discriminate

population group (native vs. introduced), popula-

tion, nor population source (European or non-

European); therefore, we did not include this

information into subsequent analyses

(Supplementary Figs. S2–S10).

TFBSs

In TLR1B, we identified seven locations where pre-

dicted TFBSs overlapped with CpG sites and 13 types

of TFBS (Table 2). TFBS shared by native and intro-

duced birds included: estrogen receptor alpha (ERa),

nuclear factor 1 (NF1), cyclic AMP-dependent tran-

scription factor ATF-1 (ATF1), CCAAT/enhancer

binding protein-alpha (C/EBPa), Rev-ErbA, specific-

ity protein 1 (Sp1), retinoic acid receptor (RARa),

COUP-TFII (NR2F2), heat shock factor 1 (HSF1),

upstream stimulatory factor 1 (USF1), and

CCAAT/enhancer binding protein-beta (C/EBPb).

One type of TFBS was exclusively predicted in intro-

duced birds: glucocorticoid receptor (GR). ERa was

the most commonly predicted TFBS in TLR1B with a

relative frequency of 19.4% in native and 20.3% in

introduced populations. In TLR2A, we identified one

location where a predicted TFBS overlapped with a

CpG site and one type of TFBS (C/EBPa; Table 2).

In TLR4, we discovered four locations where pre-

dicted TFBS overlapped with CpG sites and five

types of TFBS (Table 2). Predicted TFBS shared by

native and introduced birds included Sp1, pituitary-

Fig. 1 Total number, gains, and losses of CpG sites for each gene and for native and introduced populations: (a) TLR1B, (b) TLR2A, and

(c) TLR4. The top panel shows differences in the total number of CpG sites between native and introduced populations and the bottom

panel shows differences between native and introduced populations in losses and gains of CpG sites. Asterisks represent significant

differences between native and introduced populations. Note that the scales differ and CpG gains were plotted with horizontal jitter to

minimize error bar overlap. Error bars are means6 SEM.
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specific positive transcription factor 1 (Pit-1a), and

C/EBPa. Introduced birds had two unique TFBS:

ETS Like-1 protein (Elf-1) and IKAROS family zinc

finger 1 (IKZF1). Sp1 was the most commonly pre-

dicted TFBS in TLR4, with a relative frequency of

96.8% in native and 94.6% in introduced sparrows.

Discussion

In this study, we revealed that introduced and native

house sparrows differed in CpG number, one form

of epigenetic potential, in putative promoter regions

of TLRs 1B, 2A, and 4. We expected to find higher

epigenetic potential in introduced birds across all

three genes compared with native birds in order to

maintain high levels of phenotypic plasticity when

encountering novel challenges during introductions

and range expansions. We found that introduced

sparrows had more total CpG sites than native spar-

rows in TLR2A and TLR4, but fewer total CpG sites

in TLR1B (Fig. 1). Native and introduced birds also

differed in the extent that they lost and gained CpG

sites (Fig. 1). In TLR1B, introduced birds gained

marginally fewer and lost significantly more CpG

sites (Fig. 1a), in TLR2A introduced birds gained

more CpG sites (Fig. 1b), and in TLR4 introduced

birds lost fewer CpG sites than native ones (Fig. 1c).

Additionally, many CpG sites fell within TFBS, and

losses and gains of CpG sites both created and elim-

inated TFBS (Table 2). Lastly, these results were not

driven by differences in genetic structure nor genetic

diversity of populations (Supplementary Table S3,

Supplementary Figs. S1–S10). Below, we discuss

how epigenetic potential may have played a role in

house sparrow introductions and range expansions.

Epigenetic potential in TLRs and its putative role in

range expansions

The enemy release hypothesis predicts that intro-

duced hosts should have fewer enemies in new areas,

but the enemies they most commonly encounter will

be generalists (Torchin et al. 2003). This pattern

seems to hold for house sparrows with regard to

hemosporidians (Marzal et al. 2011), but no compar-

isons to our knowledge exist regarding the microbes

regulated by TLRs. However, activation of TLRs

Table 2 Predicted TFBSs which overlapped with CpG site locations in each gene

Gene TFBS

Frequency Relative frequency

Native Introduced Native (%) Introduced (%) Occurrences

TLR1B ERaa,b 68 164 19.4 20.3 2

C/EBPaa,c 63 140 18.0 17.4 2

NF1a,c 34 92 9.7 11.4 2

ATF1a 32 82 9.1 10.2 1

Elf-1a 31 78 8.9 9.7 1

Rev-ErbAc 34 82 9.7 10.2 1

Sp1c 25 40 7.1 5.0 2

RARac 22 38 6.3 4.7 2

COUP-TFIIc 23 36 6.6 4.5 1

HSF1a 2 30 0.6 3.7 1

USF1a 13 9 3.7 1.1 1

C/EBPba 3 8 0.9 1.0 1

GRa 0 8 0.0 1.0 1

TLR2A C/EBPac 42 111 100.0 100.0 1

TLR4 Sp1 149 368 96.8 94.6 2

Pit-1aa 1 12 0.7 3.1 1

C/EBPaa 4 5 2.6 1.3 1

Elf-1 0 2 0.0 0.5 1

IKZF1 0 2 0.0 0.5 1

aRepresents a predicted TFBS created or eliminated by a gain or a loss of a CpG site.
bRepresents a predicted TFBS that persists if a CpG site is lost or gained.
cRepresents a predicted TFBS that is created or eliminated due to a CpG and an additional SNP.

Relative frequency ¼ (TFBS/total TFBS per gene) � 100. Occurrences refer to the number of genomic locations the predicted TFBS (over-

lapping with CpG sites) were present.
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incites costly yet effective inflammatory responses

that can mitigate infections from generalist parasites

(Iwasaki and Medzhitov 2015). TLRs are also able to

respond to infections rapidly (Lin et al. 2006; Vaure

and Liu 2014). For example, in introduced house

sparrows, TLR4 expression from whole blood sam-

ples more than doubled in 4 h after LPS administra-

tion (Martin et al. 2011). Further, DNA methylation

within TLRs may mediate response to infection

(Hennessy and McKernan 2016). For example, in

chickens, DNA methylation in the promoter of

TLR4 and within an exon of TLR2A correlates to

susceptibility to Salmonella enteritidis infection

(Gou et al. 2012). As conditions may change day

to day, and over the lifetime of the individual, plas-

ticity in expression and methylation of TLRs via epi-

genetic potential may help alleviate the trade-off

between inflammatory responses and other costly

physiological processes (Martin et al. 2017).

The functional roles of these three TLRs surely

influence the level of epigenetic potential they ex-

hibit. We expect that parasite pressure varies among

native and introduced populations, leading to differ-

ing levels of expression and plasticity (Lafferty and

Kuris 1999; Lazzaro and Little 2009). Previous stud-

ies have shown more TLR2 and TLR4 expression in

Kenyan range-edge populations, and that DNA

methylation affects TLR4 expression (Martin et al.

2014; Martin et al. 2015; Martin et al. 2017;

Kilvitis et al. 2019). Together, these findings suggest

that these TLRs were important for the Kenyan

house sparrow range expansions (Martin et al.

2014; Martin et al. 2015; Martin et al. 2017;

Kilvitis et al. 2019). Past studies have not investi-

gated TLR1B, thus we do not know its relevance to

range expansions. In general, we know little about it

in passerine immunology.

Possible consequences of gains, losses, and total

number of CpG sites

Native and introduced birds maintained significantly

different numbers of CpG sites in the three genes we

investigated (Fig. 1), however, genes differed in the

total CpG sites they maintained. TLR1B had the

most total CpG sites of any gene, whereas the other

two genes had substantially fewer sites (Table 1). The

total number of CpG sites in a gene influences its

expression, so subsequently, the CpG content of a

gene might influence its level of plasticity attainable

and hence fitness (Yang et al. 2014). Indeed, the total

number of CpG sites may be indicative of the dif-

ference in capacity for DNA methylation to produce

variable phenotypes (Feinberg and Irizarry 2010;

Flores and Amdam 2011; Kilvitis et al. 2017). For

range expansions, we expect that the more CpG sites

an individual have the more successful it will be

during colonization because it can regulate gene ex-

pression more precisely (Yang et al. 2014). On the

contrary, this might not be the only mechanism

whereby epigenetic potential affects range expan-

sions. As the number of CpG sites increases, the

potential for plasticity could decrease, as each addi-

tional CpG site may have smaller effect size. In this

light, whereas TLR1B might have had the most CpG

sites, its capacity for plasticity gained through meth-

ylation at one CpG site may be comparatively less

than from TLR2A or TLR4. We fully expect that

methylation at some CpG sites will have larger effects

on gene expression than others, and we are actively

testing this hypothesis (Lioznova et al. 2019). Single

CpG sites can be correlated to gene expression de-

pendent on tissue or cell-type examined (Kitazawa

and Kitazawa 2007; Lioznova et al. 2019; Luo et al.

2019). In future studies, it will be important to in-

vestigate epigenetic potential with a regard to the

CpG content and identity and cellular context (Xin

et al. 2011; Lioznova et al. 2019).

Whereas our data reveal losses and gains of several

CpG sites in each promoter, the loss or gain of even a

single CpG can impact gene expression (Polesskaya

et al. 2006; Williams et al. 2014; Zhou et al. 2015).

For example, in humans, a loss of a CpG site in the

promoter of the glycine N-methyltransferase (GNMT)

gene led to varied methylation status at that location;

methylation status had a direct effect on GNMT tran-

scription and metabolism of methionine (Williams

et al. 2014). The ability to metabolize methionine is

directly linked to the propensity to develop cardiovas-

cular disease, cancer, dementia, and stroke in humans

(Williams et al. 2014). Our data reveal examples of

individuals from introduced populations losing as

many as two or gaining as many as six CpG sites in

one promoter (Table 1). Here, we could not measure

methylation or gene expression, but the aforemen-

tioned studies have revealed that the subtle differences

we discovered in promoter architecture may be suffi-

cient to affect both. Other factors influencing levels of

epigenetic potential may include the evolutionary his-

tory of the gene (i.e., gene duplication events), the

underlying genetic architecture of the locus (i.e.,

high CpG content or not), and/or complex, epistatic

interactions (Rodin et al. 2005; Huang et al. 2011;

Velov�a et al. 2018).

Effect on TFBSs

One mechanism by which epigenetic potential can

impact gene expression is through the binding of
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transcription factors. Our ultimate goal was to de-

scribe whether CpG sites were impacting TFBS, as

these are hotspots for the regulation of gene expres-

sion. Many CpG sites fell within predicted TFBS, and

losses and gains of CpG sites can eliminate or create

a TFBS, which can directly impact transcription

(Table 2; Zemojtel et al. 2009; Wang et al. 2019).

Importantly, methylation at CpG sites can create a

TFBS independent of changes in sequence, and

methylation at CpG sites within TFBS can (1) pre-

vent transcription factors from binding or (2) change

the affinity of transcription factors binding to that

TFBS, both of which can impact the regulation of

gene expression (Ung et al. 2014; Zhu et al. 2016).

Further, upon binding to methylated sequences,

transcription factors can also alter the DNA methyl-

ation state of both proximal CpG sites and those

within the TFBS (Zhu et al. 2016).

The most commonly predicted TFBS (highest rel-

ative frequency) in TLR1B was ERa, which is sensi-

tive to DNA methylation (Table 2; Ung et al. 2014).

The binding of ERa to its TFBS can prevent meth-

ylation of the CpG within the TFBS (Ung et al.

2014). In TLR2A, the only predicted TFBS was

CCAAT/enhancer binding protein-alpha (C/EBPa),

which was eliminated if the CpG site was lost. C/

EBPa can bind either methylated or unmethylated

DNA, but binds to methylated sequences with a

higher affinity (Table 2; Zhu et al. 2016). The CpG

site in TLR4 at which high levels of methylation cor-

related with low levels of expression (in a previous

study) fell within Sp1, the most commonly predicted

TFBS we observed across all sparrows (Table 2;

Kilvitis et al. 2019). Sp1 is a transcriptional activator

of TLR2 and TLR4, and can bind to methylated or

unmethylated DNA, but gene expression is reduced

when DNA methylation is present within this TFBS

or proximal sites (Furuta et al. 2008; Kim et al.

2016). Further, binding of Sp1 in the TLR4 promoter

may protect from methylation and/or lead to local-

ized demethylation, potentially through competition

with DNMT3a for binding (Brandeis et al. 1994;

Furuta et al. 2008; Lo et al. 2017). Our data suggests

that variation in CpG site number impacted the pre-

diction of TFBS (e.g., a loss or a gain of a CpG site

can correspond with the loss or gain of a predicted

TFBS). Whereas additional data are needed, CpG

sites within TFBS could provide direct routes for

environmental conditions to impact gene expression.

Genetic variation and other potential influences on

population differences

In this study, introduced house sparrows maintained

more CpG sites in both TLR2A and TLR4 promoters

than native birds (Fig. 1). While introduced popula-

tions often experience reductions in genetic diversity

due to bottlenecks/founder effects at the time of in-

troduction, we expect that the initial founders of

these introduced populations had high epigenetic

potential in order to cope with challenges via phe-

notypic plasticity (Schrey et al. 2011; Schrey et al.

2012; Liebl et al. 2015; Kilvitis et al. 2017). In other

words, there may be a minimum threshold level of

epigenetic potential, where only individuals with suf-

ficient epigenetic potential survive the initial intro-

duction or range expansion. Over time, as

populations persist in these areas and become accus-

tomed to the surrounding environment, phenotypic

plasticity may be costly and impose lags or mis-

matches with the environment, compared to

genetically-fixed phenotypic responses

(Bonduriansky et al. 2012; Snell-Rood 2012).

Consequently, selection could act to maintain epige-

netic potential during the initial phase of the intro-

duction and subsequent range expansion, but

winnow epigenetic potential as canalized genetic var-

iants become more common.

Our data indicate that neither genetic diversity

nor population genetic structure underpin the differ-

ences in epigenetic potential we detected

(Supplementary Table S3, Supplementary Figs S1–

S4). Similar outcomes could hold true for other

genes or be limited to genes such as TLR2A and

TLR4 because of their presumed advantage during

colonization. Indeed, overall epigenetic potential

might be over-represented with genes particularly in-

tegral to function and fitness in new areas. CpG sites

are strongly preserved in genes important in devel-

opment in both the coding regions and in CpG

islands, putatively because of their functionality for

gene transcription (Branciamore et al. 2010;

Branciamore et al. 2015). In further support, a study

of several cnidarians revealed that CpG site content

was highest in regions proximal to the TSS of genes

found to be important to respond to environmental

stressors such as temperature and salinity (Marsh

et al. 2016). Additional research will be needed to

elucidate whether epigenetic potential exhibits simi-

lar trends across the genome or whether it in occurs

predominantly in particular genes or gene regions.

Conclusion

Despite the statistical limitations associated with our

opportunistic dataset, our data suggest that epige-

netic potential in some TLRs could be playing a

role in house sparrow introductions. Because these

sites are directly heritable, we expect that they might
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play important evolutionary roles during range

expansions by acting as capacitors of phenotypic

plasticity, as well as genomic locations that respond

to methylation via mutation due to deamination

(Feinberg and Irizarry 2010; Flores and Amdam

2011; Kilvitis et al. 2017). Importantly, this work

only implicates CpG site number variation in specific

genes; the relationship among the number of CpG

sites, TFBS, DNA methylation, gene expression, and

fitness require direct investigations.
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