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ABSTRACT

Host Population Immunogenetics in a Changing World: Signatures of

Selection in the Context of Endemic and Invasive Diseases in Wildlife

Tristan Mackenzie Baecklund

Heterogeneous environments impose discordant selective pressures on natural
populations, where disparate biotic/abiotic factors and variable population
connectivity, yield mosaic patterns of genetic variation on the landscape. The ability
to maintain or change genetic mosaics of populations becomes key to persistence,
as species increasingly need to adapt to rapidly changing environmental and
human-associated selective pressures. Specifically, infectious diseases can
impose strong and rapid selective pressures on populations, where anthropogenic
disruptions of co-evolutionary patterns and altered distributions of hosts and
pathogens exacerbate disease risk. Genomic tools provide means to evaluate
disease-associated impacts on the genetic landscape of host populations and

facilitate implementation of informed conservation efforts.

In this thesis, | evaluate disease dynamics in: 1) a long-standing arctic
rabies/arctic fox (Vulpes lagopus) system affected by influxes of red fox (V. vulpes),
and 2) an invasive bat pathogen system, where the North American introduction of
Pseudogymnoascus destructans (Pd) has had variable impacts on bat species and
populations. In these systems, signatures of host selection were estimated from

temporal and spatial shifts in allelic diversity within genomic regions associated



with immune response, highlighting different host mechanisms to enzootic and
invasive diseases. In the arctic rabies/fox system, pathogen variants did not
influence red fox local disease responses, reflecting more recent expansions of this
host to Arctic regions. In contrast, arctic fox revealed genomic patterns consistent
with long-term, co-evolutionary processes. In Pd/bat systems, genomic evidence
supported the hypothesis that eastern small-footed bats (Myotis leibii) were
inherently resistant or tolerant to Pd, the causative agent of white-nose syndrome
(WNS). In contrast, WNS-impacted little brown bat (M. lucifugus) populations had

varied genomic impacts subsequent to strong selective sweeps from disease.

My research illustrates how immunogenetic profiling, in context of
demographic processes inferred from neutral genetics, enhances understanding of
the varied impacts of changing disease landscapes on host populations/species;
insights relevant to other host-pathogen systems. Building on this thesis, future
explorations of low coverage genomes, host-imposed reciprocal selection, and
impacts on methylation, transcriptomic and proteomic patterns associated with
shifts in genetic diversity, would enable more holistic understanding of the

geographic mosaics within these disease systems.
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PREFACE

| have written my thesis in manuscript format. Chapter 2 and Chapter 3 have been
published in PLOS One, Chapter 4 is currently under peer-review, and Chapter 5 is
being prepared for submission. As such, each chapter is formatted in the style of
the respective journal with independent References sections for each chapter.
Throughout these manuscripts, | have used the collective ‘we’ where applicable
reflecting the collaborative nature of the work. Supplementary materials are listed
inappendices with permanent links for published materials or as a Google Drive link

for unpublished materials.
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CHAPTER 1

1.1 Conservation and Management

Natural populations exist across heterogeneous landscapes contemporarily
experiencing drastic changes from continued globalization, human-mediated
and/or facilitated translocations, and climate change. These changes threaten
species and population persistance, where implementing informed conservation
and management efforts are critical to mitigating biodiversity loss (Ancillotto et al.
2016; Albers et al. 2023; Baker et al. 2022; Malcolm & Markham 2000; Rose et al.
2019). Informed conservation actions require an understanding of the varied ways in
which species and populations interact with heterogeneous landscapes within their
respective environments, and how these interactions change given perturbation
(Hohenlohe et al. 2021; Lozier & Zayed 2017; Yildirim et al. 2018).

1.2 Selection in Host-Pathogen Systems

Organisms inhabit landscapes where both biotic (e.g., predation, disease, diet) and
abiotic (e.g., thermal, precipitation) factors vary through space and time; imposing
selective pressures on species, to which populations must adapt. Over time,
pressures exerted on organisms lead to relative increases in fitness for a particular
environment through adaptation and processes of natural selection (Barton &
Partridge 2000). Natural selection can act on populations in different ways such as
through: i) balancing selection, where allele frequencies are maintained in a
population at frequencies higher than expected by genetic drift through

heterozygous advantages or frequency dependant selection; ii) directional



selection, where a genotype or phenotype is maintained at a higher frequency than
other possible variants of the trait; iii) disruptive selection, that results in shifts in
observed genotypes/phenotypes away from intermediates to extreme phenotypes;
iv) stabilizing selection, that alters gene frequencies by selecting for more
intermediate phenotypes rather than the extremes, and; v) negative selection, that
removes deleterious adaptations (Jones et al. 2023; Latif et al. 2024; Kingsolver et
al. 2012; Koene et al. 2024; Dillion et al. 2023; Liu et al. 2023). Understanding the
type of selection imposed on populations provides insight into mechanisms
responsible for the diversity and complexity of organisms, information directly
relevant to the management and persistence of populations in context of shifting
suites of selective pressures (Gregory 2009; Hohenlohe et al. 2021; Lozier & Zayed

2017; Yildirim et al. 2018).

Infectious diseases can impose important selective pressures on
populations, often over short time frames. Wildlife diseases on the landscape are
typically categorized into two phases, epizootic and enzootic. The epizootic phase
occurs when a novel pathogen is introduced into a naive population, or under
certain environmental conditions, when a disease already existing on the landscape
causes widespread or atypical virulency and/or mortality (Blehert et al. 2009; Briggs,
Knapp, & Vrendenburg 2010; Buhnerkempe et al. 2011). Contemporary epizootic
events threatening biodiversity are exemplified within several wildlife disease
systems, including: 1) West Nile virus, where over two-thirds of crow (Corvus

brachyrhynchos) populations initially succumbed to the disease (Yaremych et al



2004), 2) facial tumours in Tasmanian devils (Sarcophilus harrisii), where
populations experienced 90% declines (Miller et al. 2011), and 3) white-nose
syndrome in bats that led to extreme (>90%) population declines, extirpation, and
projected extinction of some heavily-impacted populations/species (Cheng et al.
2021; Dzal et al. 2011; Francl et al. 2012). Eventually, disease cases subside due to
dynamic density-dependant factors (e.g., population densities decreased by
fragmentation or mortality) or the accumulation of adaptive traits conferring an
increased tolerance or resistance to the disease (Maslo & Fefferman 2015; Newton
et al. 2019). At such a time, the enzootic phase will begin, where disease is
maintained within host populations or reservoir species without an influx from
external sources or other populations producing relatively stable temporal patterns
of morbidity (Artois et al. 2009). It is important to note that in both epizootic and
enzootic phases, the pathogen remains present on the landscape, yet morbidity, or
the amount of associated disease, differs between phases. For example, in rabies
virus systems, a disease that can infect most mammals, there are often cycles
between epizootic and enzootic phases based on the emergence of new hosts or
density dependence (e.g., raccoon rabies; Elmore et al. 2017; Mgrk & Prestrud
2004). Specifically, arctic rabies typically cycles between epizootic and enzootic
phases that loosely follow population trends of lemming and subsequently arctic
fox density (Mark & Prestrud 2004). However, northern expansions of other
susceptible hosts beyond arctic foxes (red foxes, skunks) can disrupt cyclical

phases of arctic rabies by acting as reservoirs or altering disease distributions



(Nadin-Davis, Muldoon & Wandeler, 2006; Tabel et al. 1974). In contrast, in the
raccoon rabies system it is hypothesized that human-mediated movement of
animals disrupted regional co-evolutionary patterns of the host/pathogen, leading
to a rapid epizootic spread of disease among North American populations (Elmore
et al. 2017; Rupprecht & Smith 1994; Nettles et al. 1979). In rabies systems that can
have widespread impacts among natural, domestic and human populations,
targeted disease management efforts (culling or vaccine programs) are used
mitigate large-scale epizootics (Hopken et al. 2024; Muller & Rupprecht 20283;
Gilbert et al. 2018; Condori-Condori et al. 2013). Management of raccoon rabies
through vaccine programs has largely mitigated large-scale epizootics or continued
spread into rabies-free areas (Elmore et al. 2017; Mainguy et al. 2012; Mainguy et al.
2013). These examples illustrate how continued anthropogenetic impacts alter
existing disease dynamics or introduce pathogens to naive populations, thus posing

major risks to the persistence of natural populations.

During epizootic events, infectious diseases have the potential to elicit rapid
and marked changes to the genetic landscape of affected populations through
natural selection (i.e., selective sweeps). These genetic changes occur within the
framework of a co-evolutionary arms race, where pathogens attempt to circumvent
host defence mechanisms that are adapting in turn to prevent infection (Berry et al.
1991; Gallana et al. 2013; Laine & Tylianakis 2024). During this arms race, typical
population regulation cycles are interrupted by disease entering an epizootic phase,

potentially leading to smaller population sizes. Changes in population size could



disrupt underlying allele and genotype frequencies leading to increased/decreased
heterozygosity and subsequent departures from Hardy-Weinberg expectations in
severe cases (Waples 2015). In hosts, frequencies of variants not beneficial to
disease resistance/tolerance are expected to decrease (i.e., maladaptive). In
contrast, the frequency of variants associated with positive disease outcomes will
increase (i.e., adaptive), resulting in an evolutionary rescue of the population (Maslo
& Fefferman 2015). Among natural populations that experience low fecundity and
small population sizes, the potential for extirpation or extinction from disease
remains when the imposed selective pressure is too strong, and populations are
unable to recover from initial declines. In amphibian systems with chytridiomycosis,
an infectious disease caused by the fungal pathogen Batrachochytrium
dendrobatidis (Bd), the extinction of almost 100 species has been observed (Fisher
& Garner, 2009; Oswald et al. 2020; Smith et al. 2022). Despite the extinction and
extirpation of some species, other amphibians, such as the mountain yellow-legged
frog (Rana muscosa) and Panamanian harlequin frogs (Atelopus varius and Atelopus
zeteki) show evidence of evolutionary rescue, where increased frequencies of
underlying advantageous genetic variants explain their persistence (Knapp et al.
2023; Byrne et al. 2021). In contrast, the growling grass frog (Litoria raniformis) has
persisted in the environment despite the presence of Bd, not because of adaptation
via natural selection and subsequent evolutionary rescue, but more likely because
of an influx of individuals from connected populations (i.e., demographic rescue;

Kanarek et al. 2015). Trumbo et al. (2023) also highlight signatures of evolutionary



rescue in boreal toads (Anaxyrus [Bufo] boreas), that could also facilitate
demographic rescues for other impacted populations of the species. In cases of a
demographic rescue, an influx of individuals from connected populations, or via
human-mediated translocations, into a sink population is enough to promote
growth and recovery. Across these amphibian systems and varied outcomes, itis
clear that not all populations are similarly affected by disease and overcome strong
selective pressure through a range of strategies. As such, understanding the
relationship between pathogen and host, and the relative impacts infectious
diseases have on host populations becomes increasingly important information for
preserving and conserving natural populations and biodiversity.

1.3 Geographic Mosaic Theory of Coevolution

The geographic mosaic theory of coevolution (GMTC) offers a unique, holistic
perspective toward understanding interactions between organisms across
heterogeneous landscapes. The GMTC postulates that co-evolutionary dynamics
are largely driven by three factors: trait remixing, co-evolutionary hot and cold spots,
and varying selective regimes (Gomulkiewicz et al. 2000; Thompson 1994;
Thompson 1997; Thompson 2019). Trait remixing concerns natural processes that
affect the underlying genetic diversity of populations, such as gene flow, genetic
drift, mutation, and population declines and increases following bottleneck events
(Gomulkiewicz et al. 2007; Thompson 2019). Hot and cold spots of coevolution
correspond to areas where both co-evolving organisms impact fitness of the other

(hot spot), or areas where at least one organism is unaffected by the fitness of the



other (cold spot; Gomulkiewicz et al. 2000; Thompson 2019). Disparities in the
source and strength of selective pressures on populations across heterogeneous
landscapes can lead to differential impacts on genetic diversity, and thus
population persistence. Carvalho et al. (2024) recently adopted a GMTC perspective
to evaluate the impacts of generalist pathogens on natural environments, using Bd
in amphibians as a case study. Carvalho et al. (2024) reviewed findings in Bd and
amphibian systems to identify data supporting co-evolutionary mosaics, concluding
that the global disparity of disease outcomes among amphibians combined with
apparent reciprocal selection upon the fungus is consistent with expectations of
geographic mosaics of co-evolution. In doing so, the findings of Carvalho et al.
(2024) highlight the importance of host-pathogen research in predict disease
outcomes among generalist pathogens, which likely pose the largest global threats.
As such, the GMTC provides a framework to understand how gene flow, genetic drift,
selection regimes, and demographics interact between host and pathogens
enabling predictions for host population impacts as disease/host dynamics are
altered.

1.4 Genomic Tools Provide Informative Metrics

Genomic investigations are increasingly relevant to conservation and management
efforts. Genomic data obtained from high-throughput sequencing approaches can
be applied and leveraged across all manner of systems, including rare and elusive
species that are typically difficult to study (Hohenlohe, Funk, and Rajora 2021;

Luikart et al. 2019; Rajora 2019; Supple & Shapiro 2018). Allozymes, microsatellite



genotyping, and mitochondrial DNA sequences have been used to investigate
critical aspects of natural populations (Allendorf 2017), including population
connectivity (Reusch 2002; Yang et al. 2019), effective population sizes (Thuillet et
al. 2005), genetic diversity (Coart et al. 2003), and phylogeny (Barani-Beiranvand et
al. 2017). In the context of infectious diseases, genetic stucies can investigate how
populations respond to disease exposure, and mechanisms of recovery promoting
their persistence (e.g., demographic, evolutionary, and genetic rescues). For
example, assessments of major histocompatibility complex (MHC) genes have been
used extensively to understand host disease responsesgiven their associations with
antigen binding and the highly polymorphic nature of this gene complex (Ekblom et
al 2007; Spurgin & Richardson 2010; Eizaguirre et al. 2011; Savage & Zamudio 2011).
Specifically, exon-2 of the DRB gene is commonly used as an indicator of the genetic
variation of MHC (Doxiadis et al. 2000; Gutierrez-Espeleta et al. 2001), yet studies
have indicated that insights from other genomic areas associated with an immune
response are needed to better understand host immunogenetic defences against
infectious disease (Ottenhoff et al. 2005; Behnke et al. 2003; Hill 2001; Lam-Yuk-
Tseung & Gros 2003). As such, more comprehensive genetic variation investigations
are required to better understand how disease can elicit different patterns of

selection across the entire genome.

The capability to explore thousands of loci across a large number of
individuals, simultaneously, has grown to the point that full-genome analyses are

becoming commonplace (Holiday et al. 2019; Hohenlohe, Funk, & Rajora 2021).



Genomic assessments are typically categorized into whole genome sequencing
(WGS) or reduced representation techniques that provide subsets of data from
across the genetic landscape of an organism or a subset of targeted regions,
respectively (Hohenlohe, Funk, and Rajora 2021). While WGS approaches are
becoming the gold standard for genomic investigations, targeted reduced
representation approaches, such as genotyping-by-sequencing (GBS), offer a
flexible approach to selectively and simultaneously sequence genomic regions of
interest that encompass both neutral and functionally relevant loci for large sample
sizes (Pina-Martins et al. 2019; Schweizer et al. 2016). For example, Schweizer et al.
(2016) used GBS assays to identify shifts in genetic diversity of the immune
responses in gray wolves, despite extensive population connectivity, demonstrating
patterns indicative of strong impacts from local selective pressures. Using both
neutral and functional loci becomes increasingly important in investigating impacts
of infectious diseases on host populations, where the interplay between selection
and demographic forces largely dictates population viability and persistence. For
example, GBS approaches have been used to demonstrate shifts in genetic diversity
in bats affected by white-nose syndrome (Donaldson et al. 2017), and in gopher
tortoises (Gopherus polyphemus) facing upper respiratory tract disease (Elbers et
al. 2018), as well as to monitor and support breeding efforts in Tasmanian devil
(Sarcophilus harrisii) populations following the emergence of devil facial tumour
disease that threatened the species with extinction (Wright et al. 2015). These

studies also demonstrate the potential of GBS tools to directly assess signatures of



selection from immunogenetically relevant regions of the genome, while
contextualizing these data with neutral markers that provide insights into population
connectivity. As such, GBS approaches investigating neutral and functionally
relevant regions of host genomes provide the opportunity to identify the overall
consequences of selective sweeps on host populations and inform management
efforts.

1.5 Study Systems and Approach

In my thesis, | study four host-pathogen systems from a host perspective, to
investigate implications on genetic diversity, signhatures of selection, and potential
population recovery mechanisms. Specifically, | investigate: 1) the relative impact of
pathogens in an enzootic system with an invasive host and a host with long-standing
pathogen interactions, and 2) in an invasive enzootic system with a previously
abundant and panmictic naive host, and a second genetically structured, low-
density host. To investigate the relative impact of these pathogens within these
systems, | leverage genomic data generated from previously described assays
investigating the immunome of foxes and bats (Donaldson et al. 2018; Donaldson et
al. 2017), that selectively sequence conserved regions of the genome putitevly
responsible for the immune system based on their annotation in other species.
These immunogenetic assays enable the iinvestigation of shifts in genetic diversity
indicative of sighatures of selection, that can be contextualized by demographic
patterns observed from neutral markers. It is important to acknowledge however,

that in wildlife disease systems the opportunistic nature and difficulty sampling
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natural populations makes it difficult to exclude other selective pressures as the

cause of observed frequency shifts.

Arctic rabies is an enzootic circumpolar virus of the genus Lyssavirus, where
in North America four viral variants occupy distinct distributions (Hueffer, Tryland, &
Dresvyanikova, 2022; Hueffer & Murphy, 2018; Huettmann, Magnuson, & Hueffer,
2017; Goldsmith et al. 2016; Kuzmin et al. 2008; Nadin-Davis, Sheen, & Wandeler,
2012). While arctic rabies variant three is circumpolar along northern coasts of
North America and Eurasia, variants two and four are largely restricted to Alaska,
and variant one is primarily found in Ontario around and below Hudson’s Bay
(Huettmann, Magnuson, & Hueffer, 2017; Goldsmith et al. 2016; Kuzmin et al. 2008;
Nadin-Davis, Sheen, & Wandeler, 2012). Arctic foxes (Vulpes lagopus), have a long-
standing relationship with arctic rabies as the primary host (Mgrk & Prestrud 2004).
Range shifts, likely in response to resource availability, environmental changes, or
continued human disruptions are enabling red foxes to expand into regions
predominated by arctic fox, outcompeting them for resources, and acting as a more
recent host/reservoir for arctic rabies (Hersteinsson & Macdonald 1992; Gallant et
al. 2012). Past research suggests that the neutral genetic structure of arctic foxes
aligns with distributions of disease variants (Goldsmith et al. 2016), and
immunogenetic structure exists between red foxes inhabiting rabies endemic and
absent regions (Donaldson et al. 2017). Beyond findings from these previous
studies, several biological aspects of the arctic rabies system in Alaska remain

unclear including: 1) the underlying mechanisms responsible for geographically
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distinct distributions of arctic rabies variants between epizootics, 2) roles red foxes
play in perpetuating arctic rabies, 3) co-evolutionary processes between rabies and
arctic foxes, and 4) how continued environmental changes may impact the spread
of rabies in the Arctic. Addressing these questions would provide a better
understanding of host-pathogen interactions, enabling predictions on the relative
impacts environmental changes may have on rabies and other disease systems in

the Arctic.

Pseudogymnoascus destructans (Pd) is a fungal pathogen and the causative
agent of white-nose syndrome (WNS) introduced from Eurasia into North Americain
2006 (Leopardi, Blake, & Puechmaille, 2015). White-nose syndrome epizootics
devastated several species of Nearctic hibernating bats with > 90% declines in
some populations (Cheng et al. 2021); a result of a cascade of physiological
changes infected bats undergo leading to increased morbidity and mortality (Verant
et al. 2014). Differences in environmental, behavioural, ecological, genetic and
individual factors produced variable susceptibility to WNS among Nearctic bats
(Cryan et al. 2013; Davy et al. 2020; Hayman et al. 2016). Eastern small-footed bats
(Myotis leibii) exhibit population genetic structure based on a limited humber of
samples using amplified fragment length polymorphisms (N=10; Ammerman, Lee, &
Pfau 2016). Where population declines following the introduction of Pd have not
been observed despite contact with the pathogen across their range (Langwig et al.
2012; Frick et al. 2017; Anderson 2018; Reynolds et al. 2021; O’Keefe et al. 2019;

Hooton et al. 2023; Sasse & Perry 2023; but see reported declines in Frick et al.
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2015). In contrast, previously abundant little brown bats (Myotis lucifugus)
experienced drastic population declines associated with the introduction of Pd
(Cheng et al. 2021). Evidence of subsequent evolutionary rescue in some M.
lucifugus populations has been observed, along with varied impacts among
populations across eastern North America (Auteri & Knowles 2020; Davy et al. 2017;
Donaldson et al. 2017; Lilley et al. 2020; Gignoux-Wolfsohn et al. 2021; Langwig et
al. 2015; Maslo et al. 2015; Frick et al. 2017; Dobony and Johnson 2018; Ineson
2020; Hooton et al. 2023). Given these genomic investigations identified population
declines and evolutionary rescues in M. Lucifugus, similar research should be
undertaken to understand why, and by what means, M. leibii populations have not
undergone declines as observed in species such as M. lucifugus. Furthermore,
knowledge gaps remain on how varied population impacts result from the combined
influences of life histories, demographics, and local selective regimes between
populations, and the extent of those patterns among the panmictic metapopulation
of eastern Canadian M. lucifugus. There is a need to further understand
mechanisms underlying the apparent variability of WNS susceptibility among bat
populations, and how geographic mosaics may influence the overall impacts
imposed on these species by the disease. These data would provide meaningful
insights for managing Nearctic bat populations as the disease continues to spread

westward.
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1.6 Thesis Hypothesis, Objectives, and Data Chapters

In this thesis, | investigate immunogenetic variation within host populations and
assess impacts of selective pressures associated with infectious diseases by
exploring the following hypotheses: i) as natural populations are exposed to spatially
and temporally heterogeneous selective pressures associated with disease, in
context of underlying variation in immunogenetic regions, then affected populations
should demonstrate discordant shifts in immunogenetic variation throughout
disease occurrence, ii) if an invasive pathogen is introduced to naive populations
that subsequently experience drastic population declines, then rapid shifts in
underlying allele frequencies should be indicative of signatures of selection
assocaited with disease outcome, and iii) if rapid shifts in allele frequencies are
observed throughout disease occurrence, and genetic drift and gene flow are
excluded as influencing these observed frequency changes, then the shifts in

genetic variation are presumed to be attributed to the disease in question.

The overall objectives of my thesis are to address the aforementioned
hypotheses in different host-pathogen systems to: i) identify signatures of selection
across the range of study systemes, ii) evaluate the use of reduced representation
techniques in monitoring changing disease dynamics in wildlife populations, iii)
elucidate the relative impacts of disease on host populations, iv) assess the
consequences of continued changes in disease dynamics in these systems, and v)
utilize a GMTC perspective to compare and contrast observed differences between

endemic and epidemic systems. By investigating the hypotheses above, and
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meeting the outlined research objectives, these data have the potential to inform
management and conservation initiatives to mitigate the impacts of wildlife disease

on natural populations.

In Chapter 2, | explore the role of red foxes (Vulpes vulpes) in maintaining
unique distributions of arctic rabies viral variants in North America, as continued
range expansions could potentially disrupt or alter disease dynamics in Alaska. In
Chapter 3, | investigate the role of arctic foxes (V. lagopus), in maintaining spatial
distributions of arctic rabies viral variants and the potential for patterns consistent
with differential selection imposed on fox populations. This chapter provides the
firstimmunogenetic investigation of the primary arctic rabies host increasing our
understanding of this enzootic Arctic disease. Chapter 2, alongside Chapter 3,
investigate the relative impacts of arctic rabies on two fox species with the
overarching goal of increasing our understanding of how the distributions of viral
variants are maintained, how species locally adapt to disease, and how invasive
alternate hosts increase disease risk by potentially undermining co-evolutionary

relationships.

In Chapter 4, | explore the relative impacts of Pd on the rare and elusive
eastern small-footed bat (Myotis leibii). | specifically test the hypothesis that M.
leibii was inherently resistant to the pathogen upon introduction to North America

as demonstrated by a combination of demographic and immunogenetic evidence.
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In Chapter 5, | leverage temporal sampling of little brown bats (Myotis
lucifugus) across portions of the eastern Canadian range, including samples prior to
the introduction of Pd, while WNS was epizootic, and now enzootic with high-
throughput sequencing of immunogenetic regions. These data were used to
elucidate patterns of selection between populations and identify underlying

mechanisms responsible for the apparent recovery of some, but not all populations.

Together, these chapters illustrate how immunogenetic profiling, in the
context of demographic processes inferred from neutral genetics, can be used to
enhance understanding of the varied impacts of changing disease landscapes on

host populations/species.
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Abstract

Populations are exposed to different types and strains of pathogens across
heterogeneous landscapes, where local interactions between host and pathogen
may present reciprocal selective forces leading to correlated patterns of spatial
genetic structure. Understanding these coevolutionary patterns provides insight into
mechanisms of disease spread and maintenance. Arctic rabies (AR) is a lethal
disease with viral variants that occupy distinct geographic distributions across
North America and Europe. Red foxes (Vulpes vulpes) are a highly susceptible AR
host, whose range overlaps both geographically distinct AR strains and regions
where AR is absent. It is unclear if genetic structure exists among red fox
populations relative to the presence/absence of AR or the spatial distribution of AR
variants. Acquiring these data may enhance our understanding of the role of red fox
in AR maintenance/spread and inform disease control strategies. Using a
genotyping-by-sequencing assay targeting 116 genomic regions of immunogenetic
relevance, we screened for sequence variation among red fox populations from
Alaska and an outgroup from Ontario, including areas with different AR variants, and
regions where the disease was absent. Presumed neutral SNP data from the assay
found negligible levels of neutral genetic structure among Alaskan populations. The
immunogenetically-associated data identified 30 outlier SNPs supporting weak to
moderate genetic structure between regions with and without AR in Alaska. The
outliers included SNPs with the potential to cause missense mutations within

several toll-like receptor genes that have been associated with AR outcome. In
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contrast, there was a lack of genetic structure between regions with different AR
variants. Combined, we interpret these data to suggest red fox populations respond
differently to the presence of AR, but not AR variants. This research increases our
understanding of AR dynamics in the Arctic, where host/disease patterns are
undergoing flux in a rapidly changing Arctic landscape, including the continued
northward expansion of red fox into regions previously predominated by arctic foxes
(Vulpes lagopus).

2.1 Introduction

Understanding patterns of local adaptation is important to not only enhance
insights into how species interact with their environment, but also in clarifying how
rapid changes in the suite of selective pressures influence population fitness and
persistence [1,2]. When populations undergo divergent selection across
heterogeneous landscapes, the potential for local adaptation exists [1,3,4]. The
process of local adaptation is not only influenced by selective pressures but also
the interplay of gene flow and effective population size (genetic drift) relative to the
strength of the selective pressure. Gene flow and genetic drift undermine a
population’s ability to locally adapt through either the homogenization of genetic
variation or through the random loss of genetic variants in small populations [1,5].
However, if selection is both divergent in nature, and stronger than the combined

force of gene flow and genetic drift, local adaptation is likely to occur [1].

Quantitative evidence for local adaptation can be difficult to decipherin

natural populations and confounded by phenotypic plasticity that allows for the
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expression of multiple phenotypes from a single genotype [6, 7]. As such, and short
of common garden experiments which can be difficult to undertake in natural
systems, genetic assessments of the interactions between selection and the
demographic forces acting on different populations provide a means to detect
patterns indicative of local adaptation. While challenges do exist, genetic signals of
locally adapted populations have been identified across a wide range of systems
including nonsynonymous gene changes among wolf populations that correlate
with precipitation and vegetation patterns [8], and variation in salmonid immune

genes associated with the thermal regimes of different waterbodies [9].

Among the array of selective forces that populations are exposed to,
infectious diseases often present strong selective pressures capable of enacting
rapid and marked population changes as demonstrated by: 1) white-nose syndrome,
where disease emergence decimated populations of several species of bats [10,11];
2) West Nile virus, where over two thirds of crows initially succumbed to the disease
[12]; and 3) facial tumors in Tasmanian devils, where populations have experienced
90% declines [13]. In these systems, strong selective sweeps reshaped the genetic
diversity of populations through the increased frequency of adaptive traits and a
subsequent decrease in the frequency of maladaptive traits [14,15]. The importance
of host adaptation in response to disease is further exemplified by chronic wasting
disease (CWD) in mule deer, where a genotypic difference conveys resistance to
CWD [16]. However, host response to disease is not solely based on the host’s

genotype, but also the genetic variants of the disease(s) to which they are exposed,
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further complicating a population’s interaction with disease based on these

coevolutionary patterns [17].

Genetic assessments of local adaptation in response to infectious disease
have typically focused on highly polymorphic regions of the major histocompatibility
complex (MHC) given associations with antigen binding and overall population
health [18-22]. Historically, these studies limit their assessments to a few, if not a
single, region (e.g., DRB exon-2) [23-25]. These studies have provided reasonable
assessments of the spatial genetic structure that can arise from local adaptation,
yet the immune system is complex and includes adaptive-, innate-, and intrinsic
immunity aspects such that more holistic analyses are required to understand
immunogenetic interactions with disease. Several studies have started to use
genotyping-by-sequencing (GBS) to explore larger subsets of genetic variation
relative to surrounding selective pressures, including disease [e.g., 26-30].
Specifically, Miller et al. [13] developed several GBS arrays, targeting mtDNA and
nuclear SNPs, where population structure was indicative of differential responses to

the facial tumour disease plaguing Tasmanian devil populations [31].

Rabies is a Lyssavirus with several strains and subvariants that are normally
maintained by a primary/maintenance mammalian host within the orders of
Carnivora (e.g., foxes, coyotes, wolves, skunks, and raccoons) and Chiroptera (bats)
[32-34]. Rabies is of concern given high mortality rates associated with this disease,
the potential for primary hosts to infect domesticated animals and occasionally

humans [35], and the fact that the disease can spill over into other reservoir hosts
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when epizootic [36]. The arctic rabies (AR) strain has a circumpolar distribution that
largely coincides with the distribution of its primary host, arctic fox (Vulpes lagopus).
AR consists of four main viral variants occupying distinct geographical distributions
including: variant 2 confined to the Seward Peninsula of Alaska, variant 4 found in
southwestern portions of Alaska, and variant 3 which occurs throughout the
northern coasts of North America and parts of northern Eurasia [33,34,37] (Fig 2.1).
In contrast, AR variant 1 is isolated to southern Ontario [37], where arctic fox
populations are absent and red fox (Vulpes vulpes) are presumed to be the

maintenance host [38].

In Alaska, three AR variants (2, 3, and 4) circulate in geographically discrete
regions where arctic fox and red fox are sympatric in coastal regions. While AR
infects both arctic and red foxes, AR is largely absent from the interior of Alaska
where only red fox exist [37]. The geographically distinct distribution patterns of AR
presence/absence and AR strains in Alaska have led to questions with regards to: i)
how this disease is maintained, ii) are there coevolutionary relationships between
AR and its hosts that might be expected if patterns of local adaptation exist to
explain the geographic restriction of AR variants, and iii) if arctic fox, red fox, or both,
serve as maintenance hosts for AR in Alaska. Determining the host status of these
fox species is pertinent in that maintenance hosts play different roles in long-term
disease maintenance and spread, relative to spillover/reservoir hosts that do not
perpetuate disease on broader timescales [36,39,40]. Categorizing disease hosts as

either maintenance hosts or spillover hosts can be determined by variable
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prevalence rates of disease in different host species, as seen with avian influenza in
species of waterfowl [41]. However, these correlations sometimes do not provide a
holistic understanding of underlying disease dynamics, as in the case of red and
arctic fox populations in Alaska, where AR is commonly found in both species;
therefore, these patterns may not distinctly differentiate their relative roles with
respect to AR [37,41]. Previous research has attempted to use the host genetic
structure of both red and arctic fox populations in Alaska, in context of AR strains, to
assess the influence of these two hosts on AR disease dynamics [37]. Goldsmith et
al. [37] found that population genetic structure of arctic fox correlated with the
distribution of the three AR strains as would be expected of a maintenance host and
long-term co-evolutionary patterns with AR. The role of red fox was less clear, and
data within Goldsmith et al. [37] did not exclude red fox as a maintenance host.
Goldsmith et al. [37] did find support for genetic structure among the sampled
regions for red fox, where coastal tundra populations clustered together separately
from those in the boreal interior [37], aligning with the geographical
presence/absence of AR in Alaska. Goldsmith et al. [37] also found evidence of fine-
scale geographically isolated genetic clusters, but the levels of admixture among
these clusters undermined correlations of the host genetic structure of red fox with
AR strains. These findings were not surprising given red fox are widely dispersed
carnivores, native to much of the northern hemisphere as a matter of their high
dispersal capabilities, their generalist nature, the capacity of the species to exhibit a

phenotypic plasticity in response to changes in selective pressures, and historical
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red fox translocations [42-47]. The lack of correlation of AR strains with low levels of
red fox population genetic structure, may also be related to observations that red
foxes have expanded their distribution northward, coinciding with Arctic warming, a

factor postulated to continue to influence and alter AR dynamics [37,48-50].

While the neutral genetic structure of host species can be used to infer
relationships with disease maintenance and spread [37,51,52], understanding
deeper co-evolutionary patterns between hosts and pathogens requires insight into
the variation that exists in genes that interact with the reciprocal selective
pressures. To this end and building on the data from Goldsmith et al. [37],
Donaldson et al. [53] developed a GBS assay to specifically target 116
immunogenetically relevant regions of the red fox genome. Donaldson et al. [53],
tested the assay on a small sample size of red foxes from regions with different AR
variants and regions without rabies and found 15 Fsr-based outlier SNPs that divided
the samples into two genetic clusters corresponding to regions with and without AR,
similar to the results by Goldsmith et al. [37]. In both studies, inferences on the
relationship between host genetic clustering and rabies distributions were
undermined by either small sample sizes or assessments on regions of the genome
unlikely to show patterns of selection from infectious diseases. However, in these
studies, red fox genetic structure was more pronounced in the data from the
immunogenetic assay [53] relative to the microsatellite data [37], suggesting that

gene flow was not solely responsible for the observed patterns of genetic structure.
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Herein, we build on the work of Goldsmith et al. [37] and Donaldson et al.
[53], using the same immunogenetic GBS assay, by increasing the number of red
foxes sampled per location to better assess frequency differences of genetic
variants among the sampled locations and to gain further insight into the role of red
fox in AR maintenance in Alaska. We also aimed to put the interrelationships of AR
and red foxes in Alaska into context by including red foxes from Ontario (Canada) as
a potential outgroup. Of interest is the contrast between central Alaska and Ontario,
as AR variant 1 is solely in Ontario and is maintained without the presence of arctic
fox, where it is detected in red fox and skunk populations [54-56]. It is unclear how
the distributions of AR variants are maintained, nor how rapid climate changes
occurring in the Arctic may influence rabies disease dynamics such as through the
continued northward expansion of red fox (a highly susceptible AR host) into ranges
previously predominated by AR’s natural host, the arctic fox [49,50,57-61]. We also
aimed to further explore the data from the immunogenetic assay developed by
Donaldson et al. [53], by using the well-annotated canine reference genome for
enhanced assessments of SNP/gene associations, and by implementing additional
SNP outlier tests to account for the inter-variability between methods. We
hypothesized that red fox population genetic structure has been shaped by AR
variants in Alaska despite high dispersal capability and gene flow found within the
species. Therefore, we predicted that immunogenetically relevant genomic regions
would demonstrate large shifts in allele frequencies indicative of genetic structure

and local adaptation associated with the distribution of AR in Alaska; consistent
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with the previous findings [53]. This research aims to increase our understanding of
how AR is maintained in Alaska, the role of red fox as either a maintenance or
spillover host of AR, and the potential role red fox may play as the Arctic continues
to experience rapid warming trends which may affect the distribution of AR hosts

and its variants.

2.2 Methods

2.2.1 Sampling, DNA extraction and quantification

Previously collected red fox muscle and spleen tissue samples from Alaska,
originally obtained from a variety of independent trappers and organizations, were
provided by the University of Alaska Museum of the North (Table S2.1). Red fox
muscle tissue samples from Ontario (Canada) were obtained from the Ministry of
Natural Resources and Forestry (Table S2.1). This study required no animal handling
or direct sampling from animals (all samples were previously collected), as such
animal care approval was not required. Tissue samples were stored in a -80°C
freezer and DNA extraction was performed using the DNeasy Blood and Tissue Kit
(Qiagen; File S2.1). We quantified DNA extractions using the Quant-iT PicoGreen
dsDNA Assay Kit (ThermoFisher Scientific). Extracted DNA quality was assessed by
ethidium bromide stained 0.8% agarose gel electrophoresis (90 V for 45 minutes)
using the HighRanger 1 kbp DNA ladder (300 bp- 10,000 bp; Norgen Biotek) as a
reference. After these quantity/quality assessments, a final set of 96 high molecular

weight DNA samples suitable for sequencing were processed from four regions
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across North America: Southwestern Alaska (n = 25), Seward Peninsula (n = 21),

Central (South/Interior) Alaska (n = 30), and Renfrew County in Ontario (n = 20).

2.2.2 Library preparation, sequence capture and high-throughput sequencing

DNA libraries were prepared using the Kapa HyperPlus Kit (Roche) following the
SeqCap-EZ HyperCap UGuide v1.0 (Roche) protocol with several modifications to
the workflow (File S2.1). Pre-capture LM-PCR library quality was assessed utilizing
an ethidium bromide stained 2% agarose gel electrophoresis (100 V for 45 minutes).
Equal-molar amounts of each library were combined to form a 1 ug DNA
multiplex of the 96 libraries. Target enrichment was performed using the SeqCap EZ
Developer Library probe set previously described by our lab [53]. Modifications to
the target enrichment included: 2 yl xGen Universal Blockers—TS Mix (Integrated
DNA Technologies) instead of the NimbleGen Multiplex Hybridization Enhancing
Oligo Pool (Roche), NimbleGen SeqCap EZ Developer Reagent (Roche) was used
instead of NimbleGen COT Human DNA (Roche) during hybridization sample
preparation, and the hybridization was carried out at 47°C for 20 hours. The target-
enriched multiplex was assessed on a bioanalyzer and sequenced on an [llumina
MiSeq v3 run using 2x300 bp reads (Advanced Analysis Centre Genomics Facility,
University of Guelph). We also obtained previously sequenced data for 29
individuals (Table S2.1) [53] from the NCBI Sequence Read Archive (SRP119314) [51]

and included that data in subsequent analyses.
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2.2.3 Sequence alignment and variant annotation

Paired-end reads from the 96 newly sequenced individuals, and the 29 previously
sequenced samples (total of 125 libraries) were aligned to the canine reference
genome (Southwestern Alaska n = 32; Seward Peninsula n = 33; South/Interior
Alaska n =40; Ontario n = 20; Fig 2.1; Table S2.1), utilizing the bwa-mem command
in Burrows-Wheeler Aligner v0.7.12 [62]. Sequence alignment metrics were
compiled using SAMTOOLS v1.5 [63]. We utilized the Genome Analysis Toolkit
(GATK, v4.0.0.0) best practices pipeline and standard hard filtering parameters to
perform duplicate sequence removal, SNP/INDEL variant annotation, genotyping,
and variant recalibration [64-66]. After these steps, the GATK function
SelectVariants was used to filter the obtained VCF file to only contain bi-allelic
SNPs.

The original SeqCap EZ Developer Library probe was designed based on
limited sequence information from a draft version of the red fox genome [53];
therefore, the positions of all probe targeted areas were first identified within the
canine reference genome via BLASTn (Canfam 3.1; Table S2.2) which were then
complied into a list of on-target intervals. Using these intervals, SNP variants were
further categorized as being within coding regions or in intergenic regions (outside
coding regions).

Throughout our analyses we addressed several recommendations outlined
by other researchers [67] when attempting to identify loci under selection using Fsr

outlier tests. Specifically, we accounted for possible linkage disequilibrium within
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the datasets, we implemented a filter for minimum allele frequency (MAF), and we

implemented the use of multiple outlier tests in our analyses.

2.2.4 Analyses of SNPs in intergenic regions

The sub dataset containing SNPs in intergenic regions was filtered using VCFtools,
v0.1.13, to retain only biallelic variants with a MAF threshold of 2%, and a maximum
missing genotype threshold (per site) of 20%. The remaining SNPs were analyzed
using the Ensembl Variant Effect Predictor (VEP) tool [68,69] to remove any variants
that were within 20 kbp from any known transcribed region (protein coding RNA or
non-coding RNA) within the reference canine genome. Additionally, these SNPs
were pruned for linkage disequilibrium as implemented by the SNPRelate package
in Rv3.5[70], and further filtered for physical linkage (only SNPs that were = 100 kbp
from one another were retained). Variants that fulfilled these parameters were
assumed to not be under selective pressure and were used to assess patterns of
neutral population genetic structure. These filtering steps, and subsequent
analyses, were also performed on a SNP dataset from intergenic regions that did not
include red fox samples from Ontario to test for substructure within Alaska.
Principle component analysis (PCA) and discriminant analyses of principle
components (DAPC) were performed in RStudio using the adegenet (v 2.1.1) [71]
and ape (v 5.1) [72] packages. The components retained for PCA were those with
eigenvalues = 0.1 and cross validation were used to determine the number of

retained components based on the root mean squared error (lowest MSE). The
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optimal number of clusters identified through the data for the DAPC was
determined using successive K-means.

Utilizing STRAUTO (v. 1.0) [73], we ran STRUCTURE over several processors
concurrently. STRUCTURE analyses were performed using a burn-in length of 50,000
followed by 200,000 iterations for K= 1 through K = 6, with 20 iterations of each K.
The AK statistic was calculated to determine the number of distinct genetic clusters
that were inferred using structure harvester web v0.6.94 [74]. Utilizing CLUMPP
1.1.2[75], and the LargeKGreedy algorithm (10,000 repeats) individuals were
assigned to genetic clusters, the STRUCTURE analyses were combined and
visualized using DISTRUCT v1.1 [76].

Power analyses on the presumed neutral SNP datasets were performed using
POWSIM v. 4.1 [77]. Simulations were run with Ng = 500 and 5,000, over (t)
generations =0, 10, 100, 500, 1,000. 1,000 iterations were performed for each set of
conditions, and each run sought to differentiate between the four sampled regions
by evaluating the power to detect genetic homogeneity through chi-square and
Fisher's exact tests. The Fisher’s exact test was implemented within the program
using a Monte Carlo Markov chain approach with the default parameters of 1,000

burn-ins, 100 batches, and 1,000 iterations.

2.2.5 Analyses of SNPs in coding regions

The sub dataset containing SNPs in coding regions was filtered using VCFtools to
retain only biallelic variants with a MAF threshold of 2%, and a maximum missing
genotype threshold (per site) of 20%. Outlier testing was performed on this sub
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dataset using four different packages: PCAdapt [78], OutFLANK [79], Arlequin [80],
and Bayescan [81]. Each of these tests identified SNP Fsr outliers using an adjusted
p-value threshold of < 0.05; detailed parameters implemented for each method are
provided as supplement material (File S2.1). Outlier tests use different sets of
assumptions and caveats, often leading to inconsistencies across packages [79], so
we retained any outlier identified by at least one test and compiled these SNPs into
a separate VCF file using VCFtools. That dataset was pruned for linkage
disequilibrium using the SNPRelate package in R and further filtered for physical
linkage by only keeping SNPs > 100 kbp from one another. That sub dataset
containing filtered LD-pruned outlier SNPs from coding regions was used to assess
the distribution of these variants across our sample design, achieved through the
PCA, DAPCs and STRUCTURE analyses described above. Outlier analyses of SNPs
from coding regions were also performed with a dataset that did not include red fox

samples from Ontario to test for substructure within Alaska.

2.2.6 Signatures of selection; iHS, XP-EHH, pN/pS

A combined dataset of filtered (MAF and max-missing data) SNPs from both
intergenic and coding regions were assessed to determine the integrated haplotype
homozygosity score (iHS) and the cross-population extended haplotype
homozygosity (XP-EHH) using the REHH package in RStudio (ihh2ihs and ies2xpehh
functions respectively) [82,83]. Normalization of p-values for both iHS and XP-EHH
are incorporated as part of the REHH package. Normalization is achieved following
Gautier and Naves, where p-values are generated through the -log of the Gaussian
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cumulative distribution function for each statistic [84]. These metrics facilitate a
comparison of the integrated extended haplotype homozygosity within a population
(iHS) and between populations (XP-EHH) [85,86].

Estimations of the relative ratio of nonsynonymous substitutions to
synonymous substitutions (pN/pS ratio) were determined using the output of SnpEff
(using the CanFam3.1.99 database) which annotated each SNP within coding

regions as synonymous or non-synonymous polymorphisms [87]. Values were
calculated per gene following Nei and Gojobori; pS = % andpN = NTd [88]. Where S

and N are the number of synonymous and nonsynonymous sites and Sd and Nd are
the total number of synonymous and nonsynonymous polymorphisms [88-90]. Per
gene, DnaSP v6 was used to estimate the number of potential nonsynonymous (N)
and synonymous sites (S) using the coding sequence for each gene [91]. Ratios > 1
can be indicative of positive selection, whereas ratios < 1 typically infer purifying

selection [89].

2.3 Results

2.3.1 Raw sequence data

The combined dataset (N = 125) of newly (n = 96) and previously (n = 29) sequenced
samples had an average of ~315,000 raw reads per library, of which 96.2% mapped
to the canine reference genome, ~11.6% reads were filtered per library, and ~58%

aligned to targeted regions (~ 65X coverage; Table S2.3).
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2.3.2 SNPs in intergenic (off-target) regions

A dataset of 4,811,979 off-target SNPs was filtered to exclude SNPs <100 kbp from a
coding region and pruned to minimize linkage disequilibrium. This yielded a sub-
dataset of 43 SNPs in intergenic regions with an average depth of coverage of 25X
that were presumed not to be under selective pressure (Table S2.4). We visualized
these data using PCA, DAPC and STRUCTURE. Power analyses of the 43 SNPs in
intergenic regions indicated a power of ~98% to detect structure at an expected Fsr =
0.01 and a power of 100% to detect structure at an expected Fsr > 0.05, indicating a
high likelihood that if there was population differentiation > 1%, the present dataset
had the power to detect it. DAPC and STRUCTURE identified K = 2 as the most likely
number of clusters with high levels of gene flow across all analyses (Fig 2.2).
Specifically, Ontario and Alaska formed two distinct genetic clusters (pairwise Fsr =
0.035 among genetic clusters), with no clear patterns of genetic structure within the
sampled Alaskan regions (Fig 2.2). Analyses containing only the Alaskan samples
provided results similar to those obtained when we analyzed the subset of data
containing red fox populations from both Alaska and Ontario; where PCA and DAPC
analyses identified no population genetic structure within Alaska, however
STRUCTURE results were suggestive of weak patterns of substructure (Fig S2.1). This
subset of data contained 123 SNPs with an average coverage per site of ~30X, and

an Fsr=0.012 among Alaskan red fox genetic clusters (Table S2.4).
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2.3.3 SNPs in protein-coding (on-target) regions

We detected 9,650 SNPs located within on-target intervals. After applying a MAF
threshold = 2% a maximum missing data threshold = 20%, and discarding SNPs on
the X-chromosome, 2,094 SNPs remained. Only Arlequin and PCAdapt identified
outliers, producing a combined sub-dataset of 131 SNPs (Fig S2.2). We filtered
these 131 SNPs for linkage disequilibrium, producing a sub-dataset of 30 outlier
SNPs in protein-coding regions. The majority of these SNPs were found within
interleukin, toll-like receptor, and MHC gene families (Table S2.5). Two of these
SNPs, associated with TLR4 and IL12RB1 genes, were predicted to cause missense
mutations that could alter the putative chemical characteristic of the substituent
group (Table S2.5). We also noted an additional 16 SNPs (from the 131 SNP dataset)
removed during linkage disequilibrium filtering were also predicted to cause a
missense mutation, potentially altering the underlying chemical property of the
respective amino acid. Notably, 12 of these 16 SNPs were found within TLR5 (Table
S2.5). DAPC and STRUCTURE analyses of the 30 outlier SNPs in protein-coding
regions identified K = 2 clusters, which was similar to the results obtained from the
off-target SNP analysis, with detectable genetic structure between Alaskan and
Ontario foxes (Fig 2.3). Pairwise assessments found Fsr = 0.135 among genetic
clusters. Processing these data, obtained from Alaskan foxes exclusively, identified
a larger number of outlier SNPs than the dataset that included Ontario foxes (221
versus 131, respectively). Of these 221 outliers, 22 resulted in a missense mutation

with the potential to change protein function and one SNP resulted in a premature
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stop codon (Table S2.5). We filtered the 221 SNPs for linkage disequilibrium and
only four of the 22 SNPs with the potential to cause a missense mutation were
retained in the sub-dataset that contained 16, filtered and linkage disequilibrium
pruned, outlier SNPs (Table S2.5). STRUCTURE analyses without the Ontario red fox
outgroup suggest weak substructure exists within Alaska, contrasting with both PCA
and DAPC analyses that did not reveal distinct population genetic clusters (Fig 4).
Pairwise assessments estimated Fsr = 0.090 among genetic clusters. Genome-wide

pairwise Fsr of Alaskan red fox are provided as supplementary data (Fig S2.5).

2.3.4 Signatures of selection; iHS, XP-EHH, pN/pS

Plotting the p-value of iHS demonstrated few signals of selection for each
population. Further analyses of the iHS scores identified one, two, and five outlier
candidate regions for the Seward Peninsula, Southwest and Central red fox
populations, respectively (Fig S2.3). Similarly, XP-EHH analyses demonstrated weak
signals of selection between the populations, with the exception of chromosome
18, where the Southwest and Seward Peninsula populations appear to have much
closer affinities relative to their comparisons with the Central red fox population (Fig
S2.4).

From the SnpEff output, we were able to identify missense and synonymous
substitutions at 85 of our targeted genes, however, pN/pS calculations were unable
to be calculated for any of the three Alaskan red fox populations at 23 of these genes
because there were no synonymous and/or missense substitutions at the locations
in their respective datasets resulting in division by zero errors or pN values equal to
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zero (Table S2.6). While the majority of the pN/pS ratios were indicative of purifying
selection, six genes had pN/pS ratios > 1 in at least one of the populations,
suggestive of positive selection (Table S2.6). Two of these genes, CCL5 and TLR4
only appeared to be under selection (pN/pS > 1) in the central Alaskan red fox
population. The remaining four genes (DLA-12, DLA-88, DLA-DMB, and DLA-
DQBC1), appeared to be under selection in all three of the populations.

2.4 Discussion

In this study, we sequenced immunogenetically associated regions of the red fox
genome using a GBS assay in context of both variants of arctic rabies (AR) and the
presence/absence of the disease. The goal was to further understand the role of red
fox in AR maintenance/spread. The GBS assay generated both off- and on-target
data. Analysis of these data provided relative assessments of genetic structure that
could be attributed to gene flow or associated with local selective pressures. While
additional samples, outgroups, and analyses (including the use of a different
reference genome) were used in this study, our results were largely consistent with
previous investigations [37,53], finding subtle genetic structure between regions
with and without the presence of AR, but no evidence of differential selection
associated with unique AR variants among the red fox populations. The latter finding
was somewhat unexpected, as itis not clear how distinct AR lineages maintain
stable geographic distributions if there is indeed extensive gene flow among red
foxes, although some evidence implicates the primary AR host, arctic fox, in

maintaining these distributions [37]. These data may also suggest that dispersal is

46



more limited among infected red foxes, yet latency of clinical AR symptoms can be
weeks and sometimes months, suggesting that limited host dispersal may not be a
factor [55,92]. That said, there is no indication that different AR strains show any
differences in infectivity or pathogenicity, so not having distinct immunogenetic
structure correlated with different AR strains in regions with the disease may then
be less surprising. In contrast, the observed levels of neutral genetic structure from
the off-target SNP analysis in this study, and previous research [37], are suggestive
of high levels of gene flow within all sampled Alaskan regions. Based on the
contrasting patterns of neutral and immunogenetic structure, we take these data to
suggest that there is a subtle immunogenic response, and potentially a locally
adaptive response to AR in red fox populations in Alaska. Further, of the outlier
SNPs, several are associated with interleukins and toll-like receptors known to
mediate responses to rabies infections [93-97]. Although these data provide further
insight into potential mechanisms that control rabies maintenance and spread,
additional analyses, such as those resulting from full genome sequencing could
reveal different patterns of responses to disease to extend beyond those

immunogenetically associated regions.

2.4.1 Use of off-target data

Targeted sequencing approaches, despite aiming to enrich for certain data,
consistently generate undesired (off-target) reads [98]. Explorations of the
usefulness of these previously discarded data suggest they possess adequate
sequencing coverage and quality for downstream analyses [98-101]. Combining
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these data with simulation-based assessments, provides a measure of the
analytical power of the dataset, and enables confidence to be placed in the
interpretation of these data [102-104]. The off-target datasets analyzed herein
provide another example of the purposing of otherwise undesirable reads to discern
presumed neutral genetic structure as a baseline for the on-target data. Previous
red fox research using microsatellite and mtDNA markers [37] found weak genetic
clusters that distinguished between the interior of Alaska and coastal regions (Fsr =
0.035 among populations), where both clusters displayed extensive admixture with
foxes from the northern coast. Our analyses including Ontario red fox, based on
presumed neutral off-target SNPs, found no evidence of genetic structuring within
Alaska. This contrast in observed structure between studies might reflect the
additional power of microsatellite markers, with many alleles per locus, to detect
structure, or perhaps the benefit of using certain analytical assumptions which
increase the likelihood of identifying subtle patterns of genetic structure as
implemented in the work by Goldsmith et al. [37].

The lack of substructure within Alaska using the off-target data, when
including Ontario red fox, may be due to stark differences in ancestry between those
fox populations from Alaska and Ontario [105-107]. North American red fox
occupied several glacial refugia during the last glacial maxima, currently recognized
as a Holarctic clade (Western Canada, Alaska, Asia, and European origins) [106]
and Nearctic clade (Eastern and Central Canada, the Rocky Mountains, and several

montane regions throughout the US) [106]. The recent expansion of red foxes into
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previously unsuitable habitats in the Arctic was thought to be due to the
introduction of non-native red foxes with European origins, expanding from the
Eastern coast of North America across Central US and Canada [105]. However,
recent research has shown that expanding red fox populations in the North
American arctic tundra are more closely related to the native, boreal, red fox [107].
Therefore, the lack of substructure observed in the off-target SNP dataset may in
part be due to the prominent difference in ancestry between fox populations in
Alaska and Ontario, thus masking signatures of differentiation between Alaskan
populations. The lack of structure observed could also reflect recent population
expansions of this species in Alaska, given the potential for genetically similar
founders. Off-target analyses of only Alaskan red fox, suggested gene flow exists
among the sampled regions despite physiographic features (i.e., mountain ranges)
that might be expected to retard gene flow and supports the supposition that the
inclusion of the Ontario outgroup of foxes appeared to mask weak signatures of

genetic structure.

2.4.2 Analysis of SNPs in protein-coding regions

2.4.2.1 Interrelationship between AR and red fox across North America.

Methods that identify outliers are prone to varying amounts of type | and Il error,
which potentially result in inconsistent results between different tests [108].
Analyses of the on-target SNP dataset found only two (Arlequin and PCAdapt) of the
four methods identified outliers. While both tests identified a similar number of

SNPs, only seven of 131 SNPs were common between the two tests. Most SNPs
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identified result in synonymous changes (n = 113 SNPs) and are unlikely to alter
resulting protein structure and/or function [109]. Of the 18 identified non-
synonymous SNPs, a large proportion were associated with TLR5 (n =12 SNPs), but
only the SNPs associated with TLR4 and IL12RB1 were retained in the sub-dataset
given our filtering parameters (Table S2.5). TLR4 and TLR5 are associated with
initiating an inflammatory response by recognizing molecular structures indicative
of bacterial infiltration [110-113] whereas IL12RB1 encodes for the transmembrane
protein responsible for regulating the response of both IL12 and IL23 [114]. Thus,
these genes may have an important role in the species response to disease,
especially in the context of rabies, as these gene families have previously been
implicated in rabies resistance [93-96]. We also detected outlier SNPs within the
protein-coding regions of MHC, interleukins, and toll-like receptors (Table S2.5).
Genetic structure was detected when analyzing the 30 outlier SNPs in protein-
coding regions between red fox populations in Alaska and Ontario (Fsr = 0.1353).
This pattern, relative to the observed weak patterns from the putatively neutral data,
is suggestive of local adaptation. The pattern of genetic structure between Alaska
and Ontario red fox is interesting in the context of rabies where the AR variant
circulating in Southern Ontario (AR variant 1), that is absent from the Arctic, persists
without requiring reintroduction from arctic fox, and is phylogenetically distant from
the other variants circulating in Alaska [33,34]. While red foxes were initially
implicated in circulating the unique AR variant in Ontario, declining observations of

AR variant 1 among red foxes, with subsequent increases among skunk populations,
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led researchers to test the possibility of a host shift from foxes to skunks [115].
Nadin-Davis and Fehlner-Gardiner found that the variant had accumulated codon
changes that coincide with the typical strain of rabies that is found in skunks
supporting that this rabies variant may be shifting hosts [115]. The research
presented here, combined with this previous work [115], suggest that AR variant 1
may have an increased capacity to locally adapt given the stark differences of the
immune response between Ontario red fox populations and red fox populations in
Alaska. These differences are made evident from the observed genetic structure (Fig
2.3), and the potential host shift that is occurring into skunk populations in Ontario.
We acknowledge that correlation does not equal causation, but the identified
outliers associated with TLRs and interleukins, coupled with the unique distribution
of arctic rabies in Alaska, point towards red fox populations locally adapting to the
presence/absence of the disease, but not specific AR variants. Supported by past
research demonstrating the involvement of these gene families in rabies
mechanisms [93-97], the candidate genes identified herein provide an opportunity

to further explore this potential coevolutionary relationship on a larger scale.

2.4.2.2 Interrelationship between AR and red fox in Alaska

When restricting on-target SNP analyses to include only Alaskan red foxes, three
methods identified outliers (Arlequin, PCAdapt, and OutFLANK). Six of the outliers
were identified by at least two programs, demonstrating the variability of program
algorithms/assumptions to detect SNP outliers [108]. The outlier SNPs detected by

multiple programs were associated with the protein-coding regions of toll-like
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receptors (TLR5, TLR6) chemokine (C-C motif) ligand 2 (CCL2); however, only the
SNPs associated with TLR6 and CCL2 were retained in the filtered sub-dataset. TLR6
forms a dimer with TLR2 associated with detecting gram-positive bacteria (Table
S52.2)[116]. CCL2 is associated with the adaptive immune response by influencing
monocyte activity during the inflammatory response (Table S2.2) [117]. A large
number of the missense variants identified with the potential to change the
underlying protein function were associated with the major histocompatibility
complex (MHC) and different TLRs. The single nonsense mutation was associated
with the protein-coding region of MHC locus DLA-DRB1 that is important in antigen
binding. Thus, the respective protein may not be translated properly, which could
lead to the loss of antigen recognition and potentially negatively impact the ability of
the population to mount an immune response [24].

Estimates of pN/pS ratios of 62 genes offered interesting insights into genes
that may be under positive selection between rabies absent areas and those areas
where different arctic rabies variants circulate. Specifically, TLR4 appeared to be
under positive selection only in the central interior Alaskan red fox population,
where rabies is not endemic, indicating that this gene could play a role in preventing
the virus from spreading into this region. Further, the four genes under selection in
all 3 of the populations (DLA-12, DLA-88, DLA-DMB and DLA-DQBC?1) are all
components of the MHC. The MHC region plays important roles in antigen
recognition and variation within this group of genes is often associated with healthy

populations [18-22], as such, itis not surprising to see several MHC gene members
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under positive selection. Despite these findings, it is important to note that some of
the genes studied herein had very few synonymous/nonsynonymous sites which
can inflate resulting pN/pS ratios and ultimately lead to potential biasing of these
results [89].

We identified genetic structure between red fox from coastal Alaska, where
rabies is endemic, and the central interior, where rabies is absent. There was no
genetic structure observed in the context of different AR variants encompassed
among the sampled regions consistent with previous studies [53]. Despite small
sample sizes, a lack of linkage disequilibrium pruning, and the implementation of
different outlier testing programs (i.e., LOSITAN), the data presented herein remain
consistent with the findings of Donaldson et al. [53]. Additionally, both analyses
presented in the current study and those of Donaldson et al. [53] identified SNPs in
the protein-coding regions of C3 and ITGAM as outliers. C3 encodes for a protein of
the same name, whose derivatives contribute to phagocytosis, an inflammatory
response, and relaying signals to T cell-dependant antigens (Table S2.2) [118].
ITGAM encodes for integrin aM, one of two proteins that bind together to form
macrophage antigen 1 which is involved in leukocyte adhesion and migration (Table
S2.2) [119]. Since SNPs associated with these protein-coding regions have
continuously been identified as outliers across studies using several different
methods, there is increased support that these genes may be under selective

pressure and warrants further investigation.
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2.4.3 Maintenance of arctic rabies variant distributions in Alaska

It has been questioned whether the unique distributions of artic rabies variants in
Alaska are influenced by the natural host (arctic fox) and maintained by the red fox.
Using microsatellite marker data, Goldsmith et al. [37] demonstrated that the
neutral genetic structure of arctic fox appeared consistent with the relative
distributions of the rabies variants in the state of Alaska. Goldsmith et al. [37], also
found that the neutral genetic structure of red foxes only distinguished between
those foxes from rabies-endemic coastal regions and the rabies-absent interior of
Alaska [37]. Together, these data were taken to suggest the distributions of AR
variants are maintained solely by arctic foxes. Data presented in our current study
further demonstrate that while the red fox may be a maintenance host for AR in
Alaska, the species demonstrates no patterns of genetic structure correlating to the
distributions of specific AR variants. In contrast to previous work, however, we find
that red fox populations appear to exhibit a weak sighature of local adaptation to the
presence/absence of AR, as demonstrated by the genetic structure analyses of
immunogenetically relevant loci relative to presumed neutral loci. Furthermore,
TLR4 appears to be under positive selection within only the Central red fox
population where rabies is not endemic. This gene family has previously been
associated with rabies disease mechanisms [96], and the geographic structure of
variants of these genes present a potential explanation as to why rabies is not able
to reach an endemic status in the central interior of Alaska, although further

research would be required to investigate this hypothesis in depth. Overall, these
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findings are important in context of a warming Arctic, as they suggest that the
Alaskan distribution of AR is likely to be unaffected by continued northward
expansions of red fox, but rather by a northward retreat of arctic fox from the

southern edge of their distribution in the state [50].

2.4.4 Future steps

Our data suggest red fox populations in Alaska have not undergone differential
selection in response to different AR variants based on their unique distributions. It
remains plausible, however, that this observation is due to a plastic response of the
immune system or that there may be differences in the up/down-regulation of
specific genes—hypotheses beyond the scope of the current study. Research
utilizing RNA-seq to identify differences in gene expression among foxes exposed to
the varying AR variants could have the potential to address some of these
alternative hypotheses [120]. Additionally, while the phylogenetic relationship of the
AR variants is well documented [33,34], our understanding of whether these genetic
differences correspond to underlying differences in pathogenicity or virulence
remain unknown. The observed spatial segregation of the AR variants may be
caused by founder events with no subsequent gene flow; however, this seems
unlikely given the gene flow present within two of the disease’s main hosts in Alaska,
red and arctic fox, that would homogenize AR variants if they did not have selective
differences. Previous research indicates that only arctic fox populations appear to
influence the distinct distribution of AR variants [37,53]. This finding, combined with
data presented here, suggests selective differences between AR variants do not
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exist for Alaskan red fox populations. Research should further explore this
phenomenon in the natural host of AR, arctic fox, to provide an assessment of
genetic differences suggestive of selective differences between AR variants. Given
that historical records largely reflect arctic fox have been exposed to AR much
longer than red foxes, the likelihood for coevolutionary forces that would resultin
patterns of differential selection is much greater [55]. Therefore, if such
coevolutionary patterns were detected, it would be indicative of differential
selection of the different AR variants on arctic fox populations.

2.5 Conclusions

Key to comprehending the ecology and evolution of a species are mechanisms of
adaptation [1,3]. When selective pressures are differentially distributed across the
landscape, there remains the potential for populations of species to become locally
adapted to selective pressures, increasing their fitness within a unique environment
[121]. By understanding these interactions between environments and populations,
and how they have shaped the genetic structure of populations, we can better
inform both wildlife disease- and species-management. Data presented herein
suggested that the unique distributions of arctic rabies variants in Alaska have not
led to locally adapted populations of red fox, indicating no differential selection
between arctic rabies variants. This finding is relevant to wildlife disease
management in Alaska and other northern regions as the Arctic continues to warm,

likely resulting in range shifts of host species.
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Fig 2.1. Schematic of red fox samples used in the genotype-by-sequencing

assay.
Circles indicate sample locations, numbers within circles indicate number of
samples within proximity to one another (5mm on the map). CN—Central
(South/Interior) Alaska; SP—Seward Peninsula; SW—southwest Alaska; ON—
Ontario. Approximate arctic rabies viral variant distributions (AR 2, 3, 4) are
depicted by coloured regions (see in-figure legend). Insert (top right) shows relative
positions of Alaskan red fox samples (n = 105) to those sampled from Ontario (n =
20). The schematic of arctic rabies variant distributions was adapted from
Goldsmith et al. (2016) for illustrative purposes only. Made with Natural Earth.
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Fig 2.2. Neutral genetic structure between red fox from Alaska and Ontario.

Analyses of the 43 SNPs in intergenic regions after filtering with Variant Effect
Predictor, a MAF threshold = 2%, and pruning for Linkage disequilibrium; CN =
central Alaska; SP = Seward Peninsula; SW = Southwest Alaska; ON = Ontario,
Canada a) principle component analysis b) power analysis results for the estimated
Fisher’s exact Fsr and Chi? aftert =0, 10, 100, 500, and 1,000 generations and
assuming an effective population size of 5,000 ¢) STRUTURE analysis of K=2 and K
= 3, where individuals are represented by each bar along the x-axis and assignment
to clusters is represented by the y-axis and the different colours.
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Fig 2.3. Immunogenetic structure distinguishes between red fox from Alaska
and Ontario.
Analyses of the 30 outlier SNPs within protein-coding regions after filtering for a
minor allele frequency threshold = 2% and pruning for linkage disequilibrium a)
principle component analysis b) DAPC of the inferred clustering; c1 = inferred
cluster 1, c2 = inferred cluster 2 (left) DAPC of Alaskan (1 =CN; 2=SP; 3=SW)vs
Ontarian (4) red fox samples (right) c) STRUTURE analyses of K=2 and K = 3, where
individuals are represented by each bar along the x-axis and assignment to clusters
is represented by the y-axis and the " different colours; CN = central Alaska; SP =
Seward Peninsula; SW = Southwest Alaska; ON = Ontario, Canada.
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Fig 2.4. Weak signature of immunogenetic structure among red fox populations
within Alaska (not including Ontario). Analyses of the 16 outlier SNPs within
protein-coding regions, after filtering for a minor allele frequency threshold = 2%
and pruning for linkage disequilibrium a) principle component analysis b) DAPC of
the inferred clustering; c1 = inferred cluster 1, c2 = inferred cluster 2 (left) DAPC of
Central (1), Seward Peninsula. (2) and Southwest (3) red fox samples in Alaska
(right) c) STRUTURE analysis of K= 2, where individuals are represented by each bar
along the x-axis and assignment to clusters is represented by the y-axis and the
different colours; CN = central Alaska; SP = Seward Peninsula; SW = Southwest
Alaska.
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Abstract

Patterns of local adaptation can emerge in response to the selective pressures
diseases exert on host populations as reflected in increased frequencies of
respective, advantageous genotypes. Elucidating patterns of local adaptation
enhance our understanding of mechanisms of disease spread and the capacity for
species to adapt in context of rapidly changing environments such as the Arctic.
Arctic rabies is a lethal disease that largely persists in northern climates and
overlaps with the distribution of its natural host, arctic fox. Arctic fox populations
display little neutral genetic structure across their North American range, whereas
phylogenetically unique arctic rabies variants are restricted in their geographic
distributions. It remains unknown if arctic rabies variants impose differential
selection upon host populations, nor what role different rabies variants play in the
maintenance and spread of this disease. Using a targeted, genotyping-by-
sequencing assay, we assessed correlations of arctic foximmunogenetic variation
with arctic rabies variants to gain further insight into the epidemiology of this
disease. Corroborating past research, we found no neutral genetic structure
between sampled regions, but did find moderate immunogenetic structuring
between foxes predominated by different arctic rabies variants. Fsr outliers
associated with host immunogenetic structure included SNPs within interleukin
and Toll-like receptor coding regions (IL12B, IL5, TLR3 and NFKB1); genes known to
mediate host responses to rabies. While these data do not necessarily reflect

causation, nor a direct link to arctic rabies, the contrasting genetic structure of
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immunologically associated candidate genes with neutral loci is suggestive of
differential selection and patterns of local adaptation in this system. These data are
somewhat unexpected given the long-lived nature and dispersal capacities of arctic
fox; traits expected to undermine local adaptation. Overall, these data contribute to
our understanding of the co-evolutionary relationships between arctic rabies and

their primary host and provide data relevant to the management of this disease.

3.1 Introduction

Hosts and pathogens are in a continual co-evolutionary arms race, where patterns
of local adaptation can emerge in response to the selective pressures diseases
exert on host populations, and thus influence disease spread and maintenance [1-
3]. Elucidating where adaptations have occurred throughout the genomes of host
populations can provide better understanding of disease mechanisms in general,
including the impacts of pathogens in shaping host population diversity, and how
perturbations to these systems may influence disease distributions and outcomes

in host populations.

Divergent selection can lead to locally adapted populations across
heterogeneous landscapes where selective pressures differ [1-3]. When divergent
selection occurs without interference from other forces, local populations evolve
traits best suited to local pressures providing increased fitness within a specific
environment regardless of the consequences of the trait in different environments

[1-3]. In natural populations, the process of local adaptation is largely influenced by
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three factors: gene flow, effective population size/genetic drift, and force of the
selective pressure [1]. In these natural systems, homogenization of variation
through gene flow and stochastic loss of variants via genetic drift can undermine
increases in adaptive trait frequencies that are suggestive of local adaptation [1-3].
Thus, when trying to elucidate patterns of local adaptation in natural populations is
it necessary to evaluate the effects of gene flow and genetic drift in context of the

distribution and frequencies of traits under natural selection.

Patterns of local adaptation are often assessed through common garden
experiments, where populations are exposed to a series of different environmental
variables, and changes in fithess are observed over time [1]. In natural populations
common garden experiments are not always feasible, and they are further
complicated by plastic responses of populations, where single genotypes can elicit
multiple phenotypes that mask measurable changes in fitness [4, 5]. Genetic
assessments of the interplay between selection and demographic forces, such as
by contrasting patterns of neutral genetic structure of populations relative to the
genetic structure of loci under selection, can provide an alternate means to detect
genetic signatures indicative of local adaptation in lieu of common garden
experiments. Examples of this approach include assessments of the variation of
salmonid immune responses within environments with different aquatic thermal
regimes [6] and variation in genes associated with vision and hearing in wolf

populations in context of specific environmental variables [7].
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While species are exposed to a myriad of selective pressures, infectious
diseases can exert strong selective pressures over short periods of time, where the
genetic composition of a population can change considerably within a few
generations from these selective sweeps [8, 9]. The emergence of white-nose
syndrome in bats [10, 11] and the development of facial tumors in Tasmanian devil
populations [12], where both diseases led to drastic population declines, are
exemplar of the rapid effects infectious diseases can have on natural populations.
In some patho-systems, such as chronic wasting disease (CWD) in mule deer,
population differences in the frequency of genotypes responsible for susceptibility
to CWD have been observed, providing strong evidence for local adaption to this
disease over time [13]. Patterns of host-pathogen interactions can also occur over
longer time scales and lead to coevolutionary interactions when diseases are
endemic and multiple variants of disease circulate in the environment. In these
systems, host populations adapt to persist against pathogens and pathogens
evolve to circumvent host immune defenses [2, 3]. Thus, a population’s response to
disease can be dependent upon both genetic variants circulating within host
populations, but also the genetic variants of the pathogen(s) host populations are

exposed to [14].

Explorations of population responses to disease have typically undertaken
genetic assessments of the major histocompatibility complex (MHC) due to its
association with antigen binding and its highly polymorphic nature [15-18].
Specifically, MHC DRB exon-2 has been used extensively as an indicator of the
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genetic variation of MHC [19, 20], yet studies have indicated that variation in other
genomic areas associated with an immune response also play importantrolesin
defenses against infectious disease [21-24]. Genotyping-by-sequencing (GBS)
assays enable assessments of genetic variation from a larger number of loci
simultaneously, thus providing an opportunity to explore the variation of genes
associated with an immune response more holistically [7, 25, 26]. For example,
GBS has been used to explore 138 genes associated with the immune response in
little brown bats in context of white-nose syndrome exposure [27], and Elbers et al.
[28] found immunologically relevant variants associated with macromolecule and
protein modifications in gopher tortoises that influenced upper respiratory tract
disease severity. In the absence of feasible/pragmatic common garden
experiments, GBS techniques provide a means to study the genetic impacts

disease can have on host populations.

Arctic rabies (AR) is a lethal lyssavirus that circulates in northern climates
through its natural host, the arctic fox (Vulpes lagopus), where epizootic cycles of
the disease occur every 3-6 years [29, 30]. Arctic rabies is comprised of four
phylogenetically distinct subvariants, where all four variants circulate in unique
geographically maintained distributions in North America (Fig 3.1) [30-33]. Arctic
rabies variant 2 (ARV2) is restricted to the Seward Peninsula of Alaska, AR variant 4
(ARV4) is restricted to Southwestern Alaska, and AR variant 3 (ARV3) circulates
along northern coasts across North America and Eurasia [31]. However, AR variant
1 (ARV1) circulates only in Southern Ontario and is maintained in the absence of
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arctic fox, presumably by red fox [34]. Despite these phylogenetic and distribution
differences, it remains unknown whether geographically restricted AR variants have
differences in pathogenicity that may impose divergent selection between arctic fox

populations, and potentially reveal signatures of locally adapted host populations.

In Alaska, three variants of AR circulate predominantly within red and arctic
fox populations [31]. Previous red fox studies found that patterns of neutral genetic
structure [31] and genetic variants associated with an immune response [35]
demonstrated correlations of red fox genetic structure with the presence/absence
of AR. However, no signatures indicative of differential selection were observed
between AR variants in the red fox system. In contrast, the observed neutral genetic
structure of arctic fox was noted to closely parallel the distribution of AR variants
[31]. These data were corroborated by the fact that where AR variant 3 persists
throughout northern coasts, arctic fox exist as a largely panmictic population as a
matter of high gene flow facilitated by sea ice connectivity [36-38]. While inferences
of disease spread/maintenance through observations of patterns of host gene flow
based on neutral genetic markers are feasible, neutral markers alone do not provide
insight into coevolutionary patterns that may exist between arctic fox and AR.
Therefore, assessments of genetic variation associated with responses to selective
pressures exerted by AR, such as genes related to an immune response, have the
potential to further our understanding AR spread and maintenance in arctic fox

populations.
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Herein, we build upon previous research [31, 35] using an immunogenetic
assay targeting 116 regions of the arctic fox genome associated with an immune
response. We aimed to: 1) determine if genetic variants associated with an immune
response give rise to patterns of genetic structure in arctic fox, and 2) determine if
patterns of differential selection exist in artic fox relative to AR variant distributions
that may be indicative of local adaption to this disease; data that also provides
insight into the maintenance and spread of AR. The Arctic continues to experience
rapid warming, thus understanding host population responses to different disease
variants, and the potential for local adaptation in hosts, becomes increasingly
important as climatic changes are expected to cause range shifts in both pathogens
and their hosts [29, 30, 39-43]. Overall, this research aims to enhance our
understanding of AR dynamics in arctic fox where unique distributions of AR

variants are maintained in North America.

3.2 Methods

3.2.1 Sampling, DNA extractions and quantification

Arctic fox muscle tissue samples were obtained from various independent trappers
and organizations as part of the University of Alaska Museum of the North tissue
collections or as part of previous research [36; Table S3.1]. No direct
handling/sampling of animals took place for this study. Samples were stored at -
80°C until processed. Samples were digested in 200 pL 1X lysis buffer (4 M Urea, 0.2
M NaCl, 0.5% n-lauroyl sarcosine, 10 mM ethylenediaminetetraacetic acid (EDTA),
0.1 M Tris HCL pH 8.0) with the addition of 20 L proteinase K and incubated at 56°C
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for two hours. During digestion, samples were vortexed and briefly spun down every
30 minutes. DNA was extracted from the resulting lysate utilizing the DNeasy Blood
and Tissue Kit (Qiagen) following manufacturer protocols with the exception that
DNA was eluted in a total volume of 60 pL, using two 30 L aliquots of TE buffer (10
mM Tris, 0.1 mM EDTA). Isolated DNA was quantified using the Quant-iT PicoGreen
dsDNA Assay Kit (ThermoFisher Scientific) and quality assessed by ethidium
stained 0.8% agarose gel electrophoresis (90 V for 45 minutes) where DNA fragment
size was assessed in context of HighRanger 1 kbp DNA ladder (Norgen Biotek). A
subset of 96 high molecular weight DNA samples suitable for sequencing were
selected from three regions across the arctic fox’s distribution in North America (Fig
3.1; Table S3.1). Samples from Hooper Bay and Chevak are referred to as a single
region ‘Southwestern Alaska’ based on their geographic proximity to one another

but were left ungrouped for neutral genetic analyses (~ 30 kilometers).

3.2.2 Library preparation, sequence capture and high-throughput sequencing

DNA libraries were prepared using Kapa HyperPlus Kit (Roche) following the
SeqCap-EZ HyperCap UGuide V1.0 (Roche) protocol. Seven cycles were
implemented as part of the pre-LM PCR as recommended by the manufacturer with
the following modifications to the workflow: i) PCR-grade water was used for
dilutions and elution, ii) samples were treated with 5 pL of conditioning solution
during fragmentation, iii) TruSeq HT Dual-Index Adapters (Integrated DNA
Technologies) were used in place of SeqCap Adapter Kits A and B (Roche), and iv)

Illumina P5 and P7 primers (Integrated DNA Technologies) were substituted in place
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of the Pre LM-PCR Oligos 1 & 2 (Roche). At the end of the Pre-capture LM-PCR step,
DNA library quality was assessed using ethidium bromide-stained gel

electrophoresis as per above.

A1 ug DNA multiplex was created from equal-molar amounts of each of the
96 libraries. Target enrichment was performed as previously described [35], using
the designed SeqCap EZ Developer Library probe. Modifications to the enrichment
protocol implemented in this study included: i) replacement of the NimbleGen
Multiplex Hybridization Enhancing Oligo Pool (Roche) with 2 uL xGen Universal
Blockers—TS Mix (Integrated DNA Technologies), ii) NimbleGen SeqCap EZ
Developer Reagent (Roche) was used in place of the NimbleGen COT Human DNA
(Roche) during hybridization sample preparation, and iii) hybridization was carried
out at 47°C for 20 hours. Afinal product assessment was conducted with a
bioanalyzer on the target-enriched multiplex before sequencing on an Illumina
MiSeq V3 run using 2x300 bp reads (Advanced Analysis Centre Genomics Facility,

University of Guelph).

3.2.3 Sequence alignment and variant annotation

Utilizing the bwa-mem command in Burrows-Wheeler Aligner v0.7.12 [44], paired-
end reads for each of the 96 samples were aligned to the canine reference genome
(CanFam3.1; Fig 3.1; Table S3.1). After sequence metrics were obtained using
SAMTOOLS v1.5 [45], the Genome Analysis Toolkit (GATK, V4.0.0.0) best practices

pipeline and standard hard filtering parameters were used to perform duplicate
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sequence removal, SNP/INDEL variant annotation, genotyping, and variant
recalibration [46-48]. The SelectVariants function was then used to compile a VCF

file containing only bi-allelic SNPs.

The SeqCap EZ Developer Library probe was originally designed from a draft
version of the red fox genome [33], thus positions of the probe-baited targets
needed to be determined and converted into positions in the canine reference
genome (CanFam3.1; Accession: PRINA12384) using BLASTn (Table S3.2). These
targeted regions were compiled into a list of on-target intervals. On-target intervals
were used to further categorize SNPs as being within coding regions (including
1,500 bp upstream from the start codon) or within intergenic (off-target; outside
targeted coding regions and promoters) regions. We attempted to mitigate biases to
identify loci under selection using Fsr outlier tests as recommended in the literature
[49] by accounting for: linkage disequilibrium within datasets, method variation by
implementing several Fsr outlier tests, and filtering variants for minimum allele

frequency (MAF).

3.2.4 SNP filtering and analyses

Both sub datasets of SNPs from within coding regions, and those from intergenic
regions were filtered using VCFtools v0.1.13 to retain only biallelic variants with a
MAF threshold of 2.5%, a maximum missing genotype threshold (per site) of 20%
and excluding variants on the X-chromosome. Additionally, both filtered sub-

datasets were pruned for linkage disequilibrium as implemented by the SNPRelate
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package in Rv.3.5[50, 51] and further pruned for physical linkage to only retain
SNPs = 100kbp from one another using bcftools v1.9 [52] (File S3.1 for further
details). SNPs from within intergenic regions underwent further filtering using the
Ensembl Variant Effect Predictor [53] to retain only those SNPs = 40 kbp from an
annotated coding region. Disequilibrium and physical linkage pruning occurred
after Fsr outlier tests for the sub-dataset composed of SNPs from within coding
regions. Mantel tests (as implemented in R) [50] were performed on both the
intergenic SNP-dataset and the SNP-dataset from coding regions to identify

patterns of isolation-by-distance.

3.2.5 Analyses of SNPs in intergenic regions

Variants passing filtering parameters set for the intergenic regions were assumed to
not be under selective influence and were therefore used to estimate patterns of
neutral population genetic structure. The filtered sub-dataset was analyzed using
principal component analysis (PCA) and discriminant analyses of principle
components (DAPC) as implemented in RStudio using the adegenet (v2.1.1) [54]
and ape (v5.1) [55] packages. Principle components with eigenvalues = 0.1 were
retained for the PCA, and cross validation was used to determine the number of
retained components based on the root mean squared error (lowest MSE) for the
DAPC. Discriminant analyses implemented successive K-means to determine the

optimal number of identified clusters of the data.
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Implementing STRAUTO (v.1.0) [56], STRUCTURE analyses were performed
with a burn-in length of 50,000 followed by 200,000 iterations for K= 1 through K =6,
with 20 iterations of each K. Using structure harvester web (v0.6.94) [57], the AK
statistic was calculated to determine the number of distinct genetic clusters
inferred from the data. CLUMPP v1.1.2 [58], and the LargeKGreedy algorithm
(10,000 repeats) were used to assign individuals to genetic clusters, followed by the

implementation of DISTRUCT v1.1 [59] to combine and visualize results.

POWSIM v.4.1 [60] was used to estimate the effective power of the
presumed neutral SNP sub-dataset to detect genetic structure. Simulations were
run with Nge =500 and 5,000, over (t) generations =0, 10, 100, 500, and 1,000. Each
set of conditions was performed 1,000 times to differentiate between the three
sampled regions and evaluate the power to detect genetic homogeneity with both
chi-square and Fisher’s exact tests. The Fisher’s exact test was implemented within
the program using a Monte Carlo Markov chain approach with default parameters of

1,000 burn-ins, 100 batches, and 1,000 iterations.

3.2.6 Analyses of SNPs in coding regions

Variants within coding regions that passed initial MAF and missing data filtering
parameters were assessed with PCAdapt [61], OutFLANK [62], Arlequin [63], and
Bayescan [64] to identify Fsr outliers within the sub-dataset. Each of these tests
identified outliers using an adjusted p-value threshold of < 0.05; more detailed

parameters for each method can be found as a supplement (File S3.1).
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Inconsistencies in identified outliers can occur between different methods due to
differences in underlying assumptions and caveats used by each method [62]. For
the purposes of this study, we retained any outlier identified by at least one of the
methods in the final sub-set of SNPs from within coding regions. The final sub-set of
outliers was then pruned for linkage disequilibrium and physical linkage prior to
PCA, DAPC, and structure analyses, as described above. Further, to provide an
adequate control for these data, we attempted to repeat Fsr outlier detection on the
off-target dataset utilizing the same methods and parameters as the on-target data.
Fsr estimates were generated using VCFtools (based on Weir & Cockerham, 1984),

and 97.5% Fsr confidence intervals were determined in R.

The program SnpEff was used to annotate synonymous and non-
synonymous polymorphisms within the dataset of SNPs from coding regions (using
the CanFam3.1.99 database) [65]. Using these annotations, we calculated the
relative ratio of non-synonymous substitutions per non-synonymous site to the

number of synonymous substitutions per synonymous site (pN/pS) as highlighted

P N - _ S
by Nei and Gojobori; PN =1 and pS =7 [66]. Where Nd/Sd is the number of

nonsynonymous or synonymous polymorphisms and N or S is the total number of
nonsynonymous or synonymous sites [66, 67]. Following previous research, we
determined the potential number of nonsynonymous/synonymous sites using
DnaSP v6 and the coding sequence for each gene as input [67, 68] where positive

selection can be inferred from pN/pS ratios > 1, and purifying selection from ratios <
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1[69]. A chi-square test was implemented to evaluate if the observed pN/pS ratios

were statistically different from the expected values of neutral selection.

3.3 Results

3.3.1 Raw sequence data

We obtained an average of ~ 563,000 raw reads per library, 99.5% of which mapped
to the canine reference genome. After processing the raw data through the GATK
SNP calling pipeline, an average of ~ 109,000 (19.35%) reads were filtered from

each sample library leaving ~ 452,000 reads per library. An average of 56% reads per
library mapped to probe targeted regions with an average of 54 X coverage across all

96 libraries (Table S3.3).

3.3.2 SNPs in intergenic (off-target) regions

A dataset of 5,490,704 intergenic SNPs was filtered using Variant Effect Predictor
(VEP), which was then pruned to minimize linkage disequilibrium. This yielded a
dataset of 29 intergenic SNPs presumed to be not under selective pressure with an
average depth of coverage of 15 X across all SNPs (average depth of coverage of 5 X
when excluding 4 SNPs with coverage exceeding 15X), and a MAF of 2.5% (Table
S3.4). These data were visualized using PCA, DAPC and STRUCTURE. PCA did not
identify genetic structuring as all clusters had extensive overlap with each other
(S3.9 Fig). The DAPC identified K= 6 as the most likely number of clusters; however,
STRUCTURE analyses of K = 2-6 showed high levels of admixture across all

analyses and indicated an optimal K= 2 clusters (Fig 3.2). Power analyses of these

85



29 SNPs indicated a power of ~86% at an expected Fsr of 0.01 and a power of 100%
at an expected Fsr of 0.05 or above, indicating a high likelihood that if population
differentiation was > 1%, our dataset had the power to detect that difference.
Isolation-by-distance was not observed within intergenic SNPs based on Mantel
tests. We observed a total of 4 outlier SNPs (13 prior to linkage pruning) within the
off-target dataset, all of which were identified by PCAdapt, and visualization of
these data demonstrate no genetic clustering (S3.8 Fig). Overall, these analyses
indicated no apparent genetic structure across the sample design for the off-target,

and presumed neutral, SNP dataset.

3.3.3 SNPs in coding (on-target) regions

We found 9,467 SNPs located within target intervals before filtering. After applying
search criteria for 2.5% MAF, a maximum of 20% missing data, and discarding SNPs
on the X-chromosome, 2,277 SNPs remained. Fsr outlier analyses on these 2,277
SNPs produced a sub-dataset containing 107 SNPs (Table S3.5). After accounting
for linkage disequilibrium, a final sub-dataset containing 22 Fsr outlier SNPs
remained, several of which were associated with interleukins, Toll-like receptors,
and the MHC (Table S3.5). Based on VEP results, four SNPs retained in the final sub-
dataset associated with DLA-DQA, NOD1, RAG1 and TLR5 genes, were likely to
convey a change in chemical characteristic of the encoded amino acid during
translation (e.g., acidic to basic amino acid). A further 9 SNPs, that conveyed such
missense changes, were removed from the final sub-dataset when filtering for

linkage disequilibrium (Table S3.5). DAPC and STRUCTURE analyses of the
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remaining 22 Fsr outlier SNPs were assessed identifying K = 2 clusters. We found
arctic fox sampled from Alaska appeared genetically distinct from foxes from
Northern Canada (Fig 3.3) with Fsr estimates of 0.127. Fsr confidence intervals
indicated that Fsr between Southwestern Alaska and the two regions in Canada
were significantly different from zero; however, Fsr between the two Canadian arctic
fox populations was not significantly different from zero (Table S3.6). It is important
to note however, that we could not exclude isolation-by-distance as a potential
factor contributing to these patterns (could not be calculated being only 2

geographic points—Canadian vs Alaskan samples).

Estimates of pN/pS were determined for 90 of the initial 116 targeted genes
(Table S3.7) although for 17 of these genes, pN/pS ratios could not be calculated
due to a lack of polymorphic substitutions (either nonsynonymous or synonymous)
resulting in pN values equal to zero or division by zero errors (occurring when pS =
0). The pN/pS ratios for most genes were indicative of purifying selection; however,
10 genes (C2, DLA-12, DLA-79, DLA-DQA, DLA-DBQBC1, IL1B, IL23A, MYD88,
STAT3, and STAT6) appeared to be under positive selection (pN/pS ratio = 1) in all
three arctic fox populations sampled (Table S3.7). One gene appeared to be under
positive selection only in Southwestern Alaska (CD8A), whereas both CCL2 and
CCRB8 were under positive selection within foxes sampled from Canada (Arviat and
Victoria Island; Table S3.7). Based on an assessment of Chi? p-values (Table S3.7)
only the STAT3 gene had a p value of p <0.05 (0.000137), indicating a significantly

different pN/pS ratio from expected values.
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3.4 Discussion

Herein, we contribute to the understanding of host/pathogen evolutionary systems
by examining the genetic structure of immunologically associated molecular
markers of arctic fox in context of arctic rabies variants. Specifically, we used a
genotyping-by-sequencing (GBS) assay to explore immunogenetic regions of the
arctic fox genome that also yielded off-target sequence data from intergenic regions
presumed to be neutral. We take these presumed neutral data, combined with
immunogenetically relevant data, to suggest patterns of local adaptation exist in
this system as expected if AR variants displayed differential selection upon arctic
fox populations across their range. While these correlations do not necessarily
reflect causation, AR is known to present strong selective forces on arctic fox,
combined with the observed structure at several identified Fsr outliers associated
with genes known to mediate response to rabies [70-73] in a presumably panmictic
population (37-39; and data presented herein), is notable. Further, pN/pS ratios
identified genes under positive selection in arctic fox across North America, but
also between sampled regions where different AR variants circulate. As only one
gene provided a significantly different pN/pS ratio from expected values (Table
S3.7), these data should be interpreted with caution. Specifically, previous research
highlights that these analyses should not be interpreted as sufficient evidence of
selection on their own [74, 75] and are subject to several biasing factors, such as
few polymorphisms identified within genes [69, 76]. We take these data to imply

that patterns of local adaptation exist in the arctic fox/rabies system reflecting the
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strong selective pressure AR likely exerts on arctic fox populations despite the
impressive dispersal abilities and panmictic neutral genetic structure of arctic fox
[31, 36-38]. While these data provide insight into how unique distributions of AR
variants are maintained, potential differences in pathogenicity between AR variants
have not been established and further research is required to ascertain more
definitive insight into the interrelationship of AR variants and their main host.
Specifically, research encompassing more arctic foxes from across their range that
include all AR variant distributions accompanied by further evidence of underlying
pathogenic differences between variants would benefit our understanding of AR

maintenance and spread.

3.4.1 Analyses of intergenic SNPs (off-target)

The generation of secondary (off-target) sequences using targeted GBS approaches
is a common feature observed in other studies [77]. These untargeted products are
often consistently sequenced allowing these data to be used in downstream
analyses if they are of sufficient coverage and quality [77-79]. Studies have noted
that simulation-based assessments should be combined with off-target datasets to
determine the power of these data to discern differences between populations and
therefore form meaningful conclusions [80, 81]. Although the observed neutral
genetic structure presented here is devoid of the subtle structure previously found
among arctic fox populations in Alaska (Fsr = 0.02 with microsatellites) [31], it
remains consistent with coarse geographic scale studies of the species [36-38].

This is unsurprising to a limited extent given foxes from only the northern coast of
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Alaska were used as representatives for the whole state in these coarse-scale
assessments as previously noted by Goldsmith et al. [31]. It is worth noting that the
inability to detect similar patterns of neutral population genetic structure in this
study were likely due to the limited number of variants passing the filtering
parameters, combined with differences in the power of discrimination between
microsatellites and biallelic SNPs. Furthermore, when we attempt to identify
Fsroutliers within the off-target dataset, there were insufficient numbers of outliers
(4 after linkage pruning) to draw any meaningful result. The lack of identified outliers
likely results from prominent gene flow documented among arctic fox, and as such,
in conjunction with data presented in these previous studies [31, 36-38], we take
the presumed neutral data presented herein to provide further evidence of the

extensive gene flow among North American arctic fox populations.

While we acknowledge that filtering parameters employed herein were
rigorous and likely removed informative SNPs form the final subsets used in
analyses, determining neutral genetic structure of arctic fox across North America
was not a direct objective of this study having been investigated thoroughly
elsewhere [31, 36-38]. Additionally, recent research suggests recombination
distances vary across chromosomes in red foxes (ranging from 0.07 cM -5cM
between pericentromeric regions and chromosome ends) [82], meaning that the
filtering step to ensure these SNPs were not in proximity (= 40 kbp) of any annotated

coding regions provides only a coarse approximation of neutrality at these sites.
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With these potential limitations acknowledged, we used off-target data to provide a

contextual baseline for the on-target data.

3.4.2 Analysis of SNPs in protein-coding regions

Multiple Fsr outlier identification programs were implemented to identify SNPs
within genomic regions of interest in order to mitigate discordance between
methods [62]. Of the 107 identified Fsr outlier SNPs within protein-coding regions,
only 32 were identified by multiple programs, and only two were identified by all four
methods used. The number of identified Fsr outliers between programs ranged from
9-61, where Bayescan identified the least and PCAdapt identified the largest
number of Fsr outliers. Most identified Fsr outlier SNPs resulted in synonymous
changes at their respective positions in the genome and thus unlikely to affect
function of synthesized proteins. In contrast, 13 identified Fsr outlier SNPs conveyed
a missense mutation that also changed chemical characteristics of translated
amino acids, increasing the likelihood that these mutations could affect
subsequent protein function [83]. These 13 missense Fsr outlier SNPs were
associated with gene sequences of DLA-DQA, DLA-DQBC1, NOD1, RAG1 and TLR5,
although only SNPs associated with the latter four genes were retained in the final
filtered, linkage pruned, sub-dataset of 22 Fsr outlier SNPs. Both DLA-DQA and DLA-
DQBCH1 are class Il components of the dog leukocyte antigen, responsible for
initiating the immune response through antigen presentation and recognition [84].
NOD1 recognizes gram-negative bacteria and initiates a pro-inflammatory response

[85], and RAG1 is a factor initiating immunoglobulin V(D)J recombination [86].
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Finally, TLR5 detects bacteria with flagellin and induces a pro-inflammatory
response [87]. Of interest are the large number of Fsr outlier SNP associations to
interleukin and Toll-like receptor gene families, especially in context of AR, as
members of these gene families are implicated in mediating a response to rabies
[70-73]. Further, three missense Fsr outlier SNPs were associated with TLR5
demonstrating that this gene may play a prominent role in mediating responses to
AR variants, although specific mechanisms of this response require further

investigation.

Analyses of signatures of selection through assessments of pN/pS ratios
demonstrate several genes that may be related to the spatially distinct distributions
of AR variants. The CD8A gene is uniquely under positive selection in Southwestern
Alaska, where AR variant 4 circulates. However, genes CCL2 and CCR8 appear to
be under positive selection in both sampled regions in Canada where different AR
variant 3 circulates. These data suggest that these three genes may be under
positive selection, indicative of differential selection, relative to the AR variants in
those locations and may play a role in the mechanisms that maintain unique
distributions of AR variants. Of the ten genes under positive selection in all three
populations, a large portion are involved in the MHC, which is expected given this
gene family’s involvement in antigen binding and overall health of organisms [15-
18]. Furthermore, two genes under selection in all three populations are associated
with interleukins, a gene family already implicated in mediating a response to rabies

[70, 71]. It is important to note that estimates of pN/pS are subject to potential
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biases in systems where there is prominent gene flow and migration [67], as is the
case of arctic fox across their range, and by genes where there are few
polymorphisms identified [69, 76]. To mitigate these potential biases, some
researchers implement a threshold of pN/pS ratios > 2 to be indicative of positive
selection [67]. In this context, only the STAT3 gene would appear to be under
positive selection across all three of our sampled populations (pN/pS ratio of ~3.4).
This gene was also the only gene to have a statistically significant pN/pS ratio with a
p value of p <0.05 (0.000137). However, in combination with the potentially inflated
ratio of STAT3 due to those biases mentioned above, there were no outlier SNPs
detected within the STAT3 gene. As such, although this gene may be under
directional selection, it is unlikely to be contributing to the patterns of genetic
structure observed within the on-target SNP-dataset. This is contrasted by outlier
SNPs with the potential to change protein function identified within the genes DLQ-
DQA and DLQ-DQBC1, however, these genes lacked significance in their pN/pS
ratios that were suggestive of positive selection (pN/pS > 1; Table S3.7). Given these
results and potential biases, we present these pN/pS ratios only as an initial
estimate requiring further testing and that these pN/pS results should be

interpreted with caution.

3.4.3 Arctic rabies variant distributions and differential selection

Analyses of Fsr outlier SNPs demonstrate that genetic differentiation between arctic
fox populations inhabiting an AR variant region were not significantly different from

zero, however, genetic differentiation between arctic fox populations inhabiting
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regions where a different AR variant circulates were significantly different from zero.
Given that arctic fox populations have been exposed to AR over a large time frame
[88], there remains the potential for coevolutionary forces to have shaped patterns
of differential selection between AR variants where analyses of pN/pS ratios and
identified Fsr outlier SNPs within immunogenetically relevant genes tentatively

support these observations.

Previous data [31, 35-38], combined with those presented herein,
demonstrate that arctic fox populations are largely panmictic with prominent gene
flow, yet still appear to be locally adapted to the different AR variants. It had been
anticipated that elevated levels of gene flow among arctic foxes [31, 35-38] would
homogenize AR variants across the landscape, precluding local adaptation. In
addition, rabies incubation periods range from several days to several months [85],
which would prevent movement of AR variants, and further undermine the spatially
distinct AR distributions observed. Some authors have theorized that dispersal
capabilities of rabid foxes are reduced [31], and thus maintain AR variants spatial
distributions where populations then undergo differential selection and subsequent
local adaptation. However, there are no data to suggest phylogenetically distinct AR
variants elicit differential responses, making it unclear how the weak genetic
structure of immunogenic variants observed elicit differential selection. It is of
interest that despite differences in biogeography and geographic distances between
arctic fox populations from Arviat and Victoria Island, where AR variant 3 circulates,

these two populations of arctic fox show no genetic structure of either presumed
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neutral or functional markers associated with an immunogenetic response. Further,
in arctic fox from Southwest Alaska, where AR variant 4 circulates, there appears to
be no neutral genetic structure in context of the Arviat or Victoria Island
populations. This pattern contrasts the genetic clustering of functional,
immunogenetically relevant, markers distinguishing between those arctic fox
populations from Canada relative to those in Alaska; suggestive of differential
selection between arctic rabies variants 3 and 4. Overall, we take these data to
suggest that AR variants may impose differential selective pressures on populations
despite the impressive dispersal capabilities and gene flow within the primary host,

arctic fox.

There remains potential that the observed patterns indicative of local
adaptation between arctic fox and AR variants to have arisen from purifying
selection or genetic drift, rather than directional selection as interpreted here [89],
with drift being unlikely in a panmictic system with extensive gene flow. We
attempted to account for purifying selection biasing our interpretation by providing
pN/pS ratios for genes where calculations were possible. Given the pitfalls of
targeted sequencing approaches, such as the difficulty of interpreting signatures of
selection from genomic data and successfully targeting the most informative loci
[89], we present only candidate genes suggestive of patterns of differential
selection. Continued research, such as whole genome analyses or sequencing of
identified candidate genes presented herein, will be required to provide more
support for the identified patterns of local adaptation. Whole genome analyses
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would benefit these data, as it would facilitate the testing of whether the observed
patterns of genetic structure documented herein are consistent among other
regions of the genome or an artifact of sequencing a handful of genes from the
genome. Further, future research that aims to investigate the interrelationship
between arctic fox and AR should sample from more populations of arctic fox from
each AR variant distribution as well as include multiple populations for each AR
variant region where possible. Additionally, the inclusion of foxes that have survived
exposure to each AR variant, as well as those succumbing to the disease would
greatly enhance the study by allowing for more in-depth analyses between AR
variant regions, and direct consequences/benefits of specific SNPs. Lastly, there
remains the potential for unknown factors, beyond the scope of the objectives and
methods implemented here to have identified them, that may better explain the

observed patterns of genetic structure.

3.5 Conclusions

Infectious diseases can pose strong selective pressures on populations. Important
to our understanding of the spread and maintenance of such diseases are the
underlying interactions between host and pathogen [1-3]. By studying genetic
variation within host populations associated with the immune response, we
increase our understanding of how infectious diseases shape populations over time
through patterns of local adaptation. Data from this study are also relevant to
wildlife disease management efforts for arctic rabies where range shifts are

occurring for both arctic and red fox, key arctic rabies vectors, in a rapidly warming
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Arctic. It remains unknown how these range shifts will affect the distributions of

arctic rabies variants in North America.
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Fig 3.1. Approximate arctic rabies variant distributions in North America and
schematic of the 96 arctic fox samples used in the genotype-by-sequencing
assay. Circles indicate sample locations; numbers within circles indicate sample
size. Samples were obtained from Arviat, NU (n = 36); Victoria Island, NWT (n = 36);
and two regions of Southwest Alaska, (Chevak (n = 12) and Hooper Bay (n = 12).
Approximate arctic rabies viral variant distributions (ARV 2,3,4) are depicted by
coloured regions (see in-figure legend). The schematic of viral variant distributions
was adapted from Goldsmith et al. (2016) for illustrative purposes only. Map created
using Natural Earth (naturalearthdata.com).
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a) Eigervalues 4=05

PCA2 (25.6%)

PCA1 (20.8%)

Fig 3.2. Neutral genetic homogeneity of arctic fox across North America.
Analyses of the 29 presumed neutral SNPs after filtering with Variant Effect
Predictor, MAF = 2.5%, and pruning for Linkage disequilibrium A) principle
component analysis B) STRUCTURE analysis of K=2 and 3 (top and bottom
respectively), where each bar across horizontal axis indicates an individual, vertical
axis depicts cluster assignment, and different colours depict each genetic cluster;
Arviat = black square; Chevak = yellow circle; Hooper Bay = blue triangle; Victoria
Island = green diamond.
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PCA2 (35.2%)

PCA1 (23.0%)

Fig 3.3. Arctic fox immunogenetic structure differentiates sampled regions in
Southwestern Alaska and Northern Canada. Analyses of 22 protein-coding

Fsr outlier SNPs after filtering for MAF = 2.5% and pruning for Linkage
disequilibrium A) principle component analysis and B) STRUTURE analysis of K =2
and 3 (top and bottom respectively), where each bar across horizontal axis
indicates an individual, vertical axis depicts cluster assignment, and different
colors depict each genetic clusters; Arviat = black square; Chevak = yellow circle;
Hooper Bay = blue triangle; Victoria Island = green diamond (note, Chevak and
Hooper Bay were pooled for this analysis).
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Abstract

White-nose syndrome (WNS) is an infectious disease of hibernating bats caused by
the pathogenic fungus Pseudogymnoascus destructans. When epizootic, WNS-
associated declines were observed in populations of several Nearctic bat species,
while other species appeared resistant or tolerant suggesting disparate responses
are associated with differing life histories and immunogenetic factors. Myotis leibii
(eastern small-footed bat) is a species of conservation concern across much of its
range, whose rarity and unclear dispersal patterns make it difficult to assess
population connectivity and relative impacts associated with WNS. To address
these knowledge gaps, M. leibii were sampled across their range and profiled at
neutral and immunogenetic loci (n = 147 and 160, respectively) to assess levels of
genetic diversity and spatial genetic structure relative to pre- and post-WNS

occurrence.

Microsatellite marker and amplicon sequence data from immune-related
genes yielded three distinct and concordant genetic clusters across the range of M.
leibii. Analyses within genetic clusters sampled pre- and post-WNS occurrence,
identified allele frequency shifts in a limited number of candidate genes, including
missense SNPs associated with immune responses to fungal pathogens, but did not

show evidence of genetic bottlenecks from selective sweeps.

Given catastrophic demographic declines and genetic bottlenecks

associated with WNS in other Nearctic bat populations, in contrast to stable
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population trends and weak patterns of selection between pre- and post-WNS
samples from this study, we cannot exclude M. leibii as being inherently tolerant or
resistant to WNS. These data contribute to our understanding of the genetic
diversity and structure of this elusive species, and further illustrate the varied

responses of Nearctic bat species to WNS.

4.1 Introduction

Species’ intra- and interspecific interactions, coupled with usage and dispersal
within their environment, are key ecological and evolutionary parameters necessary
for understanding how rapidly changing selective pressures threaten evolutionary
potential and species persistence (Hohenlohe et al. 2021; Lozier & Zayed 2017;
Yildirim et al. 2018). Of the selective pressures exerted on organisms, infectious
diseases can quickly elicit changes to the genetic composition and diversity of
populations (e.g., McCallum 2008; Epstein et al. 2016). These changes can occur via
bottleneck events and selective sweeps, where host/pathogen dynamics are in
recurring co-evolutionary cycles of responding to infection and circumventing host

immune systems (DeCandia et al. 2018; Santillan et al. 2021).

The spread of infectious disease is exacerbated by globalization, such as
human-mediated translocations, which undermine barriers to dispersal and thus
expose naive populations to an increasing array of novel pathogens (Baker et al.,
2022; Davy et al. 2017; Fischer et al. 2022; Longo et al. 2014; Ricciardi et al. 2013;

Vander Wal et al. 2014). For example, the fungal pathogen Batrachochytrium
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dendrobatidis, the causative agent of chytridiomycosis, has spread worldwide;
leading to extreme population declines in 124 species and the presumed extinction
of an additional 90 species (Fisher & Garner, 2020). In some systems,
chytridiomycosis susceptibility is influenced by host immunogenetic variants,
where conservation efforts aimed to maintain genetic diversity and resistant
individuals are valuable in minimizing disease impacts (Oswald et al., 2020). Similar
patterns of immunogenetic selection have been observed in mammals, including
Tasmanian devils (Sarcophilus harrisii) prone to a highly transmissible infectious
facial tumour disease leading to population declines of over 60% (see McCallum
2008). In Tasmanian devils, strong selection on immunogenetic variants associated
with disease risk were observed, despite limited standing genetic variation (Epstein
et al. 2016). These examples demonstrate how immunogenetic data can
contextualize the evolutionary potential of a population or species in applying

conservation efforts in response to emerging and changing pathogen dynamics.

Integrating data from neutral loci and candidate loci, such as immune-
related genes, can clarify how gene flow, genetic drift, and selection shape genetic
diversity across the landscape (Kawecki & Ebert 2004; Neaves et al., 2009; Peakall
et al., 2003). These data thus provide insights into movement and
historical/contemporary selective pressures of species (Davy et al. 2017; Supple &
Shapiro 2018; Yi & Latch 2022). Whole genome sequencing (WGS) approaches are
increasingly being used to address ecological and evolutionary significant questions

(e.g., immune system adaptations unique to bats, Santillan et al. 2021). More
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specifically, targeted alternatives to WGS, genotype-by-sequencing (GBS), can
provide effective and simplified means to simultaneously study patterns of genetic
diversity from neutral and candidate loci (Pina-Martins et al. 2019; Schweizer et al.
2016). For example, Schweizer et al. (2016) found differential signatures of selection
on immunogenetic loci between ecoregions of gray wolves using GBS, despite
extensive gene flow among populations. These approaches demonstrate the
potential of GBS as a tool to directly assess the relative impacts of selection and
gene flow on populations in the context of rapidly changing selective pressures on

the landscape.

Pseudogymnoascus destructans (Pd), the fungal pathogen that causes
white-nose syndrome (WNS), was introduced from Eurasia and first documented in
North America in 2006 (Blehert et al. 2009; Leopardi, Blake, & Puechmaille, 2015).
The introduction of this pathogen resulted in drastic population declines for several
hibernating bat species in eastern and central North America (Blehert et al. 2009;
Frick et al. 2016; Hoyt et al. 2016; Kovacova et al. 2018; Puechmaille et al. 2011;
Wilder et al. 2015). Pseudogymnoascus destructans is a persistent environmental
fungus that thrives in cold temperatures, thus facilitating disease transmission in
winter months when susceptible bats congregate in hibernacula, body
temperatures fall within an optimal range for fungal growth, and immune functions
are downregulated (Fischer et al. 2022; Langwig et al. 2012; Verant et al. 2012;
Whiting-Fawcett et al. 2021). Once infected, bats undergo a cascade of

physiological changes (Verant et al. 2014), including increased bouts of arousal
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from torpor (Cryan et al. 2010; Moore et al. 2013). Associated loss of fat stores from
these disruptions before spring emergence can lead to starvation or death because
of exposure (Anderson 2018; Auteri & Knowles 2020; Blehert et al. 2009; Reeder et

al. 2012; Verant et al. 2014).

Susceptibility to WNS is influenced by varied environmental, behavioural,
ecological, genetic, and individual factors across habitats and species (Cryan et al.
2013; Davy et al. 2020; Hayman et al. 2016); differences that result in the disparate
effects of WNS among bat species. For example, eastern populations of little brown
bats (Myotis lucifugus) experienced drastic population declines (Cheng et al. 2021;
Dzal et al. 2011; Francl et al. 2012) and became a focal species for host response
studies (Bohn et al. 2016; Warnecke et al. 2013; Wilder et al. 2011; Wilder et al.
2015). Genetic studies of M. lucifugus highlight unimpeded host-mediated dispersal
of P. destructans in relation to potential environmental barriers and revealed
underlying genetic adaptations associated with disease outcome (Auteri & Knowles
2020; Davy et al. 2015; Davy et al. 2017; Donaldson et al. 2017; Lilley et al. 2020
Miller-Butterworth et al. 2014; Vonhof et al. 2015; Wilder et al. 2015). In contrast,
another Nearctic species, the big brown bat (Eptesicus fuscus), demonstrates a
resistance or tolerance to the disease (Frank et al. 2014; Moore et al. 2018), which
has been attributed to an extremely localized immune response relative to the
systemic immune response mounted by M. lucifugus and M. myotis (Davy et al.
2020). Transcriptomic work has also revealed differing responses to infection

between Myotis congeners, where clear distension between up and down-regulated
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genes between M. lucifugus and M. myotis were observed (Lilley et al. 2019). These
data provide information relevant to understanding patterns of susceptibility to P.

destructans in other bat species.

The eastern small-footed bat (Myotis leibii) is a rare Nearctic species
classified as endangered by IUCN (Solari 2018) and provincially endangered in
Ontario, Canada (Humphrey 2017; noting there is no such designation federally
within the United States or Canada). Myotis leibii tolerate colder temperatures than
other species, starting hibernation later and emerging earlier (Fenton 1972; Turner,
Reeder & Coleman 2011). Myotis leibii typically hibernate and roost individually or in
small groups, and often roost in crevices or under rocks making them difficult to
monitor using standard bat survey techniques (Erdle and Hobson 2001; Johnson et
al. 2008; Johnson et al. 2011; Moosman, Anderson & Fraiser, 2017; Moosman et al.
2015;). Analysis of amplified fragment length polymorphisms in M. leibii has
suggested population genetic structure (i.e., restricted patterns of gene flow across
their range), although small sample sizes limit interpretations from these data (N =
10 in Ammerman, Lee & Pfau, 2016). Surveys of M. leibii did not detect substantial
population declines following the initial occurrence of P. destructans (Langwig et al.
2012; Frick et al. 2017; Anderson 2018; Reynolds et al. 2021; O’Keefe et al. 2019;
Hooton et al. 2023; Sasse & Perry 2023; but see reported declines in Frick et al.
2015). These observed stable M. leibii population trends imply that the species may

be resistant or tolerant to WNS supported by reduced pathogen loads and
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physiological impacts, respectively (Medzhitov, Schneider & Soares 2012; Raberg,

Graham & Read 2009).

The relative rarity of M. leibii makes it difficult to monitor population trends
because small sample sizes and low recapture rates limit the use of classical mark-
recapture methods across large geographic areas. Genomic signatures of
population bottlenecks associated with changes in major selective pressures have
the potential to complement field data and improve confidence in estimated
population trends, such as those inferred following the arrival of WNS in other
species (Auteri & Knowles 2020; Donaldson et al. 2017; Gignoux-Wolfsohn et al.
2021; Lilley et al. 2020). A robust genomic assessment of M. leibii across its range
could quantify population connectivity, evaluate genetic variation and diversity pre-
and post-WNS, and clarify if signatures of selection associated with WNS are

presentin this species.

Herein, we explore neutral and functionally relevant genetic variation to
address several knowledge gaps in our understanding of M. leibii. Specifically, we
use genomic data to test competing hypotheses: 1) that M. leibii populations were
already resistant or tolerant to WNS on first exposure, predicting similar
immunogenetic diversity within populations pre- and post-WNS, or 2) that M. leibii
populations have undergone selective sweeps, similar to those observed in M.
lucifugus, predicting that signatures of selection (i.e., shifting immunogenetic

diversity) would be observed in populations post-WNS occurrence. We use
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microsatellite genotypes to identify neutral genetic structure across the species’
range and investigate factors such as gene flow and genetic drift that may
undermine/mask signatures of selection imposed by exposure to WNS. Further, we
assess sequence data from genomic regions associated with immune responses to
screen for signatures of selection pre- and post-WNS exposure. These data provide
further insight into the status of M. leibii and the consequences of WNS on Nearctic

bats as the disease continues to spread westward toward naive populations.

4.2 Materials and Methods

4.2.1 Sample collection, DNA extraction, DNA quality and quantity assessments

We collected tissue samples from 5 representative locations across the range of M.
leibii (Fig 4.1; Table S4.1). All tissue samples were collected non-harmfully by taking
a 3mm wing or tail membrane biopsy punch following animal care protocols from
the institutions of the respective sample contributors. Upon receipt, tissue and DNA
samples were stored in a -80 °C freezer prior to DNA extraction. DNA for
microsatellite analyses (n=147) and the immunogenetic assay (h=160) were
extracted from wing punches using the DNeasy Blood and Tissue Kit (Qiagen), noting
60 samples overlap between the microsatellite and immunogenetic assays. DNA for
the immunogenetic assay was assessed for quality using gel electrophoresis (90 V,
45 minutes, 0.8% agarose gel) stained with ethidium bromide, HighRanger 1 kbp
DNA ladder as reference (300 - 10,000 bp; Norgen Biotek) and quantified using a

Quant-iT PicoGreen dsDNA Assay Kit (ThermoFischer Scientific).
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4.2.2 Microsatellite genotyping

We genotyped 147 M. leibii samples at ten microsatellite loci using previously
described primers developed for other vespertilionids (Paur05 originally from
Burland et al. 1998 but using redesigned primers; Table S4.2). Microsatellite
amplification was carried out in six reactions (Table S4.2), with cycling conditions
consisting of 1 min at 94 °C, three cycles of 30 sec at 94 °C, 20 sec at Ta (54 or 60
°C), and 5 sec at 72 °C, 33 cycles of 15 sec at 94 °C, 20 sec at Ta, and 2 sec at 72 °C,
followed by a final extension at 72 °C for 30 min. Annealing temperatures and
cycling numbers varied depending on the multiplex (Table S4.2). Fragments were
analyzed and scored using GeneMarker software (SoftGenetics LLC, State College,

PA).

4.2.3 Analysis of microsatellite data

Basic summary statistics were compiled using the package hierfstat (Goudet 2005)
under Rv4.1 (R Core Team 2021). Hardy-Weinberg equilibrium (HWE) was tested
using both the X? approach and the Monte Carlo permutations exact test. Using
STRAUTO v.1.0 (Chhatre & Emerson 2017), STRUCTURE analyses were performed
with a burn-in length of 50,000 followed by 200,000 iterations for K= 1 through K=
12, with 20 iterations of each K (Pritchard, Stephens, & Donnelly, 2000). Under R
v4.1 (R Core Team 2021), packages pophelper and pophelpershiny (v2.1.1; Francis
2017) were used to estimate the most likely value of K using the Evanno method

(Evanno, Regnaut, & Goudet, 2005; Fig S4.8-12) and to visualize and combine

117



results. Discriminant Analyses of Principal Components (DAPC) were also
performed on the dataset as implemented using adegenet v2.1.7 (Jombart 2008)
and ape v5.6-2 (Paradis, Claude, & Strimmer 2004). Here, K was estimated using
sussesive K-means but also investigated using K equal to the number of
representative geographical sampling locations to evaluate which number of
identified clusters seemed most plausible in context of the ecology of the species
and hypotheses being tested. The function xvalDapc was used to identify the
number of principle components achieving lowest mean-squared error and retained
for discriminant analysis in an attempt to not overfit these data. Identified genetic
clusters from these analyses were then used as a priori groupings to inform

subsequent immunogenetic data analyses.

4.2.4 Library preparation, sequence capture, and high-throughput sequencing of

immunogenetic assay

DNA libraries (n = 160) were created following the SeqCap-EZ HyperCap UGuide
V1.0 (Roche) protocol using the Kapa HyperPlus Kit (Roche) with the following
specifications: i) samples were treated with 5 pL conditioning solution during
fragmentation, ii) TruSeq HT Dual-Index Adapters (Integrated DNA Technologies)
were used in place of SeqCap Adapter Kits A and B (Roche), iii) [llumina P5 and P7
primers (Integrated DNA Technologies) were substituted in place of pre-LM-PCR
Oligos 1 & 2 (Roche), and iv) seven cycles were used for pre-LM-PCR. Before pooling

and target enrichment, individual DNA libraries were assessed for quality and
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concentration using ethidium bromide-stained gel electrophoresis as outlined

above.

Equimolar amounts of each DNA library were pooled into a 1 ug DNA
multiplex prior to target enrichment of immunogenetic loci as described by
Donaldson et al. (2017) using the designed SeqCap EZ Developer Library probe (see
Table S4.3 for targeted genes). Modifications to the enrichment protocol included: i)
replacement of NimbleGen Multiplex Hybridization Enhancing Oligo Pool (Roche)
with 2 yL xGen Universal Blockers — TS Mix (Integrated DNA Technologies), ii)
NimbleGen SeqCap EZ Developer Reagent (Roche) was used in place of NimbleGen
COT Human DNA (Roche) during hybridization sample preparation, and iii)
hybridizations were carried out at 47°C for 20 hours. Final product assessments
were conducted with a bioanalyzer for the target-enriched multiplex before
sequencing on an Illumina MiSeq V3 run using 2x300 bp reads (Advanced Analysis

Centre Genomics Facility, University of Guelph).

4.2.5 Sequence alignment, variant annotation, and filtering

Raw data were first assessed using FastQC (Andrews 2010) to inspect for initial
issues with these data that would warrant further investigation, such as per
base/sequence quality scores, sequence duplication, and adapter content. These
raw data were then processed with Trimmomatic (Bolger, Lohse, & Usadel 2014) to
trim reads for quality and length using the following parameters: i) removing bases

at the start and end of reads not surpassing a quality of 3 as determined by

119



Trimmomatic, ii) SLIDINGWINDOW of 4 bp and a quality of 15, and iii) a minimum
sequence length of 36 bp. Paired-end reads for each of the 160 samples were then
aligned to the M. lucifugus reference genome (Myoluc2.0) using the bwa-mem
command in Burrows-Wheeler Aligner (Li 2013). Sequence metrics were assembled
using SAMTOOLS v1.9 (Danecek et al. 2021) and GATK v4.1.0.0 best practices
pipeline was used to remove duplicate sequences, identification and removal of
secondary alignments (potential paralogs or copy variants), variant discovery,
genotyping, and variant recalibration (DePristo et al. 2011; McKenna et al. 2010;
Poplin et al. 2017; Van der Auwera & O’Connor 2020). We expanded the GATK
standard variant discovery by implementing the following hard filters: i)
QualByDepth < 2.0, ii) FisherStrand > 60.0, iii) RootMeanSquareMappingQuality <
40.0, iv) MappingQualityRankSum < -12.5, v) ReadPosRankSum < -8.0, and vi) to
only retain biallelic SNPs. We further filtered the data to ensure less than 20%
missing data (max-missing) and a minor allele frequency (MAF) =2 2.5% using
VCFtools (Danecek et al. 2011) and removed any loci presumably on the X-
chromosome. When required during subsequent analyses of data subsets, SNPs
were pruned for linkage disequilibrium utilizing BCFtools v1.9 (Danecek et al. 2021)

with max-LD = 0.2 and retaining a single locus within a 500 kbp window.

4.2.6 Analyses of SNPs from the immunogenetic assay

Variants passing initial filtering parameters (MAF, max-missing, biallelic) were used
as input for Fsr outlier identification using PCAdapt (Luu, Bazin, and Blum 2017),

OutFLANK (Whitlock & Lotterhos 2015), Arlequin (Excoffier & Lischer 2010), and
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Bayescan (Foll & Gaggiotti 2008), with an adjusted p-value of < 0.05. Filtering
followed methods described in Baecklund et al. (2021), detailed further in File S4.1.
Fsr outlier identification was performed on the dataset consisting of all individuals
(N=160) and then subsets of bats from Arkansas and eastern Ontario, which
encompassed pre- and post-WNS occurrence (pre-WNS sample sizen=9
(Arkansas) and n =10 (eastern Ontario); post-WNS sample size n = 31 (Arkansas)
and n = 21 (eastern Ontario). Data were visualized using STRUCTURE and DAPC
analyses in the same manner as the microsatellite data. In order to distinguish
between signatures of selection relative to patterns of genetic drift in identified
outlier SNPs from within the pre- and post-WNS occurrence datasets, we generated
a 95% confidence interval of the Wright-Fisher expectation
(https://gitlab.com/WiDGeT_TrentU/; File S4.1). Intervals were based on 1,000
iterations of the model, where a)generations are non-overlapping, population size is
static, b) randomly sampled generation time was set to 2-10 years, and c) using the
pre-WNS sampling size and allele counts to determine N, that was assumed
constant over the simulation (File S4.1). While some of these model parameters are
likely not maintained over our sampled time periods, we used raw frequency data
data to avoid inflating population sizes and presumed N, (while maintain the same
allele frequencies) to produce more conservative estimates of influences
associated with genetic drift. Using these Wright-Fisher simulations, each SNP was
assigned as a potential outlier, where the post-WNS allele frequency fell outside of

the generated 95% confidence interval, or as drift where post-WNS allele frequency
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fell within the interval. The selection coefficient (s) was estimated following
Thompson et al. (2019) and Haworth et al., (2021), for any SNP from these two
datasets that was identified as an Fsr outlier, had a frequency change unlikely to be
due to drift, and resulted in a missense mutation. Seleciton coefficients were
estimated using dominant, codominant (heterozygous), and recessive models
under the assumption of HWE, providing insights on the relative fitness of the three
possible genotypes based on the investigated biallelic markers. Seleciton co-
efficients =1 demonstrate purging of a genotype, where s =0, is representative of no

selection on the genotype.

4.3 Results

4.3.1 Microsatellite marker analyses

We generated 147 complete M. leibii profiles at all ten loci genotyped (Table S4.4).
Across all sampled regions, the number of observed alleles at each locus ranged
from 12-31 (Table 4.2). Based on the observed clustering from Discriminant
Analyses of Principal Components (DAPC) and STRUCTURE analyses, we infered
three likely clusters, largely corresponding to geography: 1) Arkansas, 2) North
Carolina and West Virginia, and 3) New York/New Hampshire/Vermont and Ontario
(Fig 4.2, Fig S4.8), where hierarchical analyses did not distinguish further clustering
within the second and third clusters (Fig S4.1, S4.11). These three identified clusters
were therefore used to inform our grouping of samples for subsequent analyses.
Observed mean heterozygosity ranged from 0.80 — 0.87 across the ten microsatellite
loci for each genetic cluster (Table 4.2) with an average intra-population diversity
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(Hs) ranging from 0.82 - 0.87. Inter-population diversity (Dst) was 0.03 (Table 4.2). Fsr
estimates, following Nei (1973), were 0.05 between genetic clusters one & two; 0.07
between clusters one & three; and 0.03 between clusters two & three. We also
estimated Fsr following Weir & Cockerham (1984) with estimates of 0.05, 0.07, and
0.03 among the same cluster comparisons, respectively. Under the Monte Carlo
permutations exact test, locus b22 and MS3DO2 were not in Hardy-Weinberg
equilibrium (HWE) in cluster 2, along with MME24 in cluster 3 (Fig S4.3). Based on a
X2 test, b22 and MME24 remained out of HWE in their respective clusters in addition
to MMF19in cluster 2 and H10E11 in cluster 3 (Fig S4.3). No locus was out of HWE
across all populations, as such all loci were retained for further interpretation of

these data.

4.3.2 Immunogenetic assay read and SNP filtering

FastQC identified no apparent issues with raw sequence data. After Timmomatic,
and the initial GATK processing pipeline, an average of ~ 222,393 reads (range of
74,522 - 430,600) from each library remained, of which ~99.75% mapped to the M.
lucifugus reference genome. We observed an average depth of coverage of ~ 86X on
a per-individual and per-locus basis. Variant discovery resulted in a total of 15,188
SNPs, with 14,212 passing GATK hard filtering, where 13,311 were bi-allelic. After all
other filtering steps (MAF, max-missing), we retained 4,373 immunogenetically

relevant SNPs for subsequent analyses.
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4.3.3 Immunogenetic assay analyses across the M. leibii range

The dataset of 4,373 immunogenetic SNPs was pruned for linkage disequilibrium
leaving 105 SNPs to initially assess spatial immunogenetic structure prior to outlier
analyses (Fig 4.3, S4.9; Table S4.5). From these 105 SNPs, DAPC identified three
likely clusters (Fig 4.3a, b) that alighed with the three clusters identified using
neutral microsatellite markers. STRUCTURE analysis found two immunogenetic
clusters; Arkansas and a pooled geographic cluster of New York/New
Hampshire/Vermont/Ontario (Fig 4.3c, d). Hierarchical analyses identifying K= 3 as
most likely K within this pooled genetic cluster, segregated this cluster further
between New York/New Hampshire/Vermont, eastern Ontario, and southwestern

Ontario (Fig S4.2, S4.12).

Investigating the same dataset of 4,373 immunogenetic SNPs, specifically
screening for outlier loci distinguishing the genetic clusters, we identified 114 Fg;
outlier SNPs. After performing linkage disequilibrium pruning, a final subset of 16 Fg;
outlier SNPs was retained for genetic structure visualization (Table S4.5). An optimal
K =2 clusters was identified from the 16 Fsr outlier SNP subset that produced
consistent patterns of genetic structure observed in the initial 105 LDP SNPs
assessment without outlier identification (Fig 4.3, S4.9). Within this subset of 16 Fg;
outlier SNPs, three were missense mutations (base substitution changes encoded

amino acid) associated with TLR6, NOS2, and LBP genes.
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4.3.4 Immunogenetic assay analyses of pre- and post-WNS occurrence data

Geographic locations encompassing both pre- and post-WNS occurrence (sampled
2004-2018), included 71 samples (n =40 from Arkansas and n = 31 from eastern
Ontario), with 3,711 immunogenetically relevant SNPs passing filtering parameters.
We identified a subset of 23 linkage disequilibrium pruned Fsr outlier SNPs to
visualize patterns of immunogenetic structure before and after the arrival of WNS
(Table S4.5). Both DAPC and STRUCTURE analyses indicated an optimal clustering
of K =2, distinguishing between geographic locations (Fig 4.4, S4.10). From
hierarchical DAPC analyses within each sampled geographic location, we inferred
patterns suggestive of weak genetic structure within locals that remained
discernable when visualizing data for both populations at K= 4 (notingthe K=4

model was less supported than K =2; Fig 4.4, S4.10).

Given the observation that immunogenetic data predominantly
demonstrated geographic structure, we performed within-cluster outlier analyses to
determine if similar or differing outliers best explained the weak patterns of
selection observed within each of the populations. We analyzed 2,999 and 2,520
SNPs remaining after MAF and missing data filters for the Arkansas and eastern
Ontario clusters, respectively. From these SNP subsets, we identified 28 and 29 Fsr
outlier SNPs associated with WNS occurrence in the Arkansas and eastern Ontario
clusters, respectively, noting only one outlier overlapped between regions (Tables
S4.6). Based on the simulated confidence interval of the expected change in allele

frequency from the pre-WNS occurrence samples, these outlier loci are unlikely to
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be caused by genetic drift (Table S4.7). Changes in allele frequencies between pre-
and post-WNS sampling at each locus ranged from 0.179 to 0.412 in Arkansas and
0.107 to 0.517 in eastern Ontario (Tables S4.6). To better understand if selection was
imposed on M. leibii at each site, we estimated selection coefficients under a
dominant model. Coefficients ranged from 0.17 (¥ 0.11) to 0.74 (x 0.19) for each of
the 28 SNPs identified in the Arkansas dataset and 0.11 (£ 0.08) to 0.97 (£ 0.02) in
the eastern Ontario dataset of 29 SNPs, indicative of a selective pressure exerted on
M. leibii (Table S4.7). Between both outlier SNP subsets one non-sense mutation
associated with the TAP1 gene was observed (position 89,998 on scaffold
GL430751). A single outlier SNP consistent between both data sets was associated
with the HRG gene (Table S4.6). Of those outliers SNPs within coding regions, 6 were
missense SNPs in the eastern Ontario subset associated with the DRB1-Exon2-like
gene (n =1), the HLA-DPB1 gene (n = 1), the TICAM1 gene (n = 1), the TLR1 gene (n =
1), and the TLR6 gene (n = 2). The seven missense SNPs in the Arkansas subset were
associated with DLA-DMB (n = 2) and TAP1 (n = 5). Simulated coefficients of
selection for outlier missense SNPs were among the highest observed in our dataset
and demonstrated rapid shifts in allele frequencies (Figs S4.6-7; Table S4.6). Most
SNPs regardless of designated status as an identified outlier or not, were in genomic
regions putatively associated with promoter/regulatory elements where only a
smaller proportion were identified within coding regions or leading to larger impacts
(Figs S4.4-5). In total across both the Arkansas and eastern Ontario datasets, only

five SNPs led to high predicted impact consequences, all of which conveyed a stop
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codon gain. One of these was associated with the IL13 gene, and another with TAP1,
while the remaining three had no gene symbol available (novel transcripts). Allele
frequency shifts at identified high impact sites fluctuated ~<10% between years,
with the exception of a stop gain at a novel transcript in the eastern Ontario subset

where the substitution resulting in the stop gain increased by 30%.

4.4 Discussion

We sought to explore population connectivity and the relative impacts of white-nose
syndrome (WNS) on the rare and elusive bat species, Myotis leibii. Using both
neutral and immunogenetic data from across the species’ range we found clear
genetic clustering between sampled geographic regions. Immunogenetic data
revealed a small number of outlier SNPs that demonstrated weak patterns of
genetic structure within two geographic populations but it remains unclear whether
these patterns are a result of WNS, relatedness, or a byproduct of geographic and
temporal sampling. These results are broadly consistent with the hypothesis that M.
leibii were inherently resistant or tolerant to WNS on first exposure, and also align
with observed, stable demographic trends in this species irrespective of WNS
presence (Langwig et al. 2012; Francl et al. 2012; Frick et al. 2017; Anderson 2018;

O’Keefe et al. 2019; Sasse et al. 2023; Hooton et al. 2023).

4.4.1 Microsatellite data informs population management

Neutral microsatellite markers identified three genetic clusters of M. leibii along a

latitudinal gradient (Fig 4.2), consistent with findings of Ammerman, Lee & Pfau
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(2016). Hierarchical analyses of these data did not support further sub-structuring
among identified genetic clusters (Fig 4.2, Fig S4.1, S4.8, S4.11). These neutral
genetic data provide a baseline evaluation of genetic diversity and structure that
contextualize patterns of selective pressure (Kawecki & Ebert 2004). The restricted
gene flow observed between distinct genetic clusters in this system suggests that
population extirpations or drastic declines would not be quickly countered by

natural genetic rescue.

4.4.2 Immunogenetic data across the M. leibii range

Broad-level immunogenetic structure across the range of M. leibii identified 105
linkage pruned SNPs that mirrored neutral genetic structure and sample
provenance. Relative to microsatellite analyses, Discriminant Analysis of Principal
Components (DAPC) of immunogenetic data demonstrated similar but stronger
clustering patterns. Hierarchical analyses identified further segregation of the
cluster encompassing New York/New Hampshire/Vermont/Ontario subdividing
Ontario into eastern Ontario, and southwestern Ontario clusters. Analyzing
candidate loci most likely to differentiate genetic clusters from the original dataset
(16 outlier SNPs after linkage pruning), revealed no difference in the observed
genetic clustering of samples. These same outlier analyses yielded several loci with
frequency shifts of variants between clusters with the potential to alter underlying
immune system functions via altered protein structure (Schaefer & Rost 2012). Of
the identified outliers with missense mutations, two (TLR6 and LBP) were associated

with genes notable in their response to fungal infections. The TLR6 gene has been
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associated with recognition and response to both exogenous pathogenic and
commensal fungi (Wang et al., 2014). The LBP gene is commonly associated with
immune responses to bacterial infections (Schumann et al., 1990; Schumann
2011), but is also part of the signalling pathway leading to the expression of the
NOS2 gene in the presence of bacteria and fungi leading to the activation of natural
killer cells (Bogdan, Rollinghoff & Diefenbach 2000; Lowenstein & Padalko 2004).
While these gene associations are of potential interest in context of WNS, we
postulate that they are most likely reflective of local adaptations between

populations with limited gene flow.

4.4.3 Immunogenetic data in context of pre- and post-WNS occurrence

Bats sampled from the Arkansas and eastern Ontario regions included both pre-
and post-WNS occurrence individuals. Between these regions, the model of K= 2
genetic clusters was most supported, where geography appeared the predominant
factor clustering pre- and post-WNS occurrence immunogenetic data. Within both
areas, under the K =2 model, DAPC analyses of identified outlier loci suggested
weak genetic clustering aligning with pre-and post-WNS occurrence. These discrete
patterns remained discernable in DAPC analyses of both populations under the K=
4 model, where geography remained the prominent factor clustering samples. Only
one SNP, associated with the HRG gene, was identified as an Fsr outlier in both
Arkansas and eastern Ontario M. leibii populations with a known innate immune
system antifungal role (Rydengard et al., 2008). The HRG-associated SNP is located

in a putative regulatory region that could alter expression of the gene; however,
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discerning the exact ramification of this mutation would require further

investigation.

Although we identified only a few missense mutations within outlier SNP
subsets from the immunogenetic loci, these data have links to fungal pathogen
immune responses. Between the two sets of missense SNPs (from Arkansas and
eastern Ontario), most associated genes (HLA-DPB1, DRB1e2-like, DLA-DMB, TLR1,
TLR6) are related to the immune system’s capacity to recognize fungal pathogens
and subsequently mount a defence (Ekblom et al., 2007; Savage & Zamudio 2011;
Noreen & Arshad 2015; Wang et al., 2014). Beyond the aforementioned SNPs
recognizing fungal pathogens, two other genes with missense polymorphisms were
identified with potentially relevant functions, TICAM1 and TAP1. The TICAM1 gene
encodes for a protein that acts as an adaptor for both TLR3 and TLR4, subsequently
facilitating dendritic cell maturation that can influence aspects such as MHC
responses and inflammation (Seya et al., 2005). The TAP1 gene is responsible for the
movement of antigenic peptides and presentation to MHC molecules, although
more commonly associated with defence against viral infections (Praest et al., 2018;
Ritz et al., 2003). Notably, we also observed a nonsense mutation (base substitution
causes a stop codon gain) associated with the TAP1 gene in the Arkansas subset
that could result in a loss of protein function from premature termination during
transcription. While codon reassignments (including stop codons) are common
across taxa (Belinky et al., 2021; lvanova et al., 2014; Massey 2017), the TAP1

mutation may have no detrimental effect as suppressor tRNAs can rectify nonsense
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SNPs (Ward et al., 2024). However, assessing the exact impact of the TAP1 mutation
is beyond the scope of our study. The observed missense SNPs identified from both
Arkansas and eastern Ontario datasets displayed coefficients of selection and
frequency shifts suggestive of selection rather than genetic drift (Figs S4.6-7; Table

S4.7).

Inconsistent patterns of selection between pre-and post-WNS occurrence
data from Arkansas and eastern Ontario align with literature from other bat species
with similar intra-population patterns of allele frequency and diversity shifts
associated with disease (Gignoux-Wolfsohn et al. 2021). These incongruent patterns
could result from selective pressures acting on different subsets of standing genetic
variation in each population by the same selective pressure (e.g., WNS), different
selective pressures other than WNS, stochastic effects (e.g., genetic drift), oras a
matter of sampling bias such as from increased relatedness among sampled
regions. In the case of M. leibii, geography strongly predicts observed genetic
structure, where shifts in allele frequencies (unexplained by genetic drift) from
immunogenetic loci were observed within regions relative to pre-and post-WNS time
points. The sample design comparing pre- and post-WNS sampled bats revealed
weak patterns of genetic structure and gene associations with fungal pathogen
resistance, thus we can not exclude WNS as the selective pressure driving the
observed differences between populations. That said, the sampling scheme also

biases towards any differences observed being associated with WNS when other
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selective pressures may be relevant between these geographically and temporally

separated sample points.

4.4.4 Myotis leibii resistance or tolerance to WNS

Myotis leibii have been presumed to be resistant or tolerant to WNS based on
observed population demographic stability/increases relative to other hibernating
Nearctic bats (Langwig et al. 2012; Frick et al. 2017; Anderson 2018; Sasse et al.
2023). This presumption may be undermined by behavioural and ecological
characteristics of M. leibii that can mask true population trends, as the vast majority
of hibernation sites (underneath rocks and in cracks and crevices) remain
unmonitored for this species. Further evidence of resistance or tolerance to WNS
comes from the prevalence and fungal loads of P. destructans on M. leibii that are
similar to those of other, less susceptible, small-bodied bat species (e.g., E. fuscus;
Bernard et al. 2017). Our genomic data provide further support for the hypothesis of
inherent resistance or tolerance to WNS in M. leibii, given observations of stable
population trends and only weak selection within genetic clusters that cannot be

conclusively linked to any particular selective pressure based on available data.

4.5 Conclusions

Assessing genetic variation within neutral and immunogenetically relevant loci
provides a snapshot of host/pathogen dynamics and facilitates investigations of
underlying mechanisms in responding to disease. Data presented herein imply that

M. leibii were resistant or tolerant to WNS upon introduction. The lack of evidence
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indicative of population declines in this species, while suspected, remained
uncertain given the difficulty associated with generating a census of M. leibii in the
field. Genomic tools have been used to identify cryptic declines in other systems;
however, we implement these tools to highlight relatively stable population trends
over an otherwise catastrophic decline of congeneric species. WNS does not seem
to exert strong selective pressures on M. leibii that would present a conservation
concern requiring management interventions despite continued P. destructans (Pd)

presence.

The assay implemented herein targets immunogenetic data and identifies
weak patterns of selection within geographic populations, although the exact driver
of these patterns remains unknown. It is possible, however, that there are other
genes, or regulatory elements, in M. lejbii that influence the immune response that
remained unexplored by this assay. Although in this case, given observed
conservation of immunogenetic genes across mammals (Lindberg, Propert, &
Pignolo 2015), we expect to have obtained reasonable coverage of a wide breadth of
genomic regions that may have influenced M. leibii response to Pd exposure.
Similarly, alternative patterns of genetic diversity and structure may exist in genomic
regions unassociated with the immune system, but instead associated with other
biological functions. For example, relative to other Nearctic bats M. leibii undergo
frequent and typical arousals from torpor, which are unassociated with the
introduction Pd and spread of WNS, to forage during winter months (Bernard et al.

2021; Jackson, Wilcox, & Bernard 2022). These typical arousals could have reduced
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the impact of WNS on this species as disruptions to hibernation cycles were already
common and therefore may not act as an additive pressure exerted on M. leibii. As
WNS spreads across western North America and naive populations are exposed,
these populations may also mitigate the impacts of WNS (or other pressures)
through varied physiological or behavioural adaptations relative to their eastern
conspecifics as hypothesized for M. lucifugus (Blejwas et al. 2023). While
impractical, given the conservation status of this species, Pd challenge experiments
would offer a direct avenue to test M. leibii for inherent resistance or tolerance to
WNS as assessed in other bat species (Frick et al. 2022; McGuire, Mayberry, & Willis

2017).

The introduction of Pd led to a rapid spread of WNS across hibernating
Nearctic bat populations, resulting in disparate population trends among species
several years after disease occurrence. In M. lucifugus, some populations
experienced drastic declines followed by recovery (Maslo et al. 2015; Frick et al.
2017; Dobony and Johnson 2018; Ineson 2020). In contrast, Myotis septentrionalis
(northern long-eared bat) populations may not recover from exposure to this
invasive pathogen (Francl et al. 2012; Reynolds et al. 2016). The apparent high
survival of M. leibii following the introduction of Pd and minimal apparent genetic
consequences, contrasts with findings from congeners that experienced severe
demographic declines, pronounced signatures of selection, and clear host
response changes based on immunogenetic and transcriptomic data (Auteri &

Knowles 2020; Davy et al. 2017; Donaldson et al. 2017; Cheng et al. 2021; Francl et
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al. 2012; Gignoux-Wolfsohn et al. 2021; Lilley et al, 2019; Lilley et al, 2020).Based on
the conserved immunogenetically relevant loci analyzed herein, we provide
evidence of no extensive temporal immunogenetic clustering, nor major shifts in
genetic diversity in M. leibii that would be expected from disease-mediated

population declines.
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Sample Location Samples used in Pre- or Post- Spatial
sequence capture WNS Designation
designation

Arkansas 9 pre AR
New York, New 21 pre NY/NH/VT/ON
Hampshire, and
Vermont
North Carolina 21 pre NC/VA/WV
Virginia and West 25 pre NC/VA/WV
Virginia
southwestern Ontario 0 pre NY/NH/VT/ON
eastern Ontario 10 pre NY/NH/VT/ON
Arkansas 31 post AR
New York, New 0 post NY/NH/VT/ON
Hampshire, and
Vermont
North Carolina 0 post NC/VA/WV
Virginia and West 0 post NC/VA/WV
Virginia
southwestern Ontario 22 post NY/NH/VT/ON
eastern Ontario 21 post NY/NH/VT/ON
Total 160

Table 4.1. Myotis leibii sampling scheme for targeted immunogenetic assay
identifying spatial genetic patterns pre- and post-WNS occurrence. Included are
approximate spatial sampling locations, sample numbers, temporal designation to
the occurrence of WNS and spatial designations determined by microsatellite
analyses and used for subsequent analyses on these data.
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Genetic Range | H, He H, Dsr Fis Fis Number of
Cluster of 95%CI | Individuals
alleles
per
locus
AR 4-12 0.87 | 0.79 | 0.82 -- -0.07 | -0.14 17
to -
0.014
NC/WV 12-26 | 0.85 | 0.87 | 0.87 -- 0.02 -0.01 93
to
0.05
NY/NH/VT/ON 7-16 0.80 | 0.81 | 0.82 -- 0.04 -0.01 37
to
0.07
Overall 12-31 | 0.84 | 0.87 -- 0.03 0 -0.05 147
to
0.04

Table 4.2. Summary statistics for three Myotis leibii genetic clusters identified
using microsatellite loci for estimating genetic connectivity among sampled
regions. Summary statistics for each identified genetic cluster, and across all

populations. Identified are the number of alleles, observed and expected

heterozygosity, intra- and interpopulation diversity (Hs and Dsr respectively), and
estimates of Fs. Values are averaged across the ten microsatellite loci used in these

analyses.
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Fig 4.1. Temporal and spatial occurrence of white-nose syndrome overlaid with
distribution and sampling scheme of Myotis leibii. Figure depicts changing
patterns of spread and occurrence of P. destructans, and associated disease, WNS,
since its introduction in 2006. Sampling included M. leibii bats across their range for
microsatellite analyses (black-diamonds) and sequencing of immunogenetic
coding-regions of the genome pre- (black-circles) and post-WNS (black-squares)
occurrence. Numbers within shapes indicate close-proximity sample sizes at each
location. Ellipses indicate identified genetic clusters using both microsatellite and
immunogenetic datasets where results were essentially mirrored. Map created
using Natural Earth and contains information licensed under the Open Government
License — Ontario, The United States/U.S. Department of Commerce, The United
States/U.S. Fish & Wildlife Service, and the Creative Commons Attribution 4.0
International License — Quebec; created July 2022.
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Fig 4.2. Genetic structure analyses of 10 microsatellite loci for 147 Myotis leibii
indicates three neutral genetic clusters across their range. Inserts a) and b)
illustrate discriminant analyses of principal components, where a) displays the
inferred 3 clusters of the samples and b) displays the same clustering with samples
colour-coded based on geographic origins. Inserts c) and d) provide bar plots of
estimated population assignments using STRUCTURE for K = 2 through K= 4 where
each partitioned vertical bar represents an individual’s proportional membership to
the inferred populations. Insert c) provides visualization of STRUCTURE results with
LOCPRIOR =0 and d) with LOCPRIOR = 1; noting K = 3 was the most supported by
the Evanno method (Evanno, Regnhaut, & Goudet, 2005). Further delineation of
samples from the K= 3 clusters were unsupported by hierarchical analyses. AR =
Arkansas; NC(J) = North Carolina (Jackson County); NC(G) = North Carolina
(Graham County); WV = West Virginia; NY = New York; NH = New Hampshire; VT =
Vermont; ON = Ontario).
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Fig 4.3. Genetic structure of Myotis leibii reveals spatial immunogenetic
structure consistent with neutral genetic structure, showing three clusters.
From a total of 4, 373 identified immunogenetically relevant SNPs, a subset of 105
SNPs remained after linkage-disequilibrium pruning that were used for visualization.
Discriminant Analyses of Principal Components were performed and visualized,
where a) displays the inferred clustering of the samples and b) displays the same
clustering with the samples colour-coded based on geographic origin (AR =
Arkansas; NC/VA/WV = North Carolina, Virginia, and West Virginia; NY/NH/VT/ON =
New York, New Hampshire, Vermont, and Ontario). Bar plots (c and d) show
estimated population assignments using STRUCTURE for K = 2 through K =4, noting
the K =3 model was most supported by the Evanno method (Evanno, Regnaut, &
Goudet, 2005). The K=4 model, with (insert ¢) and without LOCPRIOR =1 (insert d),
shows some evidence of further genetic partitioning within the NY/NH/VT/ON
cluster, which was further supported by a hierarchical analysis of the cluster. Each
partitioned vertical bar represents an individual’s proportional membership to the
inferred populations.
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Fig 4.4. Genetic clustering of two Myotis leibii populations sampled pre- and
post-WNS exposure highlights a prominent geographic influence, and subtle
selective patterns associated with the disease. Figure demonstrates consistent
patterns of geographic clustering, yet with further subtle intra-population structure
correlated with WNS exposure, unattributed to genetic drift, and therefore
suggestive of weak selection. Analysis of immunogenetically relevant SNPs from
sampled from 2004-2018 in Arkansas and eastern-Ontario, coinciding with before
introduction of the disease into North America several years post-introduction
produced a dataset of 23 identified outlier SNPs pruned for linkage disequilibrium.
Discriminant Analyses of Principal Components identified the optimal number of K
clusters =2, where a) displays the clustering of the 71 samples based on
provenance, b) displays the same 71 samples visualized based on WNS occurrence,
c) shows the clustering within the 40 samples from Arkansas in context of WNS
occurrence, d) displays the WNS occurrence clustering within 31 samples from
eastern Ontario, and €) shows k =4 clustering of the 71 samples where the partition
between geographic locations and subtle clustering within populations can be
observed. Visualized in insert f) are STRUCTURE plots, where each partitioned
vertical bar represents an individual’s proportional membership to the inferred
populations and the K=2 model was most supported based on the Evanno method.
Results using LOCPRIOR =0 and LOCPRIOR =1 are in the top and bottom on the
insert, respectively. AR = Arkansas; E-ON = eastern-Ontario; where grey labels
indicate samples pre-WNS exposure, and black labels indicate sampled post-WNS
exposure.
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Abstract

Undermined barriers to pathogen dispersal from human-mediated translocations
and globalization exacerbate changes to host-pathogen dynamics that
subsequently threaten species persistence given uncertain capacities to adapt to
rapidly shifting suites of selective pressures. Pseudogymnoascus destructans (Pd),
the causative agent of white-nose syndrome (WNS), was anthropogenically
introduced into North America in 2006 and resulted in drastic population declines
(>90%) for several hibernating bat species, including Myotis lucifugus. Of the Pd-
affected populations, some now show evidence of recovery, where outcomes
appear partially influenced by genetic factors. Understanding how population
dynamics and biodiversity were impacted throughout the introduction and spread of

Pd remains limited but vital to ongoing efforts promoting Nearctic bat conservation.

Herein, we explore variation associated with neutral and functionally relevant
regions of the M. lucifugus genome to assess temporal impacts of Pd exposure and
evidence of evolutionary rescue in recovering populations. Neutral genetic structure
assessments showed no temporal patterns associated with exposure to Pd. In
contrast, intra-population diversity shifts within immunogenetic regions
demonstrated signatures of selection to Pd exposure, but loci and patterns were
inconsistent among affected populations. These data suggest that observed shifts
in genetic diversity are unexplained by drift alone, where signatures of WNS-
imposed selection were stronger in Atlantic populations relative to eastern Ontario

now showing signs of recovery. We speculate that these contrasting patterns are
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associated with varied demographic factors, such as relative population sizes and
gene flow, but also local adaptations. Here, we provide further insight into the
demographic and evolutionary rescue mechanisms in M. lucifugus populations
following the introduction of Pd that exemplifies the importance of connectivity and
large population sizes for population persistence in population-specific disease

responses as this pathogen continues to spread westward.

5.1 Introduction

Species diversity is maintained, in part, by balances between species dispersal
capacities and local adaptation to differing suites of selective pressures
encountered across heterogeneous landscapes (Hohenlohe et al. 2021; Lozier &
Zayed 2017; Yildirim et al. 2018). Globalization, human-mediated translocations,
and climate change alter these balances; undermining natural barriers to species
dispersal and facilitating range expansions into regions previously unsuitable or
inaccessible (Ancillotto et al. 2016; Baker et al., 2022; Davy et al. 2017; Fischer et al.
2022; Gallana et al. 2013; Longo et al. 2014; Ricciardi et al. 2013; Rohlin et al. 2013;
Vander Wal et al. 2014). Such range shifts can impose novel, selective pressures on
endemic populations by introducing invasive species which compete for resources
(Langmaier et al. 2020), altering trophic interactions (i.e., new predators; Baker et al.
2020; Jolly et al. 2021), and by changing distributions of infectious diseases (Baker

et al. 2022), thereby threatening native biodiversity.
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Host-pathogen dynamics are changing at unprecedented rates as human-
mediated translocations and climatic changes enable pathogens to expand their
ranges into previously inhospitable or inaccessible environments (Baker et al. 2022).
Resulting disease often threatens the persistence of naive populations and species
as demonstrated by the global spread of the fungal pathogen, Batrachochytrium
dendrobatidis (Bd) on many amphibian species (Fisher & Garner, 2020; Gallana et
al. 2013; Oswald et al. 2020; Walker et al. 2008). Infectious diseases, notably in their
epizootic stages, elicit rapid changes in the distribution and diversity of genetic
variants associated with susceptibility over short time scales through selective
sweeps (Berry et al. 1991; Gallana et al. 2013). Understanding how populations
respond to change elicited by disease becomes increasingly important to

conservation efforts supporting susceptible species or populations.

In some cases, populations can respond to a selective sweep through a
genetic rescue, where population fitness increases through reduced inbreeding
resulting from migration and increases the frequency of heterozygous genotypes
(Hufbauer et al. 2015; Kanarek et al. 2015). Genetic rescues can also occur through
bolstered adaptive potential among populations where the frequency of genetic
variants associated with beneficial traits increases (Hufbauer et al. 2015; Kanarek et
al. 2015). Herein, we adopt the perspective of Hufbauer et al. (2015), distinguishing
genetic from evolutionary rescues, where the latter occurs in the absence of
migration and specifically denotes an increase in frequency of advantageous
genotypes from the standing variation in the population after initial population
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declines. In either scenario of genetic rescue, if the selective pressure is too strong,
especially where host populations are small or have low fecundity, extirpation or
extinction can occur when populations cannot survive/recover from first contact
with the disease. Such a pattern is demonstrated with the extinction of almost 100
amphibian species attributed to Bd exposure (Fisher & Garner 2020; Oswald et al.

2020; Smith et al. 2022).

Natural or artificial translocations, however, are not always feasible or
advisable given that out-breeding depression can result from adaptations to local
suites of selective pressures other than disease (Templeton et al. 1986; Frankham et
al. 2011; Kanarek et al. 2015). Alternatively, metapopulations with large effective
population sizes and high gene flow may persist after the introduction of infectious
disease through an influx of individuals from connected populations or when the
number of offspring continues to exceed disease-associated mortality leading to
stable orincreasing population trends (i.e., demographic rescue; Kanarek et al.
2015). Demographic rescues within Bd systems can be illustrated by the
persistence of growling grass frogs (Litoria raniformis) predicated upon refugia and
connectivity amongst metapopulations (Heard et al. 2015). Further evidence of the
potential for both demographic and genetic rescues exist among several other
species (e.g., Knapp et al. 2023; Byrne et al. 2021; Trumbo et al. 2023). Given the
variability in observed (or the potential for) demographic and genetic recuses across
amphibian species in the context of Bd exposure, it is apparent that broad

assessments and conclusions are not always transferable among populations or
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species. By understanding mechanisms of recovery, or lack thereof, and factors that
foster both demographic and genetic recoveries, these data can enhance vulnerable
and/or endangered species' resiliency to future selective pressures at the

population scale through informed conservation and management efforts.

Incorporating genetic assays that investigate both neutral and functionally
relevant genomic regions offers the potential to quantify population connectivity
and genetic diversity associated with heterogeneous suites of selective pressures
(Kawecki & Ebert 2004; Neaves et al., 2009; Peakall et al., 2003; Willi et al. 2022).
These assays not only elucidate genomic signatures of selection, but contextualize
population connectivity that influences selective patterns by diluting the frequency
of adaptive genes or enhancing the potential for local adaptations (Davy et al. 2017;
Kanarek et al. 2015; Supple & Shapiro 2018; Xuereb et al. 2021; Yi & Latch 2022).
Genotyping-by-sequencing (GBS) approaches offer the flexibility and simplified
means to selectively and simultaneously sequence genomic regions of interest that
encompass both neutral and functionally relevant loci (Pina-Martins et al. 2019;
Schweizer et al. 2016). For example, Schweizer et al. (2016), used GBS assays to
identify shifts in genetic diversity associated with immune responses in gray wolves
despite extensive population connectivity; a finding suggestive of strong local
selective pressures. Similar approaches have been used to develop assays
investigating genetic diversity among Tasmanian devil (Sarcophilus harrisii)
populations following the emergence of devil facial tumour disease (Wright et al.

2015). These studies demonstrate the potential of GBS tools to directly assess
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signatures of selection associated with disease in the context of population

connectivity.

In 2006, the fungal pathogen Pseudogymnoascus destructans (Pd), the
causative agent of white-nose syndrome (WNS), was introduced to North America
from Eurasia (Leopardi, Blake, & Puechmaille, 2015). This pathogen rapidly spread
across eastern and central North America, resulting in significant population
declines in several hibernating bat species (Blehert et al. 2009; Frick et al. 2016;
Hoyt et al. 2016; Kovacova et al. 2018; Puechmaille et al. 2011; Wilder et al. 2015;
Cheng et al. 2021; Dzal et al. 2011; Francl et al. 2012). White-nose syndrome
transmission and infection peaks during hibernation when bats congregate at
hibernacula, theirimmune functions are downregulated, and body temperatures
decrease during torpor, thus providing an opportunistic environment for this
psychrophilic pathogen (Boddy 2016; Fischer et al. 2022; Langwig et al. 2012; Verant
et al. 2012; Whiting-Fawcett et al. 2021). The cascade of physiological changes that
bats undergo upon infection increases morbidity by affecting the rate of arousal
during torpor and depleting energy stores throughout winter leading to mortality
(Anderson 2018; Auteri & Knowles 2020; Blehert et al. 2009; Cryan et al. 2010;
Moore et al. 2013; Reeder et al. 2012; Verant et al. 2014). Susceptibility to WNS
varies among Nearctic bats due to varying environmental, behavioural, ecological,
genetic, and individual factors between habitats and species that influence
pathogen exposure outcomes (Cryan et al. 2013; Davy et al. 2020; Hayman et al.

2016). Environmental barriers have not been shown to impede the host-mediated
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dispersal of Pd explaining its rapid continued spread across the majority of North
America (Fig 5.1; Davy et al. 2015; Davy et al. 2017; Miller-Butterworth et al. 2014;
Vonhof et al. 2015; Wilder et al. 2015). Specific genetic adaptations are known to
influence disease outcomes, where large shifts in genetic diversity associated with
animmune response or differences in the regulation of relevant genes are observed
(Auteri & Knowles 2020; Davy et al. 2017; Donaldson et al. 2017; Lilley et al. 2020).
For example, the big brown bat (Eptesicus fuscus), exhibits an upregulated local
immune response increasing its resistance or tolerance to WNS, whereas more
susceptible species (e.g., Myotis lucifugus) display systemic responses (Davy et al.

2020).

Of WNS-susceptible bat species, Myotis lucifugus (the little brown bat)
experienced > 90% population declines during the initial epizootic phases (Cheng et
al. 2021; Dzal et al. 2011; Francl et al. 2012). These declines, combined with the
relatively long-lived and ubiquitous nature of the species across North America,
have made the M. lucifugus system a focal point for understanding the implications
this disease has on Nearctic bats (Wilder et al. 2011; Wilder et al. 2015). Most
knowledge of the impacts of WNS on M. lucifugus focused on eastern distributions
of the species, where strong selective sweeps first occurred and placed the species'
persistence into question (Cheng et al. 2021). Despite initial declines, some
populations, over 4 to 13 years after first documented exposure, now appear to be
recovering (Maslo et al. 2015; Frick et al. 2017; Dobony and Johnson 2018; Ineson
2020; Hooton et al. 2023). Given the observed panmictic population at the eastern
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extent of M. lucifugus’ range (Davy et al. 2017), it remains unclear why gene flow and
associated influxes of individuals have not led to demographic recoveries for all
impacted populations. Some researchers have discussed the potential for a
differential response of western M. lucifugus (west of the Rocky Mountains) relative
to their eastern conspecifics based on several physiological and behavioural
factors, such as fewer large congregations of bats in hibernacula (Blejwas et al.
2023). Recent findings from the eastern extent of M. lucifugus’ distribution suggest
different local patterns of WNS-associated impacts exist among subpopulations,
despite being masked or unapparent at the scale of the larger metapopulation of the
species (Gignoux-Wolfsohn et al. 2021). These findings are indicative of the
combined influences of several factors (e.g., selection, gene flow, existing local
adaptations) that explain differential genetic impacts or consequences between

WNS-affected populations.

Previous genetic assessments of eastern Canadian M. lucifugus populations
from Manitoba to Atlantic Canada, identified patterns of WNS imposed selection
(Donaldson et al. 2017). That study, however, was unable to demonstrate differential
WNS-associated patterns of selection among subpopulations as a byproduct of
variable demographic factors or pre-existing local pressures, nor temporal patterns
of shifting genetic diversity from epizootic to enzootic stages of disease.
Incongruent impacts on local populations in the eastern United States have been
observed and are hypothesized for western conspecifics (Gignoux-Wolfsohn et al.

2021; Blejwas et al. 2023). As such, for eastern Canadian M. lucifugus
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subpopulations, there remain knowledge gaps in our understanding of the existence
or extent of differential WNS-associated impacts and whether demographic,
genetic, evolutionary, or a combination of rescue mechanisms explain the disparate

recovery of subpopulations.

Herein, we explore genetic variation associated with neutral and functionally
relevant regions of the M. lucifugus genome to understand the temporal impacts on
genetic diversity and potentially discordant patterns of selection and recovery
associated with Pd exposure between local populations of the species’ eastern
extent. Specifically, we expand upon the work of Donaldson et al. (2017) by
incorporating a panel of eleven legacy microsatellite markers into an amplicon
assay (~300 Kbp of the genome), combining these data with the 92 previously
sequenced individuals, and analyzing two subpopulations along a temporal gradient
of Pd exposure. We use these sequence data to investigate the influence of gene
flow, genetic drift, and selection imposed by exposure to WNS on differing patterns
of population recovery. These data provide further insights into the signatures of
selection left on the genomes of affected M. lucifugus, the disparity of these
signatures between geographically sampled populations, and mechanisms
underlying the recovery of these impacted populations. As WNS continues to
spread westward to naive M. lucifugus populations, these data have the potential to
inform conservation and management interventions to minimize the impact of this

disease.
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5.2 Methods

5.2.1 Sample collection, DNA extraction, DNA quality and quantity assessments

3mm wing biopsy punches, were collected non-harmfully following established
animal care protocols approved by the institutions of respective sample
contributors and encompassed three time-periods of WNS exposure (Table S5.1).
Bats sampled preceding the introduction of WNS were collected from Yukon,
Manitoba, western Ontario, eastern Ontario, and Atlantic Canada, and are denoted
as pre-WNS (PRE; Table S5.1). Deceased bats, where mortality was attributed to the
initial spread of WNS, were sampled in eastern Ontario and Atlantic Canada and
denoted as early mortalities (EMOR; Table S5.1). Finally, bats persisting in the
environment 6+ years after presumable Pd exposure were sampled from eastern
Ontario and denoted as survivors (SURV; Table S5.1). Wing punches were stored at -
80°C until DNA extraction occurred. All tissue samples were dissolved in lysis buffer
containing 600 U/mL proteinase K at 56°C for 2 hours. DNA was extracted from lysed
samples using the DNeasy Blood and Tissue Kit (Qiagen), or using a magnetic bead
extraction (Magnesil, according to the manufacturer’s protocol). DNA samples were
assessed for quality and quantity using gel electrophoresis (90 V, 45 minutes, 0.8%
agarose gel) stained with ethidium bromide, HighRanger 1 kbp DNA ladder as
reference (300 - 10,000 bp; Norgen Biotek) and quantified using a Quant-iT

PicoGreen dsDNA Assay Kit (ThermoFischer Scientific).
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5.2.2 Library preparation, sequence capture, and high-throughput sequencing

DNA libraries (n = 176) were created following the TruSeq Custom Amplicon Low
Input Library Prep Kit (Illumina) and barcoded with Illumina TREx Index Adapters
(A501-A508 x R701-R712). Our custom amplicon multiplex covered ~328 kbp of the
M. lucifugus genome (Myoluc2.0), consisting of 1,323 amplicons in total,
encompassing 341 neutral SNPs previously identified (Donaldson et al. 2017), 32
microsatellite markers (simple and complex di- and tetra-nucleotides), and 834
immunogenetic regions (Table $5.3). Libraries were amplified with 25 cycles,
following the PCR cycle number guideline specified in the TruSeq Custom Amplicon
Low Input Library Prep reference guide, in the context of our number of targeted
amplicons. Before pooling, individual DNA libraries were assessed for quality and
concentration using ethidium bromide-stained gel electrophoresis (2% agarose)
and Quant-iT PicoGreen as outlined above. Final assessments for pooled amplicon
libraries were conducted with a bioanalyzer before sequencing on an lllumina MiSeq
V3 run using 2x300 bp reads (Advanced Analysis Centre Genomics Facility,

University of Guelph).

5.2.3 Sequence alignment, variant annotation, and filtering

Sequence data for 176 amplicon libraries were combined with 92 previously
sequenced target-capture libraries (Table S5.1; Donaldson et al. 2017). Raw data
were first assessed using FastQC (Andrews 2010) to inspect for any initial issues

with the data warranting further investigation, such as per base/sequence quality
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scores, sequence duplication, and adapter content. Raw data were then processed
with Trimmomatic (Bolger, Lohse, & Usadel 2014) to trim reads for quality and length
using the following parameters: i) removing bases at the start and end of reads not
surpassing a quality of 3, ii) SLIDINGWINDOW of 4 bp and a quality of 15, and iii) a
minimum sequence length of 36 bp. Picard (v.2.20.0-3;
http://broadinstitute.github.io/picard/) was used to convert from FastQ to unaligned
BAM, mark duplicate reads, and mark indices in sequence data. Paired-end reads
for each of the 176 samples were then aligned to the M. lucifugus reference genome
(Myoluc2.0) using the bwa-mem command in Burrows-Wheeler Aligner (v0.7.17; Li
2013). Sequence metrics were assembled using SAMTOOLS v1.9 (Danecek et al.
2021) and GATK v4.1.0.0 was used for duplicate sequence removal, secondary
alignment identification and removal (potential paralogs or copy variants), variant
discovery, genotyping, and variant recalibration (DePristo et al. 2011; McKenna et al.
2010; Poplin et al. 2017; Van der Auwera & O’Connor 2020). The following hard filters
were applied as part of the GATK pipeline: QualByDepth < 2.0, QUAL (Phred-scaled
probability) < 30.0, StrandOddsRatio > 3.0, FisherStrand > 60.0, RMSMappingQuality
<40.0, MappingQualityRankSumTest < -12.5, and ReadPosRankSumTest < -8.0.
From this combined dataset of 268 samples, variants associated with the
presumably neutral markers and immunome were separated into independent files

based on the corresponding genomic intervals for each dataset.

Read data corresponding to targeted microsatellite intervals were processed
with Dante (Da Amazing NucleoTide Exposer; Budi$ et al. 2019). This workflow uses
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an alignment-free algorithm to characterize and genotype STR alleles from high-
throughput sequencing data containing repetitive regions. Microsatellite data were
filtered accordingly: i) obtained >95% confidence identified by Dante, ii) each locus

has < 30% missing data, and iii) only retain individuals with <30% missing data.

Sequence variants associated with presumably neutral SNPs and
immunogenetically relevant loci were processed through an iterative filtering
process to address potential biases resulting from differences in sequencing
approach between generated sequence datasets (amplicon vs. target-capture,
respectively). Using VCFtools (Danecek et al. 2011), SNPs were first filtered for a
quality score < 20, minor allele count < 3, minimum depth per genotype < 35,
minimum mean depth < 15, and to retain only biallelic SNPs. We removed loci
presumably on the X chromosome based on targeted gene location in other
mammalian species, as well as any site that overlapped a primer binding location.
Following a similar approach to O’Leary et al. 2018, data were iteratively filtered to
minimize missing data per individual and maximize the genotype call rate. An
iterative filtering cycle began with minimizing missing individual data, followed by
filtering for genotype call rate and repeating this cycle five times. Filtering of missing
individual data started at >90%, decreasing to 70%, >50%, >30%, and >25% after
each sequential iteration, and genotype call rate filtering started at <60%, increasing
to 70%, 80%, 90%, and <95%, after each sequential iteration. To further refine and
maintain high confidence and SNP call qualities for analyses of data subsets was

achieved by applying a filter for a minor allele count of five. When required during
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subsequent analysis of data subsets, linkage disequilibrium pruning was performed
using BCFtools v1.9 (Danecek et al. 2021) with max-LD = 0.2 and retaining a single

locus within a 500 kbp window.

5.2.4 Analysis of microsatelljte data

STRUCTURE analyses were performed with a burn-in length of 50,000 followed by
200,000 iterations for K= 1 through K= 12, with 20 iterations of each K (Pritchard,
Stephens, & Donnelly, 2000). Input files for these analyses were generated using
STRAUTO v.1.0 (Chhatre & Emerson 2017). Under Rv4.1 (R Core Team 2021),
pophelper and pophelpershiny (v2.1.1; Francis 2017) were used to estimate the
most likely value of K using the Evanno method (Evanno, Regnaut, & Goudet, 2005)
and combine and visualize results. Discriminant Analyses of Principal Components
(DAPC) were performed as implemented using adegenet v2.1.7 (Jombart 2008) and
ape v5.6-2 (Paradis, Claude, & Strimmer 2004). Here, K was estimated using
sussesive K-means but also investigated using K equal to the number of
representative geographical sampling locations to evaluate which number of
identified clusters seemed most plausible in context of the ecology of the species
and hypotheses being tested. The function xvalDapc was used to identify the
number of principle components achieving lowest mean-squared error and retained

for discriminant analysis in an attempt to not overfit these data.
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5.2.5 Analyses of immunogenetic SNPs

Immunogenetic variants passing hard and iterative filtering parameters were used
as input for Fsr outlier identification using PCAdapt (Luu, Bazin, and Blum 2017),
OutFLANK (Whitlock & Lotterhos 2015), Arlequin (Excoffier & Lischer 2010), and
Bayescan (Foll & Gaggiotti 2008), with an adjusted p-value of < 0.05, followed
methods described in Baecklund et al. (2021). Fsr outlier identification was
performed on all retained individuals and subsets of bats from eastern Ontario and
Atlantic Canada. Outliers were identified between pre-WNS (PRE) and early
mortalities (EMOR) in Atlantic Canada. For eastern Ontario bats, encompassing all
sampled time points of WNS exposure, outliers were identified between pre-WNS
(PRE) and early mortalities (EMOR) and between pre-WNS (PRE) and survivors
(SURV). Data were visualized using STRUCTURE and DAPC analyses in the same
manner as microsatellite data. To distinguish between signatures of selection
relative to patterns of genetic drift in identified outlier SNPs from within the pre-and
post-WNS occurrence datasets, a 95% confidence interval of the Wright-Fisher
expectation was generated (https://gitlab.com/WiDGeT_TrentU/). Intervals were
based on 1,000 iterations and a randomly sampled generation time of 2-10 years of
the model using pre-WNS allele counts. Each SNP was assigned as a potential
outlier, where the post-WNS allele frequency fell outside of the generated 95%
confidence interval, or as drift where post-WNS allele frequency fell within the
interval. The selection coefficient was estimated following Thompson et al. (2019)

and Haworth et al., (2021) for any SNP from these datasets with frequency shifts

167



unassociated with stochastic effects, identified as an Fsr outlier, and resulted in a

missense mutation.

5.3 Results

5.3.1 Analysis of microsatellite markers

After processing data with Dante and applying hard filters, 11 microsatellite markers
and 235 individuals remained for analysis (Table 5.1). STRUCTURE analyses
identified K =2 model as most supported, largely distinguishing Yukon from all other
sampled regions, with no further substructure identified within or between regions
when Yukon samples were removed (Fig S5.1, S5.10). Discriminant Analysis of
Principle Components (DAPC) identified K = 4 clustering as most supported but
demonstrated considerable overlap among geographically sampled populations (Fig
S5.1, S5.10). As such, at a coarse geographic scale, we inferred K =2 as the most

supported clustering of samples.

5.3.2Immunogenetic SNP filtering and analyses

After initial hard filters, data for 30,774 SNPs across 268 individuals remained,
covering ~200 kbp of the genome. Following subsequent iterative filtering
processes, a final filtered working data set of 3,097 SNPs and 231 individuals
remained for data visualization, that identified distinct clustering of Yukon samples
(K=2 model most supported). Modelling of K = 2 remained most supported when
Yukon samples were removed from consideration, leaving 2,886 SNPs, and did not

show further clustering of remaining samples.
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5.3.3 Immunogencetic outlier SNP analyses

From sampled bats in Atlantic Canada, a filtered subset of 1,393 SNPs was
assessed to identify the coding consequences of the substitutions, influence of
genetic drift, and Fsr outliers. Across the entire subset, the majority of gene
consequences were located in or associated with promoter/regulatory regions,
where only six variants were predicted to have high impact coding consequences
(Fig S5.6). Three of the high impact variants resulted in a stop codon gain at the
HRG, IL12RB1, and HLA-DPB1 genes. The remaining three high impact variants
encoded for splice variants at the 3’ end of an intron associated with the CD28 gene,
and at the 5’ end of an intron related to the both the CD4 gene and a novel bat
transcript (unassigned gene symbol). Allele frequency shifts for these high impact
substitutions were typically £<10% between sampled time points, exceptin the
case of the HRG stop gain which increased by ~40%. From the initial 1,393 SNPs,
955 demonstrated simulated frequency shifts expected to be caused by genetic drift
(Table S5.5). We identified 29 Fsr outliers SNPs associated with eight genes between
pre-WNS occurrence and early mortality (attributed to the disease) samples from
SNPs with frequency changes unlikely to be caused by drift (Table S5.4).
Visualization of these data identified the K =2 model as optimally supported for
both DAPC and STRUCTURE analyses (Fig 5.3, S$5.8), distinguishing between PRE
and EMOR samples within the region; sampled before introduction of WNS and
those bats whose deaths were associated with the disease upon introduction,

respectively. Eleven missense SNPs were identified within this Fsr outlier subset,
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where each missense SNPs demonstrated rapid allele frequency shifts and a high
estimated coefficient of selection (Fig S5.3). Missense SNPs were associated with

JAGN1, HRG, and IL12RB2 genes (Table S5.4).

For bats sampled from eastern Ontario, a subset of 2,016 immunogenetic
SNPs remained for analysis. Visualizing these data, encompassing three sampling
periods (PRE, EMOR, SURV), did not indicate any further genetic clustering within
this region (Fig S5.2, S5.11). Predictions of coding consequences for all 2,016 SNPs
revealed the same proportions high impact SNPs including the exact same variants
as in the Atlantic Canada subset apart from the stop gain in HRG, an additional stop
gain associated with HLA-DMB, and another 3’ intron splice variant at the CD4 gene
(Fig S5.7). Over the course of the sampled time points, allele frequency fluctuations
for these high impact substitutions were around £10% , with the exception of the
stop gain at HLA-DPB1 which gradually increased in frequency by 20%. Analyses of
temporal sample comparisons produced subsets of 1,118 and 1,848 SNPs Fs;
outliers between comparisons of PRE (sampled before introduction of WNS) versus
EMOR (bats whose deaths were associated with the disease upon introduction) and
PRE versus SURV (bats persisting in the environment several years after introduction
of the disease), respectively. For PRE versus EMOR comparisons, 632 SNPs did not
display frequency changes attributable to genetic drift based on simulations, where
16 Fsr outliers were identified from this subset, associated with four
immunogenetically relevant genes (Tables S5.4 & S5.5). In PRE versus SURV

comparisons, however, 873 SNPs were not attributable to drift and 37 Fsr outliers
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were identified across 23 associated genes (Tables S5.4 & S5.5). Visualization of
these outlier loci did not support genetic clustering within either of these
comparisons (Fig 5.4, S5.9). A total of eight and seven missense SNPs were
identified within each of the Fsr outlier subsets for PRE versus EMOR and PRE versus
SURYV, respectively. In both subsets, these missense SNPs demonstrated rapid allele
frequency shifts and a high estimated coefficient of selection (Fig S5.4 & S5.5).
Associations with the DRB1e2-like, ILT1A, and ILT1R1 genes were observed for
missense SNPs identified in PRE versus EMOR comparisons, where associations
with ICAM1, TAP1, IL1A, and TLR3 genes were noted between PRE and SURV
comparisons. Outside of these missense SNPs, 136 SNPs demonstrated frequency
shifts unattributed to genetic drift in only one of the temporal comparisons in the
context of pre-WNS (Table S5.6). While no loci directly overlapped, identified SNPs
associated with 18 different genes between the two datasets, and an additional 15
genes containing unique frequency shifts for each comparison were observed (Table

S5.6).

5.4 Discussion

We sought to explore the relative impacts of white-nose syndrome (WNS) on Myotis
lucifugus in Canada using genomic data across the species’ range and
encompassing three temporal WNS status periods. Data from neutral and
immunogenetic loci identified two genetic clusters: 1) samples originating from
Yukon, and 2) a genetic cluster spanning sampled regions in Manitoba through

Atlantic Canada. Immunogenetic data from sampled bats in Atlantic Canada
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demonstrated clear genetic clustering and frequency shifts between bats persisting
before the introduction of the disease, and those that succumbed to WNS soon
after Pseudogymnoascus destructans (Pd), occurrence in the region. In contrast, M.
lucifugus from eastern Ontario did not demonstrate temporal genetic structure in
the context of WNS occurrence. Eastern Ontario samples did display several loci
where allele frequencies appear to have undergone shifts in concert with the
temporal spread of Pd in the environment. These data are consistent with literature
identifying prominent gene flow across the eastern extent of the species range (Davy
et al. 2017) but demonstrate varied Pd-associated impacts among populations of M.
lucifugus in Canada; a pattern also observed in populations of the species in the

northeastern United States (Gignoux-Wolfsohn et al. 2021).

5.4.1 Assessment of neutral genetic structure

The amplicon assay implemented herein included presumably neutral SNPs
described and microsatellite makers (Donaldson et al. 2017). Barriers prevented
targeted microsatellite data from being obtained previously due to issues with
INDELSs (insertion-deletions) and absent primer motifs (Donaldson et al. 2017).
Implementing the Dante program facilitated the characterization and genotyping of
11 microsatellite markers from the combined sequence capture and amplicon
dataset analyzed herein. While we successfully harvested data associated with
presumably neutral SNPs, only six were retained for analysis after considering

linkage disequilibrium (88 SNPs within six regions). As such, we opted to predicate
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observed neutral genetic structure from only microsatellite data and remove the

neutral SNP data from further analyses.

Neutral microsatellite markers identified genetic clusters that partitioned
Yukon samples from a more expansive cluster encompassing the eastern extent of
M. lucifugus’ distribution in Canada (Manitoba eastward); data consistent with
previous analyses (Burns et al. 2014; Davy et al. 2017; Johnson et al. 2015).
Hierarchical analyses using STRUCTURE, without the presence of Yukon or within
sampled locations with temporal sampling, do not provide any further resolution on
genetic structure within this large geographic genetic cluster. There was a complete
lack of concordance of genetic clustering associated with geographic sampling in
the DAPC relative to identified clustering using STRUCTURE. This disparity between
STRUCTURE and DAPC is likely attributable to differing underlying
algorithms/parameters to distinguish genetic clusters (notably HWE assumed or
not). Given the clustering identified using DAPC does not align with the expected
patterns of genetic structure previously observed in M. lucifugus (Davy et al. 2017),
we defaulted to interpreting genetic connectivity from the STRUCTURE results alone.
These data continue to support, at least in part, a longitudinal gradient of retarded
gene flow across the range of M. lucifugus slowed the westward spread of Pd
relative to the rampant spread observed in eastern North America upon

introduction.
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5.4.2 Immunogenetic analyses across the M. lucifugus range in Canada

Consistent with both microsatellite data presented herein and previous
research, immunogenetic data from across the Canadian range of M. lucifugus
displayed a large panmictic population across the eastern extent of their
distribution (Burns et al. 2014; Davy et al. 2017). DAPC analyses excluding samples
from Yukon, suggest samples from Atlantic Canada were divided into two genetic
clusters: one more similar to eastern Ontario samples, and the other consistent
with samples from Manitoba and western Ontario. These immunogenetic data
demonstrate a large panmictic eastern population but also show patterns of further
genetic substructure. Given this observation, and what appeared to be a delineation
between temporally sampled bats in Atlantic Canada, we further explored patterns
of immunogenetic diversity within populations where varying temporal WNS status

samples existed.

5.4.3 Immunogenetic analysis of temporally sampled M. lucifugus in context of WNS

occurrence

5.4.3.1 Assessment of Atlantic Canadian M. lucifugus samples between two time points
Myotis lucifugus sampled within Atlantic Canada included bats presentin the region
before WNS introduction and early mortalities associated with the disease. Between
these available temporal comparisons, we identified loci that had large frequency
shifts that were unexplained by genetic drift and therefore taken to suggest evidence

of selection acting on Atlantic Canadian M. lucifugus across sampled periods.
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Evidence of strong selection is prominent in Atlantic Canada samples as
made clear by observed genetic structure between PRE and EMOR samples and
strong estimated coefficients of selection for several SNPs resulting in missense
mutations that could affect protein function (Schaefer & Rost 2012). For example,
ten SNPs led to missense mutations in the JAGN1 and HRG genes (one and nine
SNPs, respectively), where both genes are implicated as playing prominent roles in
antifungal components of the immune system (Erwig & Gow 2016; Khanagale et al
2018; Rydengard et al. 2008). Furthermore, a missense SNP associated with the
IL12RB2 gene was also observed. The IL12RB2 gene encodes for an important
receptor thatis an integral component of JAK2 and STAT4 pathways increasing IFN-
gamma production and aiding in immune cell pathogen recognition and destruction
(van Rietschoten et al. 2000; Jorgovanovic et al. 2020; Kato-Kogoe et al. 2016;
Nunez-Marrero et al. 2020). The association of these missense SNPs to these genes
suggests that between the two sampled periods in Atlantic Canada, there was a
strong selective pressure acting on the population, that we interpret to be exerted by

a fungal pathogen.

5.4.3.2 Assessment of eastern Ontario M. lucifugus samples between three time points

Bat samples from eastern Ontario encompassed three sampled time frames,
allowing for comparisons of genetic data from early WNS mortalities and bats
surviving several years after WNS occurrence in the context of genetic diversity
observed preceding Pd introduction. While no distinct patterns of genetic structure

were observed between PRE, EMOR, and SURV bats, underlying shifts in genetic
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diversity were observed. Similar to data observed in M. lucifugus samples from
Atlantic Canada, these shifts included missense mutations that demonstrated

strong selection coefficients and rapid frequency shifts.

When comparing PRE and EMOR samples, missense mutations were
associated with three genes encompassing aspects of the major histocompatibility
complex (MHC) and interleukins. Five mutations were associated with MHC, DRB1
exon-2-like genes, an extremely polymorphic region associated with antibody-
mediated pathogen defences (Palmer et al. 2016; Wang et al. 2020). Other missense
SNPs involve the IL1A gene and the gene encoding for one of its receptors, IL1R1.
This gene encodes for trans-membrane glycoprotein allowing IL1A products to enact
physiological responses as part of the immune system (Khazim et al. 2018). The
cascade of physiological responses enacted by IL1A typically follows tissue damage
and includes systemic inflammation and activation of the acquired immune system
to eradicate foreign cells (Mistry, Savic, & van der Hilst 2017; Roerink et al. 2017).
Comparing pre-WNS bats to those persisting and surviving the occurrence of WNS
in eastern Ontario missense SNPs were observed instead in the ICAM1, TAP1, IL1A,
and TLR3 gens. These genes cover a wide range of immune functions, including
activation of lymphocytes (ICAM1), transportation of MHC-related components
(TAP1), inflammation (IL1A), activation of the adaptive immune system (IL1A &
TLR3), and in the case of TLR3 also recognizing fungal pathogens (Campos et al.
2019; McDonald et al. 2020; Tsilifis et al. 2021; Singh et al. 2021; Zhang et al. 2013).
Interestingly, one of the missense SNPs associated with IL1A has been identified in
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both comparisons and previous lesion positive/negative transcriptome work (Field
et al. 2015), suggesting that this gene may play an important role in the survival of M.
lucifugus samples during the sampled period. Within the PRE and SURV sample
comparison, several SNPs were associated with the ICAM1 (including a missense
SNP), IL6, and TLR8 genes, all of which have been previously implicated in M.
lucifugus as having impacted expression in the context of WNS (Davy et al. 2020;
Field et al. 2015; Field et al. 2018; Lilley et al. 2019). As such, given the lack of
genetic structure observed between sampled periods with differing WNS impacts
but clear shifts in genetic diversity among previously identified genes, we take these

data to suggest weak selection acting upon sampled eastern Ontario M. lucifugus.

Direct comparison of resulting allele frequency changes between pre-WNS
and the two subsequent time points suggests several candidate genes that may
have influenced the survival outcome of eastern Ontario M. lucifugus. Frequency
changes observed only in EMOR samples are presumably maladaptive substitutions
resulting in bats succumbing to WNS, whereas those observed in SURV samples are
associated with persistence. While there was no direct overlap in specific loci
demonstrating frequency shifts unattributed to genetic drift, there were overlap in
genes associated with identified SNPs. In some cases, the directionality of observed
frequency shifts within these overlapping genes appeared to be opposite for the two
comparisons (e.g., CCL2, IKBKG, IL13, IL23A, LY96, and TICAM1; Table S5.6)
suggesting that differences in these genes, or potentially physically linked genes

outside the scope of this study, may influence survival.



Further corroborating the potential importance of allele frequency shifts at
immunogenetic targets described herein, previous transcriptome research
comparing expression of lesion-positive and lesion-negative tissues of M. lucifugus
has highlighted the significance of several genes consistent with those identified
herein: CCL2, IL1B, IL6, IL10, IL23A, TLR2, and TLR9 (Davy et al. 2020; Field et al.
2015; Field et al. 2018; Lilley et al. 2019). Interestingly, IL6 was identified as
differentially expressed in all four previously mentioned studies, combined with the
frequency shifts observed herein, suggesting this gene may play an integral role in
the survival of bats in eastern Ontario. Furthermore, the lack of concordance among
the other identified genes and other transcriptome studies may be somewhat
unsurprising given the inter-population genetic variation observed herein and

elsewhere that could explain this discrepancy (Gignoux-Wolfsohn et al. 2021).

5.4.3.3 Comparing patterns of selection in Atlantic Canada and eastern Ontario M.
lucifugus samples

Observed patterns of selection within Atlantic Canadian and eastern Ontario M.
lucifugus appear to be much more prominentin Atlantic Canada. Despite the
difference in distinct genetic clustering between sampled time points in Atlantic
Canada relative to eastern Ontario, only one visualized Fsr outlier SNP identified
between PRE and SURV samples in the eastern Ontario dataset revealed gene
associations consistent with previous genetic and transcriptome studies (Davy et al.
2020; Donaldson et al. 2017; Field et al. 2015; Field et al. 2018; Lilley et al. 2019). In

context of Donaldson et al. (2017), which utilized the same immunogenetic assay
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with a subset of the samples analyzed herein, several outlier SNPs were associated
with similar genes between the previous work and those identified herein. Of the
WNS outlier SNPs identified by Donaldson et al. (2017), our analyses within Atlantic
Canada M. lucifugus highlighted SNPs associated with IL12RB2 and TLR1 genes.
Between eastern Ontario PRE and EMOR samples, loci within the IL1R1 gene were
identified as outliers, contrasting the SNPs attributed to the TLR6, DDX8, and TBX21
genes identified between eastern Ontario PRE and SURV comparison. In all three of
our comparisons, SNPs associated with MHC DRB1e2-like were identified, which
may be unsurprising given correlations between MHC and estimates of population
health (Acevedo-Whitehouse et al. 2018; Fu, Eimes, & Waldman 2023; Nayak et al.
2023). Donaldson et al. (2017) provided evidence of evolutionary rescue across the
eastern extent of the M. lucifugus range, despite a limited sample scheme
consisting of only pre-WNS samples from Manitoba and western Ontario and post-
WNS samples from Atlantic Canada. Therefore, this sampling scheme did not
facilitate assessments of allele frequency shifts within subpopulations that would
account for local variation (i.e., local demographic or selective patterns) within the
eastern metapopulation. While complete overlap with Donaldson et al. (2017) is not
observed, candidate loci identified herein and previously provide further support
that these genes may play an integral role in M. lucifugus outcomes to Pd exposure.
Itis important to note that these data only encompass immunogenetically relevant
regions of the genome and other genomic intervals responsible for additional

aspects of bat biology may demonstrate disparate patterns of selection acting upon
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sampled populations of M. lucifugus. Given the context of the bat samples analyzed
herein, we presume this selective pressure to be associated with selective sweeps

that WNS has exerted on impacted Nearctic bat populations.

Effective population size (Ng) is a theoretical panmictic population size, lower
than census estimates, that experiences the effects of genetic drift on the same
scale as the actual population (Wright 1931). Evolutionary potential and population
sustainability are therefore directly influenced by Ne (Frankham 2005), offering an
alternative explanation for the patterns observed amongst more central (eastern
Ontario) and peripheral (Atlantic Canada) populations. More specifically, the
combined effects of gene flow and large Ne could have mitigated the impact of WNS
on genetic diversity for eastern Ontario bats. This contrasts the smaller Nt expected
in Atlantic Canada populations which may have increased the potential for
stochastic effects (i.e., genetic drift). Utilizing the same 11 microsatellites herein,
Davy et al. (2017) estimated Ng across identified populations and found estimates
far lower than expected given the ubiquitous nature of M. lucifugus preceding the
introduction of P. destructans. The identified eastern genetic cluster encompasses a
large geographic area, however, there lacks targeted assessments capable of
providing insights regarding differences between more central or peripheral
subpopulations, relative to the larger meta-population in the context of effective
population sizes. As such, we cannot exclude the potential that these intra-
population patterns have resulted from an evolutionary rescue, a natural

demographic rescue (predicated upon disparate Ne and subsequent emigration
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from larger populations), or a combination of the two; hypotheses requiring further
testing. Regardless, these data highlight that in the long-lived and incredibly mobile
M. lucifugus, large population sizes are imperative for mitigating the impacts of

novel or changing suites of selective pressures.

5.5 Conclusions

Understanding host-pathogen interactions, and associated impacts on the host
population's genetic landscape, is important to better understand the ecology and
evolution of a species and provide informed management and conservation efforts.
White-nose syndrome has had disparate consequences on impacted Nearctic bats,
where some populations experienced drastic declines and subsequent recoveries,
but recovery in other populations remains uncertain or unlikely (Maslo et al. 2015;
Frick et al. 2017; Dobony and Johnson 2018; Ineson 2020; Francl et al. 2012;
Reynolds et al. 2016). As such, investigating shifts in host genetic diversity
throughout Pd occurrence offers a unique opportunity to understand the relative
impacts this pathogen has had on M. lucifugus, and elucidate mechanisms of

recovery and adaptive capacity moving from an enzootic phase to an endemic one.

Herein, we continue to demonstrate the potential of an evolutionary recovery
occurring in Canadian M. lucifugus, although variable impacts on host genetic
diversity are observed between sampled regions that are consistent with
suggestions from assessments of the species in the United States (Gignoux-

Wolfsohn et al. 2021). These observed patterns may have arisen due to differences
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in population size and associated Ne between central and peripheral
subpopulations relative to the larger meta-population spanning eastern Canada.
Furthermore, in some sampled regions, given the prominent gene flow, we cannot
rule out a natural demographic recovery where distinct patterns of genetic structure
in the context of WNS occurrence may have been masked by the influx of variants
from other M. lucifugus populations, or the congregation of these bats into fewer
hibernacula across the landscape. These data highlight the need for intra-specific
management considerations, given the apparent local adaptations that may exist
despite the prominent gene flow observed in the eastern extent of the Canadian M.
lucifugus range and has the potential to impact rescue or recovery strategies aimed
to increase or maintain diversity among genetically depauperate populations. As
such, conservation efforts should continue to bolster or maintain large population
sizes, and monitoring approaches implementing full genome strategies would
provide increased resolution to explore the extent of observed inter-population

disparity at non-immunogenetic loci across the M. lucifugus range.
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Genetic Range H, He Hs | Dsr Fis Fis 95%CIl | Number of
Cluster of Individuals
alleles
per
locus
YUK Only 3-13 0.66 | 0.72 | 0.76 | -- 0.13 | 0.01-0.26 16
noYUK 6-24 0.67 | 0.76 | 0.76 | -- 0.12 | 0.05-0.18 219
ATL-CAN 6-18 0.68 | 0.68 | 0.77 | -- 0.12 | 0.04-0.20 48
Only
E-ON Only 7-24 0.66 | 0.76 | 0.76 | -- 0.12 | 0.06-0.21 143
Overall 6-26 0.67 | 0.77 -- |1 0.03| 0.12 | 0.08-0.19 235

Table 5.1. Summary statistics for Myotis lucifugus genetic clusters using

microsatellite loci for estimating genetic connectivity among sampled regions.
Summary statistics for Yukon samples (YUK Only), all samples excluding those from
Yukon (noYUK), and for each of the ATL-CAN and E-ON populations where temporal
data was successfully collected. Identified are the number of alleles, observed and

expected heterozygosity, intra- and interpopulation diversity (Hs and Dsr

respectively), and estimates of Fis. Values are averaged across the ten microsatellite
loci used in these analyses.
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Fig 5.1. Temporal and spatial occurrence of white-nose syndrome (WNS)
overlaid with the distribution of Myotis lucifugus and sample distributions for
this study. The spread and occurrence of P. destructans, the causal agent of WNS,
has drastically changed since its introduction to North America in 2006. To
understand M. lucifugus population connectivity and relative impacts on neutral
genetic diversity in the northern half of the range, samples were processed at 11
microsatellite markers and at immunogenetically relevant loci to identify patterns of
natural selection between M. lucifugus populations. Samples were acquired from
the regions pre-WNS (PRE; black circles), mortalities during the initial stages of
disease spread (EMOR; black diamonds) and >6 years after disease introduction
(SURV; black squares). This work is predicated upon the presumption that WNS
imposed a strong initial selective pressure on naive populations, supported by
observed demographic declines. Numbers within shapes indicate the number of
proximal samples at each location. Map created using Natural Earth and contains
information licensed under the Open Government License — Ontario, The United
States/U.S. Department of Commerce, The United States/U.S. Fish & Wildlife
Service, and the Creative Commons Attribution 4.0 International License — Quebec;
created July 2022.
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Fig 5.2. Analyses of immunogenetic loci without Yukon samples illustrate
genetic substructure within the eastern neutral genetic cluster of Myotis
lucifugus. A total of 2,886 identified immunogenetically relevant SNPs were used
for visualization (after samples from Yukon were removed), demonstrating a
partition within Atlantic Canada samples. Discriminant analyses of principal
components are visualized in a) and b), where a) displays clustering of samples
colour-coded based on geographic origin, and b) based on temporal sampling
before WNS (PRE), deaths immediately following WNS-associated demographic
declines (EMOR), and surviving bats >6 years post-WNS occurrence (SURV). MB =
Manitoba; W-ON = western Ontario; E-ON = eastern Ontario; ATL-CAN = Atlantic
Canada.

185



a) 100
075
050

0.25

OOO- IR I R D I A N N N I B B D B A I I R N B D A N N N R B A A A I B R B R B R |

L A J
i li
PRE EMOR

b)

- B PRE
O EMOR

ilas

Density

00 0.1 02 03 04 05

I I
-5 0 5

Discriminant function 1

Fig 5.3. Analyses of immunogenetically relevant Fsr outlier SNPs from Myotis
lucifugus sampled from Atlantic Canada show genetic structure distinguishing
samples pre-WNS occurrence and early mortalities associated with the
disease. Analysis of 29 immunogenetically relevant Fsr outlier SNPs from bats
sampled before the introduction of WNS to North America (PRE), and individuals
associated with early mortalities (EMOR) demonstrate clear genetic structure
between the two temporally sampled categories. Inserts a) shows bar plots of
estimated population assignments using STRUCTURE for K =2, where K=2 is most
supported by the Evanno method (Evanno, Regnaut, & Goudet, 2005; Fig S5.8). Each
partitioned vertical bar represents an individual’s proportional membership to the
inferred cluster and is visualized using LOCPRIOR = 0. Insert b) demonstrates a
discriminant analysis of principal components where samples are organized by
temporal sampling associated with WNS.
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Fig 5.4. Immunogenetic outlier SNPs denote a lack of temporal genetic
structure in eastern Ontario Myotis lucifugus when comparing pre-WNS
samples and two post-WNS occurrence time points. Inserts a and c identify no
immunogenetic clustering between bats sampled pre-WNS and early mortalities
associated with WNS between 16 outlier SNP loci. Similar observations were made
based on 37 outlier SNPs identified between bats sampled pre-WNS occurrence
and those persisting several years post-WNS introduction (inserts b and d).
Discriminant analyses of principal components are visualized in inserts a & b where
the clustering of samples is colour-coded based on temporal sampling: pre-WNS
(PRE), deaths immediately following (EMOR), and surviving bats post-WNS
occurrence (SURV). Bar plots c) and d) show estimated population assignments
using STRUCTURE for K=2 using LOCPRIOR = 0, where K =2 was most supported by
Evanno method (Evanno, Regnaut, & Goudet, 2005; Fig S5.9). Each partitioned
vertical bar represents an individual’s proportional membership to the inferred
populations.
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CHAPTER 6

6.1 General Discussion

The overarching objective of my thesis was to understand the relative impacts of
enzootic/epizootic disease on host immunogenetic diversity and the underlying role this has
on the persistence of host populations, thus providing insights required for informed
conservation efforts. To achieve this goal, | sequenced immunogenetically relevant regions
of several North American mammals associated with a) a long-standing enzootic disease,
rabies, relevant to terrestrial meso-carnivores and b) an invasive, epizootic disease, white-
nose syndrome that differentially impacts bat species and populations. Specifically, |
identified shifts in genetic diversity indicative of selective sweeps associated with viral
variant distributions, or pathogen introduction, providing insights into underlying disease
dynamics. By investigating signatures of selection imposed by an enzootic disease on an
invasive host, and a host with a long-standing pathogen relationship, | was able to evaluate
the presence of potential co-evolutionary mechanisms and identify the likely mechanism
behind the distribution of disease variants. By exploring the differential impacts of Pd
exposure among bat populations, | was able to elucidate further evidence of the varied
responses of Nearctic bats to this pathogen and the importance of connectivity and large
population sizes in population recovery subsequent to strong selective sweeps and
associated demographic declines from disease. Overall, these data increase understanding
of host-pathogen interactions and factors that influence the impact on host populations,
informing management and conservation efforts as persistent anthropogenic and

environmental changes continue to influence and alter disease dynamics.

In Chapters 2 and 3, | examined host populations of red and arctic foxes (Vulpes

vulpes and V. lagopus, respectively), to explore knowledge gaps in our understanding of how
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unique distributions of enzootic arctic rabies viral variants are maintained and provided
insights into how continued environmental change may impact this disease system. In
Chapter 2, | identified weak to moderate genetic structure of 30 outlier loci, associated with
genes previously implicated in arctic rabies outcome, demonstrating that red foxes do not
exhibit patterns of local adaptation to specific viral variants but rather between regions
where the disease is present or absent. This observation contrasts with Chapter 3, where
22 outlier loci demonstrate a higher genetic affinity between foxes inhabiting environments,
where the same arctic rabies variant circulates, despite the panmictic nature of the
species. These data suggest arctic foxes display patterns consistent with expectations of a
coevolutionary hot spot, where both pathogen and host impart some level of selection on
each other. Conversely, red foxes likely represent a coevolutionary cold spot given the lack
of patterns associated with specific viral variants, and the apparent genetic structure of this
host between rabies-free and enzootic regions. Given the prolonged generational exposure
of arctic foxes to the disease and more recent exposures of red foxes in Alaska due to
continued northward range expansions, these observations were largely expected (Berteaux
et al. 2015; Mgrk and Prestrud 2004). Although unsurprising, observations distinguishing
co-evolutionary hot and cold spots may prove informative for management efforts.
Identifying where co-evolutionary cold spots are occurring could reveal locations in which
host organisms are likely to face strong selective sweeps (i.e., increased likelihood of
population impacts) or populations that may be less affected in the event of hot spots. As
such, excluding viral variant one, the current dynamics of arctic rabies in North America
seem directly tied to the arctic fox, where red fox acts as a maintenance host. However, as
environmental change continues to cause range shifts in both fox species, there remains

potential that a host transition/shift may occur from arctic to red foxes in Alaska. Such
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patterns of host shifting have already been observed in southern Ontario, where arctic
rabies viral variant one shifted from arctic foxes as the main reservoir/host to skunk and red
fox populations (Maclnnes et al. 2001; Mgrk and Prestrud 2004; Rosatte et al. 2007). While
data from Chapters 2 and 3 provide a glimpse into current disease dynamics of arctic
rabies along northern coasts of North America, they are prone to sampling bias resulting
from logistical and financial difficulties associated with sample collection and monitoring in
Arctic regions (Mallory et al. 2018; Trivedi et al. 2022). As such, future work should aim to
increase sampling for both species of fox across the entirety of the disease’s distribution.
Including samples known to have survived exposure to rabies, and those that have
succumbed would facilitate investigations of patterns of selection in the context of discrete
survival and mortality phenotypes and add to the understanding of arctic rabies dynamics.
While the arctic rabies viral variants have distinct lineages and distributions, what remains
uncertain is if, and how, these lineages differ in their pathogenicity or virulence (Huettmann
et al. 2017; Goldsmith et al. 2016; Kuzmin et al. 2008; Nadin-Davis, Sheen, and Wandeler
2012). Further investigations into the differences in arctic rabies viral variants could

increase resolution and add to the co-evolutionary dynamics proposed herein.

Approaches similar to those presented in this thesis could be used to investigate
other emerging infectious diseases or systems with altered dynamics following
anthropogenic or climactic changes. For example, sarcoptic mange, an infestation of the
epidermis by the mite Sarcoptes scabiei, infects most fox species (Morner 1992;
Niedringhaus et al. 2019; Escobar et al. 2022). Mange is experiencing a global expansion,
where previously documented epizootics occur cyclically every 30-45 years in North
American canids, and sporadically across European countries (Morner 1992; Niedringhaus

et al. 2019; Escobar et al. 2022). These contrasting disease cycles are important to note, as
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some studies have shown previously infected populations demonstrate some level of
resistance to the pathogen in subsequent years (Niedringhaus et al. 2019). Varied levels of
resistance raise the question of whether there are ongoing co-evolutionary hot and cold
spots that may highlight areas requiring additional monitoring or surveillance. While the
mite associated with mange is typically unable to survive in colder environments, climate
change and range expansions of frequent host species such as red foxes continue;
potentially altering the frequency and/or severity of epizootic events. As such, we can better
inform future management efforts by profiling host populations to understand current
dynamics, impacts on host populations, and disease-susceptible populations or species,

for mange and other diseases with the potential to elicit strong selective sweeps.

In Chapters 4 and 5, | investigated patterns of selection associated with an invasive
fungal pathogen, Pseudogymnoascus destructans (Pd) responsible for white-nose
syndrome (WNS) and drastic population declines among several Nearctic bat species.
While much has been learned since the initial introduction and continued spread of Pd in
2006/2007, there remained several knowledge gaps in our understanding the consequence
of this fungus on some Nearctic bat species and associated underlying mechanisms (life

history, demographic or evolutionary) that led to varied species and population impacts.

In Chapter 4, immunogenetic data supported the hypothesis that Myotis leibii were
inherently resistant to WNS upon introduction and did not undergo shifts in genetic diversity
as would be expected following population declines associated with a selective sweep.
These data are critical to our understanding of WNS susceptibility among Nearctic bats, as
the inherent resistance/tolerance to Pd observed in M. leibii contrasts with documented
evolutionary rescues among other populations. While these genomic data demonstrate

stable population trends in M. leibii since the introduction of Pd, transcriptome studies,
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similar to those undertaken in susceptible species, would be beneficial to highlight
differences in gene expression resulting in the apparent increased resistance or tolerance of
this species (Davy et al. 2020; Field et al. 2015; Field et al. 2018; Lilley et al. 2019).
Transcriptomic and proteomic studies on M. leibii would further add to our understanding of
how, and if, genetic variants identified herein affect transcription or underlying protein
function, but also facilitate comparisons to other Nearctic species and the type of immune
response these bats undergo (i.e., systemic or localized as observed in M. lucifugus and E.
fuscus, respectively; Davy et al. 2020). In Chapter 5, | evaluate temporal shifts in the
genetic landscape of M. lucifugus associated with the introduction and spread of Pd where |
found differential shifts in genetic diversity between populations from eastern Ontario and
Atlantic Canada. These patterns of varied local impacts are consistent with those observed
among other populations of M. lucifugus in the United States (Gignoux-Wolfsohn et al.
2021). There is no evidence supporting host-imposed reciprocal selection upon Pd since its
introduction (Drees et al. 2017). Further, evidence of a potential evolutionary rescue
amongst bat populations is widespread within the literature and evident from data
presented herein (Auteri & Knowles 2020; Davy et al. 2017; Donaldson et al. 2017; Lilley et
al. 2020). The apparent recovery of some populations, despite the continued persistence of
Pd in the environment, may represent a phase shift from epizootic to enzootic (Frank, Davis,
and Herzog 2019). Diversification of Pd lineages with time may have future conservation and
management implications for bats if another epizootic event occurs as a result of novel

strains of the fungal pathogen adapting to circumvent host defence mechanisms.

There are a number of genomic and transcriptomic studies focused on M. lucifugus
susceptibility to WNS, identifying frequency shifts at specific loci or varied gene expression

between infected/non-infected bats (Auteri & Knowles 2020; Blejwas et al. 2023; Davy et al.
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2017; Donaldson et al. 2017; Lilley et al. 2020; Davy et al. 2020; Lilley et al 2019).
Incongruencies in the loci exhibiting allele frequency shifts, or genes with differing
expression levels between these genomic and transcriptomic data highlight the complex
nature of the immune response and host-pathogen interactions. While some consistency
between the location of genetic variants and gene expression associated with disease
outcome in bats exists, it is clear that not all populations or species will be impacted
similarly, as hypothesized for western M. lucifugus relative to their eastern conspecifics
(Auteri & Knowles 2020; Blejwas et al. 2023; Davy et al. 2017; Donaldson et al. 2017; Lilley

et al. 2020; Davy et al. 2020; Lilley et al 2019).

Combined with past research, my thesis demonstrates that patterns of
demographic/life histories and local suites of selective pressures influence the relative
WNS consequences bat populations experience, leading to the observed disparate patterns
among species and populations. As Pd continues expanding westward, understanding that
disparate impacts may arise due to environmental usage and interactions becomes
imperative for naive bat populations, which will likely demonstrate unique signatures of
selection given ecological and behavioural differences. Furthermore, my thesis highlights
why extrapolating host-pathogen insights from one population/species to another may not
always be appropriate and could result in inefficient or ineffective management efforts. As
such, population-level assessments are encouraged to provide a complete understanding
of the relative impacts imposed on host populations and how host-pathogen relationships

may change over time.

6.2 Limitations

My thesis puts heavy reliance on host immunogenetic assays to provide partial

insight into disease dynamics by identifying shifts in genetic diversity indicative of selection.
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While these assays are extremely cost-effective and informative, reduced representation
approaches lack holistic understanding of the genetic landscape of organisms. Given the
disease-centered focus employed herein, immunogenetic assays would be sufficient to
investigate shifts in genetic diversity associated with the immune response. However,
organisms and their responses to disease are much more complex. As such, different
signatures of selection may be observed at regions of the genome associated with other
relevant biological processes influencing disease outcomes. For example, shifts in genetic
diversity among non-immunogenetically relevant genomic regions, such as genes
associated with metabolism or hibernation, have been observed in bats impacted by Pd
(Auteri and Knowles 2020; Lilley et al. 2020; Gignoux-Wolfsohn et al. 2021). Furthermore,
variants in regulatory regions that influence gene expression can sometimes be far
up/downstream to genes and not captured by these assays, yet have critical functional
expression implications (Uslu et al. 2014). Therefore, more frequent adoption of whole
genome resequencing should be undertaken in these systems for further investigations to
address questions beyond the scope of the methodological approach used in this thesis.
Adopting whole genome sequencing methods may prove difficult for some systems, due to
lacking or insufficient genomic resources that can facilitate an understanding of the
physical linkage of identified loci. As was the case for my research, where the V. vulpes
genome in Chapters 2 and 3, and the M. lucifugus genome in Chapters 4 and 5 were used
for aligning sequence data. As such, for both V. lagopus and M. leibii sequence data,
filtering steps accounting for linkage disequilibrium may be incorrect and loci may have

been erroneously removed or retained, potentially impacting observed patterns.

Beyond the potential limitations of reduced representation sequencing assays, the
methods implemented herein are likely overly conservative as they relate to SNP filtering.
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Future work should reevaluate filtering parameters to optimize both the number and
potential impact of a wider breadth of loci. Such a re-analysis of these data could have large
impacts on the patterns observed given many outlier loci were putatively associated with
promoter or regulatory regions. In Chapters 2 & 3, specifically, re-assessing how data were
filtered and classified (on-target vs. off-target), as it relates to the identification of paralogs

or copy number variants, may reveal further loci of interest.

The identification of outlier loci was a large component of my research. As methods
for outlier analyses continue to evolve, the methods | implemented were perhaps too
stringent on initial data filtering prior to outlier detection, and inadequately stringent during
detection, enhancing the chances of false positive outlier identifications. Recent studies
have implemented a combination of outlier detection methods (differention-based
methods as implemented herein, and genotype-environment associations) and further
analyzed only the intersect of identified outliers between both methods (Shi et al. 2023).
Implementing a similar approach, by using several different programs and methods to
identify outlier loci would increase the confidence surrounding designating a locus as an
outlier and may further clarify or emphasize those loci that are strongly associated with

disease variables on the landscape (prescence/absence of disease or disease variants).

Another limitation of my research is sample design given the pragmatic realities in
obtaining samples. In Chapters 2 and 3, given the difficulties associated with obtaining
samples from Arctic regions, it was not feasible to obtain rabies survivor and mortality
samples to adequately evaluate the underlying mechanisms of rabies outcomes in these
foxes. In contrast, for Chapters 4 and 5 discrete host phenotypes were obtained, although

sample sizes from some geographic regions or phenotypes were lacking. While sampling
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numbers were low in some instances, they likely did not impact my ability to draw
meaningful conclusions, there remains potential that increased sampling efforts and sizes
in all data chapters may improve the resolution of the patterns of selection observed. Re-
evaluations of these data would include power analyses to further assess this assumption.
Finally, my investigations for disease impacts are host-centred and do not facilitate an
assessment of reciprocal selection from the host species onto the respective pathogen's
genome. Given that Pd can survive on a spectrum of media in caves outside of a bat host for
some period of time (Fischer, Dool, and Puechmaille 2020), and has largely accumulated no
genetic variation since its introduction to North America (Drees et al. 2017) evidence of
reciprocal selection may be limited. However, as it concerns arctic rabies, where it remains
unknown if variants have differences in pathogenicity, the existence of reciprocal selection

remains plausible and requires further investigation.

Finally, the use of both Wright-Fisher and selection coefficient modeling may require
future optimization for the studed systems herein. While | attempted to use these methods
to account for the influence of genetic drift on observed frequency shifts, or model the
selection imposed on specific genotypes, it is important to note that several assumptions of
these test were violated. This includes the potential for overlapping generations and
dynamic population sizes in the Wright-Fisher model, or other violoations to HWE as is
assumed by the selection coefficient model. Further, because of these violations, results
associated with these tests may be prone to error. As such, future work should refine these
models in an attempt to account for these variables to better elucidate the true effects of

genetic drift, or strength of selection, on genotypes between and within populations.
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6.3 Conclusions

The outcomes of the work completed for this thesis further our understanding of disease
dynamics in North America and the relative impacts of disease on host populations,
highlighting the need to identify and evaluate species on a population level for conservation
and management efforts. The interplay and resulting mosaics arising from varied
demographic processes (e.g., gene flow and drift), suites of selective pressures populations
experience, differing life histories, and types of disease systems (invasive and epizootic vs.
endemic and enzootic) are critical for our ability to predict disease outcomes, identify
susceptible populations, and determine the capacity of organisms to recover following
disease mortalities through genetic, demographic, or evolutionary rescues. Furthermore,
the ability to identify co-evolutionary cold spots amongst host-pathogen interactions will
provide a means to understand why some populations experience strong selective sweeps
from infectious diseases compared to others. These data become increasingly important in
the context of invasive pathogens on naive hosts or inversely, invasive hosts entering
disease-established environments where they can disrupt existing dynamics leading to
increased morbidity in natural or other spillover hosts. These examples are demonstrated
by the impacted role of invasive Australian brushtail possums (Trichosurus vulpecula)
transmitting Mycobacterium bovis between livestock and wildlife (Nugent, Buddie &
Knowles 2015), or invasive raccoon dogs (Nyctereutes procyonoides) responsible for rabies
circulation and subsequent re-emergence’s of the pathogen in disease-free countries
(Singer et al. 2009). Obtaining an understanding of the extent of change imposed by invasive
hosts and/or invasive pathogens on natural populations before it occurs is therefore critical

to mitigate epizootic and spillover events.
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In order to best inform management and conservation efforts, researchers will need
to employ the full spectra of omics technologies (e.g., genomics, transcriptomics,
proteomics, and epigenomics) for a holistic understanding of current disease dynamics,
and how continued change may impact existing or novel host-pathogen interactions. As
environmental change and globalization continue, our understanding of disease dynamics
and the factors that may affect them become increasingly important, as they will better
equip and inform us for changes within enzootic systems or future epizootic events

facilitating endeavours to preserve and maintain genetic and overall biodiversity.
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Appendices

Appendix I: Supplemental materials

Chapter 2

Fig S2.1. Weak signature of neutral genetic structure among red fox populations
within Alaska (not including Ontario). Analyses of the 123 putatively neutral SNPs
after filtering for a minor allele frequency threshold = 2% and pruning for linkage
disequilibrium a) Principle component analysis where 1 = Central, 2 = Seward
Peninsula, 3 = Southwest b) Power analysis results ¢c) STRUCTURE analyses of K= 2
and K =3 where individuals are represented by each bar along the x-axis and
assignment to clusters is represented by the y-axis and the different colours; CN =
Central Alaska; SP = Seward Peninsula; SW = Southwest Alaska d) DAPC of the
inferred clustering of the data e) DAPC organized by sampling location (1 = Central
Alaska; 2 = Seward Peninsula; 3 = Southwest Alaska).
https://doi.org/10.1371/journal.pone.0249176.s001

Fig S2.2. Schematic of the outlier SNPs before linkage disequilibrium pruning. a)
among red fox from Alaska and Ontario; 131 SNP outliers were identified from the
sub-dataset that included Ontario red fox. Only PCAdapt and Arlequin identified
outliers. b) within Alaska (not including Ontario); 221 SNP outliers were identified
from the sub-dataset that did not include Ontario red fox. Only PCAdapt, Arlequin,
and OutFLANK identified outliers.
https://doi.org/10.1371/journal.pone.0249176.s002

Fig S2.3. p-value of iHS detects weak signals of selection within three
populations of red fox in Alaska. Within population measurements of selective
sweeps based on the p-value of the iHS statistic within the Central, Seward
Peninsula and Southwest Alaskan red fox populations. Solid grey bars indicate the
identified candidate region of iHS outliers for each population.
https://doi.org/10.1371/journal.pone.0249176.s003

Fig S2.4. Assessment of selective sweeps between populations of Alaskan red
fox using XP-EHH. Between population measurements of selective sweeps based
on the p-value of the calculated XP-EHH statistic between the Central, Seward
Peninsula and Southwest Alaskan red fox populations.
https://doi.org/10.1371/journal.pone.0249176.s004

Fig S2.5. Genome wide Fsr estimates between 3 populations of red fox in Alaska.
Pairwise Weir and Cockerham Fsr values between Central, Seward Peninsula, and
Southwest Alaskan red fox populations. Identified outliers are highlighted in red and
are those represented in the only red fox from Alaska subset in Table S2.5.
https://doi.org/10.1371/journal.pone.0249176.s005
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Table S2.1. Red fox sample information. Sample identifiers, location,
corresponding arctic rabies variant to the area, and accession nhumbers.
https://doi.org/10.1371/journal.pone.0249176.s006

Table S2.2. 116 genes probe-bait targets enriched for. Describes in reference to
the dog genome (per gene): The transcript and gene ID, position in the genome
(chromosome, start/stop base pair), number of exons, and the BLASTp hit
description. https://doi.org/10.1371/journal.pone.0249176.s007

Table S2.3. GATK filtering results for the 125 red fox samples. Describes (per
sample): The number of raw reads, reads passing GATK filters and those reads not
passing the GATK filters due to mapping quality, secondary alignments, and
duplicate reads. https://doi.org/10.1371/journal.pone.0249176.s008

Table S2.4. Filtered off-target SNP sub-datasets. Describes the position and
average coverage for each SNP retained in the filtered sub-dataset among red fox
populations within Alaska and Ontario, and the filtered sub-dataset among red fox
populations exclusively within Alaska. Filtering parameters were a minor allele
frequency threshold = 2% and pruning for linkage disequilibrium.
https://doi.org/10.1371/journal.pone.0249176.s009

Table S2.5. Identified outliers before and after disequilibrium pruning among
red fox populations across North America. Describes (per SNP): Location, gene
association, and predicted gene function in reference to the dog genome. SNPs are
further identified to which sub-dataset they belong; red fox from Alaska and Ontario
or red fox only from Alaska: i) identified outlier ii) identified outlier retained after
filtering iii) missense SNP with potential to alter protein function and finally if the
SNP was identified as an outlier by multiple tests. ALl BLASTp predicted functions
are based upon Canis lupus familiaris unless otherwise specified.
https://doi.org/10.1371/journal.pone.0249176.s010

Table S2.6. pN/pS ratios for three populations of red fox from Alaska. The ratio of
nonsynonymous substitution per nonsynonymous site to synonymous substitutions
per synonymous site for 85 genes and three populations of red fox. Those pN/pS
ratios >1, suggestive of positive selection, have been bolded. In order for the
calculation to be performed, and a pN/pS ratio determined, there must have been at
least 1 synonymous and 1 nonsynonymous polymorphism per gene. Per gene, the
number of nonsynonymous/synonymous polymorphisms were determined with
SnpEff (Cingolani et al. 2012) and the potential nonsynonymous/synonymous sites
was estimated from the coding sequence of each gene using DnaSP v6 (Rozas et al.
2017). https://doi.org/10.1371/journal.pone.0249176.s011

Updated Table $2.6 that includes chi-square test results can be viewed at:
https://trentu-
my.sharepoint.com/:x:/g/personal/tristanbaecklund_trentu_ca/EWeUSxvOCT9Ei92t
iDDBUyIBOxbBeMmFXM7zvNscelomDw?e=IgmbcO
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File S2.1. Supplementary methods. Additional details for methods.
https://doi.org/10.1371/journal.pone.0249176.s012

Chapter 3

Fig S3.1. Principal component analyses of progressively filtered off-target SNP
datasets. Clustering of the 96 arctic fox samples based on on-target SNPs
throughout filtering steps. a) PCA of all off-target SNPs after filtering for MAF,
missing-data, and biallelic SNPs (n = 6432) and b) PCA of all identified off-target
SNPs after analysis with Variant Effect Predictor and prior to linkage pruning (n =
283). Arviat = black square; Chevak = yellow circle; Hooper Bay = blue triangle;
Victoria Island = green diamond.
https://doi.org/10.1371/journal.pone.0258975.s001

Fig S3.2. DAPC of final off-target SNP sub-dataset identifies six clusters.
Discriminant analysis of principal components on the final on-target SNP sub-
dataset (n = 29). a) the clustering of the samples into six inferred clusters, and b) the
clustering of the samples into the same six inferred clusters as in a), but individuals
are identified based on the geographical region from which the sample originated;
cluster 1 (black square) = Arviat; cluster 2 (yellow circle) = Chevak; cluster 3 (blue
triangle)-Hooper Bay; cluster 4 (green diamond)-Victoria Island.
https://doi.org/10.1371/journal.pone.0258975.s002

Fig S3.3. Principal component analyses of progressively filtered on-target SNP
datasets. Clustering of the 96 arctic fox samples based on on-target SNPs
throughout filtering steps. a) PCA of all on-target SNPs after filtering for MAF,
missing-data, and biallelic SNPs (n =2277) and b) PCA of all identified on-target
Fsr outlier SNPs prior to linkage pruning (n = 107). Arviat = black square; Chevak =
yellow circle; Hooper Bay = blue triangle; Victoria Island = green diamond.
https://doi.org/10.1371/journal.pone.0258975.s003

Fig S3.4. DAPC of final on-target SNP sub-dataset identifies two clusters.
Discriminant analysis of principal components on the final on-target SNP sub-
dataset (n = 22). a) the clustering of the samples into two inferred clusters and b)
the clustering of samples into the same two inferred clusters as in a), but
individuals are identified based on the geographic region from which the sample
originated; cluster 1 = Arviat and Victoria Island samples; cluster 2 = Southwestern
Alaska samples. https://doi.org/10.1371/journal.pone.0258975.s004

Fig S3.5. Comparison of identified Fsr outlier SNPs using different detection
methods. The proportion of Fsr outliers identified by each program for a) all
identified Fsr outlier SNPs from the on-target data and b) the identified Fsr outlier
SNPs that were retained in the final on-target sub-dataset.
https://doi.org/10.1371/journal.pone.0258975.s005
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Fig S3.6. Power analysis results for the final off-target SNP sub-dataset.
Assessment of the power for the final off-target SNP sub-dataset (n = 29) with an
assumed effective population size of 5000. Chi-squared test results are shown as
blue squares, and the Fisher exact test results are shown as grey diamonds.
https://doi.org/10.1371/journal.pone.0258975.s006

Fig S3.7. Genome-wide Fsr estimates between 3 populations of arctic foxin
North America. Pairwise Weir and Cockerham Fsr values between Southwestern
Alaska (Chevak and Hooper Bay), Arviat, and Victoria Island arctic fox populations.
Identified outliers are highlighted in red and are those found in Table S2.5.
https://doi.org/10.1371/journal.pone.0258975.s007

Fig S3.8. Principal component analysis of the 4 outlier SNPs after linkage-
disequilibrium pruning from the off-target dataset. Based on the lack of outliers
identified, and the lack of genetic clustering evident by their visualization, we
conclude there is no genetic structure among the arctic fox populations based on
these off-target data. It is important to note however, that due to the small size of
the dataset, and the nature of biallelic markers that conclusions drawn from these
data should be done with caution. Arviat (1—Black squares); Chevak (2—Yellow
circle); Hooper Bay (3—Light Blue Triangle); Victoria Island (4—Green diamond).
https://doi.org/10.1371/journal.pone.0258975.s008

Fig S3.9. Principal component analysis of the 29 off-target SNPs passing
filtering parameters and pruned for linkage disequilibrium. Based on the
prominent overlap of all 4 clusters, these data do not suggest genetic structuring.
These data were then further investigated with STRUCTURE and DAPC analyses (Fig
2.2). Arviat (AR-Black circles); Chevak (CV-Yellow circles); Hooper Bay (HB-Light
blue circles); Victoria Island (VI-Green circles).
https://doi.org/10.1371/journal.pone.0258975.s009

Table S3.1. Arctic fox sample information. Sample identifiers, year of collection,
area of sampling and corresponding arctic rabies variant circulating area of
collection. https://doi.org/10.1371/journal.pone.0258975.s010

Table S3.2. 116 immunogenetic probe-baited targets enriched for. Describes in
reference to the dog genome (per gene): the transcript and gene ID, position in the
genome (chromosome, start/stop base pair), number of exons, and the BLASTp hit
description. https://doi.org/10.1371/journal.pone.0258975.s011

Table S3.3. GATK filtering results for the 96 arctic fox samples. Describes (per
sample): the number of raw reads, reads passing GATK filters and those reads not
passing the GATK filters due to mapping quality, secondary alighments, and
duplicate reads. https://doi.org/10.1371/journal.pone.0258975.s012

Table S3.4. Filtered off-target SNP sub-dataset. Describes the position and
average coverage for each SNP retained in the final filtered sub-dataset. Filtering
parameters were a minor allele frequency threshold = 2% and pruning for linkage
disequilibrium. https://doi.org/10.1371/journal.pone.0258975.s013
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https://doi.org/10.1371/journal.pone.0258975.s010
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https://doi.org/10.1371/journal.pone.0258975.s011
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Table S3.5. Identified Fsr outliers before and after disequilibrium pruning among
arctic fox populations across North America. Describes (per SNP): location, gene
association, and predicted gene function in reference to the dog genome. The
program identifying the SNP as an Fsr outlier is also presented along with an
indication of those missense SNPs with the potential to alter protein function. All
BLASTp predicted functions are based upon Canis lupus familiaris unless otherwise
specified. https://doi.org/10.1371/journal.pone.0258975.s014

Table S3.6. Pairwise Fsr 97.5% upper and lower confidence intervals. Outlines
the pairwise Fsrintervals between the three sampled regions. Interval pairs that
were significantly different from zero are bolded.
https://doi.org/10.1371/journal.pone.0258975.s015

Table S3.7. Comparison of genes under selection based on pN/pS ratios for
each sampling region. For each gene highlights the ratio of non-synonymous
substitutions per non-synonymous site (pN) to synonymous substitutions per
synonymous site (pS) across the three sampled regions, as well as a test of
significance using the Chi-squared p-values. Bolded ratios indicated those pN/pS
ratios greater than or equal to 1 suggestive of directional selection and those pN/pS
ratios that have statistically significant p values. Polymorphic sites were
determined using SnpEff and potential nonsynonymous/synonymous sites were
determined using the coding sequence for each gene as input for DnaSP v6. (Rozas
et al. 2017 [68]). https://doi.org/10.1371/journal.pone.0258975.s016

File S3.1. Supplementary methods. Additional methods pertaining to linkage
disequilibrium pruning and the Fsr outlier testing program parameters selected.
https://doi.org/10.1371/journal.pone.0258975.s017

Chapter4

These supplemental materials can be viewed at https://trentu-
my.sharepoint.com/:f:/g/personal/tristanbaecklund_trentu_ca/ErF30__YViRBoHjUg
irxfK8BLPCnppd8QDUI5cGphidF7g?e=6zSIxM.

Fig S4.1. Hierarchical analyses of two M. leibii genetic clusters using ten
microsatellite loci. Bar plots demonstrate a lack of substructure within two
putative populations, where each partitioned vertical bar represents an individual’s
proportional membership to the inferred genetic cluster. Inserts a) and c) show
estimated population assignments within the North Carolina (NC) and West Virgina
(WV) cluster. Inserts b) and d) show estimated population assignments within the
New York (NY), Vermont (VT), New Hampshire (NH) and Ontario (ON) cluster. a) and
b) represent results using LOCPRIOR =0, where c) and d) use LOCPRIOR =1 for the
respective datasets. See Fig S4.11 for metrics associated with modeled K values
using the Evanno method.
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Fig S4.2. Hierarchical analysis of immunogenetic data within the identified
northern M. leibii genetic cluster. Further investigation of 105 immunogenetic LDP
SNPs sought to identify potential substructure within the NE-USA and ON cluster.
Bar plots demonstrate substructure within the New York (NY), Vermont (VT), New
Hampshire (NH) and Ontario (ON) cluster, where a) represent results using
LOCPRIOR =0, and b) uses LOCPRIOR = 1. Each partitioned vertical bar represents
an individual’s proportional membership to the inferred genetic cluster. K= 3 was
identified as the most likely model based on the Evanno method (Fig S4.12).

Fig S4.3. Tests for HWE highlight microsatellite loci not in equilibrium among 8
populations. Utilizing both the Monte Carlo permutations exact test (panel a) and
the X?approach (panel b) demonstrates loci that fall within HWE (light blue colour)
where Ho was supported, and loci not in HWE (coloured pink) where H, was
supported. Microsatellite markers are listed on the y-axis and populations across
the x-axis. AR = Arkansas; NC/WV = North Carolina & West Virginia; NY/NH/VT/ON =
New York, New Hampshire, Vermont, &0Ontario). As no locus was out of HWE across
all populations, all loci were retained for further analyses.

Fig S4.4. Variant effect predictor results for entire dataset of SNPs identified
within the Arkansas M. leibii population. Pie charts summarizing the variant
annotations for 2,999 SNPs identified within the Arkansas population. These data
show the large proportion of mutations within non-coding and potential regulatory
regions than those within coding regions. Chart a) shows the proportion of the
overall consequences of each substitution, b) shows the coding consequences of
each substitution, and ¢) shows the proportion of the impact of each consequence.
Note that there are more consequence impacts relative to the number of processed
variants, as some substitutions have multiple potential implications.

Fig S4.5. Variant effect predictor results for entire dataset of SNPs identified
within the eastern Ontario M. leibii population. Pie charts summarizing the
variant annotations for 2,520 SNPs identified within the Arkansas population. These
data show the large proportion of mutations within non-coding and potential
regulatory regions than those within coding regions. Chart a) shows the proportion
of the overall consequences of each substitution, b) shows the coding
consequences of each substitution, and c) shows the proportion of the impact of
each consequence. Note that there are more consequence impacts relative to the
number of processed variants, as some substitutions have multiple potential
implications.

Fig S4.6. Simulated allele frequency projections and associated estimated
selection coefficient under three models show rapid genetic shifts in bats from
Arkansas. For the 28 Fsr outlier SNPs where simulations (Table S4.7) suggest allele
frequency shifts were not caused by genetic drift, we propagated allele frequencies
forward 15 generations using pre-WNS occurrence data and estimated the
coefficient of selection under three models in context of the post-WNS occurrence
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data. Individual points reflect a simulated allele frequency where lines reflect the
average coefficient of selection under each model depicted by the three colours.
Each figure demonstrates rapid shifts in allele frequencies at the seven identified
missense SNPs within the subset. a) C/T substitution at position 14255 on scaffold
GL430751 b) G/A substitution at position 15496 on scaffold GL430751 c) A/C
substitution at position 85062 on scaffold GL430751 d) G/T substitution at position
90028 on scaffold GL430751 e) T/C substitution at position 85032 on scaffold
GL430751 f) A/C substitution at position 85037 on scaffold GL430751 and g) G/A
substitution at position 91360 on scaffold GL430751.

Fig S4.7. Simulated allele frequency projections and associated estimated
selection coefficient under three models show rapid genetic shifts in bats from
eastern Ontario. For the 29 Fsr outlier SNPs where simulations (Table S4.7) suggest
allele frequency shifts were not caused by genetic drift, we propagated allele
frequencies forward 15 generations using pre-WNS occurrence data and estimated
the coefficient of selection under three models in context of the post-WNS
occurrence data. Individual points reflect a simulated allele frequency where lines
reflect the average coefficient of selection under each model depicted by the three
colours. Each figure demonstrates rapid shifts in allele frequencies at the six
identified missense SNPs within the subset. a) A/G substitution at position 6,792 on
scaffold GL432468 b) T/C substitution at position 83,865 on scaffold GL430787 c)
A/G substitution at position 153,470 on scaffold GL430379 d) T/A substitution at
position 5,596,948 on scaffold GL429815 e) A/C substitution at position 5,597,065
on scaffold GL429815 and f) G/A substitution at position 5,615,774 on scaffold
GL429815.

Fig S4.8. Identified K cluster metrics for Fig 4.2 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 10
microsatellite loci between Myotis leibii populations.

Fig S4.9. Identified K cluster metrics for Fig 4.3 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for
105 immunogenetic SNPs between Myotis leibii populations, where LOCPRIOR=0.
c) plot of the mean likelihood of K clusters and d) delta K plot for the same 105
immunogenetic SNPs, but LOCPRIOR=1.

Fig $4.10. Identified K cluster metrics for Fig 4.4 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 23
immunogenetic outlier SNPs between two Myotis leibii populations, where
LOCPRIOR=0. c) plot of the mean likelihood of K clusters and d) delta K plot for the
same 23 immunogenetic outlier SNPs, but LOCPRIOR=1.
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Fig S4.11. Identified K cluster metrics for Fig S4.1 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. Plots a,c,e,g) represent the plot of the mean likelihood of K clusters
and b,d,f,h) show delta K plot for 10 microsatellite loci between two hierarchical
analyses of Myotis leibii populations. a-d) substructure of North Carolina and West
Virginia and e-h) New York, Vermont, New Hampshire, and Ontario. a,b,e,f)
correspond to LOCPRIOR =0, and c,d,g,h) correspond to LOCPRIOR = 1.

Fig S4.12. Identified K cluster metrics for Fig S4.2 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for
105 immunogenetic SNPs within a northeastern United States and Ontario genetic
cluster of Myotis leibii, where LOCPRIOR=0. c) plot of the mean likelihood of K
clusters and d) delta K plot for the same 105 immunogenetic outlier SNPs, but
LOCPRIOR=1.

Table S4.1. Sample information for M. leibii samples used in microsatellite and
targeted immunogenetic assay. Table contains relevant sample identifiers, year of
collection, temporal designation of WNS occurrence, and sample collection
information.

Table S4.2. Microsatellite loci multiplexes and important considerations for
amplification. Table includes primer specifications, number of PCR cycles, and
annealing temperatures used to amplify the ten microsatellite markers.

Table S4.3. Genes of interest for targeted immunogenetic-assay. Table highlights
identifiers along with descriptions of each targeted gene and their location in the M.
lucifugus reference genome (Myoluc2.0).

Table S4.4. Microsatellite genotypes at ten loci for 147 M. leibii samples. Table
denotes complete genotype, approximate spatial population, year of collection, and
overlap with the immunogenetic assay for each sample.

Table $4.5. Immunogenetically relevant SNPs identified from three analyses
demonstrating genetic clustering consistent with neutral microsatellite
markers. Table includes identified immunogenetically relevant SNPs filtered from
the initial dataset of 4,373 loci (N = 160 M. leibii), and those identified from a subset
of 3,711 SNPs obtained from 71 individuals from Arkansas and eastern Ontario
combined (where pre- and post-WNS occurrence samples were obtained). The table
identifies SNP locations, base-pair change, gene association, and change in amino
acid for of each biallelic SNP retained in three subsets of SNPs. The first two subsets
were identified from the initial 4,373 immunogenetically relevant loci and consist of
1) 105 linkage disequilibrium pruned SNPs (visualized in Fig 4.3) and 2) the 16 Fgr
outlier SNPs differentiating AR vs. NC/VA vs. NY/NH/VT/ON (linkage disequilibrium
pruned from a total of 114 identified outliers). The third subset was comprised of 23
identified Fsr outliers (differentiating pre- and post-WNS occurrence samples)
selected from 3,711 and samples originating from Arkansas and eastern Ontario
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samples (visualized in Fig 4.4). Note that blank ‘Amino Acid’ cells reflect SNPs
whose location is upstream of the protein coding gene.

Table S4.6. Identified Fsr outlier immunogenetic SNPs presumably under
selection associated with pre- and post-WNS occurrence within Arkansas and
eastern Ontario. For the 28 and 29 Fsr outlier SNPs identified within Arkansas and
eastern Ontario respectively, this table indicates the position of each SNP, base pair
substitution, absolute shift in allele frequency of the ancestral allele between pre-
and post-WNS occurrence samples, associated gene, and highlights where any
synonymous, missense, or nonsense changes have occurred (denoted by *). Note
that biallelic SNPs upstream/in regulatory regions of these genes would not affect
the composition of the resulting protein and as such have been left blank.

Table S4.7. Simulated allele frequency (AF) projections and associated
estimated selection coefficient under three models for 3,711 immunogenetic
SNPs showing rapid shifts in bats from Arkansas and eastern Ontario. Table
denotes simulations for each of the 3,711 immunogenetic SNPs: i) their location, ii)
designation as an identified Fsr outlier, iii) presumed cause of shiftin allele
frequency in context of pre- to post-WNS occurrence (drift or outlier - presumable
selection), and iv) the estimated coefficient of selection under three models for
SNPs with allele shifts unlikely to be caused by drift and identified as Fsroutliers.

Chapter 5
These supplemental materials can be viewed at https://trentu-

my.sharepoint.com/:f:/g/personal/tristanbaecklund_trentu_ca/EnK0Jg6IMVJup223
OyihUUBIi8xX0O-3aRJAz7zC2BvPNIQ?e=00pJFS.

Fig S5.1. Lack of population genetic structure at the eastern extent of the Myotis
lucifugus range from 11 microsatellite loci and 235 samples. Across both
STRUCTURE and DAPC analyses, no genetic structuring is apparent across the
entire eastern extent of the M. lucifugus range, where STRUCTURE identifies a
unique genetic cluster consisting of samples from the Yukon. These analyses,
simultaneously, do not suggest shifts in genetic diversity associated with the
introduction and spread of white-nose syndrome. Insert a) demonstrates a bar plot
of estimated population assignments using STRUCTURE for K =2 where each
partitioned vertical bar represents an individual’s proportional membership to
inferred populations, noting K = 2 clustering was most supported by the Evanno
method (Evanno, Regnaut, & Goudet, 2005; Fig S5.10). Insert c) illustrates a
discriminant analysis of principal components, where samples are colour-coded
based on geographic origins. DAPC analyses indicated K = 4 clustering as optimal,
despite significant overlap among clusters. YT = Yukon; MB = Manitoba; W-ON =
western Ontario; E-ON = eastern Ontario; ATL-CAN = Atlantic Canada.
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Fig S5.2. Lack of temporal genetic substructure within Myotis lucifugus from
eastern Ontario based on immunogenetic loci. Visualization of 2,016
immunogenetic SNPs from bats sampled throughout the introduction of WNS in
eastern Ontario show no apparent genetic structure associated with three sampled
time points throughout the introduction and spread of WNS. Insert a) shows bar
plots estimating population assignments using STRUCTURE for K = 2-3, noting K= 2
most supported by the Evanno method (Evanno, Reghaut, & Goudet, 2005; Fig
S5.11). Each partitioned vertical bar represents an individual’s proportional
membership to the inferred populations, visualized using LOCPRIOR=0. A
discriminant analysis of principal components is demonstrated in b) where samples
are colour-coded based on temporal sampling pre-WNS (PRE), deaths immediately
following (EMOR), and surviving bats several years post-WNS occurrence (SURV).
Fig S5.3. Simulated allele frequency projections and associated estimated
selection coefficient under three models show rapid genetic shifts in bats from
Atlantic Canada. For 29 Fsr outlier SNPs, simulations (Table S5.7) suggest allele
frequency shifts were not caused by genetic drift. From these outliers, allele
frequencies were propagated forward 15 generations using pre-WNS occurrence
data to estimate the coefficient of selection under three models in the context of
early mortality allele frequency data. Individual points reflect a simulated allele
frequency where lines reflect the average coefficient of selection under each model
depicted by three colours. Each figure demonstrates rapid shifts in allele
frequencies at eleven identified missense SNPs within the outlier subset. a) C/T
substitution at position 5676349 on scaffold GL429830 b) G/A substitution at
position 15261203 on scaffold GL429775 c) G/T substitution at position 8477578 on
scaffold GL429781 d) C/A substitution at position 8477581 on scaffold GL429781 e)
A/C substitution at position 8477596 on scaffold GL429781 f) G/A substitution at
position 8477622 on scaffold GL429781 g) A/G substitution at position 8483624 on
scaffold GL429781 h) T/C substitution at position 8488009 on scaffold GL429781 i)
T/C substitution at position 8488012 on scaffold GL429781 j) C/T substitution at
position 8490216 on scaffold GL429781 and k) T/C substitution at position 8490234
on scaffold GL429781.

Fig S5.4. Simulated allele frequency projections and associated estimated
selection coefficient under three models show rapid genetic shifts in bats from
eastern Ontario between bats sampled pre-WNS occurrence and early
mortalities. For 16 Fsr outlier SNPs, simulations (Table S5.7) suggest allele
frequency shifts were not caused by genetic drift. From these outliers, allele
frequencies were propagated forward 15 generations using pre-WNS occurrence
data to estimate the coefficient of selection under three models in the context of
early mortality allele frequency data. Individual points reflect a simulated allele
frequency where lines reflect the average coefficient of selection under each model
depicted by three colours. Each figure demonstrates rapid shifts in allele
frequencies at the eight identified missense SNPs within the outlier subset. a) G/C
substitution at position 8228131 on scaffold GL429777 b) A/G substitution at
position 8228186 on scaffold GL429777 c) G/C substitution at position 8228187 on
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scaffold GL429777 d) T/C substitution at position 8228214 on scaffold GL429777 e)
T/G substitution at position 8228216 on scaffold GL429777 f) A/C substitution at
position 710342 on scaffold GL430150 g) G/A substitution at position 118693 on
scaffold GL430221 and h) T/C substitution at position 118846 on scaffold
GL430221.

Fig S5.5. Simulated allele frequency projections and associated estimated
selection coefficient under three models show rapid genetic shifts in bats from
eastern Ontario between bats sampled pre-WNS occurrence and survivors
several years after introduction. For 37 Fsr outlier SNPs, simulations (Table S5.7)
suggest allele frequency shifts were not caused by genetic drift. From these outliers,
allele frequencies were propagated forward 15 generations using pre-WNS
occurrence data to estimate the coefficient of selection under three models in the
context of data from surviving bats post-WNS occurrence. Individual points reflect a
simulated allele frequency where lines reflect the average coefficient of selection
under each model depicted by three colours. Each figure demonstrates rapid shifts
in allele frequencies at the seven identified missense SNPs within the outlier subset.
a) A/G substitution at position 2981860 on scaffold GL429768 b) G/A substitution at
position 2984220 on scaffold GL429768 c) C/A substitution at position 2984253 on
scaffold GL429768 d) G/A substitution at position 4629 on scaffold GL430078 e) G/A
substitution at position 118693 on scaffold GL430221 f) T/C substitution at position
118846 on scaffold GL430221 and g) C/T substitution at position 143020 on scaffold
GL430306.

Fig S5.6. Variant Effect Predictor results for entire dataset of SNPs identified
within the Atlantic Canada M. lucifugus population. Pie charts summarizing the
variant annotations for 1,393 SNPs identified within the Atlantic Canadian
population. These data show the large proportion of mutations within non-coding
and potential regulatory regions than those within coding regions. Chart a) shows
the proportion of the overall consequences of each substitution, b) shows the
coding consequences of each substitution, and c) shows the proportion of the
impact of each consequence. Note that there are more consequence impacts
relative to the number of processed variants, as some substitutions have multiple
potential implications.

Fig S5.7. Variant Effect Predictor results for entire dataset of SNPs identified
within the eastern Ontario M. lucifugus population. Pie charts summarizing the
variant annotations for 2,016 SNPs identified within the eastern Ontario population.
These data show the large proportion of mutations within non-coding and potential
regulatory regions than those within coding regions. Chart a) shows the proportion
of the overall consequences of each substitution, b) shows the coding
consequences of each substitution, and c) shows the proportion of the impact of
each consequence. Note that there are more consequence impacts relative to the
number of processed variants, as some substitutions have multiple potential
implications.

Fig $5.8. Identified K cluster metrics for Fig 5.3 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
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Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 29
immunogenetic outlier SNPs between PRE and EMOR Atlantic Canadian Myotis
lucifugus.

Fig S5.9. Identified K cluster metrics for Fig 5.4 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 16
immunogenetic outlier SNPs between PRE and EMOR eastern Ontario Myotis
lucifugus. c) plot of the mean likelihood of K clusters and d) delta K plot for 37
immunogenetic outlier SNPs between PRE and SURV eastern Ontario Myotis
lucifugus.

Fig S5.10. Identified K cluster metrics for Fig $5.1 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 11
microsatellite loci across Canadian Myotis lucifugus.

Fig S5.11. Identified K cluster metrics for Fig $5.2 using the Evanno method.
Metrics of assigned K values used to infer clustering from pophelper using the
Evanno method. a) plot of the mean likelihood of K clusters and b) delta K plot for 2,
016 immunogenetic SNPs between eastern Ontario Myotis lucifugus.

Table S5.1. Sample information for Myotis lucifugus samples used in
microsatellite and targeted immunogenetic assay. The table contains relevant
sample identifiers, specific analyses samples used for, temporal designation of
WNS occurrence, year of collection, and sample collection information. NCBI short-
read archive accessions are available for previously sequenced individuals.

Table S5.2. Microsatellite genotypes at 11 loci for 235 Myotis lucifugus samples.
Table includes sample ID for individuals retained in microsatellite analyses, and
corresponding genotype at each of the eleven loci.

Table S5.3. Amplicon intervals for targeted neutral SNPs, microsatellite
markers, and immunogenetic regions of interest. The table highlights interval
location in M. lucifugus reference genome (Myoluc2.0), relative size of generated
amplicons, and dataset amplicon was associated with. Note, that some intervals
contained data for both neutral SNPs and microsatellite markers.

Table S5.4. Immunogenetically relevant SNP subsets identified from sampled
Myotis lucifugus. Table denotes location, base substitution, associated gene, and
amino acid change (where applicable) for identified Fsroutliers from each
comparison, and 3,097 SNPs identified from the complete dataset of all M.
lucifugus samples assessed herein.

Table S5.5. Simulated allele frequency (AF) projections and associated
estimated selection coefficient under three models forimmunogenetic SNPs
showing rapid shifts in bats from Atlantic Canada and eastern Ontario. Allele
frequency projection simulation and selection coefficients modelling results for
each immunogenetic SNP identified from three temporal comparisons of M.
lucifugus sampled before and after the initial spread of Pd (E-ON PRE vs. EMOR,; E-
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ON PRE vs. SURV; ATL-CAN PRE vs. EMOR). Table denotes for each SNP in
respective comparisons: i) location, ii) designation as an identified Fsr outlier, iii)
presumed cause of shiftin allele frequency in context of pre- to post-WNS
occurrence (simulation status; drift or outlier - presumable selection), and iv)
estimated coefficient of selection under three models for SNPs with allele shifts
unlikely to be caused by drift, identified as Fsroutliers, and resulted in a missense
mutation.

Table S5.6. SNPs within gene subsets demonstrating frequency shifts, in the
context of pre-WNS allele frequencies, between early mortality and surviving
Myotis lucifugus in eastern Ontario. This table demonstrates data for SNPs where
allele frequency shifts were unlikely to have been caused by genetic drift, but
resulting shifts were only observed between one comparison. These data reflect
potential candidate genes demonstrating frequency shifts that have the potential to
elucidate genes influencing survival among eastern Ontario M. lucifugus. There were
no directly overlapping SNPs that demonstrated a shift between EMOR and SURY, as
such, these data are organized into subsets of SNPs based on gene associations,
those identified only in one comparison, and genes where SNPs were identified in
both; EMOR Only, SURV Only, and EMOR/SURYV Overlapping (SNPs were identified in
these genes for both comparisons), respectively. For each SNP, the table denotes: i)
gene subset, ii) position, iii) allele and frequency for all three sampled periods, iv)
genetic drift simulation status, v) absolute frequency shift from observed pre-WNS
frequencies, and vi) overall conclusions about the observed frequency shifts.
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Abstract

Populations are exposed to different types and strains of pathogens across heterogeneous
landscapes, where local interactions between host and pathogen may present reciprocal
selective forces leading to correlated patterns of spatial genetic structure. Understanding
these coevolutionary patterns provides insight into mechanisms of disease spread and
maintenance. Arctic rabies (AR) is a lethal disease with viral variants that occupy distinet
geographic distributions across North America and Europe. Red fox ( Vulpes vulpes) are a
highly susceptible AR host, whose range overlaps both geographically distinct AR strains
and regions where AR is absent. Itis unclear if genetic structure exists among red fox popu-
lations relative to the presence/absence of AR or the spatial distribution of AR variants.
Acquiring these data may enhance our understanding of the role of red fox in AR mainte-
nance/spread and inform disease control strategies. Using a genotyping-by-sequencing
assay targeting 116 genomic regions of immunogenetic relevance, we screened for
sequence variation among red fox populations from Alaska and an outgroup from Ontario,
including areas with different AR variants, and regions where the disease was absent. Pre-
sumed neutral SNP data from the assay found negligible levels of neutral genetic structure
among Alaskan populations. The immunogenetically-associated data identified 30 outlier
SMP's supporting weak to moderate genetic structure between regions with and without AR
in Alaska. The outliers included SMNPs with the potential to cause missense mutations within
several toll-like receptor genes that have been associated with AR outcome. In contrast,
there was a lack of genetic structure between regions with different AR variants. Combined,
we interpret these data to suggest red fox populations respond differently to the presence
of AR, but not AR variants. This research increases our understanding of AR dynamics in
the Arctic, where host/disease patterns are undergoing flux in a rapidly changing Arctic
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Abstract

Patterns of local adaptation can emerge in response to the selective pressures diseases
exert on host populations as reflected in increased frequencies of respective, advantageous
genotypes. Elucidating patterns of local adaptation enhance our understanding of mecha-
nisms of disease spread and the capacity for species to adapt in context of rapidly changing
environments such as the Arctic. Arctic rabies is a lethal disease that largely persists in
northern climates and overlaps with the distribution of its natural host, arctic fox. Arctic fox
populations display little neutral genetic structure across their North American range,
whereas phylogenetically unique arctic rabies variants are restricted in their geographic dis-
tributions. It remains unknown if arctic rabies variants impose differential selection upon
host populations, nor what role different rabies variants play in the maintenance and spread
of this disease. Using a targeted, genotyping-by-sequencing assay, we assessed correla-
tions of arctic fox immunogenetic variation with arctic rabies variants to gain further insight
into the epidemiology of this disease. Corroborating past research, we found no neutral
genetic structure between sampled regions, but did find moderate immunogenetic structur-
ing between foxes predominated by different arctic rabies variants. Fz; outliers associated
with host immunogenetic structure included SNPs within interleukin and Toll-like receptor
coding regions (IL12B, IL5, TLR3 and NFKE1); genes known to mediate host responses to
rabies. While these data do not necessarily reflect causation, nor a direct link to arctic rabies,
the contrasting genetic structure of immunoclogically associated candidate genes with neu-
tral loci is suggestive of differential selection and patterns of local adaptation in this system.
These data are somewhat unexpected given the long-lived nature and dispersal capacities
of arctic fox; traits expected to undermine local adaptation. Overall, these data contribute to
our understanding of the co-evolutionary relationships between arctic rabies and their pri-
mary host and provide data relevant to the management of this disease.
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Appendix Ill - Chapter 2 iHS and XP-EHH Analyses

Subsequent to the publication of Chapter 2in 2021, “The role of a mechanistic host
in maintaining arctic rabies variant distributions: Assessment of functional genetic
diversity in Alaskan red fox (Vulpes vulpes)”, the REHH package was used to
estimate iHS and XP-EHH statistics received updates that made the analysis more
amenable to unphased multi-locus genotypes (Gautier & Vitalis, 2012; Gautier,
Klassman, & Vitalis, 2017; R Core Team R, 2013; Klassman & Gautier, 2022).
Meaning that at the time | failed to comprehend that REHH was unable to properly
process these data leading to potential bias or error in the evaluation of these
metrics and impacting interpretation of selection within/between fox populations.
As such, | have re-produced these analyses using a different program, Selscan 2.0,
which can calculate iHS and XP-EHH from unphased multi-locus genotypes
following their new definition of the statistics for these data types (Sziech 2024).
Both iHS and XP-EHH calculations were performed using physical distances rather
than genetic distances (--pmap), a minor allele frequency of 1% (--maf 0.01) and
allowed the integration of truncated EHH curves at loci near boundaries of the data
where haplotype information begins to run out and a stopping point is unlikely to be
reached (--trunc-ok). iHS and XP-EHH statistics were normalized using a log
transformation of a Gaussian cumulative distribution function with a ‘p-value’
threshold of 4 denoting loci putatively under selection, as implemented in REHH,
allowing for a direct comparison of results between programs (Gautier & Vitalis,

2012; Gautier, Klassman, & Vitalis, 2017).
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iHS was successfully calculated using Selscan at 208, 210, and 314 loci for
the Seward Peninsula, Southwest, and Central red fox populations respectively. Of
these loci, 9, 11, and 12 for each of the respective populations had normalized iHS
’p-values’ surpassing the threshold of four, indicative of putative selection acting on
those loci (Fig A3.1). Although this particular analysis does not facilitate the
identification of candidate regions as in the initial analyses with REHH, of the loci
where outlier iHS values were obtained, two were in common amongst all three
populations, two in common between the Central Alaska and Seward Peninsula
populations, and two in common between Seward Peninsula and Southwestern

Alaska populations (Table A3.1).

In contrast to the analyses in the body of Chapter 2, XP-EHH analyses with
Selscan did not reveal any loci between any of the two populations comparisons
that were approaching or at fixation in one and not the other (Fig A3.2; Table A3.2). It
is important to note however, that this may be due to the filtering required to make
the SNP data compatible with Selscan. Selscan is unable to handle missing data, as
such loci were pruned to ensure no missing data and to retain the same loci within
each population. These filtering steps enabled XP-EHH estimations to be computed
foronly 1010, 1078, and 1060 loci for the Seward Peninsula & Southwest, Central &
Southwest, and Central and Seward Peninsula comparisons respectively (Table

A3.2).

Overall, analysis of iHS within each of the populations using Selscan

revealed similar signatures of selection as to those previously identified with REHH.
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Discrepancies regarding the differential signatures of selection between
populations using XP-EHH can likely be explained by the filtering steps required to
compute the statistics with Selscan, although it should be noted imputing missing
data prior to analysis may retain additional loci for the calculations providing a more

robust analysis.

Table A3.1. iHS estimates for three populations of red fox from Alaska using
Selscan. Table denotes the position of each analyzed SNP, and the analogous p-
value used to infer signatures of selection. Loci surpassing a p-value threshold of
four were taken as putatively under selection in that population. SNPs that appeared
under selection in multiple populations are highlighted in grey.

Table A3.2. XP-EHH estimates between three populations of red fox from Alaska
using Selscan. Table denotes the position of each analyzed SNP and the analogous
p-value of the XP-EHH statistic used to infer signatures of selection. Loci surpassing
a p-value threshold of four were taken as putatively under selection in that
population.

Tables available at: https://trentu-
my.sharepoint.com/:f:/g/personal/tristanbaecklund_trentu_ca/ErpiOdNjHLFIoVAByYK
9X5sUBWBgCziTMdkjVwWARDbfj5wuQ?e=J59mVc
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Fig A3.1. Estimates of iHS using Selscan detects weak signals of selection
within three populations of red fox in Alaska. Log transformed iHS values were
used to normalize the data and provide an analogous p-value, measured against a
threshold of 4 (red dotted line), to identify loci putatively under selection within red

fox populations from Seward Peninsula, Central, and Southwestern Alaska.
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p-value of XP-EHH (Seward Peninsula vs. Southwest)
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Fig A3.2. Estimates of XP-EHH using Selscan detect no signatures of selection
between comparisons of three populations of red fox in Alaska. Log transformed
XP-EHH values were used to normalize the data and provide an analogous p-value,
measured against a threshold of 4 (red dotted line), to identify loci putatively under
selection between red fox populations from Seward Peninsula, Central, and

Southwestern Alaska.
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