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Abstract
Epigenetic modifications play a critical role in numerous processes throughout the lifetime of
an organism by influencing gene regulation. Responsive to both endogenous cues and external stimuli,
epigenetic modifications are key mechanisms underlying phenotypic plasticity. Epigenetic potential,
or the capacity for phenotypic plasticity mediated by epigenetic modifications, can be encoded within
the genome via genetic variation underlying aspects of epigenetic modifications. For example, one
type of epigenetic modification, DNA methylation, predominately occurs at CpG motifs in
vertebrates. The number of CpG sites within the genome then represents the capacity for DNA
methylation to occur and is one form of epigenetic potential. In certain ecological contexts, the
selective value of phenotypic plasticity may be high, while canalized responses may be favored in
others, leading to variation in epigenetic potential across individuals, populations, and species. For
instance, phenotypic plasticity is hypothesized to be beneficial to invaders and dispersers; therefore,
one might predict that epigenetic potential will be high during introductions and range expansions to
impart an increased capacity for phenotypic plasticity via epigenetic modifications. This work sought
to test this hypothesis and investigate other aspects of epigenetic potential in one of the most
successful introduced species in the world, the house sparrow (Passer domesticus).
In the introduction, I discuss the unique natural history of house sparrows, review previous
studies, and explore the characteristics which make them an exemplary system to investigate epigenetic
potential. House sparrows have spread across multiple continents through natural range expansions
as well as both purposeful and accidental introductions into new areas. The species has been
established for over 100 years in many locations across the globe after a series of successful
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introduction events, yet there are still several ongoing range expansions worldwide. This allows for
the comparisons of traits, such as epigenetic potential, between individuals from native, longestablished, and still-invading populations. Already, substantial genetic and phenotypic differences
have been identified within and between native and introduced populations, even in introduced
populations with substantially lower genetic diversity than others. Further, epigenetic modifications
are important in invading house sparrows, even seeming to compensate for low genetic diversity in
one recent range expansion into Kenya. Overall, the house sparrow system offers exciting
opportunities for studies aimed at increasing our understanding of epigenetic potential.
In Chapter One, I asked whether differences in epigenetic potential are present between
native and introduced populations of house sparrows. I investigated one form of epigenetic potential,
the number of CpG sites, in the putative promoter region of three different immune genes: Toll-like
Receptors 1B, 2A, and 4 (TLR1B, TLR2A, and TLR4), which were chosen for their importance in
house sparrow range expansions through controlling generalist microbial infections. I hypothesized
that epigenetic potential would be higher in all three genes in introduced birds compared to native
ones, providing more flexibility in gene regulation in the relatively novel environments they encounter.
Indeed, introduced house sparrows harbor more epigenetic potential in TLR2A and TLR4 than native
birds, but not in TLR1B. High epigenetic potential may provide latent phenotypic plasticity in genes
that provide broad immune protection.
While I found differences in epigenetic potential across native and introduced house sparrows,
the functional consequences of these differences were not known. In Chapter Two, I examined
whether epigenetic potential in the promoter region of TLR4 influences gene expression. To do so, I
administered a TLR4 agonist lipopolysaccharide (LPS) to wild house sparrows in order to simulate an
infection and induce TLR4 expression. I predicted that when injected with LPS, individuals with
higher epigenetic potential would exhibit more flexibility, or demonstrate greater inducibility and
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reversibility of gene expression, compared to birds with low epigenetic potential. I found that
individuals with high epigenetic potential were more flexible as they showed greater induced
expression overall, but only females exhibited reversibility of TLR4 expression within the experimental
timeframe. Surprisingly, these results were independent of treatment with LPS. Overall, these results
suggest that epigenetic potential plays a role in TLR4 gene regulation in the house sparrow.
Since epigenetic potential appears to have functional consequences in gene regulation and
variation was observed across house sparrow populations, my next step was to expand this approach
and investigate whether patterns of epigenetic potential could be detected on a larger scale. In Chapter
Three, I used a reduced-representation, library-based sequencing approach to describe patterns of
epigenetic potential and DNA methylation across a large and relatively random subset of the house
sparrow genome in an on-going range expansion across Kenya. I hypothesized that epigenetic
potential would be highest in birds living near the range edge due to selection for more flexibility,
while those living at the site of the initial introduction would have the lowest epigenetic potential, as
the core population has had the most time to adjust to local environmental conditions. Indeed, I found
that house sparrows towards the range edge had the highest epigenetic potential, which seems to be
driven by positive selection for CpG sites. Additionally, I found that DNA methylation was lowest
but most variable towards the range edge. Together, these results suggest that epigenetic potential
might allow the populations that are still invading new areas, or which have only recently established,
to exhibit more phenotypic plasticity.
My dissertation work demonstrates that differences in epigenetic potential exist in both
candidate genes and in a large subset of the genome between native and introduced house sparrows
and even between core and edge populations that have been established for a relatively short amount
of time. I found evidence of epigenetic potential influencing gene expression in one immune gene
(e.g. TLR4), indicating that it contributes to flexibility in gene regulation. These results suggest that
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epigenetic potential is influential to house sparrow introductions and may be one mechanism
underlying their invasion success. This form of epigenetic potential has the potential to be applied
broadly because it can easily be measured and could lead to important insights in other ecological
contexts and scenarios and across other disciplines, which I discuss in the conclusion.
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Introduction: The Natural History of Model Organisms:
The House Sparrow in the Service of Basic and Applied Biology

Note to Reader
This chapter is a pre-copy edited, author-produced version of an article published in eLife
following peer review. The version of record: Hanson, Haley E., Noreen S. Mathews, Mark E. Hauber,
and Lynn B. Martin. "The Natural History of Model Organisms: The house sparrow in the service of
basic and applied biology." eLife 9 (2020): e52803, is available online at: 10.7554/eLife.52803. The
article is published under a Creative Commons Attribution 4.0 International License (CC BY 4.0).
Minimal changes have been made.

Abstract
From the northernmost tip of Scandinavia to the southernmost corner of Patagonia, and
across six continents, house sparrows (Passer domesticus) inhabit most all human-modified habitats of
the globe. With over 7,000 articles published, the species has become a workhorse for not only the
study of self-urbanized wildlife, but also for understanding life history and body size evolution, sexual
selection and many other biological phenomena. Traditionally, house sparrows were studied for their
adaptations to local biotic and climatic conditions, but more recently, the species has come to serve
as a focus for studies seeking to reveal the genomic, epigenetic and physiological underpinnings of
success among invasive vertebrate species. Here, we review the natural history of house sparrows,
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highlight what the study of this species has meant to bioscience generally, and describe the many
resources available for future work on this species.

Introduction
House sparrows are small, sexually dimorphic birds in the family Passeridae. The species is
one of the most widely distributed and common birds in the world, represented by 12 different
subspecies (Summers-Smith 2009). House sparrows can be found living and breeding in climactically
extreme environments from deserts in southern California to cities above the Arctic circle, where they
are found almost exclusively in close proximity to human habitation (Hanson, Zolik, and Martin,
2020). Considered anthrodependent, some populations have gone extinct locally without human
presence (Ravinet et al. 2018; Summers-Smith 1988). It is for this relationship with people that they
received their species identifier domesticus, which derives from the Latin domus or “house”, from Carl
Linnaeus in 1758 (Jobling 2009; Anderson 2006). Their ubiquity and close association with humans
have undoubtedly led to their detailed study across biological and even sociological disciplines. Here,
we explore the natural history of house sparrows and the contributions that these birds have made to
basic biology and beyond.

Native Distribution and Natural Range Expansions
House sparrows are native to parts of Asia, North Africa and most of Europe, (with the
exception of Italy which is occupied by the Italian sparrow P. italiae). Becoming commensal some
10,000 years ago, house sparrows are now strongly associated with habitats that have been modified
by humans. However, they also continue to increase their geographic range by exploiting ongoing and
accelerating anthropogenic change (Ravinet et al. 2018; Sætre et al. 2012). A reliance on humans is
evident from their colonization of Northern Europe, Eastern Europe and Central Asia in the early
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1800s, as agriculture spread and urbanization increased (Summers-Smith 1963). Though still
widespread, significant declines in density have been reported in the native range of the species since
the 1970s. This topic remains contentious (Box 1), but these declines have been attributed to a
multitude of factors, including infectious disease, pollution, pesticide use, predator dynamics, new
building methodologies and modernization of agricultural practices including grain harvesting and
storage (Shaw, Chamberlain, and Evans 2008; Summers-Smith 2003; Singh et al. 2013; Bell et al. 2010;
Dadam et al. 2019).

Introduced Distribution and Range Expansions
House sparrows are one of the most ubiquitous birds in the world (Anderson 2006). In
approximately 170 years, they colonized the world such that they now reside in every continent except
Antarctica and occupy an estimated 76,600,000 km2 (Birdlife International 2018). There have been
over 250 introduction or translocation events recorded worldwide (Table 1.1), with the first deliberate
successful introduction occurring in 1851 in New York City (Summers-Smith 1988). Many
introductions stemmed from colonial acclimatization societies purposefully releasing birds for cultural
reasons or as failed attempts at biological control. More recently, introductions have been accidental.
Ship-assisted dispersal (e.g., cargo ships, cruise liners) has been documented, and other types of
vehicle-assisted dispersal are also likely (Sainz-Borgo et al. 2016; Schrey et al. 2014; Clergeau, Levesque
and Lorvelec 2004; Szent-Ivány 1959; Summers-Smith 1963).

Dimorphism in Morphology and Behavior
Male house sparrows tend to be heavier and structurally larger than females (Figure 1.1;
Hanson, Zolik and Martin, 2020). Plumage coloration differs between the sexes. Males have grey crests
and black post-ocular stripes with conspicuous white spots behind the eyes (Figure 1.1b). Male
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abdomens are gray while bills, tails, wings and body feathers are black or dark brown. Plumage in
females is drabber, with crests that are dark brown and post-ocular stripes that are light brown.
Females lack black head markings and have grey-brown to light brown cheeks, bills and feathers
(Figure 1.1a). Female plumage resembles juveniles and females from other Passer species so much that
distinguishing them visually is often difficult (Anderson 2006). Subspecies also differ in size, mass and
male plumage (See Summers-Smith 1988).
The most conspicuous morphological difference between male and female sparrows is the
large black throat badge of males. Arguably, this badge is one of the factors that made this species a
model in behavioral ecology (Sanchez-Tojar et al. 2018). Large badge size has been thought to convey
an individual’s propensity to win in male-male competitive interactions; the logic was that possessing
information a priori about a competitor could save both the badge-holder and his opponents from
wasted energy and risk of injury (Rohwer 1975). Recently, however, the largest meta-analysis to date
revealed that badge size is at best an unreliable signal of dominance status (Sanchez-Tojar et al. 2018).
The currently favored hypothesis for badge size is that it serves some role in mate choice, as females
tend to choose males with large badges, and badge size is positively correlated with male sexual
behaviors (Veiga 1996).
Importantly, many morphological characteristics also vary geographically. Most well-known
through the pioneering work of Richard F Johnston and Robert K Selander, plumage color and aspects
of body size (wing, tail and tarsus length, skeletal characteristics, and body mass) were found to vary
within and between native and introduced populations (Johnston and Selander 1971b; Selander and
Johnston 1967; Johnston and Selander 1964, 1971a; Johnston 1969, 1973). Introduced populations in
North America were discovered to have pale coloration in hot, arid climates, but darker coloration in
cooler, humid climates (Johnston and Selander 1964). Body size of birds also increased with latitude
(Johnston and Selander 1964), and perhaps most interestingly, all of these geographic trends in
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biological traits arose rapidly in the introduced populations (Johnston and Selander 1964; Selander
and Johnston 1967; Johnston and Selander 1971a).

Diet and Foraging
Nestling house sparrows are fed an insect-based diet for the first three days after hatching.
Later, following fledging, they favor grains, especially outside urban areas (Anderson 2006). Adult
house sparrows have a fairly opportunistic diet throughout much of the year, especially in cities and
suburbs where human refuse is plentiful (Summers-Smith 1988). One of the reasons house sparrows
are so adept at exploiting diverse diets might involve plasticity in the release of digestive enzymes
(Brzek et al. 2009). Behaviorally, responses to food also seem to play a role in range expansions,
another reason this species has been used as a model. For example, house sparrows in the roughly 40year-old Panama population consume unfamiliar foods more quickly than birds from a much older
invasive population in New Jersey in the United States (Martin and Fitzgerald 2005). A similar pattern
is observed among Kenyan sparrows such that birds living at the expanding range edge of that
colonization approach and eat novel foods more quickly than birds from the core of the population
(Liebl and Martin 2014).
A tendency to eat novel foods may benefit birds in habitats where resources are scarce or
unfamiliar, but such behavior could also come with risks (Martin and Fitzgerald 2005). Spoiled foods
or exposure to novel toxins, for example, may activate the immune system (Grodzinski, Hauber, and
Lotem 2009). This notion is supported by the observation that populations differ quite extensively in
how their immune systems are organized and what parasites they harbor throughout their lives
(Kilvitis et al. 2019; Martin, Liebl and Kilvitis 2015; Martin et al. 2014; Coon and Martin 2014; Coon
et al. 2014).
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Breeding Biology
Sparrows tend to build nests in pre-existing cavities, but they also routinely nest in roofs, eaves
and walls of human-built structures (Figure 1.1d) as well as in densely-branched trees and shrubs
(Anderson 2006, Sheldon and Griffith 2017). Nests comprise mostly vegetation but some clay, sand,
cloth and even dung may be used (Heij 1986). In some cities, nests also contain aromatic plants or
even cigarette butts that contain antiparasitic secondary compounds (Sengupta and Shrilata 1997).
Males initially choose nesting sites and subsequently advertise for mates by vocal and visual displays
(Summers-Smith 1963). However, unlike many songbirds, males exhibit aggressive, territorial behavior
only in a very small area around the nest site. Females select males based on visual and vocal displays
and the location of nest sites (Anderson 2006). Once paired, males and females often remain together
for the entire season or even multiple years. Pairs also commonly use the same nest site from several
years (Summers-Smith 1963); however, as is typical in most bird species, males are the more likely to
stay in, or habitually return to, the area around a nest site than females (Morrison et al. 2008). Both
sexes defend the nest, brood the eggs and care for the young, though females put more effort into the
brooding than males (Figure 1.1; Anderson 2006). Pairs are socially monogamous; however, the
proportion of offspring that are fathered by an extra-pair male (extra-pair paternity) can reach 26%,
particularly if food is scarce and the environment is harsh (Stewart, Westneat, and Barrick 2015).
House sparrows typically begin breeding during the first year of life, but breeding success is
comparatively low in younger breeders (Hatch and Westneat 2007).
Reproductive biology has been another reason this species has been used as a model, in
particular to understand the cues that influence the onset of breeding. Towards the global poles, house
sparrows, as other species, rely on changes in the number of hours of daylight and temperature to
ensure that breeding coincides with peak food availability (Hau 2001). Nearer to the equator, however,
both light levels and temperature are fairly stable year-round (Hau, Wikelski and Wingfield 1998), and
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house sparrows in this region seem to use changes in precipitation regimes to time breeding. In
Panama, India and Malawi, for instance, house sparrows breed predominantly during the dry parts of
the year, but in Zambia, sparrows breed both five months prior to the peak of the rains, and again
when the rains are ongoing (Nhlane 2000, Hanson, Zolik and Martin, 2020).
Perhaps the main reason that house sparrows have been a model organism in basic ornithology
involves the variation they show in life history and associated physiological traits along gradients in
their geographic range. Known as clinal variation, in house sparrows, this phenomenon has been
documented for metabolic rates (Hudson and Kimzey 1966; Kendeigh and Blem 1974; Blem 1973),
hormone regulation (Romero, Cyr and Romero 2006; Breuner and Orchinik 2001; Liebl and Martin
2012), and immune defenses (Kilvitis et al. 2019; Martin and Fitzgerald 2005; Martin et al. 2004). These
trends are best-reflected by clinal variation in clutch size; just as in most songbirds, house sparrow
clutches are small near the equator and increase pole-ward (Anderson 2006). This pattern, which exists
in both the native and non-native distribution, is intriguing because of the recency of most
introductions. Such recency means that new populations would have had little time for genetic
adaptation as well as being exposed to founder effects and other genetic challenges (i.e., bottlenecks)
inherent to introductions (Baker 1995; Lowther 1977).

Genetics, Epigenetics and the Microbiome
Given the broad distribution of the species and its recent arrival in many regions, house
sparrows have been used as models of genetic, genomic and more recently epigenetic changes during
range expansion. Early studies using allozymes (variants of enzymes encoded by alleles of the same
gene) revealed little genetic variation among and within North American populations, but suggested
that introduced populations underwent genetic bottlenecks and were significantly differentiated from
source and native European populations (Parkin and Cole 1985; Klitz 1973). DNA fingerprinting, or
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minisatellites, was used on house sparrows before any other bird species, and microsatellite research
followed soon after, revealing subtler genetic differences among populations (Burke and Bruford
1987; Neumann and Wetton 1996). Microsatellite analyses have been valuable to inferring invasion
history, population structure and dispersal behavior, as well as establishing relatedness such as
parentage (Wetzel, Stewart, and Westneat 2012; Schwagmeyer et al. 2012; Schroeder et al. 2013; Jensen
et al. 2013; Liker et al. 2009; Schrey et al. 2011; Lima et al. 2012; Schrey et al. 2014; Andrew, Awasthy,
et al. 2018; Kekkonen et al. 2011). Critically, it was microsatellite data that provided the genetic
evidence of extra-pair paternity in this socially monogamous, pair-bonded species (Griffith et al. 1999).
Recently, an annotated genome became available for house sparrows (Elgvin et al. 2017). The
genome belongs to a female house sparrow from a pedigreed, inbred population from the island of
Aldra in Norway, and was studied to better understand speciation in the Italian sparrow (P. italiae;
(Elgvin et al. 2017). The Italian sparrow is a hybrid of the house sparrow and the Spanish sparrow (P.
hispaniolensis), and this system has led to a wealth of insight about genetic mechanisms affecting hybrid
speciation (Hermansen et al. 2011, 2014; Trier et al. 2014; Elgvin et al. 2017, 2011; Runemark et al.
2018). For example, Runemark et al. (2018) investigated the genomes of isolated island populations
of the Italian sparrow to understand the formation of hybrid genomes. They found that the
contribution of parental genome (in this case, the house sparrow and the Spanish sparrow) can differ
greatly across populations, but some genomic regions have less variation than others.
Prior to the annotated genome, a high-density single-nucleotide polymorphism (SNP) array
was developed for the species (Hagen et al. 2013; Lundregan et al. 2018). This tool was used to detect
signatures of adaptation in introduced populations in climatically varied environments across
Australia, and to understand the genetic basis of variation in bill morphology (Andrew, Jensen, et al.
2018; Lundregan et al. 2018). Other next-generation sequencing tools, such as tissue-specific
transcriptomic assemblies, a seminal fluid proteome and a genome-wide linkage map are also available
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for the species (Ekblom et al. 2014; Razali et al. 2017; Matsushima et al. 2019; Mirón et al. 2014; Rowe
et al. 2020; Hagen et al. 2020).
Epigenetic variation, namely DNA methylation, has also begun to be investigated in house
sparrows (Kilvitis et al. 2018, 2019; Riyahi et al. 2017). House sparrows exhibit marked phenotypic
variation across introduced populations, even though many non-native populations experienced
bottlenecks and founder effects upon introduction (Johnston and Selander 1971; Liebl and Martin
2012; L. B. Martin et al. 2014; Bókony et al. 2012; Martin and Fitzgerald 2005; Martin, Liebl and
Kilvitis 2015; Cohen and Dor 2018; Hanson, Zolik and Martin, 2020). It has been hypothesized that
DNA methylation or other molecular epigenetic mechanisms may have affected the ability of
populations to colonize new areas (Box 1). Schrey et al. (2012), for example, found that variation in
DNA methylation was inversely correlated with genetic diversity among recently invaded Kenyan
populations, suggesting that populations might compensate for low genetic diversity with epigenetic
diversity. In Australian house sparrows, a similar pattern was found as well as an epigenetic signature
mirroring that of genetic population clustering arising from the original source population (Sheldon
et al. 2018). These observations and other data led to the hypothesis that house sparrows might exhibit
high epigenetic potential, or the capacity for epigenetic mechanisms within the genome to facilitate
phenotypic plasticity (Kilvitis et al. 2017). One form of epigenetic potential is the number of CpG
sites – sequences in the genome where DNA methylation can occur – in gene promoters. Indeed,
towards the expanding edge of the very recent Kenyan invasion, CpG sites across the genome were
significantly higher than in older Kenyan house sparrow populations, suggesting that epigenetic
potential may generally mediate the introduction success of the species (Hanson, Wang, et al., 2020).
In addition to epigenetic mechanisms, the microbiome could also play an important role in
the ecology of the species (Russell et al. 2012; Borre et al. 2014). Gut microbes affect the growth rates
of house sparrow nestlings (Kohl et al. 2018), and nestlings and adults differ in the structure and
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membership of their microbial communities, with the nestling microbial community being affected by
social and genetic family affiliation but also diet and environmental microbes (Kohl et al. 2019).
Further studies are needed to understand what the microbiome means to the house sparrow,
particularly as it favors the same areas that humans do.
As new technologies are developed and refined, we expect the interest in house sparrow
genetics, epigenetics and the microbiome to grow. Several local populations of house sparrows have
been pedigreed, which enables quantitative genetic estimates of heritability and genetic architecture
(Schroedera et al. 2015; Jensen et al. 2003; Wetzel, Stewart and Westneat 2012). Additionally, many
museums have large collections of house sparrows including many specimens collected before 1900
(Table 1.2). These collections will be valuable sources of genetic and morphologic data, as well as for
use in analyses of pollutants during different eras of human co-habitation (e.g., DuBay and Fuldner
2017).

Conclusion
Advocating that house sparrows be used as model organisms is not simple as many definitions
of model species are available (Bolker 2009, 2014, 2017). This jumble of definitions has led some to
claim that ‘model’ is one of the most under-powered concepts in biology (Katz 2016). These
challenges motivated us to think hard about how house sparrows could serve as models (Bolker 2009).
Besides their historic value in the contexts discussed above (i.e., invasion genetics, behavioral ecology,
life history evolution), we feel that they generally promise a high return in basic, practical and even
economic insight, a value not attributable to many other species.
Previously, Bedford and Hoekstra (2015) made a form of this argument about the mouse
genus Peromyscus. Specifically, they cast the enormous amount of information available for Peromyscus
as ideal for modelling intraspecific variation. We are skeptical whether any species can really model
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variation; there are simply too many interactions possible within genomes, not to mention disparities
in the forms and forces of selection and plasticity among populations. We agree, though, that
Peromyscus, house sparrows and probably other species could be representative for many small, shortlived and broadly distributed vertebrates that are benefitting from human activity (e.g.,
urbanization). Moreover, as with Peromyscus species for Lyme disease, Hantavirus and other zoonoses,
house sparrows play important roles in local infectious disease risk (e.g., West Nile virus, Salmonella
and other infections; (Ostfeld et al. 2014; Tizard 2004; Kilpatrick, LaDeau, and Marra 2007).
Furthermore, although we and others have tended to focus on them as an exemplary invader,
house sparrows also promise insight into the range expansions and contractions of native species,
phenomena becoming more common as global climate continues to change (Box 1). Just like George
Box’s claim for mathematical models, no model organism is perfect, but many can be informative
(Bolker 2014; Box 1976). Although all model organisms will thus have some shortcomings, some,
such as the house sparrow, might provide unique value by helping us learn how to mitigate
anthropogenic effects on natural areas and systems (Manger et al. 2008).

Outstanding Questions about the Natural History of House Sparrows
1. How did house sparrows come to colonize most of the planet? What characteristics make
them more successful than most vertebrate species? Are some populations or subspecies more
predisposed to invading new areas than others?
2. How do house sparrows cope with the apparent challenges of urban life such as light, noise
and air pollution?
3. What factors are contributing to the decline of house sparrow populations worldwide (both
in native and introduced populations), and are these bellwethers for the impending decline of
phylogenetically and/or ecologically related species?
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Figures and Tables

Figure 1.1: Female, male, and nestling house sparrows. (a). Female house sparrow. (b). Male house
sparrow. (c). Nestling house sparrows. (d). Male house sparrow provisioning nestlings. Image Credits:
All images were taken by Janneke Case in Tampa, Florida, United States, in 2019.
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Table 1.1: Global house sparrow introduction or translocation events by region. Introduction and
translocation events include both purposeful and inadvertent release(s) of any number of birds from
all subspecies, successful or unsuccessful. We list a range instead of a single number because of
discrepancies

among

published

reports.

For

sources

used,

https://doi.org/10.6084/m9.figshare.11915955.v1.

Region

Number of Introductions or Translocations

Africa

24–43

Asia

9–11

Oceania

54–60

Europe

4+

North America

135–136

South America

32–35+

14

please

refer

to

Table 1.2: House sparrows available in museum collections. Listed are the five largest house sparrow
museum collections, the number of specimens present in each and the time of specimen sampling.
Data was compiled from all collections present in the VertNet database (Constable et al. 2010). For
search terms and the full table, please refer to https://doi.org/10.6084/m9.figshare.11915955.v1.

Collection

Number of Specimens

University of Kansas Biodiversity Institute (KU)

12,830

Royal Ontario Museum (ROM)

7,654

Field Museum of Natural History (FMNH)

1,974

Museum of Vertebrate Zoology, UC Berkeley (MVZ)

1,888

American Museum of Natural History (AMNH)

1,776

Specimen Collected

Number of Specimens

<1900

1,597

1900-1950

7,460

>1950

29,401
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Chapter One:
Epigenetic Potential in Native and Introduced Populations
of House Sparrows (Passer domesticus)

Note to Reader
This chapter is a pre-copy edited, author-produced version of an article published in
Integrative and Comparative Biology published by Oxford University Press following peer review and used
with permission. The version of record: Hanson, Haley E., Bilal Koussayer, Holly J. Kilvitis, Aaron
W. Schrey, J. Dylan Maddox, and Lynn B. Martin. "Epigenetic Potential in Native and Introduced
Populations of House Sparrows (Passer domesticus)." Integrative and Comparative Biology 60, no. 6 (2020):
1458-1468, is available online at https://doi.org/10.1093/icb/icaa060. Minimal changes have been
made.

Abstract
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 advantageous 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 1B (TLR1B), 2A (TLR2A), and 4 (TLR4) varied between native
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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 affect overall genetic diversity (Lande 2015). Phenotypic plasticity is defined as the
expression of different phenotypes from the same genotype across different environments (Pigliucci
2005). Plasticity can arise solely through epigenetic effects, that is, variation in factors that influence
the phenotype but do not involve changes in DNA sequence (Pigliucci 2005). Epigenetic mechanisms,
such as DNA methylation, work within the genome to produce a range of phenotypes. As such, the
specific genomic 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 species (Kilvitis et al. 2017).
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Epigenetic potential can take several forms: i) the mediators of epigenetic mechanisms (e.g.,
DNA methyltransferases, histone deacetylases, etc.) may differ in genetic sequence, leading to
functional differences affecting gene expression, or ii) the genomic elements upon which these
mediators act can differ in number or location (Kilvitis et al. 2017; Branciamore et al. 2010; Feinberg
and Irizarry 2010). 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, intron) and/or whether a CpG site falls within a distinct regulatory
element such as a transcription factor binding site (TFBS) (Zhu, Wang, and Qian 2016a).
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, Wolschin, and Amdam 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 epigenetic potential
favored at the time of initial introduction and/or in response to conditions experienced as the new
range is colonized (Marsh, Hoadley, and Warner 2016; Kilvitis et al. 2017, 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 anthropogenic expansions of its native
range (Hanson, Zolik, and Martin 2020). One of the most recent house sparrow introductions
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 behavior, propensity to eat novel foods, and regulation
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of their stress responses) suggesting that populations have already adjusted to prevailing conditions
(Liebl and Martin 2014, 2012). This variation, however, occurs despite the fact that Kenyan
populations have much lower genetic diversity than many populations from the native range, yet
compared to native populations, they appear to have greater epigenetic diversity (Schrey et al. 2012,
2011). Moreover, in Kenya, populations with low genetic diversity have high epigenetic diversity,
suggesting that populations might use epigenetic mechanisms to bolster phenotypic variation (Liebl
et al. 2013; Schrey et al. 2012). 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 receptors (TLRs); expression of Toll-like
receptors 2 (TLR2) and 4 (TLR4) increased in populations located far from the introduction origin
where conditions are probably more novel (Martin et al. 2014b, 2017; Martin, Liebl, and Kilvitis 2015).
Toll-like receptors reside on macrophages and other leukocytes and recognize pathogen-associated
molecular patterns (PAMPs): TLR2 recognizes peptidoglycan found on Gram-positive bacteria
whereas TLR4 recognizes lipopolysaccharide found on Gram-negative bacteria (Velová et al. 2018).
Upon binding PAMPs, TLRs trigger cytokine production and transcription 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 receptors are expected to be important for individuals invading new areas where novel
and/or generalist parasites will be comparatively more frequent (Phillips, Brown, and Shine 2010;
Marzal et al. 2011).
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In this study, we asked whether epigenetic potential in the upstream regulatory regions of three
TLRs, TLR1B, TLR2A, and TLR4, differed between native and introduced house sparrows. In a
previous study of Kenyan house sparrows, levels of TLR4 expression (at the individual 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 native ones. We hypothesized that introduced birds would have
higher epigenetic potential (i.e., more CpG sites within TLR promoters), as this could provide more
phenotypic plasticity in gene expression, presumably more advantageous in new areas (Kilvitis et al.
2017; Feinberg and Irizarry 2010). 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 introduced
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 factors
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, Wang, and Qian 2016a).
To test our hypotheses, we quantified the number of CpG sites in ~500 base-pair (BP) regions
upstream 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 introduced sites (Table 2.1), we could not probe how
epigenetic 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
therefore simply compared total CpG sites, CpG site losses, and CpG site gains as aspects of
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epigenetic potential between birds assigned to native versus introduced groups. We also asked how
any differences in epigenetic potential between these two groups were related to population genetic
structure (i.e., genetic diversity) within populations, and we investigated 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 sparrows from three native (France,
Germany, and Turkey) and eight introduced populations (Argentina (approximate age of introduction1873), Brazil (1905), Florida (USA- 1867), New Caledonia (1928), Kentucky (USA- 1867), Kenya
(1950), Senegal (1970), and South Africa (1900); Table 2.1; see Table A1.1 for sample sizes by
population). For all populations, blood or tissue samples were stored in RNAlater (Qiagen) or Queen’s
lysis buffer until DNA extraction (Seutin, White, and Boag 1991). For DNA extraction protocol, see
Appendix 1.

Genetic and Statistical Analyses
Primers were designed to span a ~500 BP region upstream of the TSS (transcription start site)
as this region may encompass the proximal promoters and/or other regulatory motifs, such as TFBS,
which may be influenced by DNA methylation (Table A1.2) (Meissner et al. 2008; Kilvitis et al. 2019).
For detailed primer design, PCR conditions, product cleanup, and sequencing protocol see Appendix
1.
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Chromatograms returned from sequencing were examined using Genome Compiler (Twist
Bioscience). The number of CpG sites in each promoter were counted on each homologous
chromosome separately to account for allelic variation. The frequency of homozygous CpG sites
across all individuals (from any population) was used to determine 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 more than 50% of all other individuals or lost if it was absent in a focal individual but present in
more than 50% of all other individuals. Individuals were removed from analysis if all CpG sites or
single nucleotide polymorphisms (SNPs) could not be scored accurately (due to noise in
chromatograms). For single nucleotide polymorphism (SNP) calling procedure, see Appendix 1.
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 instead 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 Alibaba2.1, which predicts TFBS using a database of
eukaryotic 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 were also counted on each homologous chromosome. Some TFBS could not be accurately
identified on homologous chromosomes and were eliminated from the analysis (Table A1.1).
Genetic structure of populations was described with Discriminant Analysis of Principal
Components (DAPC). Using the R package, adegenet, 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-
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fit model was selected using Bayesian Information Criteria (Jombart 2008). This analysis was
performed with population, population group (native and introduced), and source population (native,
introduced from European sources- Kentucky, Florida, New Caledonia, Argentina, Brazil, and
introduced from non-European sources- Senegal, Kenya, South Africa) as predefined groups for all
loci combined (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 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
epigenetic 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 (native 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 (n= 3) for that gene. Figures were made in GraphPad Prism 8.0
and in R using packages ggplot2 and ggpubr (Ginestet 2011; Kassambara 2018; Prism 8.0 2018).

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-
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Test, p= 0.0079; Figure 2.1a, Table 2.1). In TLR2A, CpG sites were identified at 3 unique genomic
locations (6 possible CpG sites). Introduced birds had significantly more CpG sites than native birds
in this gene (Mann-Whitney U-Test, p= 0.034; Figure 2.1b, Table 2.1). In TLR4, CpG sites were
identified at 8 unique genomic locations (16 possible CpG sites). Introduced birds had significantly
more CpG sites than native populations in this gene (Mann-Whitney U-Test, p= 0.020; Figure 2.1c,
Table 2.1).

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, p= 0.0615; Figure 2.1a, Table 2.1). In TLR2A, introduced birds
gained significantly more CpG sites than native birds (Mann-Whitney U-Test, p= 0.036; Figure 2.1b,
Table 2.1). In TLR4, introduced birds did not gain more CpG sites than native birds (Mann-Whitney
U-Test, p= 0.411; Figure 2.1c, Table 2.1).

Losses of CpG Sites
In TLR1B, introduced birds lost significantly more CpG sites than native birds (MannWhitney U-Test, p= 0.015; Figure 2.1a; Table 2.1). In TLR2A, introduced birds did not lose more
CpG sites than native birds (Mann-Whitney U-Test, p= 0.937; Figure 2.1b; Table 2.1). In TLR4,
introduced birds lost significantly fewer CpG sites than native birds (Mann-Whitney U-Test, p= 0.029;
Figure 2.1c; Table 2.1).

Influence of Genetic Diversity on CpG Traits
In TLR1B and TLR2A, there was no significant relationship between genetic diversity (i.e.,
observed heterozygosity) and total, gains, or losses of CpG sites (Table A1.3; Figure A1.1). In TLR4,
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there was no significant relationship between genetic diversity and total number of CpG sites
(pHo*group= 0.977; Table A1.3; Figure A1.1). Due to low variation, the model did not converge for the
relationship 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 native birds (pHo*group= 0.025; Table A1.3;
Figure A1.1).

Population Structure
Six clusters predicted by DAPC did not discriminate population group (native vs. introduced),
population, nor population source (European or non-European); therefore, we did not include this
information into subsequent analyses (Figures A1.2-1.10).

Transcription Factor Binding Sites
In TLR1B, we identified 7 locations where predicted transcription factor binding sites
overlapped with CpG sites and 13 types of TFBS (Table 2.2). TFBS shared by native and introduced
birds included: estrogen receptor alpha (ER⍺), nuclear factor 1 (NF1), cyclic AMP-dependent
transcription factor ATF-1 (ATF1), CCAAT/enhancer binding protein-alpha (C/EBP⍺), Rev-ErbA,
specificity protein 1 (Sp1), retinoic acid receptor (RAR⍺), COUP-TFII (NR2F2), heat shock factor 1
(HSF1), upstream stimulatory factor 1 (USF1), and CCAAT/enhancer binding protein-beta
(C/EBPβ). One type of TFBS was exclusively predicted in introduced birds: glucocorticoid receptor
(GR). ER⍺ 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 1 location where a predicted
TFBS overlapped with a CpG site and 1 type of TFBS (C/EBP⍺) (Table 2.2). In TLR4, we discovered
4 locations where predicted TFBS overlapped with CpG sites and 5 types of TFBS (Table 2.2).
Predicted TFBS shared by native and introduced birds included: Sp1, pituitary-specific positive
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transcription factor 1 (Pit-1a), and C/EBP⍺. Introduced birds had two unique TFBS: ETS Like-1
protein (Elf-1) and IKAROS family zinc finger 1 (IKZF1). Sp1 was the most commonly predicted
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 Toll-like receptors 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 sparrows in TLR2A and TLR4, but fewer total CpG sites in TLR1B (Figure
2.1). Native and introduced birds also differed in the extent that they lost and gained CpG sites (Figure
2.1). In TLR1B, introduced birds gained marginally fewer and lost significantly more CpG sites (Figure
2.1a), in TLR2A introduced birds gained more CpG sites (Figure 2.1b), and in TLR4 introduced birds
lost fewer CpG sites than native ones (Figure 2.1c). Additionally, many CpG sites fell within TFBS,
and losses and gains of CpG sites both created and eliminated TFBS (Table 2.2). Lastly, these results
were not driven by differences in genetic structure nor genetic diversity of populations (Table A3.1;
Figures A1.1-1.10). Below, we discuss how epigenetic potential may have played a role in house
sparrow introductions and range expansions.

Epigenetic Potential in Toll-like Receptors and its Putative Role in Range Expansions
The enemy release hypothesis predicts that introduced 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 haemosporidians (Marzal et al. 2011),
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but no comparisons to our knowledge exist regarding the microbes regulated by TLRs. However,
activation of TLRs incite 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 samples more than doubled in 4 hours after LPS administration (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, plasticity in expression and methylation
of TLRs via epigenetic 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
exhibit. We expect that parasite pressure varies amongst native and introduced populations, leading
to differing levels of expression and plasticity (Lafferty and Kuris 1999; Lazzaro and Little 2009).
Previous studies have shown more TLR2 and TLR4 expression in Kenyan range-edge populations,
and that DNA methylation affects TLR4 expression (Martin et al. 2014b; Martin, Liebl, and Kilvitis
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. 2014b; Martin, Liebl, and
Kilvitis 2015; Martin et al. 2017; Kilvitis et al. 2019). Past studies have not investigated TLR1B; thus,
we do not know its relevance to range expansions. In general, we know little about it in passerine
immunology.
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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 (Figure 2.1); 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 2.1). 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, Li, and Cheng 2014). Indeed, the total number of CpG sites may be indicative of the
difference in capacity for DNA methylation to produce variable phenotypes (Flores and Amdam 2011;
Feinberg and Irizarry 2010; Kilvitis et al. 2017). For range expansions, we expect that the more CpG
sites an individual has, the more successful it will be during colonization because it can regulate gene
expression more precisely (Yang, Li, and Cheng 2014). On the other hand, this might not be the only
mechanism whereby epigenetic potential affects range expansions. As the number of CpG sites
increases, the potential for plasticity could decrease, as each additional 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 methylation 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 dependent on tissue or cell-type examined (Kitazawa and Kitazawa 2007;
Luo, Yang, and Wei 2019; Lioznova et al. 2019). In future studies it will be important to investigate
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 (Williams et al. 2014; Zhou et al. 2015;
Polesskaya, Aston, and Sokolov 2006). For example, in humans, a loss of a CpG site in the promoter
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of the glycine N-methyltransferase gene (GNMT) led to varied methylation status at that location;
methylation status had a direct effect on GNMT transcription and metabolism of methionine
(Williams et al. 2014). The ability to metabolize methionine is directly linked to the propensity to
develop cardiovascular 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 2.1). Here, we could not measure methylation or gene
expression, but the aforementioned studies have revealed that the subtle differences we discovered in
promoter architecture may be sufficient to affect both. Other factors influencing levels of epigenetic
potential may include the evolutionary history of the gene (e.g.., gene duplication events), the
underlying genetic architecture of the locus (e.g., high CpG content or not), and/or complex, epistatic
interactions (Huang et al. 2011; Rodin, Parkhomchuk, and Riggs 2005; Velová et al. 2018).

Effect on Transcription Factor Binding Sites
One mechanism by which epigenetic potential can impact gene expression is through the
binding of transcription factors. Our ultimate goal was to describe whether CpG sites were impacting
TFBS, as these are hotspots for the regulation of gene expression. 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 2.2) (Zemojtel et al. 2009; H. Wang, Lou, and Wang 2019). Importantly,
methylation at CpG sites can create a TFBS independent of changes in sequence, and methylation at
CpG sites within TFBS can i.) prevent transcription factors from binding, or ii.) 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, Wang, and Qian 2016a). Further, upon binding to methylated sequences,
transcription factors can also alter the DNA methylation state of both proximal CpG sites and those
within the TFBS (Zhu, Wang, and Qian 2016a).
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The most commonly predicted TFBS (highest relative frequency) in TLR1B was ER⍺, which
is sensitive to DNA methylation (Table 2.2) (Ung et al. 2014). The binding of ER⍺ to its TFBS can
prevent methylation of the CpG within the TFBS (Ung et al. 2014). In TLR2A, the only predicted
TFBS was CCAAT/enhancer binding protein-alpha (C/EBP⍺), which was eliminated if the CpG site
was lost. C/EBP⍺ can bind either methylated or unmethylated DNA, but binds to methylated
sequences with a higher affinity (Table 2.2) (Zhu, Wang, and Qian 2016a). The CpG site in TLR4 at
which high levels of methylation correlated with low levels of expression (in a previous study) fell
within Sp1, the most commonly predicted TFBS we observed across all sparrows (Table 2.2) (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 localized demethylation, potentially through
competition with DNMT3a for binding (Furuta et al. 2008; Lo et al. 2017; Brandeis et al. 1994). Our
data suggests that variation in CpG site number impacted the prediction 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 (Figure 2.1). While introduced populations often experience
reductions in genetic diversity due to bottlenecks/founder effects at the time of introduction, we
expect that the initial founders of these introduced populations had high epigenetic potential in order
to cope with challenges via phenotypic plasticity (Kilvitis et al. 2017; Schrey et al. 2012, 2011; Liebl et
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al. 2015). In other words, there may be a minimum threshold level of epigenetic potential, where only
individuals with sufficient epigenetic potential survive the initial introduction or range expansion.
Over time, as populations persist in these areas and become accustomed to the surrounding
environment, phenotypic plasticity may be costly and impose lags or mismatches with the
environment, compared to genetically-fixed phenotypic responses (Snell-Rood 2012; Bonduriansky,
Crean, and Day 2012). Consequently, selection could act to maintain epigenetic potential during the
initial phase of the introduction and subsequent range expansion, but winnow epigenetic potential as
canalized genetic variants become more common.
Our data indicate that neither genetic diversity nor population genetic structure underpin the
differences in epigenetic potential we detected (Table A1.3; Figures A1.1-1.4). 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 integral to function and fitness in new areas. CpG sites are strongly preserved in
genes important in development in both the coding regions and in CpG islands, putatively because of
their functionality for gene transcription (Branciamore et al. 2015, 2010). 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 responding to environmental stressors such as temperature and salinity
(Marsh, Hoadley, and Warner 2016). Additional research will be needed to elucidate whether
epigenetic potential exhibits similar 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 epigenetic potential in some TLRs could be playing a role in house sparrow introductions. Because
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these sites are directly heritable, we expect that they might 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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Figures and Tables

Figure 2.1: 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
means +/- SEM.
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Table 2.1: Sample size, mean, and range of total, gains, and losses of CpG sites per gene by group
(native vs. introduced).

Gene

Group
Native

TLR1B

A

Native
Introduced
Native

TLR4

Gains

Losses

Size

Mean

Range

Mean

Range

Mean

Range

18

17.06

16-19

1.28

1-3

0.22

0-1

46

16.15

14-19

0.89

0-3

0.74

0-2

32

2.47

0-4

0.78

0-2

0.31

0-2

77

3.01

0-6

1.18

0-4

0.30

0-2

37

7.54

6-9

0.03

0-1

0.49

0-2

92

7.90

6-14

0.13

0-6

0.23

0-2

Introduced

TLR2

Total

Sample

Introduced
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Table 2.2: Predicted transcription factor binding sites (TFBS) which overlapped with CpG site
locations in each gene. Relative frequency= (TFBS/total TFBS per gene)*100. Occurrences refers to
the number of genomic locations the predicted TFBS (overlapping with CpG sites) were present.
* represents a predicted TFBS created or eliminated by a gain or a loss of a CpG site, ‡ represents a
predicted TFBS that persists if a CpG site is lost or gained, and † represents a predicted TFBS that is
created or eliminated due to a CpG and an additional SNP.

Frequency
Gene

Relative Frequency

TFBS

Occurrences
Native Introduced Native Introduced

TLR1B

ER⍺*, ‡

68

164

19.4%

20.3%

2

C/EBP⍺*, †

63

140

18.0%

17.4%

2

NF1* , †

34

92

9.7%

11.4%

2

ATF1*

32

82

9.1%

10.2%

1

Elf-1*

31

78

8.9%

9.7%

1

Rev-ErbA†

34

82

9.7%

10.2%

1

Sp1†

25

40

7.1%

5.0%

2

RAR⍺†

22

38

6.3%

4.7%

2

23

36

6.6%

4.5%

1

HSF1*

2

30

0.6%

3.7%

1

USF1*

13

9

3.7%

1.1%

1

C/EBPβ*

3

8

0.9%

1.0%

1

GR*

0

8

0.0%

1.0%

1

COUPTFII†
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Table 2.2 (Continued)

TLR2A

TLR4

C/EBP⍺†

42

111

100.0%

100.0%

1

Sp1

149

368

96.8%

94.6%

2

Pit-1a*

1

12

0.7%

3.1%

1

C/EBP⍺*

4

5

2.6%

1.3%

1

Elf-1

0

2

0.0%

0.5%

1

IKZF1

0

2

0.0%

0.5%

1
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Chapter Two:
Epigenetic Potential Affects Immune Gene Expression in House Sparrows

Note to Reader
This chapter is a pre-copy edited, author-produced version of an article published in the Journal
of Experimental Biology following peer review and used with permission. The version of record: Hanson,
Haley E., Cedric Zimmer, Bilal Koussayer, Aaron W. Schrey, J. Dylan Maddox, Lynn B. Martin.
“Epigenetic Potential Affects Immune Gene Expression in House Sparrows”, Journal of Experimental
Biology, 224 (2021): jeb238451, is available online at 10.1242/jeb.238451.

Abstract
Epigenetic mechanisms may play a central role in mediating phenotypic plasticity, especially
during range expansions when populations face a suite of novel environmental conditions. Individuals
may differ in their epigenetic potential (EP; their capacity for epigenetic modifications of gene
expression), which may impact their ability to colonize new areas. One form of EP, the number of
CpG sites, is higher in introduced house sparrows (Passer domesticus) than in native birds in the
promoter region of a microbial surveillance gene, Toll-like Receptor 4 (TLR4), which may allow
invading birds to fine-tune their immune responses to unfamiliar parasites. Here, we compared TLR4
gene expression from whole blood, liver, and spleen in house sparrows with different EP, first
challenging some birds with lipopolysaccharide (LPS), to increase gene expression by simulating a
natural infection. We expected that high EP would predict high inducibility and reversibility of TLR4
expression in the blood of birds treated with LPS, but we did not make directional predictions
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regarding organs, as we could not repeatedly sample these tissues. We found that EP was predictive
of TLR4 expression in all tissues. Birds with high EP expressed more TLR4 in the blood than
individuals with low EP, regardless of treatment with LPS. Only females with high EP exhibited
reversibility in gene expression. Further, the effect of EP varied between sexes and among tissues.
Together, these data support EP as one regulator of TLR4 expression.

Introduction
Phenotypic plasticity, or the ability of a genotype to produce multiple phenotypes across
environments, allows organisms to respond to a variety of different biotic and abiotic cues (Pigliucci
2006). Consequently, plasticity is hypothesized to be advantageous in a variety of contexts but
especially dynamic, spatially heterogeneous or novel environments (Pigliucci 2006; Lande 2015, 2009).
Phenotypic plasticity can arise through molecular epigenetic mechanisms, such as DNA methylation,
which can change gene expression without variation in DNA sequence (Feinberg 2007). Recently,
substantial work has been done on the potential for DNA methylation, induced by environmental
factors, to alter evolutionary trajectories. Yet, less attention has been directed to the genetic motifs
where methyl marks occur in the genome (Feinberg and Irizarry 2010). Variations in this substrate
could represent vital evolutionary capacitors of phenotypic variation, releasing adaptive plasticity in
particular environmental contexts (Ghalambor et al. 2015, 2007). We identified one common genetic
motif, the number of CpG sites an individual maintains, as epigenetic potential (EP) (Kilvitis et al.
2017; Feinberg and Irizarry 2010). We posit EP as a putative form of latent plasticity, which might
imbue genotypes with different capacities for epigenetically-mediated phenotypic plasticity, making
some genotypes advantageous in response to rapidly evolving or varying conditions (Kilvitis et al.
2017).
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Within the vertebrate genome, CpG sites are almost exclusively the sites of DNA methylation
(Bird 2002). DNA methylation can induce, enhance, suppress, or inhibit gene expression, depending
on the location of the CpG site relative to an intron, exon, and the transcription start site and especially
its proximity to a transcription factor binding site, promoter, or enhancer (Smith and Meissner 2013).
The number of CpG sites in or near regulatory sites are by no means the only factors that affect gene
expression, but they may represent important areas where gene expression may be finely titrated, with
more CpG sites representing more opportunities for methylation. Moreover, some CpG could serve
as a genomic substrate on which the environment could act to alter gene expression within generations
and selection later act to affect variation in gene expression across generations (Kilvitis et al. 2017;
Branciamore et al. 2010).
EP may be particularly consequential in range expansions (Hanson, Koussayer, et al. 2020;
Hanson, Wang, et al. 2020; Kilvitis et al. 2017; Feinberg and Irizarry 2010). During these events,
organisms must cope with extensive biotic and abiotic challenges while genetic diversity is often
decreased (Lee 2002; Taylor and Hastings 2005). Individuals with high EP may be able to achieve a
wider range of phenotypes than individuals with low EP, as EP may enable them to adjust gene
expression more rapidly to prevailing conditions (Kilvitis et al. 2017; Hanson, Koussayer, et al. 2020).
Already, EP has been implicated in the spread of house sparrows (Passer domesticus), one of the most
successful introduced species in the world, into new areas (Hanson, Mathews, et al. 2020; Anderson
2006). In an ongoing range expansion in Kenya, EP increased with distance from the site of initial
introduction, a trend driven by directional selection acting to preserve CpG sites at the expanding
range edge (Hanson, Wang, et al. 2020).
In the above sparrow study, differences in EP among populations were screened from loci
scattered across the genome, so it remains obscure whether EP enables plasticity by fine-turning gene
expression, as expected. Our interest in the present study was to investigate the putative physiological
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effects of EP, namely that it should provide individuals with nimble control of the expression of
particular genes. In the context of invasions, some genes should be more important to fitness than
others, particularly those that interface directly with threats inherent to novel areas. One such group
of genes is the Toll-like receptors, which recognize evolutionarily conserved pathogen-associated
molecular patterns (PAMPs) (Werling et al. 2009). Detection of parasite presence is the integral firststep to coping with an infection, which might explain why previous studies observed spatial variation
in the expression of one Toll-like Receptor gene, Toll-like Receptor 4 (TLR4), among the same
Kenyan sparrow populations mentioned earlier (Vaure and Liu 2014; Martin, Liebl, and Kilvitis 2015;
Martin et al. 2014b, 2017). TLR4 recognizes lipopolysaccharide (LPS) found on Gram-negative
bacteria, but as risk of infections is variable in time and space, greater EP in TLR4 might give
individuals an advantage to adjust the expression (via methylation) of this key gene efficiently,
depending on bacterial exposure or other factors implicating infection risk (Brownlie and Allan 2011;
Iwasaki and Medzhitov 2015). Indeed, functionally relevant variation in TLR4 expression is partly
controlled by DNA methylation. For example, in domesticated chickens, the regulation of TLR4
expression via DNA methylation was related to susceptibility to Salmonella infection (Gou et al. 2012).
Additionally, TLR4 senses damage-associated molecular patterns (DAMPs) resulting from
compromised host cells and tissues (Kuzmich et al. 2017; Mckeown-Longo and Higgins 2017). As
such, nimble regulation of TLR4 might contribute to the control of a range of parasite forms and
perhaps even the recruitment of adaptive immune response (Mukherjee, Karmakar, and Babu 2016;
Olejnik, Hume, and Mühlberger 2018; Zanin-Zhorov and Cohen 2013).
During range expansions, flexible adjustments of TLR4 via EP may be of paramount
importance. In the vast majority of cases, parasite diversity and prevalence decrease when hosts leave
their native ranges (Torchin et al. 2003; Marzal et al. 2011). Still, no place on Earth is truly without
risk of infection, especially because invaders might often need to take more risks than natives to find
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viable shelter, mates, and food in new areas. For example, house sparrows at the expanding edge of
populations are more exploratory and quicker to consume novel foods than those from longerestablished populations (Martin and Fitzgerald 2005; Liebl and Martin 2012, 2014). Such behavioral
dispositions could enable invading birds to acquire resources quickly, but they also risk exposure to
pathogens (Canestrelli, Bisconti, and Carere 2016). For invading animals then, EP in immune genes
including TLR4 might provide a rapid and labile defense against parasitic threats. In support, EP in
the putative promoter of TLR4 is higher in introduced compared to native house sparrow populations,
suggesting it may benefit invaders (Hanson, Koussayer, et al. 2020). Still, it remains to be determined
whether and how EP relates to the regulation of TLR4.
Here, we took a first-step in revealing whether EP affects gene expression in the house
sparrow by comparing TLR4 expression of sparrows with high and low EP in the putative promoter
region of TLR4, before and after birds were challenged with LPS (a TLR4 agonist). We then probed
whether EP or the composition of particular CpG sites (see below) were stronger predictors of gene
expression. We assessed EP effects on TLR4 expression in blood, liver, and spleen as methylation
likely differs across cell types and tissues. We expected that EP would be the best predictor of TLR4
gene expression across all tissues and that EP might imbue individuals with an increased ability to
adjust gene expression among tissues. Next, in blood samples, we described dynamic relationships
between EP and TLR4 expression and tested (at least over a short timescale) whether high EP enabled
the greatest inducibility and reversibility in gene expression, the crux of our interest in EP. Further,
we expected high EP birds administered LPS to show the greatest increase and decrease in expression
in the measurement period whereas we expected modest if any temporal changes in TLR4 expression
in control birds, particularly in the low EP group. We compared EP effects on both total gene
expression (area under the time curve, AUC) as well as the temporal response to LPS itself. In tissues,
we could not make directional predictions with respect to EP and/or LPS treatment because we could
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not sample these tissues repeatedly. However, we did expect tissues (as mentioned above) to manifest
different TLR4 expression with respect to EP, just as we expected low and high EP birds to differ in
TLR4 expression.

Materials and Methods
Sample Collection
Adult house sparrows (n= 31; 15 males and 16 females) were captured via mist nets in
early March 2019 from five different locations across the Tampa Bay area. An additional six birds
were captured, but were not included in the analysis due to problems during sequencing or during
DNA and RNA extraction (see below). A previous study revealed that birds from the Tampa Bay area
differed in EP (6-9 CpG sites), but showed no evidence of population genetic structure, so we
scattered capture efforts across the city to maximize inter-individual variation in TLR4 EP and other
forms of genetic variation that could affect expression (Hanson, Koussayer, et al. 2020). Our logic was
that if EP was important in nature as a driver of TLR4 expression, we would be able to detect effects
of EP on gene expression in spite of other factors that differed among the birds we captured from
the wild. As sequencing for EP had to occur after the rest of the study (so as to avoid stress-induced
immune suppression associated with captivity, obscuring TLR4 expression differences), birds were
randomly assigned to treatment group in an attempt to distribute EP comparably across both
treatment and control groups (ncontrol= 14, nLPS= 17; Table A2.1). Captured birds were transferred to a
vivarium at USF and ~10 µl blood samples were taken from the brachial vein of each bird. Blood was
added to approximately 300 µl of RNAlater (Ambion). Immediately after bleeding, birds were
subcutaneously administered either 100 µl of 1 mg ml-1 LPS in PBS (E. coli 055:B5, Sigma Aldrich
L4005) or 100 µl of PBS. LPS solution was stored in a sterile silanized bottle before administration to
prevent the binding of LPS to the glass (Martin et al. 2014a, 2011). Four hours post-injection, ~10 µl
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of blood was taken from the brachial vein and stored in 300 µl of RNA later. Six hours post-injection,
birds were euthanatized via isoflourane overdose and rapid decapitation and ~10 µl of blood was
again taken and stored in RNAlater. Liver and spleen samples were taken and stored in 500 µl of RNA
later within 10 minutes of euthanasia. The same region of the liver and the entire spleen was dissected
from each bird. All samples were stored at -80°C until further processing. Procedures were approved
by the University of South Florida IACUC (number IS00003761).

DNA Extraction and Genomic Sequencing
DNA was extracted using 0.1g of tissue or 50 µl of whole blood/RNA later mixtures using a
DNEasy Blood and Tissue kit (Qiagen). Kilvitis et al. 2019 designed the primers used in this study to
encompass the putative promoter region 726 to 1228 nucleotides upstream of the transcription start
site, which likely includes regulatory regions and CpG sites that impact expression (Table A3.1)
(Kilvitis et al. 2019; Meissner et al. 2008; Yang, Li, and Cheng 2014; Landolin et al. 2010). PCR was
prepared using 12.5 µl of 2x PCR Master Mix (Promega), 1 µl forward primer (10 µM), 1 µl reverse
primer (10 µM), 8.5 µl of nuclease free water, and 2 µl of DNA. PCR was conducted on a T100
Thermal Cycler (Bio-Rad). Cycling conditions are described in Kilvitis et al. 2019. PCR products were
purified using ExoSAP-IT (Affymetrix). Sequencing was conducted at the Field Museum of Natural
History (Chicago, IL) using BigDye Terminator technology with forward primers.

CpG Site and Genetic Characterization
Resulting chromatograms from DNA sequences were analyzed manually on Genome
Compiler using the Clustal Omega alignment algorithm (Sievers and Higgins 2014). For five
individuals, sequencing was not effective, resulting in regions of the sequence that were not able to be
analyzed. As attempts to re-sequence were unsuccessful, these individuals were excluded from the
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remainder of the study and were not included in any sample size estimates. This criterion was
established prior to the start of the study. All single nucleotide polymorphisms (SNPs) and CpG site
genomic locations in the TLR4 promoter were examined across all individuals. CpG sites were
counted on each chromosome separately (Hanson, Koussayer, et al. 2020). Individuals were classified
into the “low” or “high” EP category based on total number of CpG sites across the entire promoter.
Individuals with 7 CpG sites were categorized into the “low” group. As only one individual had 9
CpG sites, individuals with 8 or 9 CpG sites were categorized into the “high” group. To characterize
another potentially important aspect of genetic architecture on gene expression, the specific make up
of CpG sites (what we term CpG composition for the remainder of the paper), individuals were
assigned a number to represent the total number of CpG sites and a letter to represent the specific
mutation location impacting the CpG site and mutation type. For example, 7a was assigned to
individuals that had a C > T mutation impacting the “C” position of CpG site 5, 7b was assigned to
individuals that had an G > A mutation impacting the “G” position of CpG site 5, and 7c was assigned
to individuals that had an G > A mutation impacting the “G” position of CpG site 2.
While other genetic variation likely plays a role in the regulation of TLR4 gene expression, we
were not able to investigate the effects of all the SNPs observed in this region due to insufficient
power. However, to account for any effects of SNPs that may be linked with mutations in CpG sites
(which could confound our EP results), SNPs across the promoter were tested for linkage
disequilibrium using GENEPOP version 4.2 with the dememorization number, number of batches,
and number of iterations per batch all set to 10,000 (Rousset 2008). To account for multiple
comparisons of these SNPs, a Bonferroni correction was conducted using p.adjust in R version 3.6.3
(“R: A Language and Environment for Statistical Computing” 2018). Lastly, as previous work found
no population genetic structure in Tampa house sparrows assessed by genetic variation in the TLR4
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promoter and microsatellites, we did not address it here (Hanson, Koussayer, et al. 2020; Schrey et al.
2011).

RNA Extraction and Real-Time Quantitative PCR
RNA was extracted from 0.1 g of each tissue or 50 µl of whole blood/RNA later mixture
using TRI-reagent solution (Invitrogen) and was then diluted to 25 ng/µl. For one individual, RNA
extraction was unsuccessful, despite multiple attempts. This individual was excluded from the study
and is not reported in any sample size estimates. A reaction using 10 µl of iTaq Universal SYBR Green
One-Step Kit (Bio-Rad), 0.3 µl of forward primer, 0.3 µl of reverse primer, 0.25 µl of SCRIPT, 7.15
µl of nuclease free water and 2 µl of diluted RNA was then used in RT-qPCR (Table A3.1). We first
identified an appropriate housekeeping gene for our samples (see Appendix 3) based on consistency
of its expression across blood and tissue samples from control and treatment groups across all time
points. We considered three potential candidates: HMBS, TFRC and RPL13 (Olias et al. 2014), but
chose HMBS, as its expression was detectable in all samples, was not affected by LPS treatment or
EP, and showed the least inter-individual variation across all samples (see Appendix 3). Using a RotorGene Q (Qiagen), RT-qPCR was run under the following conditions: 10 min at 50°C for reverse
transcription reaction, then 1 min at 95°C for polymerase activation and DNA denaturation, followed
by 40 amplification cycle of 15 sec at 95°C then 30 sec at 60°C. Finally, a melt-curve analysis was
performed from 65 to 95°C with 0.5°C increment step every 3 sec. On all plates, nuclease-free water
was used as a negative control, a calibrator was included consisting of two pooled samples for each
tissue from control birds, and all samples were run in duplicate. TLR4 expression was assessed at 0
hours, 4 hours, and 6 hours post- injection in the blood, and at 6 hours post- injection in the liver and
spleen.
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Data Analysis
First, to consider total TLR4 expression in blood, relative TLR4 expression values at 0, 4, and
6 hours post-LPS were used to calculate the area under the time curve (AUC) for each individual.
Then, to determine whether TLR4 expression in the blood, liver, and spleen was primarily driven by
EP or CpG site composition, we first used an Information-Theoretic approach, assessing the relative
support for each model in each tissue separately. Specifically, we fitted two Generalized Linear Models
(GLMs) with a Gamma error distribution. Models (for each tissue separately) included LPS treatment,
sex, and either EP or CpG site composition and the two- and three-way interactions among all fixed
effects. Best-fit models were identified by comparing corrected Akaike Information Criterion (AICc)
scores of each model. As the previous analysis showed that EP was the best predictor of TLR4
expression, we further investigated the effect of EP on TLR4 expression dynamics in the blood at
each time point by fitting Generalized Linear Mixed Models (GLMM) with a Gamma error
distribution. The models included LPS treatment, sex, EP and time post-injection (0, 4 and 6 hours)
and the two- and three-way interaction among all fixed effects. Individual identity of each bird was
specified as a random effect. GLMs were run using the GENMOD procedure and GLMM with the
GLIMMIX procedure in SAS University Edition (SAS Institute Inc., Cary, USA). Post-hoc
comparisons were performed using Tukey-Kramer multiple comparison adjustments to obtain
corrected p-values. All figures were made in GraphPad Prism Version 8.0 (“Prism 8.0, GraphPad
Software” 2018).

Results
Best-Fit Models for TLR4 Expression
We first asked whether EP (number of CpG sites) was related to CpG site composition
(specific makeup of CpG sites), as such a relationship could affect gene expression and hence our
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functional interpretation of EP. Total CpG sites ranged from 7 to 9. Across all individuals, five
possible CpG site compositions occurred (7a, 7b, 7c, 8, and 9; Table A2.1), and 11 SNPs were
identified across all individuals. Two pairs of SNPs were found to be significantly linked (SNPs 2 and
4: p= 0.015, SNPs 1 and 5: 0.002) and one pair of SNPs was marginally non-significantly linked (SNPs
1 and 4: p= 0.055). While here we were unable to investigate the relationship between expression and
all observed genetic variation, we found that none of the linked SNPs overlapped CpG sites (e.g.
mutations were not at the C or G position of the CpG sites). EP consistently appeared as the best
predictor for TLR4 expression (blood (AUC): AICc= 194.99, wi= 1.0; liver: AICc= 70.56, wi= 1.0;
spleen: AICc= 97.99, wi= 1.0; Table A2.2).

Epigenetic Potential Effects on TLR4 Expression in Blood and Organs
In the blood, individuals with high EP had larger AUC for TLR4 expression than low EP
individuals (β= 1.32 [0.05 - 2.58], p= 0.0075; Figure 3.1a and 3.3; Table A2.3). AUC for relative TLR4
expression in blood was not influenced by sex, nor other interactions with fixed effects (Table A2.3).
Treatment with LPS had a marginally non-significant effect on TLR4 AUC expression, tending to
increase expression (β= 0.22 [-1.05 - 1.48], p= 0.0588; Table A2.3).
TLR4 expression in the liver was predicted by EP (β= 1.27 [0.22 - 2.31], p= 0.0177; Figure
3.1b), but this relationship differed between the sexes (sex*EP, β= -1.62 [-3.00 – 0.23], p= 0.0221;
Figure 3.4; Table A2.3). While the interaction was significant, subsequent tests for multiple
comparisons revealed no specific significant differences between the sexes of different EP level.
Treatment with LPS significantly increased TLR4 relative expression in the liver (β= -0.80 [-1.32 – 0.29], p= 0.0005). However, TLR4 expression in the liver was not predicted by the interaction between
treatment and EP, nor any other term in the model (Table A2.3).

47

TLR4 expression in the spleen was influenced by EP (β= -1.12 [-1.97 – -0.28], p= 0.0092;
Figure 3.1c), but this relationship differed between LPS and control groups (treatment*EP, β= 2.20
[0.99 – 3.41], p= 0.0004; Figure 3.2; Table A2.3). High EP controls expressed more TLR4 than low
EP controls (z= 2.66, p= 0.0391) and low EP individuals administered LPS expressed more TLR4
than low EP controls (z= -3.43, p= 0.0033; Figure 3.2; Table A2.4). Sex was also a significant predictor
of TLR4 expression in the spleen, with males expressing more TLR4 than females (β= -0.88 [-1.48 –
-0.28], p= 0.0039; Table A2.3).

Dynamic Effects of Epigenetic Potential on TLR4 Expression in the Blood
To evaluate whether EP affected reversibility in TLR4 expression, we also investigated
dynamic changes in expression in the blood after LPS or vehicle administration. TLR4 expression in
the blood changed over time, but this effect was different by sex and EP (time*sex*EP, F(3, 65.37)=
5.59, p= 0.0018; Figure 3.3; Table A2.5). Post-hoc comparisons revealed that there were no significant
differences between males and females of any EP level at time 0 or 4, but at time 6, females with high
EP had lower expression than males with high EP (t= -4.56, DF= 80.33, p= 0.0013) and females with
low EP had marginally lower expression than males with high EP (t= -3.34, DF= 80.33, p= 0.0568;
Figure 3.3; Table A2.6). Across time points but within the same sex and EP categories, females with
high EP significantly increased TLR4 expression by 4 hours post-LPS or vehicle administration (t= 6.02, DF= 62, p= <0.0001) and significantly decreased expression to pre-LPS levels at 6 hours postadministration compared to samples 4 hours post administration (t= 4.80, DF= 62, p= 0.0006; Figure
3.3; Table A2.6) as there was no difference in gene expression at 0 and 6 hours (t= -1.22, DF= 62, p=
0.9854; Figure 3.3; Table A2.6). In females with low EP, there was a marginally non-significant
difference in expression between 0 and 4 hours post-LPS (t= -3.32, DF= 62 p= 0.0594); no difference
between 4 and 6 hours (t= 0.53, DF= 62, p= 1.0); and no difference between 0 and 6 hours post-LPS
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(t=-2.79, DF= 62, p=0.2075). In males with high EP, there was no difference between expression
between 0 and 4 hours post-LPS (t= -2.64, DF= 62, p= 0.2805) or between 4 and 6 hours (t= -0.61,
DF=62, p= 1.0), but there was a marginally non-significant increase in expression between 0 and 6
hours (t= -3.25, DF= 62, p= 0.0727). In males with low EP, there was a significant increase in
expression by 4 hours post- LPS injection (t= -4.50, DF=62, p= 0.0016) with no change between 4
and 6 hours (t=0.68, DF= 62, p= 0.9999). Low EP males never returned to baseline levels of
expression, as they still had significantly more expression at 6 hours than prior to LPS (t= -3.83, DF=
62, p= 0.0142). Here, treatment with LPS (but no subsequent interactions) increased TLR4 expression
overall (F(1,31)= 6.37, p= 0.0170; Table A2.5).

Discussion
Our goal was to investigate whether and how one form of EP, the number of CpG sites in
the putative promoter region TLR4, affects gene expression in the blood, liver, and spleen of house
sparrows. Here, we used LPS to simulate an immune challenge, which transiently upregulates TLR4,
in order to ascertain whether birds with high EP regulated TLR4 expression differently. As the
regulation of gene expression is quite complex, we first asked which gene regulatory factor was the
most important for TLR4 regulation among EP and CpG site composition. As anticipated, EP was
the best predictor of TLR4 expression (in all tissues we considered) compared to CpG site
composition (Table A2.2). Across all tissues, we saw an effect of EP but the directionality of this effect
was tissue-specific (Figure 3.1). Surprisingly, treatment with LPS had a weaker effect on TLR4
expression than we anticipated and have observed previously. Only in the spleen did we find that
treatment modulated the effect of EP, a finding we expected to see across tissues (Figure 3.2). When
we investigated the influence of EP on gene expression in the blood, we found that individuals with
high EP had expressed more TLR4, regardless of treatment with LPS (Figures 3.1 and 3.3). Further,
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sex had a significant effect on TLR4 expression across all tissues, and in the blood and liver, the
influence of EP on expression also differed by sex (Figure 3.3 band 3.4, Table A2.3). Lastly, we found
that only female house sparrows with high EP exhibited both inducibility and reversibility of TLR4
expression in the blood, although these effects were independent of LPS treatment (Figure 3.3b). In
males, overall TLR4 expression tended to be higher probably because of the lack of reversibility over
the period considered (Figure 3.3b).

Epigenetic Potential is the Best Predictor of Gene Expression
Of course, many genetic and environmental factors will affect the expression of TLR4 as well
as probably most genes in free-living animals. We argue that EP persists in populations partly because
it imbues organisms with a latent capacity for phenotypic plasticity. We do not expect it is the only
factor that affects TLR4 expression in this species, but as discussed in the introduction, we do expect
that it is particular important for vertebrates expanding their ranges or living in otherwise
spatiotemporally variable environments (Kilvitis et al. 2017). As each CpG site represents a place for
DNA methylation to occur, more CpG sites should allow for greater control of gene regulation,
facilitating the malleability of gene expression in response to salient stimuli. However, variation in EP
in the present study revealed a potential confounding factor: the number of CpG sites (EP) was
different among individuals, but the specific CpG sites making up the total number, or CpG site
composition, was also different among individuals. Many studies found that gene expression is driven by
methylation at specific CpG sites; methylation at some sites is fixed whereas dynamism in methylation
at other loci is unrelated to gene expression (Lanata, Chung, and Criswell 2018). For example, in
Kenyan house sparrows, DNA methylation at one CpG site in the putative TLR4 promoter (examined
here) was inversely correlated with hepatic gene expression (Kilvitis et al. 2019). If a mutation occurred
within that one functional CpG site, gene expression might be affected. Generally, though, the loss of
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a CpG site corresponds to the loss of ability for methylation to occur (Zhou et al. 2015; Zhi et al.
2013), so we first asked whether EP or CpG site composition was a better predictor of TLR4
expression in any tissue. We found that EP was indeed a better predictor across all tissue types than
CpG site composition, giving credibility to the idea that it is in fact EP, rather than specific sites within
the promoter, that is influencing the expression of this gene in these sparrows (Table A2.2). While we
could not investigate other genetic differences between individuals which may also influence gene
expression due to insufficient power, we did investigate whether SNPs were linked to CpG sites. We
did not find evidence of this, again indicating that EP is the important factor affecting TLR4
expression.

Epigenetic Potential Predicts Tissue-Specific Expression
One might expect that given such strong and diverse protective effects, TLR4 should be
expressed at all times at high levels on many cell types. However, TLR4 instigates such broad immune
responses that the imposition of costly investments of energy and resources might favor rapid and
reversible as opposed to constitutive expression (Sadd and Schmid-Hempel 2009; King and Swanson
2013; Zuk and Stoehr 2002; Martin et al. 2017). Too little TLR4 may render an organism susceptible
to infection, but too much might be physiologically wasteful and or even risky in terms of
inflammatory self-damage (Olejnik, Hume, and Mühlberger 2018; Perrin-Cocon et al. 2017). Indeed,
TLR4 overactivation can lead to sepsis and death, which altogether suggests that it should be extremely
important to regulate TLR4 expression so as to balance protection against collateral damage and
wastefulness (Kuzmich et al. 2017). Responses may thus need to be sculpted to cell types and tissues,
as each of differ in likelihood of exposure to Gram-negative bacteria (Adelman and Hawley 2017).
The elegance of EP is that it is encoded in the genome, putatively allowing differential
regulation of gene expression across scales from single cells to whole tissues. As EP was revealed to
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be the best predictor of TLR4 expression that we considered, we explored the effects EP on each
tissue, too. We found an effect of EP on TLR4 expression across the blood, spleen, and liver (Figure
3.1). In the blood, high EP individuals had higher relative TLR4 AUC expression than low EP
individuals (Figure 3.1a and 3.3a). Conversely, in the liver and the spleen, high EP individuals had
lower relative TLR4 expression (Figure 3.1b and c). Other studies have found similar tissue-specificity
in TLR4 expression (Nishimura and Naito 2005; Zarember and Godowski 2002). This outcome is not
surprising, as blood, liver, and spleen are made up of very different cell types and proportions, lending
to their differences in gene expression, function, and subsequent immune responses (Robinson,
Harmon, and O’Farrelly 2016; S. M. Lewis, Williams, and Eisenbarth 2019). Spatiotemporal
heterogeneity also exists within and among tissues, too (Gough et al. 2017). For example,
subpopulations of cell types within tissues can differ in respect to TLR4 expression, often driven by
different exposure to microbiome constituents and other factors (Y. Wang et al. 2010; Price et al.
2018; Chaussé et al. 2011; Pioli et al. 2004). Importantly, differences in expression can be dynamically
mediated by rapid changes in DNA methylation, and patterns of DNA methylation are often tissueand cell-specific (Bruniquel and Schwartz 2003; Husby 2020). While we do not yet know whether the
directionality or rapidity of these changes is adaptive or protective, or even whether they are driven
via DNA methylation, EP may be one mechanism by which house sparrows and perhaps other
vertebrates manifest immune responses differently across cellular, tissue, and organismal levels (Figure
3.1).
Surprisingly, treatment with LPS did not seem to release latent plasticity in TLR4 expression
as we expected. We predicted treatment with LPS to push the system such that both inducibility and
reversibility of gene expression could be examined, at least in the blood where we could measure
expression across multiple time points. Across the tissues, we expected to see that EP modulated
expression in response to LPS, but we only saw this effect in the spleen (Figure 3.2). There, low EP
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individuals treated with LPS expressed more TLR4 than low EP controls (Figure 3.2). Additionally,
high EP controls expressed more TLR4 than low EP controls (Figure 3.2). Perhaps we saw an
interaction between EP and LPS in the spleen as this tissue filters blood-borne pathogens and exhibits
high constitutive expression of TLR4 (Lewis et al. 2016; Vaure and Liu 2014). In the blood (AUC)
and liver, individuals treated with LPS expressed more TLR4, but this effect was not statistically
significant in the blood (AUC) (Table A2.3). Previous studies have shown that TLR4 expression
increases in mice rapidly in response to restraint stress and in house sparrows kept in captivity for
several weeks, as well as to other stressors (Zhang et al. 2008; Gárate et al. 2014; Martin et al. 2011).
We propose that the unavoidable stress of capture, restraint, and repeated sampling in the present
study may have obscured some of the effects of LPS across tissues. Overall, while we expected to find
EP-dependent LPS effects on TLR4 expression, we instead found that EP seems to capacitate gene
expression differently across each tissue.

Effects of Epigenetic Potential on the Inducibility and Reversibility of TLR4 Expression
Much of our interest in EP lies in its potential to modulate the inducibility and reversibility of
gene expression. Related to this, we were also interested in the range of expression achieved by high
and low EP individuals. As we were constrained to measuring expression in the liver and the spleen
only once at the end of the experiment, largely when we expected the effects of LPS to be diminished,
we asked about inducibility and reversibility in the blood. We first used area under the time curve
(AUC) to ask about the range of expression over the entire time course of the experiment. Individuals
with high EP had almost double the mean amount of AUC expression in the blood of low EP birds
(Figure 3.1a and 3.3a). LPS effects on TLR4 expression did not interact with EP; high EP birds
expressed more TLR4 independently of LPS treatment (Table A2.3). Nevertheless, EP did influence
the range of expression released over time. Similar outcomes have been seen in other systems with
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CpG site content in promoter regions and proximal to the TSS found to correlate positively with gene
expression and promoter activity (Yang, Li, and Cheng 2014; Landolin et al. 2010).
This investigation into AUC expression could not reveal whether EP effects are typically
induced or reversible. Presently, EP seems to underlie constitutive differences in expression among
individuals, however there were no significant differences in TLR4 expression between individuals at
time point 0 (Figure 3.3; Table A2.6). Thus, high EP individuals did not constitutively express more
TLR4 than low EP individuals, suggesting that the response was induced and related to EP, but not
treatment with LPS. Further, we found some evidence for reversibility effects by EP, but in a sexspecific way (Figure 3.3b). Females with high EP increased TLR4 expression by 4 hours, but decreased
expression between 4 and 6 hours, leading to similar levels of TLR4 expression as seen prior to LPS
(Figure 3.3b). In other words, high EP females showed both inducibility and reversibility (independent
of treatment with LPS). In comparison, high EP males only increased expression after 6 hours postinjection. In this case, males only showed inducibility (again independent of LPS treatment), but not
reversibility (Figure 3.3b). Both low EP females and males exhibited similar sex-specific trends as their
high EP counterparts, but their responses were lower in magnitude (Figure 3.3b). It is possible that if
we had extended the duration of the experiment, males would have eventually returned to baseline
expression levels. Altogether though, EP seemed to capacitate a wider range of induced TLR4
expression in all birds, but only reversibility in female house sparrows. As described earlier, for
invading animals, EP in TLR4 might provide a rapid and labile defense against unfamiliar parasites,
especially as TLR4 is one of the first points of contact between host immune system and pathogens
(Hanson, Koussayer, et al. 2020). A wider range of induced TLR4 expression may be advantageous
when coping with unfamiliar environments or novel parasites, as the optimal level of expression
necessary to combat infection may be variable.
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Sex-Specific Effects of TLR4
One unexpected finding in this study was the effect of sex on TLR4 expression across tissues.
Life history trade-offs have long been studied as a driver of variation in immunity, and TLR4
expression has been shown to differ between the sexes in other systems but the directionality is
inconsistent (e.g. baseline vs LPS-induced, tissue/cell types, etc.) (Klein and Flanagan 2016; Roberts
et al. 2012; Roberts, Moussawi, and Huber 2013; EL Temple et al. 2008; Q. Han et al. 2020; Marriott,
Bost, and Huet-Hudson 2006). Sex hormones affect TLR4 expression, but results are similarly
inconsistent (Calippe et al. 2010). Similar to the effects of EP in the blood mentioned above, we found
that TLR4 expression in the liver varied by sex and EP (although this effect was weak given that posthoc analysis revealed no pair-wise differences) (Figure 3.4). In the spleen, males expressed more TLR4
than females, regardless of EP (Table A2.3). This study was conducted early in the breeding season
for Tampa house sparrows, when sex hormones could be elevated (Hegner and Wingfield 1986a,
1986b). Perhaps the relationships we identified between sex, EP and TLR4 expression will differ
across breeding and non-breeding seasons. Further, sex-specific differences in DNA methylation have
been found in other studies, including other passerines (Verhulst et al. 2016). As DNA methylation
can contribute to sex differences in expression, EP may provide additional substrate for the flexible
modulation of gene expression between the sexes (Inoshita et al. 2015).

Conclusion
EP was related to TLR4 gene expression in the blood, liver, and spleen of house sparrows
(Figure 3.1). We expect that these relationships have implications for phenotypic plasticity in perhaps
this and other species, as EP was related to the range of gene expression achievable over time in the
blood. EP also behaved differently among tissues and between sexes, providing an additional (and
unexpected) context-dependency in expression that could also play a role in range expansions.
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Surprisingly, the effects of EP acted largely independently of LPS treatment, except in the spleen
(Figure 3.2). Additionally, we only found evidence of reversibility in gene expression in females with
high EP; in both sexes, though, high EP was associated with greater TLR4 inducibility (Figure 3.3).
Overall, our results are consistent with our initial hypothesis that EP may provide a latent, genomic
capacity for flexible modulation of gene expression, but further work is needed to understand whether
and how gene expression in sparrows is altered by DNA methylation, how much the influence of EP
on expression is regulated versus stochastic, what other genetic factors affect the expression of TLRs
and other genes integral to the control of bacterial infections, and what functional role EP in TLR4
in particular plays in house sparrows in mitigating infection risk.
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Figures

Figure 3.1: Epigenetic potential (EP) predicts tissue-specific TLR4 expression. (a) High EP
individuals had significantly higher TLR4 AUC (area under the time-series curve) expression in the
blood (β= 1.32 [0.05 - 2.58], p= 0.0075) compared with low EP individuals. Conversely, high EP
individuals expressed less TLR4 in the (b) liver (β= 1.27 [0.22 - 2.31], p= 0.0177) and (c) spleen (β= 1.12 [-1.97 – -0.28], p= 0.0092) compared with low EP individuals. Means are displayed beneath panel
labels. Error bars presented as means ± SEM and samples sizes are reported in Table A2.1.
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Figure 3.2: Epigenetic potential (EP) and treatment predict TLR4 expression in the spleen. EP effects
on splenic TLR4 expression differed between the LPS-treated (right of the dotted line) and control
groups (left of the dotted line; EP*treatment, β= 2.20 [0.99 – 3.41], p= 0.0004). Asterisks denote
differences detected by pair-wise contrasts, error bars presented as means ± SEM, and samples sizes
are reported in Table A2.1.
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Figure 3.3: Epigenetic potential (EP) influences the inducibility and reversibility of TLR4 expression
in the blood. (a). Across all individuals regardless of sex or treatment, high EP individuals had higher
levels of induced TLR4 expression (AUC) compared with low EP individuals (β= 1.32 [0.05 - 2.58],
p= 0.0075). (b). TLR4 expression differed over time between males and females with different EP
levels (F(3, 65.37)= 5.59, p= 0.0018). Within time points, all individuals had similar levels of expression
at the time of injection and after 4 hours. Across time points, high EP females showed more
inducibility and reversibility of expression. Conversely, males of EP show a delayed response and no
reversibility, only moderately increasing their expression by 6 hours post injection. Low EP females
show less inducibility and reversibility in expression than high EP females. Low EP males show
inducibility, but not reversibility. Overall, only high EP females show evidence of inducibility and
reversibility of TLR4 expression. Note that for panel (b) we only display significant or marginally nonsignificant differences within the same time points and across time points for the same sex and EP
level groups (Table A2.6). Significant differences exist across time points between sexes of different
EP level, but they are not meaningful for this investigation. Error bars presented as means ± SEM
and samples sizes are reported in Table A2.1.
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Figure 3.4: Epigenetic potential (EP) and sex predict TLR4 expression in the liver. TLR4 expression
in the liver (n= 31) was influenced by EP, but the effect differed between males (left of the dotted
line) and females (right of the dotted line) (β= -1.62 [-3.00 – 0.23], p= 0.0221). Post-hoc comparisons
revealed no significant pairwise differences between groups. Error bars presented as means ± SEM
and samples sizes are reported in Table A2.1.
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Chapter Three:
Epigenetic Potential and DNA Methylation in an Ongoing
House Sparrow (Passer domesticus) Range Expansion
Note to Reader
This chapter is currently in revision for publication and has been co-authored by Chengqi
Wang, Aaron W. Schrey, Andrea L. Liebl, Mark Ravinet, Rays H. Y. Jiang, and Lynn B. Martin. A
preprint has been submitted to BioRxiv (https://doi.org/10.1101/2020.03.07.981886).

Abstract
During range expansions, organisms can use epigenetic mechanisms to adjust to conditions at
novel sites by altering gene expression and enabling phenotypic plasticity. Here, we predicted that the
number of CpG sites within the genome, one form of epigenetic potential, would be important for
successful range expansions because DNA methylation can modulate gene expression, and
consequently plasticity. We asked how CpG site number and DNA methylation varied across five
locations in the ~70 year-old Kenyan house sparrow (Passer domesticus) range expansion. We found that
the number of CpG sites increased towards the vanguard of the invasion. Analysis suggests that this
pattern may have been driven by selection, favoring more CpG sites at the range edge and more losses
of CpG sites towards the initial site of introduction. Further, DNA methylation decreased but became
more variable towards the range-edge. These results indicate that epigenetic potential may have
influenced the Kenyan house sparrow range expansion, likely by providing greater phenotypic
plasticity. We hypothesize that as new areas are colonized, epigenetic potential may be selectively
advantageous early but eventually be replaced by genetically-canalized responses as populations adapt
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to local conditions. Similar mechanisms might underlie the successes and failures of other natural and
anthropogenic range expansions.

Introduction
Epigenetic modifications, such as DNA methylation, play a critical role in linking
environmental variation to phenotypic variation by modifying how genes are expressed (Smith and
Meissner 2013). In vertebrates, these processes are instrumental to cellular and tissue differentiation
during development but these same modifications can also affect evolutionarily-relevant behavioral,
morphological, and physiological plasticity (Bock et al. 2012; Feinberg 2007). Epigenetic variation,
including DNA methylation patterns, predominates in particular genomic regions (e.g., CpG
dinucleotides in vertebrates), so, depending on genomic makeup, individuals might differ in their
capacity to be modified epigenetically (Feinberg and Irizarry 2010). Moreover, when genetic variation
associated with epigenetic marks occurs in genes that affect fitness, natural selection should follow,
leading to differences in epigenetic potential among populations and species (Feinberg and Irizarry
2010). Consequently, epigenetic potential (i.e., genomic differences in the capacity for epigenetic
mechanisms to mediate phenotypic variation) might become common or rare depending on the
selective value of phenotypic plasticity in a given area (Kilvitis et al. 2017). For instance, during range
expansions, individuals face relatively novel conditions that require rapid phenotypic responses, but
they also risk reduced performance because of low population genetic diversity or founder effects (Lee
2002). Early in invasions, we thus expect epigenetic potential to predominate via directional selection.
As generations adapt to colonized environments, though, the local value of epigenetic potential might
wane as mutations occur, selection ensues, and phenotypically plastic genotypes are outcompeted by
genotypes with genetically canalized traits (Kilvitis et al. 2017). In this light, we asked if epigenetic
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potential contributed to a successful range expansion of one of the most ubiquitous avian species, the
house sparrow (Passer domesticus).
House sparrows moved out of the Middle East thousands of years ago as agriculture spread
into Europe (Ravinet et al. 2018). Over the last 170 years, this species has achieved a near-global
distribution, largely due to intentional or accidental movements by humans (Hanson, Mathews, et al.
2020; Ravinet et al. 2018). As house sparrows spread globally, they have had to cope with a wide range
of biotic and abiotic novelties. Concurrently, some introduced groups are expected to have faced
genetic challenges associated with introduction events and expansions, namely founder effects and
bottlenecks (Schrey et al. 2011; Parkin and Cole 1985). Despite these challenges, house sparrows
endure and often thrive, exhibiting extensive phenotypic variation across much of the globe (Johnston
and Selander 1971b; Blem 1973; Kendeigh 1976). In one of their most recent range expansions in
Kenya, house sparrow trait variation, including the regulation of glucocorticoid hormones, immune
genes, and several behaviors, track relative population age (Liebl and Martin 2013; Martin and Liebl
2014; Liebl and Martin 2012; Martin et al. 2014b, 2017). This paradox of extensive trait variation when
genetic variation is comparatively low (relative to native populations) might be resolved by epigenetic
compensation, a result observed previously in this system (Schrey et al. 2012). In other words, when
population genetic diversity was low at a capture site along the invasion, epigenetic diversity was high
(Liebl et al. 2013).
Epigenetic potential may manifest through multiple mechanisms, but here we focus on the
number of one class of genetic motifs upon which DNA can be methylated (Branciamore et al. 2010;
Zhu et al. 2016; Kilvitis et al. 2017). DNA methylation occurs when a methyl group is added to the
fifth carbon position of a cytosine within a cytosine-phosphate-guanine site, or CpG site (Smith and
Meissner 2013). DNA methylation can be induced or eliminated rapidly following stimulation from a
range of factors (e.g., diet, transcription factor activity, stressors, etc.), and it can induce, inhibit, or
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enhance gene expression depending on where it occurs in the genome (Wu and Zhang 2014; Smith
and Meissner 2013; Zhu, Wang, and Qian 2016b). In principle, each CpG site represents an
opportunity for DNA methylation to alter gene expression (Branciamore et al. 2010). Here, we asked
whether epigenetic potential varied across this same range expansion, investigating specifically how
CpG number and DNA methylation state varied among sparrow populations of different age. This
work was partly motivated by the recent discovery that the number of CpG sites for two immune
genes (Toll-like receptors 2A and 4) was higher in introduced compared to native house sparrows
(Hanson, Koussayer, et al. 2020). There, it is argued that this pattern reflected evidence for epigenetic
potential fostering invasions because it allows for more plasticity in immune responses, an important
trait in areas where many pathogens would be novel to their hosts.
In the present study, we used reduced representation library-based sequencing to compare
CpG site number and DNA methylation among five sparrow populations spanning the ~70 year old
Kenyan range expansion (Schield et al. 2016). Genetically, we queried i) how the number of CpG sites
changed across the range expansion; ii) whether CpG sites were being lost or gained and whether CpG
mutations were more common than other mutations, and iii.) whether these patterns potentially arose
via selection by comparing Tajima’s D and Fay and Wu’s H metrics across the range expansion
between CpG and non-CpG sites simultaneously. We hypothesized that if selection was favoring
epigenetic potential, we would find evidence for selection on CpG sites, but not non-CpG sites,
towards the range edge. Epigenetically, we asked iv) whether global DNA methylation levels varied
amongst sparrow sampling sites. We predicted that epigenetic potential would increase towards the
range edge with range edge sparrows gaining more or losing fewer CpG sites than those captured
closer to the site of introduction (i.e., the range core). We also expected any changes to be due to
selection for CpG sites towards range edge or against them at the range core. Finally, we expected
more epigenetic potential might underlie more methylation, yet the complex interplay among
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environment, gene region, CpG sites and DNA methylation status made more precise predictions
along the range expansion impossible.

Materials and Methods
House Sparrow Sampling
House sparrows were captured via mist nets in five cities across southern Kenya in February
through May of 2013. House sparrows were initially introduced to the port city of Mombasa, and, as
in other studies, we used distance (in km) from Mombasa as a proxy for time since colonization (See
Liebl and Martin 2012; Martin et al. 2014; Schrey et al. 2014; Martin et al. 2015). Birds were captured
from Mombasa (0 km), Voi (160 km), Nairobi (500 km), Nakuru (650 km), and Kakamega (850 km).
Individuals were brought into captivity and housed at ambient conditions with ad libitum access to
food and water. After five days of captivity, house sparrows were euthanized via isoflurane overdose
and rapid decapitation. Whole brains were removed and stored in PBS with sodium azide at 4°C.
Before DNA extraction, hippocampi were excised from whole brains and 0.1 g was used for DNA
extraction. Hippocampal samples were collected from house sparrows initially meant for a study
focused on neurogenesis. DNA was extracted in August 2017 using phenol/chloroform/isoamyl and
stored at -20°C until sequencing (Michael R. Green and Joseph Sambrook 2001).

Sequencing
Sequencing was performed on an Ion Torrent Personal Genome Machine (PGM) at Georgia
Southern University Armstrong Campus’ facility (Life Technologies). For library creation, we
modified a standard GBS protocol for ddRAD and epiRAD sequencing on the Ion Torrent platform
(Life Technologies) (ddRAD-seq; n= 64, epiRAD-seq; n= 53- sample sizes by city listed in Table 4.1)
(Schield et al. 2016; Mascher et al. 2013). For ddRAD, we used enzymes MspI and PstI (all enzymes
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New England Biolabs, Ipswich, MA). For epiRAD we substituted the methylation sensitive restriction
enzyme HpaII for MspI. HpaII and MspI cut DNA at the same sequence (CCGG), but differ in their
sensitivity to methylation, allowing us to calculate population genetic statistics and compare the
presence or absence of methylation at loci among individuals (Schield et al. 2016). After restriction
digestion, we ligated on barcodes and y-adaptors of the Ion Torrent IonXpress sequences. We
conducted emulsion PCR following manufacturers protocols of the Ion PGM-Hi-Q-View OT2-200
kit on the Ion Express OneTouch2 platform. We then sequenced resultant fragments following
manufacturers protocols of the Ion PGM-Hi-Q-View Sequencing 200 Kit using an Ion 316v2 BC
Chip. This process generated two datasets; the genetic ddRAD data that were used to determine
epigenetic potential (MspI with PstI), and the epigenetic epiRAD data that were used to measure DNA
methylation among HpaII restriction sites (HpaII and PstI).

Genetic Data Quality Control and Analysis
The reads were demultiplexed within Torrent SuiteTM version 4.4.3 (Life Technologies). The
resulting BAM files were converted to SAM files using the “bamtosam” in the package SAMtools and
imported into R (version 3.5.1) (H. Li et al. 2009; “R: A Language and Environment for Statistical
Computing” 2018). For each of the five cities, a density plot showing the distribution of read lengths
against number of reads retained was created (Figure A4.1). The average read length peaked at 75, and
all reads fewer than 75 base pairs were removed (Figure A4.1) (Recknagel et al. 2015). The resultant
files were converted to FASTQ format and TRIMMOMATIC (version 0.36) was used with default
settings to perform quality control (Bolger, Lohse, and Usadel 2014). Reads were mapped back to the
house sparrow genome using BWA (H. Li and Durbin 2009; Elgvin et al. 2017).This genome belonged
to an individual from an inbred, insular population of house sparrows in their native range (Elgvin et
al. 2017). The mapped reads were converted to a BAM file using SAMtools and run through the
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STACKS (Version 2.5.3) pipeline, starting with the function “gstacks” to identify variant sites,
followed by “populations” to calculate population genetic statistics (Catchen et al. 2013). Here, we
filtered for loci that occurred in a minimum of 60% of individuals using the parameter -r 0.6. The
Variant Call Format (VCF) file was returned from “populations”.
All CpG and GpC dinucleotides were identified within the mapped reads and the house
sparrow genome. Compared with the house sparrow genome, SNPs occurring within a CpG (e.g. CpG
-> CpA) or within a GpC (e.g. GpC -> ApC) were considered a loss of that dinucleotide. Any SNPs
leading to a distinct CpG or GpC motif to be formed were considered a gain of that dinucleotide. All
mutation types leading to a loss or a gain of a CpG and a GpC were quantified as the average number
of mutations: ∑%'(
%') $% / * where Ni is the number of specific mutations within a sample, and n is the
total number of samples. A Wilcoxon test was used to compare the significance of specific mutation
types across all mutation types, and the FDR was calculated. In R, CpG sites were relativized using
the equation:
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Number of CpA mutations were relativized using:
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-'4,6,0

$0.→04
$.0→40
Number of TpG mutations were relativized using:
$0.→6.
$.0→.6

In all equations, X represents the changing base pair, N represents the number of mutations, and →
represents mutation direction (Saxonov, Berg, and Brutlag 2006; Fryxell and Moon 2005).

Linear regressions were used to ask about the relationship between the distance from
Mombasa (as a continuous variable) and relativized CpG sites, gains and losses of CpG sites, and CpA
and TpG mutations.
To determine whether CpG patterns were artifacts of history as birds moved among
comparatively small populations, we used Discriminant Analysis of Principal Components (DAPC) to
elucidate population structure using variants called by STACKS (Jombart 2008; Jombart et al. 2010;
Catchen et al. 2013). Within the R package adgenet, the function “find.clusters” was used to predict the
number of genetic clusters. The function “dapc” was then run to describe the relationship between
clusters. Observed heterozygosity, expected heterozygosity, private allelic sites, and the inbreeding
coefficient calculated by STACKS were compared to distance to Mombasa using Pearson correlation
coefficients.
Tajima’s D and Fay and Wu’s H were calculated for both CpG sites and non-CpG sites for
each city to determine whether selection was driving spatial patterns in epigenetic potential. Negative
values of Tajima’s D suggest positive selection or population expansion, but cannot distinguish
between these alternatives (Tajima 1989). However, by incorporating information from an outgroup,
Fay and Wu’s H can distinguish between selection or expansion scenarios and thus was also estimated
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for each city (Fay and Wu 2000). Tajima’s D and Fay and Wu’s H were calculated using both the R
package PopGenome (Version 2.7.5) and DnaSP software (Version 6.12.04) using default parameters
(Pfeifer et al. 2014; Rozas et al. 2017). Both methods returned the same results confirming the
calculation accuracy. CpG sites here includes a CpG dinucleotide in which the C or the G position
contained a SNP across any individual. Conversely, non-CpG sites included any SNP not present in
the C or G location of a CpG site or a mutated CpG site. To perform calculations, we used the
“populations” module of STACKS to output consensus sequences for each RAD locus as a FASTA
file (converted from a VCF file) to ensure that the invariant sites were included in the calculation. In
order to calculate Fay and Wu’s H, we used the Eurasian tree sparrow (Passer montanus) as an outgroup
(Ravinet et al. 2018).
To ask whether Tajima’s D and Fay and Wu’s H changed across the range expansion, we used
a permutation test. We randomized the sequence source (sampling city) in the extracted FASTA file.
The shuffled file was then used to calculate Tajima’s D and Fay and Wu’s H for both CpG sites and
non-CpG sites. This process was repeated 1000 times (Figure 4.2). Next, the Pearson correlation
coefficient between the distance from Mombasa and Tajima’s D and Fay and Wu’s H was calculated.
This process was repeated 100 times (Figure 4.2). Next, the p-value, used to assess significant change
in either metric with distance from Mombasa, was calculated. If the Pearson correlation coefficient
calculated on the actual (non-shuffled data) was negative (red line, Figure 4.2), the p-value was
calculated as the fraction of the Pearson correlation coefficients from the shuffling procedure that fell
below the actual value. Conversely, if the Pearson correlation coefficient calculated on the actual (nonshuffled data) was positive, the p-value was calculated as the fraction of the Pearson correlation
coefficients from the shuffling procedure that fell above the actual value. To avoid bias due to
extremely low p-values, the entire procedure (from shuffling to p-value calculation) was repeated an
additional 100 times to calculate the p-value distribution (Figure 4.2).
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DNA Methylation Quality Control and Analysis
Demultiplexed BAM files were returned from Torrent SuiteTM, converted to SAM format
using SAMtools, and then to FASTQ format in the Linux environment (Torrent Suite) (H. Li et al.
2009). The files underwent quality filtering using TRIMMOMATIC with default options (Bolger,
Lohse, and Usadel 2014). The files were mapped back to the house sparrow genome using BWA (H.
Li and Durbin 2009). BAM files were converted to BED file using the function “bamtobed” in
BEDTools (Quinlan and Hall 2010). BED files were merged into one feature used using “mergeBed”
and the coverage of each loci was calculated for each house sparrow site using “coverageBed” in
BEDTools (Quinlan and Hall 2010). Any individual sparrow with fewer than 1000 reads was removed
from the analysis (Figure A4.2). The median methylation level at each genomic location for all
individuals was used to determine methylation value. A Wilcoxon test was used to detect loci that
exhibited differential methylation between any two sampling sites, and the standard deviation was
calculated for each individual bird. Within the loci that exhibited differential methylation, CpG sites
within the same read segment as a loss or a gain of a CpG site were retained in a separate matrix. A
Wilcoxon test was again used to test the difference in methylation levels at these specific loci between
sampling sites, and the standard deviation was calculated. It is important to note that hippocampal
samples were collected after house sparrows spent five days in captivity. While captive housing may
have impacted methylation patterns, all birds were exposed to the same time and conditions in
captivity. We hoped to ask about DNA methylation data within genes relevant to range expansions,
such as those related to memory and behaviors relevant to exploration of novel environments, but
unfortunately the coarse nature of this sequencing approach made it so very few specific genes or gene
regions could be identified (Kilvitis et al. 2017).
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Results
CpG Sites Across the Range Expansion
Following quality control, ddRADseq returned 452,465 reads and 1,205 single nucleotide
polymorphisms (SNPs). The number of relativized CpG sites increased towards the range edge (Figure
4.1a; R= 0.461, F-test, p < 0.001). We identified 118 SNPs causing a CpG gain across 28 unique
genomic locations, and 191 SNPs causing a CpG site loss across 36 unique genomic locations. We
detected a significant difference in the number of CpG site losses across the range expansion with
more CpG sites lost towards the range core (Figure 4.1b; R= -0.456, F-test p < 0.001). There was no
difference in the number of CpG site gains among sites (Figure A4.3; R= -0.06, F-test p= 0.632). In
regard to the losses of CpG sites, we found that CpG to CpA and TpG mutations were the most
frequent types of mutations (Figure A4.3 and Table A4.1; CpA false detection rate (FDR) <0.05, TpG
FDR <0.1). No other mutation type (e.g. any mutation other than CpG to CpA or TpG) was
significantly different from any other form (Figure A4.4 and Table A4.1). Along the range expansion,
CpA and TpG mutations increased towards the range core (Figure A4.3; CpA: R= -0.36, F-test p =
0.004; TpG: R= -0.35, F-test p = 0.004).

Selection on CpG Sites
Due to a low read count and number of SNPs, individuals from Voi (160 km) had to be
excluded from this analysis (See Materials and Methods; Figure A4.5). For CpG sites among the
remaining four cities, Tajima’s D ranged from -1.446 to -0.023, and Fay and Wu’s H ranged from 0.021 to -3.215 (Table 4.1; Figure 4.2). For non-CpG sites, Tajima’s D ranged from -0.938 to -0.366
and Fay and Wu’s H ranged from -0.167 to 0.713 (Table 4.1, Figure 4.2). Across the range expansion,
Tajima’s D values for CpG sites significantly decreased while no trend was detected for non-CpG sites
(CpG sites: r= -0.97, p= 0.02; non-CpG sites: r= -0.43, p= 0.24; Figure 4.2). For Fay and Wu’s H, the
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correlation coefficient was also negative for CpG sites but not for non-CpG sites, but neither trend
was statistically significant (CpG sites: r= -0.66, p= 0.16; non-CpG sites: r= 0.70, p= 0.16; Figure 4.2).

Population Statistics and Structure
Among the five Kenyan cities, observed heterozygosity in sparrows ranged from 0.160 to
0.258, expected heterozygosity ranged from 0.125 to 0.187, number of private alleles ranged from 0
to 31, and the inbreeding coefficient ranged from -0.115 to -0.029 (Table 4.1). None of these variables
was related to distance from Mombasa (Figure A4.6). The DAPC predicted only two genetic clusters,
yet both clusters contained at least one individual from every city. Thus, there was no evidence that
genetic diversity or founder effects underlay geographic patterns in CpG number or methylation
(Figure A4.7).

DNA Methylation Across the Range Expansion
Of 14,659 loci, 4,518 exhibited differential methylation between pairs of sampling sites. Across
all sequenced loci, DNA methylation declined towards the range edge (Fig. 3; R= -0.149, F-test p = p
< 0.0001), but variation in methylation across loci increased towards the range edge (Fig. 3; R= 0.044,
F test p < 0.0001). Of the 4,518 loci that exhibited differences in DNA methylation, 58 were near a
CpG site that was lost or gained in at least one bird among all sparrows (i.e., within the same read
segment, median length of 310 base pairs). DNA methylation in this subset of CpG sites increased
towards the range edge (Figure A4.8; R= 0.12, F test p= 0.05), whereas variation in DNA methylation
status among this subset of all loci decreased (Figure A4.8; R= -0.16, F test p= 0.01).
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Discussion
We found that house sparrows at the vanguard of a range expansion maintained more
epigenetic potential (relativized CpG sites) than those near the core of the invasion. Birds near the
range edge did not gain CpG sites, rather individuals towards the initial site of introduction lost more
CpG sites specifically via CpA or TpG mutations (Figure 4.1, Figure A4.3). Comparisons of Tajima’s
D and Fay and Wu’s H indices among sites partially supports our hypothesis that epigenetic potential
would be favored towards the range edge (Figure 4.2; Table 4.1). However, our inability to include
Voi due to an insufficient number of SNPs and the few numbers of sampling sites we had available
to study overall require cautious interpretation. Additionally, there was no evidence that the above
patterns were driven by genetic artifacts associated with small population size, bottlenecks or founder
effects (Table 4.1). Indeed, no population genetic measures were related to population age, nor was
there evidence of extensive genetic differentiation among cities (Table 4.1, Figure A4.6 and A4.7).
Epigenetically, we found that DNA methylation across all sequenced loci decreased towards the range
edge, but variation in DNA methylation increased (Figure 4.3). When we considered the subset of loci
that were lost or gained among all birds in the study, this pattern reversed with more but less variation
in methylation at the range edge in these loci (Figure A4.8). Below we discuss the ramifications for
these results for house sparrow invasions as well as the role of epigenetic potential in other
anthropogenic and natural range expansions broadly.

Epigenetic Potential Underlying Phenotypic Plasticity
CpG sites increased towards the expanding edge of the Kenyan house sparrow invasion
(Figure 4.1a). We propose that this particular pattern arose because epigenetic potential facilitates
phenotypic plasticity. The crux of this idea is that CpG sites in genomes represent the places at which
methylation can impact gene expression and thus affect selection (Feinberg and Irizarry 2010; Kilvitis
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et al. 2017). As an analogy, consider two stereo systems: the first has only one knob for volume,
whereas the second has a knob for volume and additional knobs for bass, treble, and balance.
Although both stereos produce sound, the second system allows finer tuning, matching better the
sound quality to the environment in which it is being played. CpG sites are similar to stereo knobs,
except that they are adjusted via DNA methylation; as the environment changes, knobs are turned,
increasing or decreasing gene expression and hence adjusting phenotypic plasticity. The elegance of
epigenetic potential as a gene regulatory trait is that it requires no knob to be turned until the relevant
environmental stimulus occurs. In other words, epigenetic potential enables phenotypic variation to
remain latent until environmental conditions release it. The more CpG sites a genome has (i.e., the
more epigenetic potential), the more gene expression can be tuned to match the environment. Indeed,
in other systems, the abundance of CpG sites predicts levels of gene expression (Cheng et al. 2012;
Yang, Li, and Cheng 2014). In Kenyan house sparrows, we found that CpG sites were maintained
towards the range edge which may impart more phenotypic plasticity compared to birds at the range
core with fewer CpG sites (Figure 4.1). Dispersing individuals should benefit disproportionately from
greater plasticity to cope with the myriad challenges associated with moving into novel environments
(Lande 2015).
Generally, we expect that epigenetic potential predominates in invasions as it could allow for
more and faster phenotypic change than through selection on fixed genetic variation, especially if
bottlenecks and Allee effects occur. However, as populations age and adapt, we expect that CpG site
numbers could decline, contingent on the spatiotemporal dynamics of the habitat, sometimes fixing
gene expression at one genetically accommodated level amenable to conditions in the habitat (Lande
2009). Likewise, we expect there may be a minimum level of epigenetic potential for any colonization
or related event associated with a small effective population size. Many natural and anthropogenic
introductions fail, and whereas the cause of some failures are obvious, some are not (Zenni and Nuñez
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2013). Epigenetic potential might represent a general mechanism whereby some small populations can
surmount genetic bottlenecks, the accumulation of rare lethal recessive alleles, or other phenomena
associated with the founding of populations (Taylor and Hastings 2005; Lee 2002). Some threshold
level of epigenetic potential might provide just enough latent phenotypic plasticity in contexts where
increases in genetic diversity via recombination is impossible. In this light, epigenetic potential might
be less of an individual trait promoting adaptation via plasticity than a mandatory condition for the
viability of small or isolated populations.
Whereas we do not have data from the initial colonizers, Kenyan house sparrows are not
gaining a significant number of CpG sites, as we originally anticipated. Instead, house sparrows
towards the range edge are maintaining CpG sites, while in the range core they are losing CpG sites
(Figure 4.1). This trend may be due to positive selection acting on CpG sites at the range edge, as
indicated by negative values of both Tajima’s D and Fay and Wu’s H (Figure 4.2, Table 4.1). In further
support, across the range expansion, Tajima’s D values for CpG sites decreased significantly, a trend
not shared by non-CpG sites (Figure 4.2). In contrast, neither values of Fay and Wu’s H for CpG sites
or non-CpG sites showed a significant decrease across the range expansion (Figure 4.2). Consequently,
we cannot definitely state that positive selection is driving the trend of CpG sites. Additionally, we
only have data from individuals from four cities, further constraining our ability to detect trends across
the expansion. Insufficient SNPs occurred in Voi for that city to be included (Figure A4.5). Altogether
though, there is some support for selection acting on CpG sites already present in Kenyan house
sparrows, leading to their higher frequency at the range edge (Figure 4.1). In other systems, CpG sites
important for gene function are selected. For example, CpG sites are under selection in HOX genes,
which are vital for development (Branciamore et al. 2010). In a study of cnidarians, promoter regions
of genes related to environmental adaptation had the highest CpG site content, compared to other
functional classes of genes (Marsh, Hoadley, and Warner 2016). While we could not discern the
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functionality of CpG sites in this study, both CpG site content and CpG site identity may be important
in range expansions.
Lastly, the maintenance of CpG sites towards the range edge and population genetic statistics
do not seem to be artifacts of bottlenecks nor founder effects associated with the initial invasion.
House sparrows arrived in Kenya in the 1950s, likely from an earlier introduction to South Africa that
occurred at the turn of the 20th century, which led to reduced genetic diversity compared to
populations elsewhere in the world (Schrey et al. 2012; Anderson 2006). Previous work, relying on
highly mutable microsatellites, revealed that Kenyan house sparrows within the southern half of the
country were colonized from a single founding source in the port city of Mombasa (Schrey et al. 2014,
2019). Across southern Kenya, genetic diversity increased towards the range edge (Schrey et al. 2014).
Here, however, relying on a larger but less rapidly evolving subset of the genome, we detected no such
trend, nor population genetic structure (Table 4.1, Figure A4.6 and A4.7). Although we cannot
conclude that neutral and demographic processes and/or founder effects are irrelevant to the variation
in epigenetic potential we observed, collectively, evidence suggests that selection may be playing at
least some role in the CpG patterns we detected across Kenya.

DNA Methylation and CpG Mutation
Across the range expansion, total DNA methylation across all loci decreased, whereas
variation in the CpG sites that are methylated increased (Figure 4.3). This result was somewhat
contrary to what we predicted as each CpG sites indicates a place in the genome where methylation
can occur, and more CpG sites may allow for increased DNA methylation overall, as well as variation
in the CpG sites that are methylated. We were not more specific in our predictions for DNA
methylation pattern across the range, as methylation is variable across time and highly context
dependent. For example, specific environmental conditions give rise to methylation patterns, and
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these patterns are dependent on the tissue, cell-type, gene, and gene region (Smith and Meissner 2013;
Lanata, Chung, and Criswell 2018). As we could not be specific about environmental conditions nor
even gene regions, we only describe broad patterns of methylation. Interestingly, the patterns that we
detected are consistent with other range expansions (Ardura et al. 2017; Hawes et al. 2019). In those
studies, low methylation in invading organisms was proposed to allow for the activation of genes
necessary for invasion or facilitate the control of transposable elements, which could themselves
increase genetic diversity and alter phenotypic variation (Ardura et al. 2017). In previous work in
Kenyan house sparrows, no detectable methylation signature was found across the range expansion
(Liebl et al. 2013). However, in introduced Australian house sparrows, methylation differences were
found across sampling sites, and differences were attributed to local environmental conditions
(Sheldon et al. 2018). Until we can account better for context (i.e., gene, tissue, type of stimuli), it will
be difficult to interlink epigenetic potential, methylation, gene expression, and phenotypic plasticity,
and fitness (Smith and Meissner 2013).
Another facet of our genetic data suggests an additional role for methylation in range
expansion: its influence on mutation location and extent. Towards the expanding range edge in Kenya,
we found that house sparrows lost fewer CpG sites overall, and fewer CpG sites to TpG and CpA
mutations (Figure 4.1, Figure A4.3b and A4.3c). Towards the core, by contrast, these mutations were
comparatively common (Figure A4.3). CpA and TpG mutations are generally caused by persistent
DNA methylation, such that CpG sites generally are four times less common than expected across
the genome because 5-methylcytosines mutate ten to fifty times faster than any other genomic motifs
(Bird 1980; Nabel, Manning, and Kohli 2012; Deaton and Bird 2011; Cooper et al. 2010; Walser and
Furano 2010; Hwang and Green 2004). Indeed, we found that CpA and TpG mutations were the
most frequent type of CpG mutation (Figure A4.4 and Table A4.1). We also found that CpG sites
proximal to sites that mutated in at least one individual or city exhibited the opposite trend seen for
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global DNA methylation: towards the range edge, methylation increased and variation in methylation
decreased (Figure A4.8). This pattern is intriguing because the methylation status of CpG sites can
impact neighboring CpG sites (Jia et al. 2007; Lövkvist et al. 2016). Overall, CpG depletion due to
methylation may be one mechanism by which genetic variation is generated that can later be selected
for or for genetic assimilation to occur, but this must be investigated further in future studies (Flores,
Wolschin, and Amdam 2013; Danchin et al. 2019).

Conclusion
Epigenetic potential represents the capacity for DNA methylation to occur within the genome
and thus the range of phenotypic plasticity achievable to an individual organism. As such, increased
epigenetic potential may be advantageous to initial colonizers and to those expanding their range as
they face novel environmental conditions and may represent one way by which many introduced
populations overcome genetic and environmental challenges. Here, we revealed that epigenetic
potential follows patterns we would expect with birds on the range edge maintaining the most CpG
sites (Figure 4.1). As CpG sites are genomic motifs, they can be inherited and positively selected for
(Branciamore et al. 2010). Selection may be acting on CpG sites at the range edge, which may indicate
that epigenetic potential is advantageous to these dispersers (Figure 4.2, Table 4.1). We found no
evidence that these trends were artifacts of population structure, founder effects, or genetic
bottlenecks, although as we had individuals from a few cities to consider, we caution overinterpretation. We expect that epigenetic potential is important in range expansion and invasion events
broadly and may be one reason house sparrows have achieved overwhelming success as an introduced
species. Importantly, we investigated distance from the site of initial introduction in relation to CpG
content. However, many other factors including predictability and variability in climate, altitude,
parasite pressure and abundance, and more could be impacting the need for epigenetic potential and
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hence selection for CpG sites or other genetic variants, and patterns of DNA methylation.
Consequently, future studies investigating additional range expansions or other contexts will be vital
to uncover whether epigenetic potential represents a type of adaptive plasticity which is inherently
measurable. If so, epigenetic potential may be applicable across many fields besides invasion biology.
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Figures and Tables

Figure 4.1: Epigenetic potential increases towards the range edge in the Kenyan house sparrow range
expansion. (a) CpG sites increase towards the range edge (R= 0.461, F-test, p < 0.001) whereas (b):
CpG losses decrease towards the range edge (R= -0.456, F-test p < 0.001). CpG data were relativized
to GpC content. Circles represent individual relativized values and the solid trend line is from a linear
regression.
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Figure 4.2: Tajima’s D significantly declines across the range expansion for CpG sites but not for
non-CpG sites. Fay and Wu’s H’s appears to decrease across the range expansion for CpG sites but
not non-CpG sites, but neither trend is statistically significant. (a) Tajima’s D and Fay and Wu’s H
were calculated for both CpG sites (green) and non-CpG sites (blue). To better understand the
expected distribution of these values, both Tajima’s D and Fay and Wu’s H were calculated using a
permutation test in which sampling city was randomized. The results of this permutation are shown
as grey lines. (b) A Pearson correlation analysis was then performed between the Tajima’s D or Fay &
Wu’s H values and the distance to Mombasa for the actual data (red line) and the permutations
performed above (individual points). Jitter was used to visualize individual points. (c) The fraction of
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Pearson correlation values calculated using permuted data that fell above or below (see methods) the
true value was used to calculate a p-value. Each p-value is calculated based on 100 permutations. This
procedure was repeated an additional 100 times to generate a distribution of p-values seen here. Note
that Voi (160 km) was excluded from this analysis as it lacked the SNPs necessary for its inclusion.
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Figure 4.3: DNA methylation across all sequenced loci along the Kenyan house sparrow range
expansion. (a) DNA methylation decreased towards the range edge (R= -0.149, F-test p = p < 0.0001).
(b) Standard deviation of DNA methylation calculated across the all CpG sites (R= 0.044, F-test p <
0.0001).
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Table 4.1: House sparrow sampling locations across Kenya, sample sizes, and estimates of observed heterozygosity (Ho), expected
heterozygosity (He), private allelic sites, the inbreeding coefficient (Fis), Tajima’s D (for CpG and non-CpG sites), and Fay and Wu’s H (for
CpG and non-CpG sites).

Tajima's D

Sample Size

City

Mombasa
Voi
Nairobi
Nakuru
Kakamega

Distance
from
Mombasa
(km)

ddRADseq

0
160
500
650
850

13
14
12
12
13

epiRADseq

Observed
Heterozygosity
(Ho)

Expected
Heterozygosity
(He)

Private
Sites

Inbreeding
Coefficient
(Fis)

11
11
12
10
9

0.258
0.196
0.160
0.193
0.198

0.187
0.136
0.125
0.133
0.148

31
0
13
19
11

-0.105
-0.115
-0.029
-0.108
-0.072
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Fay and Wu’ H

CpG
Sites

NonCpG
Sites

CpG
Sites

NonCpG
Sites

-0.023
NA
-0.548
-1.163
-1.446

-0.336
NA
-0.938
-0.740
-0.519

-0.598
NA
-0.021
-1.186
-3.215

-0.167
NA
-0.002
0.713
0.296

Conclusion
Epigenetic modifications are ubiquitous phenomena in vertebrate genomes. They are
fundamental to survival, required for many canalized developmental processes, and essential for
flexibility in many physiological, behavioral, and morphological traits (Smith and Meissner 2013).
There are tens of thousands of protein coding genes in the vertebrate genome that must be activated
and suppressed specifically and accurately across cells, cell types, and tissues, all using the same DNA
sequence (Reik 2007; Ficz 2015). Epigenetic modifications are critical to this dynamic and thus
impairment of epigenetic machinery may have lethal effects (Greenberg and Bourc’his 2019; Smith
and Meissner 2013; E. Li, Bestor, and Jaenisch 1992; Okano et al. 1999). Due to the importance of
epigenetic modifications, variation in the capacity for epigenetic modification of gene regulation, or
epigenetic potential, may also play a vital role in many diverse contexts and scenarios. Here, I
investigated one such context, the introduction and range expansion of house sparrows (Passer
domesticus). First, I found that one form of epigenetic potential was higher in introduced sparrows
compared to native sparrows. Introduced sparrows possessed more CpG sites in the promoter region
of two immune genes important to range expansions Toll-like Receptors 2A and 4 (TLR2A and TLR4;
Hanson, Koussayer, et al. 2020). In the promoter region of TLR4, epigenetic potential was associated
with flexibility of gene regulation (Hanson et al., In press). Specifically, individuals with high epigenetic
potential had higher inducibility (and in females, reversibility) of gene expression than individuals with
low epigenetic potential. Finally, across a recent range expansion, epigenetic potential was highest in
house sparrows towards the edge of their range compared to birds at the range core (Hanson, Wang,
et al. 2020). Overall, this work demonstrates that epigenetic potential likely facilitates the invasion and
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expansion of house sparrows into new areas (Kilvitis et al. 2017, 2018). Here, I highlight several
promising applications of epigenetic potential in invasion biology and across other disciplines.
The introduction of non-native species can directly and indirectly result in numerous negative
impacts on ecosystems and human health, as well as lead to extensive economic costs (Mooney and
Cleland 2001; Simberloff et al. 2013; Mack et al. 2000; Elton 1958). Consequently, it is urgent to rapidly
detect new invasive species, understand how biological invasions occur and what factors facilitate the
process, develop strategies to mitigate or control their spread and establishment, and predict what
species are likely to become invasive (Seebens et al. 2018; Simberloff et al. 2013; Mack et al. 2000).
Studying epigenetic potential in invasions may aid in several of these tasks. I found that epigenetic
potential seems to be playing a role in house sparrow range expansions, but future research should
explore whether the patterns seen here are generalizable across other independent introductions and
range expansions of house sparrows and other taxa. I hypothesize that high epigenetic potential in
newly established or still invading populations, compared to native or long-established populations,
might be a common characteristic to introductions of multiple taxa, not just house sparrows. Similarly,
species-wide comparisons of epigenetic potential could be conducted to examine whether epigenetic
potential is species-level characteristic of successful invaders. In other words, do highly successful
invasive species, such as the house sparrow, have more epigenetic potential across the genome or in
relevant genes than other species, particularly those with a history of failed invasions or those that are
surprisingly geographically constrained? This work may be facilitated by existing databases, such as
the Global Avian Invasions Atlas (GAVIA) or the Global Biodiversity Information Facility (GBIF),
which could be mined for numerous variables that would be interesting to investigate in relation to
epigenetic potential such as propagule size or number, size of introduced range, date since
introduction, life-history characteristics, phylogeny, etc. (GBIF n.d.; Dyer, Redding, and Blackburn
2017). Already, between-species comparisons of CpG site content exist, but not in the contexts of
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invasions (Jabbari et al. 1997; McLain and Faulk 2018; Yang, Li, and Cheng 2014; Mugal et al. 2015).
If epigenetic potential is a species-level characteristic of invasiveness, it could be helpful in riskassessments and in triaging management and control efforts.
My dissertation work focused specifically on one form of epigenetic potential, the number of
CpG sites, but other forms of epigenetic potential should also be considered (Kilvitis et al. 2017,
2018). For example, genetic variation in the encoding enzymes regulating epigenetic modifications
such as DNA methyltransferases, histone methyltransferases and deacetylases, and ten-eleven
translocation (TET) proteins, may represent an additional form of epigenetic potential (Kilvitis et al.
2017). Genetic variation in these genes is often related to changes in expression and activity of the
encoded enzymes which may therefore impact the capacity for epigenetic modifications to occur (Fan
et al. 2010; Feinberg, Koldobskiy, and Göndör 2016; Kilvitis et al. 2017). In fact, previous work has
uncovered how genetic variation in these enzymes, and the subsequent alteration of the modifications
they regulate, may contribute to the development of diseases and disorders (M. Han et al. 2019;
Rasmussen and Helin 2016; Tatton-Brown et al. 2014; Leoni et al. 2017). A recent study in humans
showed that a single nucleotide polymorphism in DNA methyltransferase 3 alpha (DNMT3A) was
associated with increased protection against methicillin-resistant Staphylococcus aureus (MRSA), which
occurred through altered DNA methylation levels at a number of gene regulatory regions (Medie et
al. 2019). A search on the Single Nucleotide Polymorphism Database (dbSNP) revealed that this
particular polymorphism has not been linked to any diseases or disorders, indicating that the
environmental context (infection) may have released variation in methylation between individuals. In
other words, the polymorphism altered the level of environmentally-induced DNA methylation that
could occur in this context. Lastly, in house sparrows introduced to Senegal, expression of DNA
methyltransferase 1 (DNMT1) in the hippocampus was found to differ between populations, but
whether differences in expression were underlain by genetic variation and how this relates to patterns
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of DNA methylation have not been discerned (Kilvitis et al. 2018). Additional work will be needed to
uncover whether genetic variation encoding these enzymes can function as a regulated, latent form of
phenotypic plasticity.
My research has focused on epigenetic potential in an introduced species, but the concepts
could be applied to other fields. One such field could be cancer biology, where principles of biological
invasions and evolutionary theory are already being applied, especially to the study of tumorigenesis
and metastasis. For example, comparisons can be made between tumor cells and invasive species, as
both share attributes and undergo similar processes including invasion, establishment, and spread
(Chen and Pienta 2011; Amend et al. 2016; Noorbakhsh et al. 2020). Within tumors, cells towards the
periphery frequently exhibit more invasive phenotypes than those at the center, similar to many
invasive species in which range edge individuals have phenotypes better suited to dispersal than those
at the core (Rodriguez-Hernandez et al. 2020; Jiménez-Sánchez et al. 2021; Lloyd et al. 2016; Phillips,
Brown, and Shine 2010). Further, within-tumor heterogeneity is often attributed to epigenetic
modifications driven by tumor microenvironment, again similar to how phenotypic variation in
invasive species can be mediated by epigenetic modifications due to environmental conditions
(Feinberg 2014; Feinberg, Ohlsson, and Henikoff 2006; Hawes et al. 2018; Carneiro and Lyko 2020).
Tumor heterogeneity may lead to resistance to treatment, just as phenotypic variation may underlie
successful invasions (Feinberg 2014; Lande 2015; Banerjee, Guo, and Huang 2019; Dagogo-Jack and
Shaw 2018). Consequently, applying the concepts of epigenetic potential to the field of cancer biology
could be incredibly valuable.
Some evidence for epigenetic potential contributing to the development of cancer already
exists. As mentioned above, genetic variants in the enzymes involved in the regulation of epigenetic
modifications (one form of epigenetic potential) have been linked to a risk of developing certain types
of cancer, but the variants have not been explicitly investigated for differences in the potential for
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these modifications to occur or whether functional variation might be released by environmental
conditions (Kullmann et al. 2013; Mostowska et al. 2013; Fan et al. 2010). Alternatively, CpG site
content (i.e., the form of epigenetic potential examined in this body of work) could have implications
for both epigenetic and genetic origins of cancer (Feinberg and Irizarry 2010). Individuals with more
CpG sites could have more opportunity for stochastic or aberrant DNA methylation to arise, which
may lead to deleterious effects (Feinberg and Irizarry 2010). Already, epigenetic stochasticity correlates
with risk of cancer, but the role of CpG site content in underlying this stochasticity has not yet been
investigated (Landan et al. 2012; Feinberg 2014; Feinberg, Koldobskiy, and Göndör 2016).
In addition, epigenetic potential in the form of CpG site content is a promising topic to
investigate in relation to mutation rate. CpG sites are rare, found approximately five times less
frequently than expected (Mugal et al. 2015; Simmen 2008; Bird 1980; Sved and Bird 1990). This
depletion is caused by the high mutation rate of methylated cytosines in CpG sites, which mutate ten
to fifty times faster than any other genomic motif (Walser and Furano 2010; Hwang and Green 2004;
Bird 1980; Sved and Bird 1990; Nabel, Manning, and Kohli 2012). The mutability is attributable to
DNA methylation, through the deamination of methylated cytosine which forms thymine (Nabel,
Manning, and Kohli 2012). If the thymine is not replaced before replication, the mutation will persist,
resulting specifically in CpG to TpG or CpG to CpA transitions, depending on the orientation
(Bellacosa and Drohat 2015; Nabel, Manning, and Kohli 2012). TpG and CpA mutations are one of
the most common types of mutation in vertebrate genomes overall (Branciamore et al. 2010; Nabel,
Manning, and Kohli 2012; Bird 1980). In fact, this type of mutation is one of the most frequently
identified across multiple types of cancer and, importantly, increases with age (Chae et al. 2016;
Alexandrov et al. 2013; Polak, Querfurth, and Arndt 2010; Watson et al. 2013; Rogozin et al. 2016;
Poulos, Olivier, and Wong 2017; Gold 2017; Alexandrov et al. 2015). In perspective, the higher the
CpG site content, the greater the opportunities for mutation to occur within the lifetime of an
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individual (Poulos, Olivier, and Wong 2017). The contribution of CpG site content is apt to differ
based on many factors, including type of cancer, gene, gene region, lifestyle/environmental factors,
etc. But perhaps this form epigenetic potential could be used or integrated into a metric for estimating
the risk of developing cancer or as a biomarker of certain types of cancers attributed to epigenetic
modifications or to somatic mutations of CpG sites. While much work remains to be done, broadly
applying the concept of epigenetic potential may prove valuable across scientific disciplines and to
public health.
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Appendix 1:
Chapter One Supplementary Material
DNA Extraction
From individuals from South Africa, Turkey, Argentina, New Caledonia, Florida (USA), and
France, DNA was extracted from blood stored in RNAlater (Qiagen) or lysis buffer at -40°C or room
temperature until time of extraction. Extractions were performed on 50 µl of sample mixture
(RNAlater/lysis buffer and blood) using a DNEasy Blood & Tissue kit (Qiagen, Valencia, CA, USA).
From individuals from Senegal, DNA was extracted from 0.03 g of liver tissue. From individuals from
Kenya, DNA was extracted from 0.01 g of hippocampal tissue. DNA from both tissues were extracted
using a standard phenol/chloroform/isoamyl alcohol DNA extraction protocol (Michael R. Green
and Joseph Sambrook 2001). DNA from Germany, Brazil, and Kentucky was extracted from blood
in 2010 using the standard phenol/chloroform/isoamyl alcohol DNA extraction protocol mentioned
above.

Primer Design
TLR4 primers spanned 726 to 1228 nucleotides upstream of the transcriptional start site (TSS)
and were designed using a closely related passerine species (zebra finch: NCBI accession number:
EU779825) (Kilvitis et al. 2019). TLR1B and TLR2A primers were designed from the chicken, house
sparrow, and other passerine genomes, using Primer3 software (Untergasser et al. 2012; Elgvin et al.
2017). TLR1B and TLR2A primers were designed to encompass a ~500 BP region approximately 50
to 200 BP upstream of the TSS (Meissner et al. 2008).
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PCR Conditions and Cleanup
For all individuals, PCR reactions were prepared using 6.25 µl 2x PCR Master Mix (Promega),
0.5 µl forward primer (10 µM), 0.5 µl reverse primer (10 µM), 4.25 µl of nuclease-free water, and 1 µl
of DNA diluted to 25-50 ng/µl. PCR was conducted on a MJ Mini Personal Thermal Cycler (BioRad). Conditions included an initial denaturation step of 95°C for two minutes, followed by 35 cycles
of 95°C for 30 seconds, 58°C for 30 seconds, and 72°C for one minute, concluded by 72°C for five
minutes. Following PCR, samples were frozen at -4°C until gel electrophoresis to confirm
amplification. Amplified PCR products were purified using ExoSAP-IT (Affymetrix) with the
incubation steps amended to last 45 minutes each. PCR products were diluted to approximately 10
ng/µl. PCR products were sent for Sanger sequencing with BigDye Terminator technology at Georgia
Genomics and Bioinformatics Core (Athens, GA) or the Field Museum of Natural History (Chicago,
IL) using forward primers (Table A1.2). Samples sizes differed between genes/populations because
sequencing was not effective for every sample/gene (particularly TLR1B), even after efforts to resequence (Table A1.1).

SNP Calling Protocol
Single Nucleotide Polymorphisms (SNPs) were characterized by the presence of two different
alleles at the same location in the chromatogram. SNPs were inspected manually and through
alignment using the Clustal Omega algorithm in Genome Compiler (Sievers et al. 2011). For each
location at which a SNP was found, all samples were examined and the base pair at that location was
recorded. Individuals were scored as homozygous for the common allele, homozygous for the rare
allele, or heterozygous. All samples were examined independently by two people blind to population
identity.
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Table A1.1: Sample sizes for CpG and TFBS analyses and population information including approximate year of introduction, population
source, and approximate latitude.
CpG
Population
France
Germany
Turkey
Argentina
Brazil
Florida,
USA
New
Caledonia
Kentucky,
USA
Kenya
Senegal
South Africa

Year of
Introduction
Native
N/A
Native
N/A
Native
N/A
Native Total
Introduced
1873
Introduced
1905
Group

Population
Source
N/A
N/A
N/A

TFBS

Latitude TLR1B TLR2A TLR4 TLR1B TLR2A TLR4
47 N
48 N
37 N

Europe
Europe

31 S
14 S

7
6
5
18
7
5

7
14
11
32
12
10

9
15
13
37
12
15

7
6
4
17
6
5

Introduced

1867

Europe

28 N

4

8

15

4

Introduced

1928

Europe

22 S

0

7

7

0

Introduced

1867

Europe

38 N

0

0

5

0

Introduced
Introduced
Introduced

1950
1970
1900
Introduced Total
Total

Non-European
Non-European
Non-European

1S
14 N
29 S

20
5
5
46
64

23
12
5
77
109

23
12
3
92
129

18
5
5
43
60
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7
14
11
32
12
10

9
15
13
37
12
15

8

15

7

7

0
23
12
5
77
109

5
23
12
3
92
129

Table A1.2: PCR and sequencing primers (5’ to 3’)
Primer
TLR1B (Forward)
TLR1B (Reverse)
TLR2A (Forward)
TLR2A (Reverse)
TLR4 (Forward)
TLR4 (Reverse)

Sequence
CCCAGCATTCCCTGACACTT
CACCTCCGTTATGGCTGTGT
TTCTGCTGAGAAAGGACAAGTGA
AATACCTGAAGCTCTGCAAGACA
GGGATTTTGTAGAACTTGCCAAATTT
AAAGCTCCCTGCCTTCATTTAGTCTG
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Temperature
58°C
58°C
58°C
58°C
58°C
58°C

Table A1.3: Model results for the relationship between genetic diversity, population group (native or
introduced), and total, gains, and losses of CpG sites for each gene.
Gene

Model
Total
CpGs

TLR1B

Gain of
CpGs
Loss of
CpGs
Total
CpGs

TLR2A

Gain of
CpGs
Loss of
CpGs
Total
CpGs

TLR4

Gain of
CpGs
Loss of
CpGs

Variable
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction
Ho
Group
Interaction

Estimated
Coefficients
-0.209
0.035
0.179
1.830
0.314
-0.020
7.711
-2.100
4.984
-2.978
-0.272
1.000
-5.274
-0.599
2.310
3.700
-0.412
3.505
-0.449
-0.038
0.071
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SE

P

0.842
0.384
2.764
3.710
1.434
10.290
4.587
3.466
23.702
2.265
0.497
4.488
3.653
0.872
7.912
7.060
1.396
11.828
0.990
0.282
2.454

0.804
0.927
0.948
0.622
0.827
0.998
0.093
0.544
0.834
0.189
0.584
0.824
0.149
0.492
0.770
0.600
0.768
0.767
0.650
0.893
0.977

Model did not converge
42.344
5.137
-38.252

16.396
2.295
18.384

0.010
0.025
0.037

Figure A1.1: Relationship among observed heterozygosity (proxy for genetic diversity) and total
number, gains, and losses of CpG sites within native and introduced house sparrows for (a) TLR1B,
(b) TLR2A, (c) TLR4. Yellow circles represent individuals from introduced populations and green
triangles represent individuals from native populations. Note that axes have different scales.
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Figure A1.2: Principal components analysis of sequence data from individuals grouped by population.
Colors and ellipses represent groupings of individuals in the population.
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Figure A1.3: Individuals are not faithfully assigned to their actual populations. Size of the square
represents the number of individuals assigned to each predicted cluster. Native populations (France,
Germany, and Turkey) are starred.
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Figure A1.4: Sequence data does not reveal any meaningful clusters, as clusters overlap and do not
consist of individuals assigned to their actual populations. Cluster assignments are given in Figure
A1.3.
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Figure A1.5: Principal components analysis of sequence data from individuals grouped as native or
introduced. Colors and ellipses represent native or introduced groups.
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Figure A1.6: Individuals are not faithfully assigned to their native or introduced population grouping.
Size of the square represents the number of individuals assigned to each predicted cluster.
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Figure A1.7: Sequence data does not reveal any meaningful clusters between individuals from native
and introduced population groups, as clusters overlap and do not consist of individuals assigned to
their actual population group. Cluster assignments are given in Figure A1.6.
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Figure A1.8: Principal components analysis of sequence data from individuals grouped by source
population (native, introduced from European sources- Kentucky, Florida, New Caledonia, Argentina,
Brazil, and introduced from non-European sources- Senegal, Kenya, South Africa). Colors and ellipses
represent groupings.
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Figure A1.9: Individuals are not faithfully assigned to their source population (native, European, or
non-European). Size of the square represents the number of individuals assigned to each predicted
cluster.
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Figure A1.10: Sequence data does not reveal any meaningful clusters between individuals from
different source populations (native, European, or non-European), as clusters overlap and do not
consist of individuals assigned to their actual source population. Cluster assignments are given in
Figure A1.9.
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Appendix 2:
Chapter Two Supplementary Material
Table A2.1: Sample sizes by treatment, epigenetic potential category, CpG composition, and sex.

Treatment

Epigenetic Potential
Category

High
Control
Low

High
LPS
Low

CpG
Composition

Sample
Size

9

1

8

7

7a

4

7b

1

7c

1

9

0

8

5

7a

5

7b

1

7c

M
F
M
F
M
F
M
F

6
Sample
Size
5
3
2
4
2
3
6
6

Total

31

Sex
High
Control
Low
High
LPS
Low
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Table A2.2: Epigenetic potential is a better predictor TLR4 expression across all tissues than CpG composition.
Model
Blood
(AUC)
Expression
Liver
Expression
Spleen
Expression

Treatment | Sex | Epigenetic
Potential
Treatment | Sex | CpG
Composition
Treatment | Sex | Epigenetic
Potential
Treatment | Sex | CpG
Composition
Treatment | Sex | Epigenetic
Potential
Treatment | Sex | CpG
Composition

AICC

∆AICC

K

Loglikelihood

Weight

194.99

0.00

7

-84.21

1.00

218.60

23.61

10

-78.30

0.00

70.56

0.00

7

-26.28

1.00

97.13

26.57

10

-17.57

0.00

97.99

0.00

7

-40.00

1.00

132.84

34.85

10

-35.43

0.00
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Table A2.3: Epigenetic potential influences TLR4 expression in the blood (AUC), liver, and spleen.
Bold signifies significant (or marginally non-significant) terms.

Parameter
Intercept
Treatment
Sex
Treatment*Sex
EP
Treatment*EP
Sex*EP
Treatment*Sex*EP

DF
1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30

Intercept
Treatment
Sex
Treatment*Sex
EP
Treatment*EP
Sex*EP
Treatment*Sex*EP

1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30

Intercept
Treatment
Sex
Treatment*Sex
EP
Treatment*EP
Sex*EP
Treatment*Sex*EP

1,30
1,30
1,30
1,30
1,30
1,30
1,30
1,30

Blood (AUC) Expression
Estimate
CI
1.42
0.78 ̶ 2.05
0.22
-1.05 ̶ 1.48
0.71
-0.18 ̶ 1.60
-1.88
-3.49 ̶ 0.26
1.32
0.05 ̶ 2.58
-0.70
-2.51 ̶ 1.11
-1.25
-2.92 ̶ 0.42
1.94
-0.48 ̶ 4.36
Liver Expression
-0.48 ̶ 0.56
0.04
-1.32 ̶ -0.29
-0.80
-0.33 ̶ 1.15
0.41
-1.76 ̶ 0.90
-0.43
0.22 ̶ 2.31
1.27
-2.55 ̶ 0.45
-1.05
-3.00 ̶ 0.23
-1.62
-0.95
̶ 3.06
1.05
Spleen Expression
0.92 ̶ 1.77
1.34
-2.27 ̶ -0.58
-1.43
-1.48 ̶ -0.28
-0.88
-0.11 ̶ 2.04
0.97
-1.97 ̶ -0.28
-1.12
0.99 ̶ 3.41
2.20
-0.06 ̶ 2.18
1.06
-3.15 ̶ 0.09
-1.53
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Chi-Square
19.30
3.57
1.42
2.15
7.16
0.19
0.21
2.46

P-Value
<0.0001
0.0588
0.2338
0.1425
0.0075
0.6609
0.6486
0.1169

0.02
12.31
1.17
0.40
5.63
1.89
5.24
1.06

0.8809
0.0005
0.2798
0.5274
0.0177
0.1693
0.0221
0.3028

0.02
10.97
8.32
3.11
6.78
12.76
3.45
3.54

0.8809
0.0009
0.0039
0.078
0.0092
0.0004
0.0631
0.0598

Table A2.4: Results from Tukey-Kramer post-hoc comparisons of the model investigating TLR4 expression in the spleen. Bold signifies
significant terms.

Spleen Expression
Differences of Treatment*EP Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer
Treatment
Control
Control
Control
Control
Control
LPS

EP
high
high
high
low
low
high

Treatment
Control
LPS
LPS
LPS
LPS
LPS

EP
low
high
low
high
low
low

Standard
Estimate
Error
0.7946
0.2987
0.4442
0.3083
-0.1479
0.2455
-0.3504
0.3318
-0.9426
0.2745
-0.5922
0.2848

z Value
2.66
1.44
-0.6
-1.06
-3.43
-2.08
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Pr >
|z|
0.0078
0.1496
0.5468
0.291
0.0006
0.0376

Adj P
0.0391
0.4737
0.9313
0.7164
0.0033
0.16

Alpha
0.05
0.05
0.05
0.05
0.05
0.05

Lower Upper
0.2091 1.3802
-0.16
1.0485
-0.6291 0.3332
-1.0008
0.3
-1.4805 -0.4046
-1.1505 -0.0339

Adj
Lower
0.02715
-0.3478
-0.7786
-1.2029
-1.6477
-1.3239

Adj
Upper
1.5621
1.2363
0.4828
0.5021
-0.2374
0.1396

Table A2.5: Epigenetic potential predicts TLR4 expression in the blood across time points in a sexspecific manner.
Blood (By Time Point) Expression
Effect
DF
F Value
Treatment
1,31
6.37
Sex
1,31
6.82
EP
1,31
5.73
Time
2,62
36.2
Treatment*Time
2,62
1.2
Time*Sex
2,62
4.15
Time*EP
2,62
1.33
Treatment*Time*Sex
3,65.37
2.3
Treatment*Time*EP
3,65.37
0.27
Time*Sex*EP
3,65.37
5.59
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P- Value
0.0170
0.0138
0.0229
<0.0001
0.3074
0.0203
0.2715
0.0859
0.8449
0.0018

Table A2.6: Results from Tukey-Kramer post-hoc comparisons of the model investigating TLR4 expression in the blood across time
points. Bold signifies significant or marginally non-significant terms within the same time points and across time points for the same sex
and EP level groups
Blood Expression
Differences of Time Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer
Standard
Pr >
Sex EP Time Sex EP Time Estimate
DF t Value
Adj P
Error
|t|
F high
0
F
low
0
-0.4028
0.4835
80.33 -0.83
0.4073 0.9995
F high
0
M high
0
-1.5276
0.5364
80.33 -2.85
0.0056 0.1849
F high
0
M low
0
0.09422
0.5279
80.33
0.18
0.8588
1
F high
0
F high
4
-2.743
0.4555
62
-6.02 <.0001 <.0001
F high
0
F
low
4
-1.5958
0.4835
80.33
-3.3
0.0014 0.0632
F high
0
M high
4
-2.7264
0.5364
80.33 -5.08 <.0001 0.0002
F high
0
M low
4
-1.8864
0.5279
80.33 -3.57
0.0006
0.03
F high
0
F high
6
-0.5557
0.4555
62
-1.22
0.2271 0.9854
F high
0
F
low
6
-1.405
0.4835
80.33 -2.91
0.0047 0.1631
F high
0
M high
6
-3.0025
0.5364
80.33
-5.6
<.0001 <.0001
F high
0
M low
6
-1.5891
0.5279
80.33 -3.01
0.0035
0.129
F
low
0
M high
0
-1.1248
0.4781
80.33 -2.35
0.0211 0.4519
F
low
0
M low
0
0.497
0.468
80.33
1.06
0.2914 0.9953
F
low
0
F high
4
-2.3402
0.4835
80.33 -4.84 <.0001 0.0005
F
low
0
F
low
4
-1.193
0.3589
62
-3.32
0.0015 0.0594
F
low
0
M high
4
-2.3236
0.4814
81.16 -4.83 <.0001 0.0005
F
low
0
M low
4
-1.4836
0.4718
81.29 -3.14
0.0023 0.0937
F
low
0
F high
6
-0.1529
0.4835
80.33 -0.32
0.7527
1
F
low
0
F
low
6
-1.0022
0.3589
62
-2.79
0.0069 0.2075
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Alpha

Lower

Upper

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

-1.3649
-2.595
-0.9562
-3.6535
-2.5579
-3.7939
-2.9369
-1.4662
-2.3671
-4.07
-2.6395
-2.0763
-0.4343
-3.3023
-1.9104
-3.2815
-2.4223
-1.115
-1.7196

0.5593
-0.4602
1.1447
-1.8325
-0.6337
-1.659
-0.836
0.3549
-0.4429
-1.9351
-0.5386
-0.1734
1.4284
-1.3781
-0.4756
-1.3658
-0.545
0.8093
-0.2849

Table A2.6 (Continued)
F
low
0
M
F
low
0
M
M high
0
M
M high
0
F
M high
0
F
M high
0
M
M high
0
M
M high
0
F
M high
0
F
M high
0
M
M high
0
M
M low
0
F
M low
0
F
M low
0
M
M low
0
M
M low
0
F
M low
0
F
M low
0
M
M low
0
M
F high
4
F
F high
4
M
F high
4
M
F high
4
F
F high
4
F
F high
4
M
F high
4
M
F
low
4
M
F
low
4
M
F
low
4
F
F
low
4
F

high
low
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
low
high
low
high
low
high
low
high
low
high
low

6
6
0
4
4
4
4
6
6
6
6
4
4
4
4
6
6
6
6
4
4
4
6
6
6
6
4
4
6
6

-2.5997
-1.1863
1.6218
-1.2154
-0.06818
-1.1988
-0.3588
0.972
0.1226
-1.4749
-0.06146
-2.8372
-1.69
-2.8207
-1.9806
-0.6499
-1.4992
-3.0968
-1.6833
1.1472
0.01654
0.8566
2.1873
1.338
-0.2596
1.1539
-1.1307
-0.2906
1.0401
0.1908

0.4814
0.4718
0.5437
0.5364
0.4814
0.4543
0.5319
0.5364
0.4814
0.4543
0.5319
0.5279
0.4718
0.5319
0.4397
0.5279
0.4718
0.5319
0.4397
0.4835
0.5364
0.5279
0.4555
0.4835
0.5364
0.5279
0.4781
0.468
0.4835
0.3589

81.16
81.29
80.33
80.33
81.16
62
77.53
80.33
81.16
62
77.53
80.33
81.29
77.53
62
80.33
81.29
77.53
62
80.33
80.33
80.33
62
80.33
80.33
80.33
80.33
80.33
80.33
62
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-5.4
-2.51
2.98
-2.27
-0.14
-2.64
-0.67
1.81
0.25
-3.25
-0.12
-5.37
-3.58
-5.3
-4.5
-1.23
-3.18
-5.82
-3.83
2.37
0.03
1.62
4.8
2.77
-0.48
2.19
-2.36
-0.62
2.15
0.53

<.0001
0.0139
0.0038
0.0262
0.8877
0.0105
0.5019
0.0737
0.7997
0.0019
0.9083
<.0001
0.0006
<.0001
<.0001
0.2219
0.0021
<.0001
0.0003
0.02
0.9755
0.1086
<.0001
0.007
0.6298
0.0317
0.0205
0.5364
0.0345
0.5969

<.0001
0.3498
0.1373
0.5103
1
0.2805
0.9999
0.8055
1
0.0727
1
<.0001
0.0293
<.0001
0.0016
0.9843
0.0864
<.0001
0.0142
0.4385
1
0.8943
0.0006
0.2185
1
0.5653
0.4438
1
0.5893
1

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

-3.5576
-2.1249
0.54
-2.2828
-1.0261
-2.107
-1.4178
-0.0955
-0.8353
-2.3831
-1.1204
-3.8876
-2.6286
-3.8796
-2.8596
-1.7003
-2.4379
-4.1557
-2.5623
0.1851
-1.0509
-0.1939
1.2768
0.3758
-1.327
0.1035
-2.0821
-1.222
0.07802
-0.5266

-1.6419
-0.2476
2.7037
-0.148
0.8897
-0.2907
0.7001
2.0394
1.0805
-0.5667
0.9975
-1.7868
-0.7514
-1.7617
-1.1017
0.4006
-0.5606
-2.0378
-0.8043
2.1093
1.0839
1.907
3.0978
2.3001
0.8078
2.2044
-0.1792
0.6407
2.0022
0.9081

Table A2.6 (Continued)
F
low
4
M
F
low
4
M
M high
4
M
M high
4
F
M high
4
F
M high
4
M
M high
4
M
M low
4
F
M low
4
F
M low
4
M
M low
4
M
F high
6
F
F high
6
M
F high
6
M
F
low
6
M
F
low
6
M
M high
6
M

high
low
low
high
low
high
low
high
low
high
low
low
high
low
high
low
low

6
6
4
6
6
6
6
6
6
6
6
6
6
6
6
6
6

-1.4068
0.006722
0.84
2.1708
1.3214
-0.2761
1.1374
1.3308
0.4814
-1.1161
0.2974
-0.8494
-2.4469
-1.0334
-1.5975
-0.184
1.4135

0.4814
0.4718
0.5437
0.5364
0.4814
0.4543
0.5319
0.5279
0.4718
0.5319
0.4397
0.4835
0.5364
0.5279
0.4781
0.468
0.5437

81.16
81.29
80.33
80.33
81.16
62
77.53
80.33
81.29
77.53
62
80.33
80.33
80.33
80.33
80.33
80.33
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-2.92
0.01
1.55
4.05
2.74
-0.61
2.14
2.52
1.02
-2.1
0.68
-1.76
-4.56
-1.96
-3.34
-0.39
2.6

0.0045
0.9887
0.1263
0.0001
0.0075
0.5456
0.0356
0.0137
0.3106
0.0391
0.5014
0.0828
<.0001
0.0537
0.0013
0.6952
0.0111

0.1575
1
0.9218
0.0072
0.2286
1
0.5981
0.3459
0.9967
0.6256
0.9999
0.8345
0.0013
0.719
0.0568
1
0.3012

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

-2.3646
-0.9319
-0.2419
1.1034
0.3635
-1.1843
0.07843
0.2803
-0.4572
-2.1751
-0.5816
-1.8115
-3.5143
-2.0838
-2.549
-1.1154
0.3316

-0.4489
0.9454
1.9219
3.2382
2.2793
0.6321
2.1963
2.3812
1.42
-0.0572
1.1764
0.1128
-1.3795
0.01703
-0.6461
0.7473
2.4953

Appendix 3:
Housekeeping Gene Validation

We considered three potential housekeeping genes based on genes that have been previously
validated in passerine species (Table A3.1) (Olias et al. 2014). In order to determine the best
housekeeping gene between HMBS, TFRC, and RPL13 for our experiment, we ran RTqPCR from
samples across different tissues (blood, liver, spleen and gut), treatment group (LPS and control), and
epigenetic potential (EP) level (high and low). Then, we determined whether expression of each of
these genes was affected by treatment and EP using generalized linear mixed models (GLMMs). For
each gene, the Ct value was the dependent variable and tissue, treatment, EP and their two- and threeway interactions were added as fixed factors. Individual identity was specified as random factor to take
into the non-independence of tissue from a same individual. We also used RefFinder algorithm to
produce comprehensive ranking of the considered genes. This algorithm use four programs (Delta Ct
method, Normfinder, Best Keeper and geNorm) to assign a weight value to each gene and calculates
the geometric mean of the weights to create the overall final ranking (Xie et al. 2012).
HMBS was detectable in all 35 samples while RPLC13 was detectable in only 28 samples and
TFRC in 29 samples. HMBS showed the lowest inter-individual variation across all samples (mean Ct
± SD: 24.9 ± 3.1) compared to RPL13 (mean Ct ± SD: 28.8 ± 4.0) and TFRC (mean Ct ± SD: 25.4
± 5.2). Additionally, HMBS expression was not affected by treatment or EP, but differed between
tissues (Table A3.2). Among tissues, expression in the gut was higher than liver and spleen (t ≥ 4.15,
p ≤ 0.0006) and expression in blood was higher than in the spleen (t = 2.86, p = 0.343). On the
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contrary, RPL13 expression was influenced by the interaction between treatment, tissues, and EP
(Table A3.3) and TFRC expression by treatment, tissue, and the interactions between treatment and
tissue, treatment and EP, and tissue and EP (Table A3.4).
RefFinder confirmed that HMBS is the best housekeeping gene for our samples as it is ranked
first in the comprehensive ranking based on the geometric variance calculated by RefFinder (Table
A3.5). HMBS also ranks first in three (Delta Ct method, Best Keeper and geNorm) of the four
programs used by RefFinder while RPL13 ranks first in Normfinder (Table A3.5).

Table A3.1: Primers for sequencing and RT-qPCR with their original references listed.
Primer

TLR4

Promoter

Function
PCR, Sequencing

TLR4

RT-PCR

HMBS

RT-qPCR
(housekeeping gene)

TFRC

RT-qPCR
(housekeeping gene)

RPL13

RT-qPCR
(housekeeping gene)

Primer Sequence (Forward/Reverse)
GGGATTTTGTAGAACTTGCCAAATTT
AAAGCTCCCTGCCTTCATTTAGTCTG
GCTCCTGTGTGTACCTGGAC
ACAACACAACCACTGGGGAG
CTGAAGAGAATGGGCTGGGA
TCTTGGTCTTTGGCACGAAC
GGAACTTGCCCGTGTGATC
GTAGCACCCACAGCTCCGT
CCACAAGGACTGGCAGCG
ACGATGGGCCGGATGG
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Reference
Kilvitis et
al. 2019

Olias et al.
2014

Table A3.2: Result of the GLMM for HMBS expression.

Effect

DF

F-value

P-value

Treatment

1,35

0.21

0.6483

Tissue

3,35

10.17

<.0001

EP

1,35

0.44

0.5104

Treatment*Tissue

3,35

2.00

0.1322

Treatment*EP

1,35

0.76

0.3880

Tissue*EP

3,35

0.15

0.9307

Treatment*Tissue*EP

2,35

1.23

0.3054

Table A3.3: Result of the GLMM for RPL13 expression.

Effect

DF

F-value

P-value

Treatment

1,28

0.22

0.6401

Tissue

3,28

1.35

0.2795

EP

1,28

0.00

0.9480

Treatment*Tissue

3,28

2.26

0.1028

Treatment*EP

1,28

0.49

0.4880

Tissue*EP

2,28

0.45

0.6417

Treatment*Tissue*E

1,28

6.09

0.0200

P
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Table A3.4: Result of the GLMM for TFRC expression.

Effect

DF

F-value

P-value

Treatment

1,29

5.50

0.0260

Tissue

3,29

3.54

0.0268

EP

1,29

0.04

0.8475

Treatment*Tissue

3,29

3.36

0.0322

Treatment*EP

1,29

2.97

0.0956

Tissue*EP

3,29

3.53

0.0270

Treatment*Tissue*EP

1,29

0.60

0.4437

Table A3.5: Results from RefFinder algorithm for HMBS, RPL13 and TFRC expression. For each
gene, RefFinder calculates the geometric mean and provides the mean standard deviation from the
Delta Ct method, the standard deviation from Best Keeper and the stability value from Normfinder
and geNorm. Values are presented with ranking in parentheses for each method.

RefFinder

Delta Ct

Best

Normfinder

Genorm

geometric

mean

Keeper

Stability

Stability

Gene

mean

stddev

stddev

value

value

HMBS

1.32 (1)

7.67 (1)

2.58 (1)

5.228 (2)

0.148 (1)

RPL13

6 (2)

7.98 (2)

2.93 (2)

4.633 (1)

2.265 (2)

TFRC

7.74 (3)

13.52 (3)

11.44 (3)

11.342 (3)

9 (3)
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Figure A4.1: Density by read length plots. Plot shows the distribution of RAD-Seq reads length in
different populations. Sampling sites are abbreviated Mombasa (MO- 0 km), Voi (160 km), Nairobi
(NA- 500 km), Nakuru (NK- 650 km), and Kakamega (KA- 850 km). The vertical line represents the
read length equal 75bp.
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Figure A4.2: epiRADseq reads by individual. Gray bar represents 1000 reads threshold. Samples with

Figure A4.3: CpG site Gains and Mutation Types. (a) There was no difference in gains of CpG sites
(relativized using GpC gains) across the range expansion (R=-0.06, F-test p=0.632). CpA (b) and TpG
(b) mutations decrease towards the range edge (CpA: R= -0.36, F-test p = 0.004; TpG: R= -0.35, Ftest p = 0.004). In a-c, points represent individual samples (n= 64). CpG sites were relativized using
equations found in Materials and Methods in Chapter Three.
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Figure A4.4: Average mutation types per sampling site. Left panel represents mutations leading to a
gain and right panel represents mutations leading to a loss of a CpG site (a) or GpC site (b). ‘*’
represents FDR < 0.1, ‘**’ represents FDR < 0.05.
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Figure A4.5: Average number reads and SNPs by sampling site. Voi (160 km) has a low number of
reads (a) and SNPs (b) compared to other sampling sites.
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Figure A4.6: Estimates of genetic diversity compared to distance from Mombasa (km). No estimate
correlated with distance to Mombasa. (A) Observed heterozygosity (r= -0.5868, p= 0.2983), (B)
Expected Heterozygosity (r= -0.5391, p= 0.3485); (C) Private allelic sites (r= -0.2374, p= 0.7006); (D)
Inbreeding Coefficient (Fis) (r= 0.4205, p= 0.4809).
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Figure A4.7: Discriminant analysis of principal components. The assigned membership for each
sample to one of the two predicted clusters. At least one individual from each sampling site was
assigned to each cluster. In the individual IDs, sampling sites are abbreviated Mombasa (MO- 0 km),
Voi (160 km), Nairobi (NA- 500 km), Nakuru (NK- 650 km), and Kakamega (KA- 850 km).
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Figure A4.8: DNA methylation and variation proximal to mutated CpG sites. DNA methylation
proximal to mutations across the Kenyan house sparrow range expansion. (a) DNA methylation at
loci proximal to a CpG site mutation increased towards the range edge (R= 0.12, F test p= 0.05. (b)
Standard deviation of DNA methylation calculated across CpG sites proximal to mutated CpG sites
(R= -0.16, F test p= 0.01).
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Table A4.1. Mutation type p-values and adjusted p-values. Adjusted p-value is calculated using
FDR.

Mutation
Type

P-value

Adjusted Pvalue

CG to AG 0.991504646 0.991504646
CG to TG
Loss CG to GG
of
CpG CG to CA
CG to CT

Mutation
Type

P-value

Adjusted Pvalue

GC to GA 0.906467106 0.946896667

0.011870901 0.071225407

GC to GT
Loss GC to GG
of
GpC GC to AC
GC to TC

0.991504646 0.991504646
0.001018325 0.012219895
0.991504646 0.991504646

0.173003242 0.519009727
0.631775109 0.946896667
0.115429686 0.461718744
0.904197667 0.946896667

CG to CC 0.92474447 0.991504646

GC to CC 0.946896667 0.946896667

CC to CG 0.588363185 0.946783864

CC to GC 0.093532894 0.461718744

CT to CG 0.544456771 0.946783864

TC to GC 0.942382574 0.946896667

Gain CA to CG 0.174837067 0.41960896
of
CpG GG to CG 0.631189243 0.946783864
AG to CG 0.033732212 0.134928846

Gain AC to GC 0.656845893 0.946896667
of
GpC GG to GC 0.015100796 0.181209556
GA to GC 0.368224891 0.736449782

TG to CG 0.160829198 0.41960896

GT to GC 0.333308784 0.736449782
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biology
Abstract From the northernmost tip of Scandinavia to the southernmost corner of Patagonia, and
across six continents, house sparrows (Passer domesticus) inhabit most human-modified habitats of
the globe. With over 7,000 articles published, the species has become a workhorse for not only the
study of self-urbanized wildlife, but also for understanding life history and body size evolution, sexual
selection and many other biological phenomena. Traditionally, house sparrows were studied for their
adaptations to local biotic and climatic conditions, but more recently, the species has come to serve
as a focus for studies seeking to reveal the genomic, epigenetic and physiological underpinnings of
success among invasive vertebrate species. Here, we review the natural history of house sparrows,
highlight what the study of these birds has meant to bioscience generally, and describe the many
resources available for future work on this species.

HALEY E HANSON*, NOREEN S MATHEWS, MARK E HAUBER AND
LYNN B MARTIN

Introduction

*For correspondence:
haleyehanson@gmail.com
Competing interests: The
authors declare that no
competing interests exist.
Funding: See page 7
Reviewing editor: Stuart RF
King, eLife, United Kingdom
Copyright Hanson et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

House sparrows are small, sexually dimorphic
birds in the family Passeridae. The species is one
of the most widely distributed and common
birds in the world, represented by 12 different
subspecies (Summers-Smith, 2009). House sparrows can be found living and breeding in climactically extreme environments from deserts in
southern California to cities above the Arctic circle, where they are found almost exclusively in
close
proximity
to
human
habitation
(Hanson et al., 2020b). Considered anthrodependent, some populations have gone extinct
locally without human presence (Ravinet et al.,
2018; Summers-Smith, 1988). It is for this relationship with people that they received their
species identifier domesticus, which derives
from the Latin domus or ’house’, from Carl Linnaeus in 1758 (Jobling, 2009; Anderson, 2006).
Their ubiquity and close association with humans
have undoubtedly led to their detailed study
across biological and even sociological disciplines. Here, we explore the natural history of

Hanson et al. eLife 2020;9:e52803. DOI: https://doi.org/10.7554/eLife.52803
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house sparrows and the contributions that these
birds have made to basic biology and beyond.

Native distribution and natural
range expansions
House sparrows are native to parts of Asia,
North Africa and most of Europe, (with the
exception of Italy which is occupied by the Italian sparrow P. italiae; Animation 1). Becoming
commensal some 10,000 years ago, house sparrows are now strongly associated with habitats
that have been modified by humans. However,
they also continue to increase their geographic
range by exploiting ongoing and accelerating
anthropogenic change (Ravinet et al., 2018;
Saetre et al., 2012). A reliance on humans is evident from their colonization of Northern Europe,
Eastern Europe and Central Asia in the early
1800s, as agriculture spread and urbanization
increased (Summers-Smith, 1963). Though still
widespread, significant declines have been
reported in the native range of the species since
the 1970s. This topic remains contentious
(Box 1), but these declines have been attributed
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